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The other major finding of the review was that the
less brain resection results in the less complication asso-
ciated with CSF circulation [7]. We compared the rate of
postoperative CSF shunt or Ommaya reservoir among
periinsular hemispherotomy and transopercular hemi-
spherotomy [4]. The latter was devised by Shimizu and
Macehara to obtain larger working space in hemimegal-
encephaly by resecting frontotemporoparietal opercu-
lums. 9% of 11 procedures without opercular resection
required postoperative CSF diversion while 47% of 15
procedures with opercular resection required it, suggest-
ing that less brain resection resulted in the smaller occur-
rence of postoperative CSF circulation complications.

Our modification changed the anterior disconnection
plane more posteriorly than the Delalande’s original by
connecting the anterior end of the choroidal fissure to
the anterior end of the foramen of Monro, instead of
the former to the subcallosal area. It is unknown that
the small difference of resection volume really contrib-
uted to the decreased occurrence of CSF complication,
and this must be confirmed in further studies. However,
this minor modification may have a merit in completely
disconnecting the residual epileptic tissues in cases with
dysplasia in posterior orbitofrontal regions [9], and in
reducing blood loss from perforating arteries of the
anterior and middle cerebral arteries by avoiding cutting
into the caudate nucleus. Of course, these speculations
must be confirmed by further experience.

In our modified procedure we cut into the hypothal-
amus. We first worried about the risk of hypothalamic
dysfunction, but we did not observe any disturbance in
fluid and ion balance, body temperature, and others.
Conventional anatomical hemispherectomy resects the

significant amount of the hypothalamus but no severe
hypothalamic dysfunction was reported. Therefore, we
may not need to worry about this complication.

In conclusion, though these were minor modifica-
tions, they further minimized brain resection and may
serve for less invasiveness of procedure and improve-
ment in completeness of disconnection and its confirma-
tion during surgery.
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ABSTRACT

High gamma activity (HGA) has been shown to be positively correlated with blood oxygenation [evel-
dependent {BOLD) responses in the primary cortices with simple tasks, It is, however, an open question
whether the correlation is simply applied to the association areas related to higher cognitive functions. The
aim of this study is to investigale quantitative correlation between HGA and BOLD and their spatial and tem-
poral profiles during semantic processing. Thirteen patients with intractable epilepsy underwent IMRI and
electrocorticography (ECoG) with a word interpretation task to evoke language-related responses. Percent
signal change of BOLD was calculated at each site of ECoG electrode, which has power amplification of
high gamma band (60-120 Hz} activity. We transformed locations of individual electrodes and brains to a
universal coordination using SPM8 and made the quantitative comparisons on a template brain. HGAs
were increased in several language-related areas such as the inferior frontal and middle temporal gyri and
were positively correlated with BOLD responses. The most striking finding was different temporal dynamics
of HGAs in the different brain regions, Whereas the frontal lobe showed longer-lasting HGA, the HGA-
intensity on the temporal lobe quickly declined. The different temporal dynamics of HGA might explain
why routine language-MMRI hardly detected BOLD in the temporal lobe. This study clarified different neural
oscillation and BOLD response in various brain regions during semantic processing and will facilitate practical
utilization of fMRI for evaluating higher-order cognitive functions not only in basic neuroscience, but also in

clinical practice.

© 2012 Elsevier Inc. All rights reserved.

Introduction

A visualization technique of blood oxygenation level-dependent
(BOLD) responses was developed as functional magnetic resonance
imaging (fMRI) in the 1990s (Ogawa et al., 1990). Since then, fMRI
has yielded a wealth of knowledge concerning various brain functions
(Price, 2012). Meanwhile, it has been shown that fMRI activation in-
cludes a lot of subsidiary cortical areas unnecessary for actual imple-
mentation of a specific brain function. In particular, higher-order
cognitive functions such as language seem to have wider supplemen-
tary areas, as several studies have shown that compared the fMRI re-
sults with electrocortical stimulation mapping (Bizzi et al., 2008;
Kunii et al., 2011; Rutten et al,, 2002). To utilize fMRI reliably in a clin-
ical setting, we need to know in which situations the BOLD signal re-
flects the reality of neural activity. It is, therefore, of paramount
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importance to evaluate the concordance and dissociation between
BOLD responses and underlying neuronal activity.

Power changes of oscillatory neuronal activities in various frequency
ranges have recently received particular attention as physiological cor-
relates of BOLD responses. Among them, the augmentation of high
gamma activity (HGA) is assumed to reflect localized cortical processing
and has been shown to be correlated with BOLD responses, mainly in
the primary cortices such as the visual cortices of animals (Goense
and Logothetis, 2008; Logothetis et al,, 2001; Niessing et al., 2005) and
the primary visual, auditory and motor cortices of humans (Hermes et
al, 2011; Nir et al., 2007; Scheeringa et al, 2011). This assumption of
HGA as a neural correlate of BOLD, that is, HGA-BOLD coupling, is
supported by several basic studies as follows. Pharmacological
(Hormuzdi et al, 2001; Traub et al, 2001), computer-simulation
(Traub et al, 1997; Wang and Buzsaki, 1996) and electrophysiological
studies (Cardin et al., 2009) suggested that HGA should be generated
by synchronous post-synaptic potentials of fast-spiking GABAergic in-
terneurons incorporated in a cortical assembly. On the other hand, ap-
proximately 74% of the energy budget of the brain was estimated to
be devoted to post-synaptic potentials (Attwell and ladecola, 2002).
Taking these findings together, it is rational to assume that HGA could
account for a large part of the blood oxygenation change.
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On the other hand, there are a limited number of studies that in-
vestigated HGA»«BOLD coupling in the association cortex. Lachaux et
al. {2007} showed a close spatial mrrespondeﬁce of the coupling
using depth electrodes iri frontotemporal regions under semantic
paradigms. Ojemann et al. (2009) undertook a detailed estimation
of HGA-BOLD coupling in the temporaI association cortex and found
that HGA is a significant regressor of BOLD, Conner et al, (2011} stud-
ied the correlation between various frequency bands and BOLD in
various cortices using subdural grids and found positive and negative
correfations of BOLD with HGA and beta band oscillation, respective-
ly. Although recent studies have gradually elucidated the relation-
ships between brain oscillations and BOLD, detailed analysis of
HGA-BOLD coupling in the human association cortices is needed for
further [ progress of neuroimaging and neuroscience fields.

From previovs language-fMRI studies, it is kniown that the temporal
1anguage areas are less activated by the various semantic paradigms
than the frontal language areas (Kamada et al, 2007; Kunii et al,
2011; Rutten et al,, 2002; Veltman et al., 2000). Kamada et al, revealed
that AMRI had a higher sensitivity to the frontal language activity
while magnetoencephalography 1o the temporal language activity.
Rutten et al, explained that complex tasks such as sentence reading
might activate the receptive language ﬁmmons in the temporal lobe.
Despite practical importance of reprcducsbxhq in imaging studies, it re-
mains almost unknown why dxfferem lmagmg modaimes and language
tasks induce spatially different responses. It is important to clarify the
fundamenta( difference between frontal and temporal language dy-
namics by aﬁaiysm of HGA-BOLD coupﬁng.

Inthis study, we focused on spatial and quantitative relatianships
of HGA-BOLD couplmg inlanguage areas. The results should contrib-
ute to providing supportive evidence of the robustness of IMRI, In
order to elucidate the fundamental neumphysmiagy of language
networks, regional differences between HGA dynamics and fMRI ac-
tivation were investigated.

Materials and methods .
Subjects

This study included 23 patients with intractable epilepsy who had
undergone implantation of subdural electmdes for diagnostic pur-
poses at the University of Tokyo Hospital since December 2008,
Nine patients were excluded because they had a low intelligence quo-
tient (<70} or no chance of preoperative fMR! evaluation. Al the pa-
tients underwent the Wada test to investigate language lateralization,
One patient, who had bilateral language representation as deter-
mined by the Wada test, was excluded from further studies. As a
result, we mvesngated 13 patxents (5 men, 8 women) wath left Jan-
guage dominance. Detailed demograpmc data are shown in Table 1,

Table 1

Patient demographic and clinical characteristics.
Patientno. Age (years), sex Etiology VIQ  Epiteptic focus

36, Male Cortical dysplasia 82 Right frontat

2 50, Female Cavernous malformation 91 Right temporal
3 40, Male Unknown 85 Lef temporal
4 33, Female Cortical dysplasia 94 Left frontal
5 40, Male Unknown 93 Right temparal
6 28, Fernale Unknown 87 Right temporal
7 47, female ij‘!i;atﬂyspmsia 88 Right temporal
8 24, Male Cortical dysplasia 83 Left temporal
g 35, Female Arachnoid cyst 107 left temporal
21 21, Mate Muidfe fossa encephatorcle 79 left terporal
1" 36, Female Unknawn 72 Lefttemporat
12 36, Fetnale Mesial temporal sclerosis 97 Left temporal
13 22, Fermale Unknown 78 Right temporal

ViQ=verbal intelligence quotient

This study was approved by the research ethics committee of the
faculty of meéxcme. University of Tokyo {approval number 1797).
Written informed conseént was obtained from each patient or their
family before they participated in the study.

Language-MRI data acquisition

In all patients, MRI was performed more than two months before
electrode implantation. MR imaging was performed using a 3-tesla MR
scanner with echo planar capabilities and a whole-head receive-only
coil (S:gna, General Electric, USA}. During the experiments, foam cush-
fons were used to immobilize the patient’s head. Before theﬂﬂR!sassxcn‘
three»dxmeasmnal Tt-wexghted MR images {3D-MRI) of the subject’s
brain were obtained, which consisted of 136 sequential, 1.4-mm-thick
axial stices with a resolution of 256 % 256 pixels in an FOV of 240 mm.
fMRIwas performed with a2 we:ghted echo planarimaging sequence
(echo time: 35 ms, repetstmn time; 4000 ms, ﬂ:p angle: 90 degrees,
slice thickness: 4 mm, slice gap: 1 mm, ﬁeid of view (FOV): 280 mm,
matrixs 64x 64, number of slices: 22). Ovmng to the different head
sizes and positions of each patient, we selected a large FOV that could al-
ways contain the entire head, fixing the same center of the FOV on thex-
and y-axes for all sessions. This enabled simple and exact co-registration
of the different i image sessions.

Each fMRI session consisted of three dummy scan volumes, three
activation periods, and 4 baseline {rest) periods. mmng each period,
5 echo planar imaging volumes were collected, yielding a total of 38
imaging volumes. To obtain language-fMRI data, we used a kind of
reading task called the word interpretation task as follows.

Word interpretation task

Visual stimuli were presented on a liquid crystal display moniter,
with a mirror above the head coil allowing the patient to see the stim-
uli, In the readmg penods. waords consisting of three Japanese letters
were presented in 2 2000 ms exposuré time with interstimulus inter-
vals of 500 ms. All letter strings were white with a black background,
The patients were instructed to read the presented word silently and
categarize it into “abstract” or “concrete” based on the nature of the
word, During the rest periods, the patients passively viewed random
dots of destructured Tetters that had the same Juminance as the stim-
uli so as to eliminate primary visual responses. All words for the se-
mantic tasks were selected from common }apanese words listed in
the electronic dictionary produced by the Mational Institute for japa-
nese Language.

Language-fMRI data analysis

The functional imaging data were preprocessed and analyzed with
SPM8 {Wellcome Department of Imaging Neurosdence, London, UK),
:mptemented in MATLAB {The Mathwarks inc,, Natick, MA). The func-
tiortal scans were reallgned normalized onto a template brain and spa-
tHally smoothed using a Gaussian filter {8 mm kernel}, Preprocessed
data of each patient were analyzed with the standard general linear
model (GLM) approach usiiig boxcar predictors conve!ved with the ca-
nonical hemodynamrc response function (Friston et al, 1995),
Low-frequency noise was removed with a high-pass ﬁiter (128 ﬁz) A
second-level random effects analysis was performed on the contrast
images geaerateﬁ for each individual to xdeuufy brain regions shawmg
reliable differences between reading and rest periods. A Pvalue of 0.005
uncorrected threshold was used to estimate the t-map. The resulting
t-map was superimposed over a three-dimensional template brain
using MRIcroN software (second—!evet MR 'map) (littp llwww.sph,sc.
eda/comd/mrden/mntmn/}

We utilized percent signal change of BOLD (BGLI)-SC) to quantify
the BOLD Tesponses for each md;v:dna] A BOLD-SC is defined as the
maximum height of the time course estimated for a task condition,
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divided by the average signal across the whole session within a region
of interest (ROI), and multiplied by 100. We defined a sphere-type
ROI with 10 mm radius at the center of each electrode. The ROI anal-
ysis was performed using the Mars-Bar region of interest toolbox for
SPM available on the Web at http://marsbar.sourceforge.net (Brett et
al., 2002).

ECoG data acquisition

Each patient underwent electrode implantation for 2 to 3 weeks
before resection of epileptogenic foci. We used grid and strip-type
subdural electrodes, which consisted of silastic sheets embedded
with platinum electrodes (3 mm in diameter), and a 10 mm
interelectrode interval (center to center) (Unique Medical, Tokyo,
Japan). Electrode locations were determined from post-implantation
CT and aligned to pre-implantation volumetric MRI using EMSE v5.3
software (Source Signal Imaging, San Diego, CA). The estimated regis-
tration accuracy is £2.5 mm, without accounting for surgical or MR
imaging geometrical distortion (Ossadtchi et al., 2010).

ECoG recordings for this study were performed at least 48 hours
after the last epileptic seizures. We confirmed also that the patients
were not in epileptic states during and immediately after the record-
ings. Each patient was seated on a bed with a reclining backrest in an
electrically shielded room. A computer monitor was placed 100 cm
from the patient. Visual stimuli were presented using a Stimuli Out-
put Sequencer (NoruPro Light Systems Inc., Tokyo, Japan). The
resulting ECoG were digitally recorded at a sampling rate of 400 Hz,
using a 128-channel EEG system [BMSI 6000, Nicolet Biomedical
Inc., Wisconsin). The band-pass filter for the data acquisition was
set to 0.55-150 Hz. Electric triggers generated by the stimulus com-
puter were simultaneously recorded with one of the EEG channels.
A reference electrode was placed on the scalp at Cz (international
10-20 system). The stimuli for the language task consisted of the
same words used in the word interpretation task of the fMRI session.
All letter strings were presented for 350 ms with randomly variable
interstimulus intervals, ranging between 2700 and 3300 ms. The
words were displayed randomly, and each was presented once or
twice, yielding 100 data epochs. The patients were instructed to
read the words covertly and categorize them into “abstract” or
“concrete.”

ECoG data processing

All analyses of the ECoG data were performed using custom soft-
ware written in Matlab R2008b. We focused on the electrodes on
the lateral surface of the dominant hemisphere, which showed
language-related activations on fMRI. The baseline and reading pe-
riods for all analyses were — 600 to — 100 ms pre-stimulus and 0 to
750 ms post-stimulus, respectively. On the basis of a visual inspection
of the ECoG signals, epochs involving singular noises and epileptic
spikes were excluded from further analysis. Fast Fourier transforma-
tion was performed every 1 Hz using 250 ms windows with 125 ms
step sizes to obtain power spectral density estimates. A Hanning win-
dow was imposed on each data window to attenuate edge effects
(Fig. 1A).

To obtain the power average across the high gamma range, we
standardized the pawer spectral density estimates with respect to
the 1500 ms data epochs consisting of pre- and post-stimulus
750 ms data epochs (Fig. 1B). This flattened out the spectral land-
scape, which allowed averaging across frequencies (Leuthardt et al.,
2007). We defined a high gamma power change (HG-PC) as a stan-
dardized spectral power change from baseline to reading periods in
a high-frequency band (60- 120 Hz) (Fig. 1C). A t-test was performed
to test whether the HG-PC was significantly larger than zero, and re-
sults were reported at P~ 0.05, Bonferroni-corrected for the number
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Fig. 1. Frequency profiles of an electrixde (green dat on the lefl superior femporal gyrus), The
light-gray 2ones indicate the high gamma frequency range (60- 120 Hz). {A) Power spectral
density functions in reading (red line) and rest (blue line) periods. The power was increased
in the high gamma frequency range during the reading task, (B) Standardized power spectral
density functions in reading and rest pericdds, Standardized power versus frequency was com-
pared between the reading (red line) and rest periods (blue line]. The shaded areas amund
the solid lines indicate standard esrors of the mean values for each period. (C) Subtraction
of the speciral density functions between reading and rest periods. The shaded drea around
the =olid line indicates standard errors of the mean values.
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R=0.57

High gamma power change (standardized)
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BOLD signal change (%)

Fig. 2, Scatter plots of standardized high gamma power changes against BOLD signal
changes. Regression analysis showed a positive correlation between them (R= 057,
P=0.0002},

of electrodes. The electrodes with significant or non-significant
HG-PC are indicated as HGA( + ) or HGA[ =), respectively.

Statistical analysis

We tested whether BOLD responses correlated with HGAs. For each
HGA(+) electrode, the BOLD-SC and HG-PC were calculated as de-
scribed above. A linear regression model was fitted and tested for signif-
icance by an F-test.

For a better description of the relationship of HGA and BOLD in the
frontal and temporal lobes, we made detailed comparisons across
them: BOLD-SC responses between HGA(+) and HGA(—) sites,
HG-PCs between the frontal and temporal lobes, and BOLD-SC be-
tween the frontal and temporal lobes, separately, according to the
HGA profiles. To test the differences, we used Wilcoxon's rank sum
test {(P<0.05).

Electrode normalization and visualization on a template brain

To elucidate whether HGA( +) electrodes were located predomi-
nantly in the primary areas {e.g. sensori-motor cortex), we spatially

A

normalized HGA(+ ) electrodes and displayed them on a template
brain. A detailed procedure of electrode normalization is described
clsewhere (Kunii et al,, in press). This HGA distribution map was
compared with the result of the second-level analysis of IMRI data.

Time-frequency analysis

To compare HGA dynamics in the frontal and temporal lobes, we fur-
ther employed time-frequency analysis, The detailed procedure is de-
scribed elsewhere (Kunii et al, in press). Briefly, we used spectrograms
to estimate the energy density of the signals in the time-frequency
plane. Short-time Fourier transformation was performed on the win-
dowed epochs with 90% overlap. We performed a permutation test to
determine P values for each time-frequency point of the spectrograms.
The obtained P-value maps were corrected for multiple comparisons
(false discovery rate correction, P<0.05).

To quantify the high gamma activity in the time course, we count-
ed the number of frequency bins that displayed significant activity at
each time point within the range of 60-120 Hz. We termed the resul-
tant number the high gamma broadband index (HGBI).

Results

Finally, we investigated 478 electrodes, which covered the lateral
surface of the dominant hemisphere on a template brain (Fig. 3A),
and found 39 electrodes were HGA(+) (Fig. 3B). The mean values
of BOLD-SC at HGA( + ) and HGA( —) sites were 0.39 and 0.21, respec-
tively, without a significant difference between them,

The regression analysis showed moderate correlation between
HG-PC and BOLD-SC at HGA( + ) sites (R=0.57, P=10.0002] (Fig. 2).

HGA( +} electrodes were localized in the inferior frontal, superior
and middle temporal, and precentral gyri (premotor cortex and
face-motor area) (Fig. 3B). A second-level IMRI map was displayed
on the template brain (Fig. 3C). We compared distributions between
BOLD activities and HGA({ +) sites by visual inspection. In the frontal
lobe, the distributions of the two activities generally matched. In the
temporal lobe, however, considerable mismatch was observed, par-
ticularly in the superior temporal gyrus, HGAs were frequently local-
ized in the superior temporal gyrus, whereas significant BOLD
activities were not. Instead, wide BOLD activities appeared in the pos-
terior inferior temporal gyrus, where ECoG electrodes were scarcely
placed. i

In order to explain the HGA-BOLD mismatch between the frontal
and temporal lobes, we investigated the HGA profiles and found no
significant difference of HG-PCs (Fig. 4B). In addition, there was no
significant difference of frequency distribution in HGA on each lobe

C

Fig. 3. Comparisons between distributions of high gamma activities (HGAs) and BOLD responses on a template brain, (A). All ECoG elecirodes displayed on a iemplate brain. The
electrodes (green dots) on the template brain widely covered the lateral aspect of the left frontal and temporal lobes, (B) ECoG electrodes with significant HGA. Different colors of
the electrodes indicare individual patients. The electrodes were mainly clustered on the inferior frontal, superior and middle remporal, and precentral gyri {premotor cortex and
face-motor area). (C) A three-dimensional t-map of across-individual BOLD response displayed on a template brain, The BOLD responses were widely observed in the frontal
lobe, which involves the inferior frontal and precentral gyri, There were additional activated areas in the inferior temporal gyrus, which were sparsely covered by ECoG electrodes,
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Fig. 4. Comparisan of high gamma activity (HGA) between the frontal and temporal lobes, (A} Frontal (orange} and temporal (green) electrodes with significant HGAs, {(B) Stan-
dardized power changes at the frontal {orange) and temporal (green) clecirodes. There was no significant difference of high gamma activity between the frontal and temporal
lobes. The error bars indicate the standard error of the mean and the P-value is based on Wilcoxon's rank sum test, (C) Spectral density functions of the standardized power changes
in the frontal {orange) and temporal (green] lobes. Orange and green lines indicate the grand averages of spectral density functions in the frontal and temporal lobes, respectiviely,
Red bars above the lines indicate significant differences of spectral density functions between frontal and temporal labes (P 0,03), Power increase in the theta range and decrease
in the alpha range were stronger in the frontal and temporal lobes, respectively. There was no significant difference in the high gamma frequency range. The shaded area around the
solid line indicates standard errors of the mean values, A light-gray zone indicates the high gamma frequency range (60-120 Hz).

(Fig. 4C). Note that we observed differences in other frequency
ranges. Increased oscillatory activity in the theta range compared to
the baseline (theta synchronization) was stronger in the frontal
than the temporal lobe and decrease in the alpha range (alpha
desynchronization) was dominantly cbserved in the temporal lobe,

We investigated whether the existence of HGA could affect the BOLD
activities in the frontal and temporal lobes (Fig. 5). In HGA(+) sites,
there was no significant difference between BOLD-SCs in the frontal
and temporal lobes. In HGA{—) sites, on the other hand, BOLD-5Cs
were significantly higher in the frontal than in the temporal lobe (P=
0.038).

We then focused on temporal profiles of HGA in each lobe using
time-frequency analyses. We investigated several brain regions such
as the inferior frontal, precentral (premotor cortex and face motor
area), middle and posterior superior temporal, and posterior middle
temporal gyri, where the HGA(+) electrodes were clustered
(Fig. 6). Each cluster showed characteristic temporal changes of
HGA. In particular, the HGBI time courses of the temporal lobe had
short latencies and declined rapidly at 500 ms with short duration,
On the other hand, those of the frontal lobe had later onset with lon-
ger duration. Each lobe had independent and characteristic HGA
dynamics.

Discussion

We observed language-related HGA and BOLD derived from 13 pa-
tients with intractable epilepsy and made detailed comparisons be-
tween them on a template brain. HGAs appeared not only in the
primary motor area, but also in the language-related association corti-
ces. Each region contained two or more HGA( -+ ) electrodes, suggesting

these areas showed the augmentation of HGAs consistently. In these
HGA(+) regions, we demonstrated a positive correlation between
HGAs and BOLD responses, and electrical oscillation could be a

[ Frontal B Temporal

08

p=091

BOLD signal change (%)

HEA(+) HGA[-}

Fig. 5. Comparison of BOLD responses between the frontal {orange) and temporal
(green) lobes, BOLD signal changes in each lobe were compared depending on high
gamma activity (HGA] profiles (positive or negative), The BOLD responses with nega-
live HGA were significantly higher in the frontal Jobe than in the temporal lobe, There
was no significant difference in the BOLD responses with positive HGA between the
two lobes, The error bars indicate the standard error of the mean and the Pvalue is
based on Wilcoxon's rank suimn test.
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Fiz. 6. Temporal dynamics of high gamma activity of noticeable electrode clusters in frontal and temporal lobes. Each line color cormesponds to electrode color. X and ¥ axes indicate
latency and high gamma broadband index (HGBI), respectively. HGBI in the frontal lobe lasted longer beyond 1000 ms. On the other hand, rapid decline of HGEI was observed after

500 ms in the temporal lobe,

physiological counterpart of BOLD signals. In addition, we found
BOLD-HGA spatial mismatch and differences of HGA dynamics in the
frontal and temporal lobes.

Previous studies have reported that the local field potentials
(LFPs) positively correlated with BOLD responses in the primary cor-
tices (e.g., visual, sensory, motor) of animals and humans {(Goense
and Logothets, 2008; Hermes et al, 2011; Logothetis et al., 2001;
Niessing et al., 2005; Nir et al., 2007; Scheeringa et al., 2011). Such
LFP-BOLD coupling is assumed to be a measurable counterpart of
neurovascular coupling, which is of paramount importance in
interpreting the results of fMRI in neuroimaging research and clinical
situations, The aim of this study is to clarify the neurovascular coupling
in the human association cortex (language-related) by analyzing neuro-
nal oscillations represented by HGA. Although LFP-BOLD coupling in
the primary cortical areas was robust, some researchers have raised
concerns over dissociation between LFPs and BOLD signals in other cor-
tical areas (Arne, 2010). In fact, we observed no significant difference of
BOLD responses between HGA{+) and HGA(—) sites, meaning that
there were considerable BOLD responses without HGAs in association
cortices. This finding seemed to reflect a wider distribution of hemody-
namic BOLD responses around the corresponding electrical activities,
which might have caused difficulties in demonstrating HGA-BOLD cou-
pling in association cortices. In this study, we showed that HGAs were

positively correlated with BOLD responses by including only BOLD re-
sponses at HGA({ + ) sites. We believe that our findings provide support-
ive evidence to elucidate HGA-BOLD coupling in association cortices.
The fMRI group analysis showed a spatial dissociation between
BOLD responses and HGAs in the temporal lobe. Our study showed
the reading task induced less BOLD responses in the temporal lobe,
which was in line with the findings of previous studies (Kamada et
al, 2007; Kunii et al, 2011; Rutten et al, 2002; Veltman et al,
2000). In order to determine the reasons for the spatial dissociation
of HGA-BOLD coupling in the temporal lobe, we made detailed com-
parisons of HGA between the frontal and temporal lobes. The two
lobes showed no significant difference of power spectral density in
the high gamma band. Therefore, it might be hard to fully explain
the dissociation of HGA and BOLD distribution between frontal and
temporal lobes only by spectral characteristics of HGA. Interestingly,
the BOLD responses in HGA(—) sites were significantly weaker in
the temporal than in the frontal lobe. We speculated that BOLD re-
sponses in HGA{—) sites were more widely distributed around
HGA( ) sites in the frontal than in the temporal lobe. In order to ex-
plain our hypothesis, we considered that the most important facts
were HGA temporal profiles, assuming that prolonged electrical acti-
vation could evoke wider hemodynamic responses. According to the
time-frequency analysis, the HGAs in the frontal lobe tended to be
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longer-lasting than those in the temporal lobe, Such different tempo-
ral patterns of HGAs in each lobe might have generated the different
BOLD responses around the functional epicenters, which could have
led to the dissociation of the spatial distributions of HGAs and BOLD
responses.

In this study, we used the word interpretation task, in which seman-
ticdecisions wete needed after covert word readmg. The inferior frontal
Inbe js- stmngiy related with executive roles in semantic decisions
{Badre and | Wagrer, 2007; Binder et al., 2009; Fiez, 1507; Martin et al,,
1995, 1996; Noppeney ¢t al, 2004; Thompson-Schill et al, 1957; Wag~
ner et al, 2001). It seems that our task eifecnvely induced HGA in the
frontal assoczatmn coitices, which - might be the key for the excellent
overall HG BOLD coupling. Wu et al, reported picture naming task -
licited wider gamma osclfations in tem poro-parietal regions than sim-
ple word reading (Wu et a1, 201 1), In this sense, picture naming task
might provide additional information on the relationship between
HGA and BOLD Tesponses.

HGAs, which seem to reflect the excitement of local neural assem-
blies, are only a part of various electrical activities generated in a
human brain. Although we mainly investigated the HGA as a plausible
candidate of elecmphysaalogtca! carrelates for BOLD Tesponses, some
parts of the BOLD responses - could be amburabie to the power changes
in other frequency ranges. Scheennga etal (2011) performed simulta-
negus mcardmgcfssﬁ and MR and found that gamma power increase
and alpha-beta ) power decrease in EEG were positively and negatively
correfated with BOLD responses in the primary visual area, respectively
{Schieeringa et al, 2011). Hermes et al, { {2011}, in their study on LFP-
BOLD coupling in motor function, suggested that BOLD signal change
was fargely induced by Eugh gamma power increase and alpha-beta
power decrease in the primary motor area. Fusthermore, Khursheed et
al (2011) stressed that theta pnwerdecrease had the most negative cor-
relation with BOLD i responses in working memory on the frontal lobe,
On the basis of previous studies and our own, HGA-BOLD couplmg isa
pm'm:smg key to identify complex human brain functions. Despite the
$trong correlation of HGA and BOLD sxgnal inour study, it would be nec-
essary to analyze other frequemy ranges of electrical activities for fur-
ther anderstandmg.

Brain regions might have different hemodynamic responsive function
(HRF) according to different tasks (Kruggel and von Cramon, 1993).
BOLD responises obtairied by block-design MR pamdsgms, however, da
not reflect such regmna! d:ft’erences of HRE. Most of the previous studies
including ours on !1’?—3013} ccup}mg have used block~desrgn ;:rarad igms
(Hermes et al, 2011; Logothetis et al, 2007; Ojemany et al, 2009) be-
cause of the high signal-to-noise ratin. Event-related IMRI paradigms,
which can detect transient variations in hemodynamxc responses, might
aflow the temporal characterization of BOLD signal changes. This tech-
nique, however, has lower signal-to-noise ratio than the block~de51gn
fMRI paradsgm in the present system setting, It would be possible to
make detailed anaiys:s of the mnphng iFwe were to use novel VR tech-
nigues with higher signal-to-noise ratio and temporal resolution.

Conclusion

This study provided an important bridge between the functional
brain networks revealed by BOLD Tesponses : and the underlymg new-
rophysiology. We found that there were different temporal profiles of
HGA in the froutat and temporal language areas. The longer-lasting
HGA contributed to dominant fMRI activation in the frontal lobe,
whereas the short-duration HGA reﬂected poor BOLD sxgnals in the
temporal lobe, Such different temporal patterns of HGAs in each
lobe might have generated the different BOLD responses around the
functional epicenters, which could have led to the dissociation of
the spatiaf distributions of HGAs and BOLD responses.

We beligve this work will facilitate practical utilization of IMRI for
evaluating higher-order cognitive functions not only in neuroscience
research but also in a clinical context.
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lexica-semantic memeory (Martin et al. 1995, 1996; Moore and
Price, 1999; Noppeney et al, 2905}. semantic selecnonjdecxsmns
{Badre and Wagner, 2007; Noppeney et al., 2004; Thompson-Schill
et al, 1999; Wagner et al, 2001), speech producba&fpercepnon
(DAusnlm et al,, 2009; Hickok, 2001; Hickok et al., 2003; Pulver-
muller et al, 2006; Wilson et al., 2004). syntax and sentence level
comprehensmn (Fnedenc: et al,, 2003; Hashimeto and Sakai, 2002;
Homae et al., 2002, 2003; Humphries et al, 2001; Ni et al,, 2000),
and verbal wcﬂung memory (Champoé and Petrides, 2(36? 2010;
Hickok et al;, 2003: Jonides et al., 1998; Ravizza et al., 2004; Tsukt-
ura et al,, 2{101) Mtheugh mult:pte epicenters have been found, it
is difficult to elucidate the time course of the brain activity of dis-
tributed language areas and the dynamics of the Ianguage network.
This is-due to the technical limitations of hemodynamtc studies
such as positron emission computed tomography (PET) and func-
tional MRI (AVIRY), which have insufficient temparal resolution to
describe the dyiamics of neural activity.

On the other hand, electreencephalography (EEG) and maguieto-
encephalography (MEG) have been used to record event-related re-
sponses at high time resolution; Le,, event-related potentials {ERP)
and event-related fields (ERF), respectively. Using these tech-
niques, previous groups have demonstrated semantic responses
within 200 ms of lefter presentation for primary perception and
within about 400 ms for letter cogmtwn {Dhond ¢t al., 2007; Sal-
melin et al., 1994; Vartiainen et al., 2009). However, questions re-
main about how to solve inverse problems, which interfere with
source Iacahzaunn In fact; there have been considerable disagree-
ments about the origins of certain components (e.g., mcu) (Curran
et al., 1993; Halgren et al, 2002; Helenius et al., 1998; Johnson and
Hamm, 2000; Maess et al. 2006; Pylkicamzn and McElree, 2007; Tse
et al,, 2007: Uusvuori et al; 2008)

In the last few years, increasing effort has been made {o assess
brain oscillatory activity such as event-related synchmldesynchm-
nization (ERS}ERD} using intracranial electrodes. Event-related
augmentation of the ‘ongoing. EEG Has been referred to as ERS,
and augmentation of high gamma activity (HGA] at$50Hzis gen-
erally considered to reflect cortical activation (Crone et al, 1998;
pfurtscheller and Lopes da Silva 1999)

Distributions of HGA augmentation display strong correlations
with various functmn& including motor (Crone et al,, 1998; Leut-
hardt et al, 2007; Miller et al,, 2007), auditory (Crone et al.,
201}13, Edwards et al, 2005: Sinai et al, 2000; Trautner et al.,
2006), visual (Lachaux et al,, 2005; Tanji et al, 2065}, language
{Brown et al., 2008; Crone et al,, 2001b; Sinal et al., 2005; Wu
etal,, 2011, 2010) ep;sodxc memaory (Sederberg et al, 2007), work-
ing memmory (Axmacher et al; 2007; Howard et al, 2003; Meltzer
et al, 2008; van Vugt et al, 2010), and attention functions (jung
et al., 2008; Ray et al, 2068 ’fallon-Baudry et al., 2005) Further-
more, studies of HGA can achieve both high spatzat and temporal
resolution; Therefore, anaiyzmg HGA dynamics is one of the most
powexfut appraathes for studying complex neural netwarks (Can-
olty et al,, 2007; Edwards et al,, 2010; Mamy et al., 2008),

One pracmcai issue with this techmque is the positioning of
intracranial electrodes, Sirice it is ;mpnssxbte to control the elec-
tmde pesmans for resgarch purpases from an ethicai pomt of view,

P h

n rder to overcome tﬁese limitations, we spatxally nonmalized
individual brains and the subdural elecirodes of patients with
intractable epﬁepsy and supenmposed 1512 electrodes of the
dominant hemisphere onto a normalized brain. We hypethesmet!
that this novel methed could allow us to demonstrate representa-
tive HGA patterns for various semantic tasks such as word inter~
pratation, p:cture ‘naming, and verb generation,

2. Subjects and methods
2.1, Subjects

We recorded ECoG in 34 patients with intractable epilepsy, who
underwent subdural electrede implantation for diagnostic pur-
poses at the Umversxty of Tukyo Hospital between May 2005 and
November 2010. During the recording, we instructed the patients
to perform 3 language tasks, word interpretation, pictiure naming,
and verb generation. Thirteen patients were excluded because of
a low intefligence quotient {<70) (n=9), young age (<1 5) (n=1),
alack of electrodes in the left hemisphere (n = 1), low signal quahty
{n=1), or continuous epziepnc activity (n= 1), As a result, we re-
stricted this analysis to 21 patients (8 men, 13 women), Before
the epilepsy surgery, we confirmed which hemlsphere was domi-
nant for language processes in each individual using the Wada test
or a combination of fMRI and MEG, as described elsewhere
(Kamada et al,, 2007), There was no casé in which the right hemi-
sphere was dominant for language processes,

We used grid and strip type subdural electrodes, whzch con-
sisted of silastic sheets embedded with platinum electrodes
(3 mm in diameter), and a 10 mm mter-electrode interval {center
to center) (Unigue Medical, Tokyo, Japan). Since the purpose of this
study was to elucidate the language dynamics in the dominant
hemisphere, we excluded ECoG electrodes on the fateral surface
of the right hemisphere,

This study was approved by the institutional review board of
our institute, Written informed consent was cbtained from each
patient or their family after a detailed explanation of the ECoG
and language evaluation procedures.

2.2, ECoG recording

2.2.1. Data acquisition

Each patient was seated on a bed with a reclining backrest in a
quiet, electrically smelded room. A computer monitor was piaced
100 cm from the patient, Stimuli were then presented using a
Stimuli Output Sequencer (NoruPro Light Systems inc, Tokyo,
Japan),

The resultant ECoG were digitally recorded at a sampling rate of
480 Hz, using 2128 channel EEG system (BMS! 6000, Nicolet Bio-
medical Inc,, Wisconsin). The band-pass filter for the data acquisi-
tion was set to 0.55~-150 Hz. Electric triggers generated by the
stimulus coriputer were simultaneously recorded by one of the
channels.

A reference electrode was, placed on the scalp at Cz (interna-
tioral 10-20 systém).

2.2.2, Language tasks

Word interpretation (WI) task: The stimuli for the word inter-
pretation task consisted of three-letter words. All letter strings
were white with a b!ack backgmund and presented for 350 ms
thh a randomly var;abie inter-stimulus intervals, ranging be-
tween 2700 and 3300 ms. The words were displayed randomly,
and each was presented once or twice, yielding 100 data epochs.
The patients were instructed to covertly categorize the presented
words into “abstract” or “concrete”,

Plcmre naming (PN task: The 100 stimuli used for the picture
mmmg task consisted of 42 color aliusmuans of familiar objects,
They were presented for 1000 ms with an inter-stimulus interval
ranging between 2760 and 3300'ms. The patieat was requested
to s;lem!y name each presanted object.

Verh generation (VG) task: Common concrete nouns spoken by
a native Japanese speaker were presented by the computer, The
twenty stimuli were presented in random order to generate 100
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data epochs. The duration range of the auditory stimuli was
<500 ms, and the inter-stimulus intervals varied randomly from
2700 to 3300 ms. The patient was instructed to silently generate
a verb related to each presented noun.

2.3. Data analysis

2.3.1. ECoG data processing

All analyses of the ECoG data were performed using custom
software written in Matlab R2008b (The Mathworks, Inc., Natick,
MA). We divided the continuous ECoG into 2 s epochs (0.5 s before
and 1.5 s after stimulus onset) with an additional 0.125 s on both
sides of each epoch to prevent ‘edge effect’ artifacts from clouding
the results, Based on a visual inspection of the ECoG signals, trials
invalving excessive epileptic activity were excluded from further
analysis.

2.3.2. Time—frequency analysis

We used spectrograms to estimate the energy density of the sig-
nals in the time-frequency plane (Makeig, 1993; Zygierewicz et al,,
2005), as described below: We divided the signal, 5(¢), into overlap-
ping epochs, each of which was multiplied by the window-function
w(t). Then, the Fourier transformation was performed on the win-
dowed epochs, providing a frequency resolution dependent on the
epoch length. The short-time Fourier transform (STFT) of signal s(t)
was given by:

Fe(u,f) f s(Ow* (t — u)e ide (1)
We used the following Hamming window:
w(t) = 0.54 - 0.46 cos (2;:%) @)

where T was the window length. We then obtained a spectrogram
by squaring the modulus of the STFT.

Each epoch of 800 time points was comprised of 80 Hamming-
windowed, 100-point data windows with 90% overlap. For spectral
interpolation, we applied zero-padding ta the windowed time ser-
ies, thus the output consisted of 100 frequency bins with width of
2 Hz, As a result, we obtained Ntime-frequency power distribution
maps composed of 100 frequency bins, each of which was derived
from 20 pre-stimulus and 60 post-stimulus time-series data points,
where N represented the number of trials for each task.

2.3.3. Permutation test

We performed a permutation test to determine P values for
each time-frequency point under the null hypothesis that there
is no difference between the power value at a post-stimulus
time-frequency point and the mean power value of the same fre-
quency bin at the pre-stimulus baseline. The P value for each
time-frequency point was obtained as follows (see Appendix A
for more detail).

N mean power values at the pre-stimulus baseline and N time-
frequency power values at a post-stimulus time-frequency point
were pooled together and then 999 iterations were randomly shuf-
fled and partitioned into two series of the same size as the original
series. Averaging these shuffled series generated a probability dis-
tribution of power values at each time-frequency point. For each
time—frequency point, raw P values were obtained as percentiles
within this distribution (P value resolution of 0.001).

2.3.4. FDR analysis

We corrected the obtained P values for multiple comparisons
using the false discovery rate (FDR) method (Benjamini and Hoch-
berg, 1995; Genovese et al., 2002; Ray et al., 2008). This procedure

controls for the expected proportion of falsely rejected hypotheses.
Using the P values of a given frequency bin, the FDR method was
used to find an appropriate significance level below which all time
points were considered significant. First, all the P values of the fre-
quency bin {the number of time points was B) were ordered from
smallest to largest (denoted by P(i), i=1, 2,...,B). The cut-off level
was then given by P(r), where r was the largest i such that

P <ixd (3)
B

where q was the desired FDR (set to 0.05 in this paper). This proce-

dure was repeated for each frequency, yielding a time-frequency

map corrected for multiple comparisons in the time domain.

2.3.5. Quantification of high gamma activity

The definition of the high gamma frequency band differed
among previous studies. Although the full HGA ranges from 50-
150 Hz, only the range from GO to 120 Hz was used in order to
avoid electrical artifacts at 50 and 150 Hz and because this is the
frequency range in which the maximal response was obtained.
Within this frequency range, we counted the number of frequency
bins that displayed significant augmentation at each time point.
We termed the resultant number the high gamma broadband in-
dex (HGBI). A HGBI of 1.0 or 0 at a given channel indicates ali or
no bins were significantly increased over whole high gamma fre-
quency band, respectively. A HGBI of 0.5 corresponds to 50% of bins
with significant increase.

2.4, Brain normalization

24.1. Visualization of spatially normalized channel activity

Anatomical brain images and the positions of the implanted
electrode were obtained by preoperative three-dimensional T1-
weighted imaging (3D MRI) and 3D CT performed after electrode
implantation, respectively. The 3D CT data was then co-registered
with the 3D MRI data by maximizing the mutual information be-
tween the two datasels, The co-registered 3D-CT was interpolated
and re-sliced according to the header information of the 3D-MRI
using Dr. View (Asahi Kasei, Tokyo, Japan).

The dataset for the 3D-MRI and the resliced 3D-CT data were
imported into SPM8 in ANALYZE format (Welcome Department
of Imaging Neuroscience, London, UK; www.fil.ion.uclac.uk/spm).
The 3D-MRI of each patient was normalized to the equipped T1-
template and converted to Montreal Neurological Institute coordi-
nate space. Each re-sliced 3D-CT dataset was also normalized using
the same parameters as were used for the 3D-MRI normalization.
After the data conversion, we selected a patient’s brain as a repre-

Electrode distrib ution

1516 electrodes (21 patients)

Fig. 1. Electrode distribution, The normalized electrodes were ilfustrated as green
dots in the lateral {left) and basal {right) aspects of the remplate brain, The
clectrode positions of each patient were derived from the three-dimensional
computed tomography datasets.
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sentative brain model and superimposed the electrodes of all pa-
tients onto it.

The representative MRI and normalized CT sets of all patients
were imported into EMSE (Source Signal Imaging, San Diego, CA)
(Ossadtchi et al., 2010). Each electrode location was digitized
semi-automatically using predefined electrode templates. EMSE
automatically bent the digitized templates to fit the electrodes to
the brain surface. Although this procedure carried a risk of registra-
tion errors, we compared the results and intraoperative findings
during electrode implantation and removal and found that there
was little difference between them. We registered the ECoG chan-
nels of all patients to the corresponding digitized electrodes
(Fig. 1A).

2.4.2. Electrode density correction

To avoid overestimating the HGBI in areas of high electrode
density, each HGBI was corrected for the electrode density of the
corresponding area by dividing the HGBI by the number of elec-
trodes within 5 mm of each electrode center (cHGBI). cHGBI time
series for each channel were displayed on the normalized brain
surface using Gaussian interpolation with a sigma value of 10 mm.

2.5. Time series analysis using VOI

We performed volume-of-interest (VOI) analysis to provide
quantitative evaluations of HGA dynamics. VOI were assigned to
G areas that showed representative HGA profiles.

The HGBI of all the electrodes inside each VOI were averaged to
show temporal changes. We used a 15 mm VOI radius to prevent
overlapping among VOL For the three language tasks, we used
the same set of VOI to enable comparisons among the HGA dynam-
ics of different tasks. If the averaged HGBI in a given VOI corre-
sponded to 1.0, it means all time-frequency bins at all electrodes
in the VOI showed a significant increase in high gamma frequency
band. The HGBI values in the VOI analysis, therefore, depended not
only on the degree of HGA, but also on the number of electrodes
which showed strong HGA augmentation.

3. Results
3.1. Summary of the normalized data

The number of patients and electrodes investigated for each
task were as follows: the WI task was performed in 21 patients
with 1516 electrodes, and the VG and PN tasks were performed
in 12 patients with 884 electrodes and 14 patients with 1048 elec-
trodes, respectively. The demographic data of each task group are
summarized in Table 1. There was no significant difference be-

Table 1
Demaographic data of each task group,
wi PN VG P value

No. of patients 21 14 12
Age 324+-895 325+-89 328+-96 099
Sex (M/F) 0.62 0.80 0.50 0.88"
Epilepsy onset 173+ -100 17.6+-11.0 209+ -10.0 061*
Epilepsy duration 150+-114 148+-109 119+-84 070

Epilepsy side (LiR) 15 18 1.2 0.89"
No. of electrodes (base) 33.0+-63 349+ -61 31.2+-51 030°
No. of electrodes (Left) 39.2+-15.1 400+ -123 425+-179 033"
viQ 868+ -96 889+-96 878+-91 0817

WI = word interpretation; PN = picture naming; VG = verb generation; VIQ = verbal
intelligence quotient.

2 One-way ANOVA.

b Chi-square test.

Electrode Density Map
Post-correction

Pre-correction

contour interval: 2 contour interval: 2

o eloctrode density 50 electroda density 8

Fig. 2. Electrode densily map. Before the correction of electrode density (left), there
was high concentration of electrodes in Broca's and Wernicke's areas, reflecting the
clinical importance of these arcas. The correction resulted in the electrode density
becoming almost uniform {right), eliminating the effect of electrode density on the
visualization of high gamma activity.

tween the background data of any group. The normalized elec-
trodes were found to cover an extensive range of the lateral
frontotemporal lobes and the basal aspect of the occipitotemporal
areas (Fig 1). The distribution of electrodes was similar among the
three groups (data not shown).

3.2. Electrode density correction

We created electrode density maps to evaluate the heterogene-
ity of electrode density. Before correction, the electrode density
was relatively high in the classical Broca’s and Wernicke's areas
(Fig. 2A). The correction resulted in the electrode density becoming
homogenous throughout the areas covered by the electrodes and
was effective at removing the observed electrode density heteroge-
neity (Fig. 2B).

3.3. Dynamics

We projected cHGBI values onto the brain surface for each lan-
guage task (Figs. 3-5A).

3.3.1. Spatial distributions of HGA in different tasks

As no electrodes were located in the calcarine fissure, we did
not observe the primary responses to the visual stimuli. In the
WI task, following the initial recruitment of the bilateral FuG,
HGA augmentation in the posterior middle temporal gyrus (pMTG)
was observed. In addition, sustained augmentation of HGA was
seen over the ventral premotor cortex (vPMC). The latest-recruit-
ment occurred over the middle frontal gyrus (MFG) and inferior
frontal gyrus (IFG) (Fig. 3A).

Although the dynamics of the PN were similar to those of the
WI, the bilateral FuG was more widely involved. Another unique
finding was that there was little HGA augmentation in the MFG
or IFG during the PN (Fig. 4A).

Since the VG task used auditory stimuli, HGA augmentation was
mainly observed in the lateral aspect of the superior temporal
gyrus (STG), with no response seen in the basal aspects of bilateral
temporal lobes. Subsequently, the pMTG showed HGA augmenta-
tion to a similar degree to that seen during the other two tasks,
On the other hand, the vPMC displayed slow-onset recruitment.
HGA augmentation in the MFG and IFG were maintained until
1000 ms after the VG stimuli, which were similar to those observed
during the WI processing (Fig. 5A).
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Fig. 3. Word interpretation results, (A) Tapograghic maps of the high gamma broadband index values (HGBI with electrode density correction) for the word interpretation
task. HGBI profiles were aligned on the brain surface at representative time points, indicating sequential activation of the fusiform gyrus (FuG), posterior middle temporal
gyrus (pPMTG), ventral premotor cortex (VEMC), and middle and inferior fromtal gyri (MFG and IFG). (B) HGBI time series of each volume of interest (VOI). The VOl included the
FuG (Red), pMTG (Orange), vPMC (Yellow), the superior temporal gyrus (Blue), and the MFG (Green) and IFG (Purple). Each VOI and the corresponding HGBI line are shown in
the same color. The gray zones indicate the duration of stimulus presentation. Nete the differences in the vertical axis scales among different VOL

3.3.2. VOI-based time series analysis of HGA during different tasks

To quantitatively evaluate HGA dynamics, we set VOI (radius
15 mm) in the following six cortical areas: FuG, pMTG, STG, vPMC,
MFG, and IFG. These areas were chosen because they demonstrated
marked HGA augmentation. Figs. 3-5B illustrates the time courses
of the averaged raw HGBI within each VOI for each task.

In the WI task, HGA augmentation in the FuG occurred first,
beginning at around 100 ms, and the pMTG was recruited slightly
later. The FuG augmentation declined after the termination of the
visual stimuli, while the vPMC displayed prolonged response he-
tween 200 and 1000 ms. Both the MFG and IFG were involved at
around 300 ms. The MFG augmentation rapidly decreased at
around 400 ms, whereas the IFG augmentation was sustained until
1000 ms (Fig. 3B).

In the PN task, the FuG augmentation occurred first, beginning
at around 100 ms and was sustained for more than 1000 ms,
reflecting the longer stimulus presentation time of this task. On
the other hand, the HGA augmentation of the pMTG occurred
slightly later than that observed during the WI: i.e., from 200 ms
to 700 ms. The vPMC showed prolonged augmentation between
300 and 900 ms during the PN task, which was similar to that seen

during the WI task. The MFG and [FG demonstrated low HGBI val-
ues during this task (Fig. 4B).

The initial response related to the VG task involved prominent
HGA augmentation of the STG between 100 and 600 ms. The next
peaks appeared simultaneously in the pMTG, IFG, and MFG and
then gradually decreased until 1000 ms. An interesting characteris-
tic of the HGBI profile for this task was late onset of vPMC re-
sponse, which appeared at around 500 ms and peaked at around
1000 ms (Fig. 5B).

VOl-based time series analysis demonstrated different HGBI
profiles for each task.

4. Discussion

We demonstrated the spatiotemporal dynamics of the brain
oscillations related to three different language tasks using a novel
method in which we superimposed ECoG-HGA from 21 patients
onto a normalized brain. The HGA-dynamics for the WI task dem-
onstrated posterior-to-anterior sequences of cortical recruitment
involving the FuG, pMTG, vPMC, MFG, and IFG. Although similar
dynamics was observed during the PN task, little HGA was ob-
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Fig. 4. Picture naming results. The plotting conventions were the same as those employed for Fig. 3, There were marked activations in the bilateral fusiform gyri. The
posterior middle temporal gyrus and ventral premotor cortex showed similar dynamics to those observed during the word interpretation task. In contrast to the word

interpretation task, the picture naming task induced little activation in the frontal lobe,

served over the MFG-IFG region. The VG task widely activated the
STG instead of the FuG between 100 and 600 ms after the presen-
tation of auditory stimuli. The HGA produced in the IFG during the
VG task was stronger than those observed during the WI and PN
tasks, although similar HGA-propagations were seen in other areas.
This report presented a novel technique of ECoG visualization and
successfully elucidated typical HGA profiles for different language
processes.

Neuroimaging studies have accumulated knowledge about the
putative roles of distributed cortical areas. Since WI task used in
this study could be achieved only through covertly reading the
visually presented words, it seems reasonable to discuss its pro-
cessing in the context of reading function. In previous studies of
the functional areas implicated in word reading, posterior-to-ante-
rior streams of cortical recruitment have generally been described.
After the perception of visual stimuli, the FuG is activated during
orthographic cognition (Binder et al, 2006; Cohen et al, 2002;
Dehaene et al., 2005; Tsapkini and Rapp, 2010). The pMTG is
related to lexico-semantic knowledge, and the IFG plays more
executive roles in semantic decisions (Badre and Wagner, 2007;
Binder et al,, 2009; Fiez, 1997; Martin et al., 1995, 1996; Noppeney
et al., 2004; Thompson-Schill et al., 1997; Wagner et al., 2001). The
WI task used in this study activated these epicenters, and we
successfully visualized the sequential activation of each of the

abovementioned brain regions. We believe that our findings sup-
port the classical model of reading dynamics.

Picture naming is a common language task employed in neuro-
surgical language mapping (Ojemann et al., 1989; Penfield and Rob-
erts, 1959; Sinai et al., 2005). However, this task did not activate
frontal language areas as strongly as categorization or verb genera-
tion tasks in fMRI studies (Herholz et al., 1997; Kunii et al, 2011).In
general, picture naming has one correct answer. On the contrary,
categorization and verb generation tasks require more executive-
level semantic judgment or selection (Edwards et al., 2010; Thomp-
son-Schill et al., 1998), which might account for the stronger
activation in the frontal language areas, Our results are consistent
with this interpretation as the PN task induced little activation in
the IFG or MFG in contrast to the WI task. Several previous fMRI
studies showed that naming elicited greater cortical activation in
the IFG or MFG than word reading task (MacDonald et al,, 2000;
Polk et al., 2008). Wu et al. directly compared picture naming with
word reading task in their ECoG study and found picture naming
task demonstrated wider frontal lobe activation (Wu et al., 2011),
We assume that the lack of frontal lobe activation in these studies
came from passive reading tasks in contrast to our study, which re-
quired semantic decision, This suggests that performing the PN task
alone in clinical situations carries a risk of underestimating the
cortical areas involved in semantic decision-making.
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Fig. 5. Verb generation results. The plotting conventions were the same as those employed for Fig. 3. The auditory stimuli resulted in initial activation of the superior
temporal gyrus, followed by the recruitient of the posterior middle temporal gyrus. Activation of the ventral premotor cortex occurred later than in the word interpretation
and picture naming tasks. The prolonged recruitment observed in the inferior frontal gyrus was as marked as that in the word interpretation task.

In the VG task, our most remarkable finding was the strong
activity in the STG and IFG. Several studies have suggested that
the STG responds best to the complex spectro-temporal signals,
such as speech, that comprise the higher levels of the cortical audi-
tory processing hierarchy (Binder et al., 2000; Hickok and Poeppel,
2004; Scott et al., 2000). As described above, the IFG plays execu-
tive roles in semantic decision-making. The VG task involved
selecting one of generated words, which might require complex
semantic decision-making in the IFG. These task-dependent char-
acteristics might have generated the characteristic activation pat-
terns observed during the VG task.

We observed two cortical areas that were commonly recruited
during language processing. The pMTG was activated not only by
visual tasks, but also by auditory tasks, soon after the initial inte-
grative perception in the FuG and STG, respectively. This suggests
that the pMTG plays a modality-independent rele in various
semantic processes. It seems quite reasonable that semantic
knowledge is stored in the pMTG irrespective of the input modality
due to its storage capacity.

The vPMC was also commonly activated by the three tasks, It
was suggested that the vPMC might be involved in imagery articu-
lation during silent rehearsal (Vigneau et al., 2006; Wilson et al.,
2004), which could be used to ensure that the verbal working
memory remains active (Baddeley, 1992; Baddeley and Hitch,

1974; Hickok and Poeppel, 2004). Furthermore, Duffau et al.

~ (2003) suggested that the functional role of the vPMC involved

articulation planning by observing language impairment using
electrical stimulation of the vPMC. Our results support the asser-
tion that the vPMC plays an important role in basic language func-
tions such as reading, naming, and listening.

Three human ECoG studies have described the HGA dynamics
involved in language processing (Canolty et al,, 2007; Edwards
et al., 2010; Mainy et al., 2008; Pei et al., 2011). Canolty et al. exam-
ined 256 subdural electrode channels in 4 epilepsy patients and
provided detailed ECoG dynamics for auditory word processing
in the temporal lobe. They demonstrated the sequential activation
of the posterior STG, middle STG, and superior temporal sulcus,
which added temporal information to functional knowledge of
these areas gathered by previous studies.

Mainy et al. performed intracranial EEG using 300 depth elec-
trode channels in 10 epilepsy patients. They observed initial gam-
ma-band activation in the mesial basal temporal lobe at 150 ms,
which reached the word form area in the mid fusiform gyrus at
200 ms after word reading. Task specific gamma-band activations
were then observed after 400 ms in the superior temporal gyrus
for both word and pseudo-word stimuli; in the pars triangularis
for word categorization and in the pars opercularis for phonologi-
cal decision-making. Although the brain areas covered by their



[P

o8 N. Kunii et al [ Qlinical Neurophysiology 124 (2013) 91-100

study were subject to practical limitations, they successfully dem-
onstrated consistent dynamics in the frontotemporat language
areas across individuals. Our study succeeded in superimposing
brain activity data from more than 1500 ECoG-channels onto a
normalized brain, which demonstrated similar activation patterns,
including visual processing in the fusrfcrm gyrus at around 200 ms
and semantic processing in the pars triangularis after 400 ms,

Edward et al. investigated 4 patuents with ECoG, using auditory
verb generation and picture naming tasks. Their individual ECoG
analyses clearly showed that in the verb generation task the initial
gamma band . actwatmn occurred in the pSTG at around 100 ms, be-
fore rapxdty moving to the pMTG at around 300 ms; After speech
perception, activations for semantic prncessmg were detected over
the IFG and MFG. It is worth noting that the verb generation task
activated the IFG and MFG significantly more than the picture
naming task. Despite the limited number of patients in their study,
the time course of cortical activation showed close similarities
with the HGA dynamics observed in our study, Edward et al, also
referred to the contribution made by the vPMC to speech percep-
tion, We strongly agree that the vPMC plays an important role in
language tasks.

Pei et al. recently reported spatiotemporal dynamics of ECoG
HGA éunng overt and covert word repetition. Although the inves-
tigation was limited to the lateral parasylvian area, they projected
each electrodes from 8 sutuects onto the template brain for the
first time and presented comprehensive characterization of overt
and covert speech. They also related the resuits to' the temporal
envelope of auditory stimulation and the subject's verhal response.
Their study reinforced the important role of HGA as a general index
of cortical activation.

The novel achievement of this study was that we were able to
normalize all of the ECoG electrode positians of the 21 patients,
thereby avmdmg inter-individual vanabx!zty in the abtained spatial
and tempetat ECoG profiles. Although we acknaw!edge that this
methed carries a risk of underestimating weak and inconsistent
HGA, it emphasazes the prominent hot spots refated to !anguage
processing and is- heipful for understaudmg the mechanisms
underlying language functions, ltis important to note that the spa-
tial comparison of this study was not statisticatly validated, which
implies spatially non-stationary correlation structure of the ob-
served activity. It would be rnecessary to address the methodolog~
ical issue for future studies.

In this study, we observed little activation in the angular gyrus

or anterior temporal area even though they are considered to be
language related areas, Both areas have been suggested to play a
role in mtegratmg individual concepts into a larger whole and in
sentence-level comprehension {Fnedenc; et al,, 2003; Hickok and
Poeppel, 2007; Humphries et al, 2001; Newman et al., 2003; Ni
et al,, 2000). In this report, we made the tasks as easy as possible,
since single object processing might be appropriate for functional
normalization among patients with a vanety of attention levels.
In order to identify additional Eanguage areas, we might need to
use more complex tasks such as sentence comprehensmn on the
‘other hand; the anterior medial tempcrat region seems to show
HGA augmentation at around 300 ms in W1 and PN tasks, Given
that such augmentation was not observed in VG task; this couid
be attributed to artifacts elicited by fixational eye movements
{Nagasawa et al, 2011; Yuval-Greenberg et al,, 2008}.

Electrode shifts are one of the crucial i issues aﬂ'ecnng ECoG re-
search {Lawolette et al, 2011); Estimation érrors related to elec-
trode localization are also inevitable at each step of
normalization, di’gitiz’at:on. and reg:stratmn In our study, we cont-
firmed the electrode locations in the 2nd operation and that the
normalized electrodes produced using SPM8 uniformly covered
the tanguage-vrelated areas; As a result, a large number of the elec-
trodes {more than 1500 channels) showed representative HGA

dynamics for each semantic task, which suggests that this method
has great potential for improving our understanding of the under-
lying physiology supporting language functions. Another issue is
the reference electrode position, that is £z in all patients. Thus,
h:gh—gamma activity generated by the superior midline region on
either hemisphere might contaminate ECoG data at alf channels
{Brown et al, 2008; Koga et al., 29111 in addmon. aithemgh we
checked all patients achieved the semantic tasks ‘before investiga-
tiofis, neither behavioraf performance nor response txme Was mea-
sured during ECoG recorémgs to avoid contamination of motor
responses; Therefore, it was difficult to determine the HGA aug-
mentation according to the response onset. F’naliy, the occipital
pale or the medial surface of cortex was niot sampled in the present
study. Sorne ECoG studies previously showed the spatxat—-zempara%
characteristics of HGA augmentation involving these areas; thus
these studies might supplement the weakness of this study (Brown
et al, 2008; Wu et al,, 2011).

We believe that our ECoG-normalization method is a novel and
unique technique and can be used to provide information regard-
ing human brain dynamics, which have been gradually unveiled
by numerous previous language studies involving lesion-based
and nion-invasive imaging approaches,

Acknowledgements

This work was supported in part by the Japan Epilepsy Research
Foundation, a grant from the Suhara Memorial Foundation, Grant-
in-Aid No, 24330337 for Scientific Research (B) from the ministry
of Education, Culture, Spor{s. Science and Technology of japan
{MEXT), Grant-in-Aid No. 23659679 for Challenging Exploratory
Research from MEXT, Grant-in-Aid No. 23119701 for Scientific Re-
search on Innovative Areas, “Face perception and recognition”
from MEXT, and a Research Grant for “Decoding and controlling
braininformation” from the Japan Science and Technology Agency,

References

Axmacher N, Mormasn £, Fernandez G, Cohen Mx. Elger CE, Fell J. Sustained neyral
ctivity patterns during working mersory in the human miedial temporal lobe. |
Neurosci 2007.2'?.?8(&?—-18

Baddeley A, Working memary. Science 1992;255:556-9.

Baddeley A, Hitch G, Working memory. In: Bower GH. editor. The psychology of
fearning and morivation. San Diego: Academic Press; 1974, p. 47~90,

Badre D, Wagher AD, Left ventrolateral prefrontal cortex and the cognitive control
of memory. Neuropsychologia 2007:45:2883-801,

Benjamini Y, Hechberg Y. Controlling the false’ d;scavety rate - a practical and
powerful approach to multiple testing. ] Roy Statist Soc Ser B 1995 .57:289-300.

Binder JR, Desal RH, Graves WW, Conant L1, Where is the semantic system? A
eritical review and meta-analysis of 120 functional neuroimaging studies. Cereb
Cortex 2009;19:2767-36.

Binder IR, Frost JA, Hammeke TA, Beligowan Ps, Spnnger JA, Kaufman JN, et al,
Human temporal lobe activation by speech and nonspeech sounds. Cereb

SI 23,

Cortex 2000;1
Binder §R, Medler DA, Westbury CF, Liebenthal £, Buchanan L Tuning of the human
gyrus to sublexical orthographic structure.  Neurolmage

lelt fusifo
2005;33:739-48,
Brown EC, Rothermel R, Nishida M, Juhasz €. Muzik ©, Hoechstetter K. et al, In vivo
animation of auditory-language-induced gamma-oscillations in children with
" ;gg::table focal epn!epsy Neumimage 2008:41:1120-31.
uc s Bl :

3
Cano!sy KT, Snitam M, Dalal 55, Edwards E, Dronkers NF, Nagarajan S5, et al,
pa mpm! dynamxcs of word processing in the human brain. Front

Champod AS, Potrides M, Dissociation withia the fmnmpaﬁetat netwaork in verbal
werking memory: a parametric functional magnetic résonance imaging study.]
Neurosci 2010;30:3849-56,

Cohen L, Lehericy S, Chochon F. Lemer €, Rivaud S, Dehaene 5. Language-specific
tuning of visual cortex? Functional properties of the Visual Word Form Area.
Brain 2002:125:1054~689.



axF

N. Kurii et ol /Clinical Neurophiysiology 124 (2013) 51-100 89

Crone NE, Boatman D, Gordon B, Hao L. induced electrocorticographic: gamma
activity during auditmy perception, Brazier Award-winning article, 2001. Clin
Neurophysiol 2001a:112:565-82;

Crone NE Hao L, Ham Jr 1 Boatman D, Lesser RP; Irizatry R, er al
Electrocorticographic gamma activity during word production in spoken and
sign language. Newrology 20015;57:2045-53.

Crone NE, Migliorerti DE, Gordon B, Lesser RP. Functional mapping of human
sensorimotor cortex  with clemo:ammgﬁpm: spectral  anpalysis, 1L
Eventerelated synchronization i the gamma band, Brain 1998;121(Pt
12)"230!-15. )

Curran T, Tucker DM, Kutas M,Pesn:r M. Topagraphy of the N4DO: brain electrical
activity reflecting setnantic expectancy. Electroencephaagr Clin Neurophysisl
1993:88:188-209.

Dausilio &, Pulvermutlgt ¥, Salmas P, Bufalari 1, Begliomini €, Fadiga L. The miotor
somatotapy of speech perception. Curr Biol 2009;19:381-5,

Dehaene §, Cohen L, Sigman M. Vinckier F. The neural code for written words: a

proposal. Trends Cogn Sai 2005;9:335-41,

Dhond RP, Witzel 7, Dafe AM, Halgren E. Spatiotemporal cortical dynamiics
underlying ‘abstract and concrete word reading. Hum Brain Mapp
2007:28:355-62,

Drankers NE, Wilkins DP, Van Valin Jr RD, Redfern 8B, Jaeger I}, Lesion analysis of
the brain  areas :mfolued in  language comprehension. Cognition
2004;92:145+77.

Duffau H, Capelle L, Denvil D, Gatignol P, Sichez N, l.opes M, et ak The role of
dominant premutor curtex in language: a study using intraoperative functianaf
mappirig in‘awake patients. Neuroimage 2003;20:1903-14,

Edwards £, Nagarajan 55, Dalal 55, Canolty R, Kirsch HE, Barbaro NM, ot al,
Spatioten pomi imaging of cortical activation during verb generation and
plcture naming. Neuroimage 2010;50:291-301.

Edwards & Soltani M. Deonell LY, Berger MS, Knight RT: High gammea activity in
response to dern auditory stimuli recorded directly from human cortex. §
Neurophysiol 2005;84:4269-80,

Fiez JA. Phonnlogy, semantics, and the role of the left inferior prefrontal cortex. Hum
Bratn Mapp 1997;5:79-83,

Friederici AD, R eyer SA, Hahne: A. Fil ubxch €J. The role of left inferior frontat
and superior temporal coriex in sentence comprehension; localizing syntactic
and semantic proc Cereb Cortex 2003;13:170-7

Genovess CR, lLazar NA, Nichols T. Thresholding of statistical maps in
functional neuroimaging using the false discovery rate. Neuroimage

. 2002;

Halgren E, Dhumi R?. Christensen N, Van Pgmn ¢, Marinkovic K, Lewinte 0, et ak
muo-mce magne:oencephatnxréphy tesponses modulated hy semantic context,
word frequency, and lexical class in sentences. Neuroimage 2002:17:1101-15,

Hashintoto R, Sakai KL. Specialization in the left prefrontal cortex for sentence
comprehension. Neuron 2002;35:589-97,

He!emus P, Salmelin R, Service £ Connolly JF, Distinct tirie courses of word arid
context comprehension m the left temporal cortex, Brain 1998; tzi(ﬂ
6)‘!133-«42.

Herholz, K. Reulen, H1., von Stockhausen, HM., Thiel, A, limberger, )., Kessler, §,
et a1, Preoperative activation and intraaperative stimulation of language-related
areas in patients with glioma. Nearosurgery 1997 41; 1253-1260; discussion
125&!252

Hickok G. Fun;qona! anatomy of speech perception. and speech production:

psycholinguistic implications, | Psycholinguist Res 2001330:225-35,

Hickok G, Buchsbaum B, Humphries ¢, Muftuler T. Auditory-motor interaction
revealed by fMRI: speech, music, and working memory i area Spt. § Cogn
Nearosc 2003;15:673-82.

Hickak G, Poeppel D. Darsal and ventral stecams: 3 framework for understanding
aspects of the functional anatomy of language. Cagmtion 2004;92:67-99,

Hickok G, Poeppel D. The cortical srganization of speech processing, Nat Rev

Neurosci 2007:8:393-402,

R, Nakajimia K, Miyashita ¥, Sakai KL From petception to

reliension: the convergence of auditory and visual information
of language in the lef in! rtex. Neiroimage 2002;16:883-300.

Homae F, Yahaty N, Sakai KL Selective enhancement. of Renctional connectivity in

the leRt ftmtax cortex during  sentence processing Neuroimage

2003;20:578-86, .

ta DS, Caplan JB, Madsen JR, Lisman §, Aschenbrenner-Scheibe R,

oscillations correlate with working memery tsad in humans,

Cortex 2003;13:1365-74.

Humphnes G Willard K. Buchsbaum B, Hickok G. Rale of anterior temporal ¢ortex in

_sen gce comprehension: an MRl study, Neurorepart

Johnson sw H mkj? Bzgh‘denstty mapping in an N4GO paradigm: evidence for
bifateral temporal lobe generators, Clin Neurophysiol 2000;111:532-45,
jomtfes}i it $Smith EE, Koeppe RA, AWh E, Reuter-Lorenz PA, et 21, The
: 3l working memary. § Nevrosci 1998;18:5026-34,
hane P, Minotti L, Hoffmann D, Bertrand 0, et al. The neural bases

o{_ ! read ng. Hum Brain Mapp 2008;25:1193-206.

Kam‘ada K. chi £, Kuriki 5, Kawail K. Morita A, ot al, Expressive
and areas determined by a non-invasive reliabie method
using functional etic resonance imaging and magnetoencephalography.
Neurosurgery 2007, 160:296-305,

Kopa S, Rothermel R }unasz & ﬂaxasawz 7, 500d §, Asano B, E!cc:rocmmogmp!uc
correlates of cognitive contral in a Stroop task-intracranial recording in
epileptic patients. Hum Brain Mapp 2011;32:1580-91.

Kunii, N, Kamada, K., Ota, T, Kawat. K., Saito, N, A detailed analysis of functionat
magnetzc fesonance imaging in the frontal fanguage area - 2 comparative study
with extraoperative electrocostical stimulation. Netrosurgery 20112 69! 550-
586; discussion 596-597.

Lachaux [P, Gearge N, Tallon-Raudsy C, Martinerie ), Hugueville L, Minotti 1, et at,
The many faces of the gamma band response to complex visual stimuli.
Neuroimage 2005:25:491-501,

Lavioleite PS, Rand 5D, Ellingson BM, Raghavan M, Lew SM, Schmainda KM, et al. 30

visualization of subdural electrode shift as measured at craniotany reapening.

94

Epilepsy Res 201 l
Ley M K..Andusu ﬁj{,sdulkﬁ Dowling. |, Miller, ], et 2l
{ phic ration. mapping: ' clinfeal technique for
’ &Nmmuguyzw? 60: 260-270; discussion270-261,
MacDonald 11 AW. Cohen D, Steniger VA, Carter €S, Dissadating the role of the
dorsofateral prefrontal and anterior cingubate cortex in cognitive control,
Science 2000:288:1835-8,
Maess B, Hemrmann €5, Hahne A, Nakamura A, Friedeﬁa AD. !.ucahzmg the
distributed fanguage 3 nemnrk 3 ib i
éfmng auditory seatence p:

B

ofword recogn

Makeig 5. Auditory avent-related dynamxcs of the EEG spectrum and effects of
exposure to tones, Electroe cephalogr Clin Neurophysiel 1393:86*283«93

Martin A, Haxby JV, Lalonde FM, Wiggs C1, Ungerleider LG, Discrete cortical
associated with knowledge of color and knowledge of action. Science
1895;270: 10245,

Martin A, Wiges CL, Ungerleider LG, Haxby JV. Neural carvelates ofCi!ESOi'X’SMﬁC
knowledge, Nature 1996:379:649-52,

Meltzer JA, Zaveri HP, Goncharova 1, Distasio MM, P:pademe:ﬁsx. Spencerss, etal,
Effects of. wnridng memory 1oad on oscillatory power in human intracranial
EEG. C eb Cortex 2008; 18:1843-55,

Mitler ], ardt EC, Schalk G, Ran RP, Anderson NR, Moran DW, et al, Spéctral
changes in cortical surface potentials during motor moverment. 1 Reuresei:
2007:27:2424-32,

Moore CJ, Price C}. A functional ncumimagmg study of the variables that generate
category-specific object processing differences. Brain 1999:1 22(Pt 5):943-62,

Nagasawa T, Matsuzaki N, Juhasz C, Hanazawa A, Shah A, Mittat §, et al, Occipitat
gamma-oscillations. modutated during eye movement fasks: simuftaneous eye
tracking and electrocorticography recording in epileptic patients, Neuroimage
2011:158:1101-9,

Newman 5D, , Just MA, Keller TA, Roth ], Carpenter PA. Diffarential effects of syfitactic
and semantic processing on the subregions of Broca's area, Brain Res Cogn Brain

Res 2003'16‘297—307

Ni W, Constable R‘l'. Mtnci WE, Pugh KR, Fulbnght RK, Sﬁaywitz SE, et al, An event-

rela ' distin

ci 2000

, Kiehet S, Friston K} Pn:e €}. Action selectivity in parietat

. Brain Res Cogn Brain Res 2005:25:641-9,

Rﬁppeney u, Phi!lips j. Price . The. neural ‘areas that control the retrieval and
selection of semanties, Neuropsychologia 2004;42:1268-80,

Ojéminn G, Ojemann §, Lettich E, Berger M: Cortical tanguazt localization in fefe,
dominant hemisphere; An electrical stimulation mapping investigation in 117
patients. | Neurosurg 1989:71:316-26.

Ossadtchi A Greenblatt RE, Towle VL, Kohrman MH, Kamada K. nferring
spatiofemporal network patterns from  intracrenial EEC dats. Clin
Nevrophysio} 2010;121:823-35,

Pel X, Leuthards EC, Gaona CM, Brunner P, Wolpaw JR, Schalk G. Spatiotemparal

dynamics ectrocorticographic high gamma ammy duing avert and covert

Neuroimage 2011;54:2960-72,

Penfield W, Roberis L Speech and brainwmechanisms. Prificeton, NJ: Princeton
University Peess; 1958,

>

ler G, lnpes da Silva FH, Event-related EEGIMEG synchronization and
ion: basic principles, Clin Nenmphysm 1889; 110\.1842-57

ides 1, Smith MR,
processing of relevant features and suppressés the pmcssmg of irrelevant
features in humans: a functional magaetic resonanice imaging study of the
Stroop taske § Neurosd 2008; 28'13?56«32.

Price CJ. The anawmy of language: & review of 100 IMRI studies published in 2009,

Ann NY Acad Sci 2010;1191:52-88,

Pufvermuller £, Huss M, Khierif £, Moscosa del Prado Mastin F. Hauk O, Shtyrov ¥,
Motor cortex maps articulatory features of speech sounds. Proc Natl Acad Sci
usa 2006"03‘?855-?&

Pylkkanen L McElree B, An MEG study of silent medning. J Cogn Nourosei
2007;19:1805-21.

Rausckecket IR, Cortizal processing of complex sounds. Curr Opin b!eumbml
1998:8:516-21,

Ravizza SM, Delgado MR, Chein M, Becker IT, Fiez JA, Functional dissociations
within the Inferior parietal costex in verbat working memory, Neusolmage
2004;22:562+73,

Ray §, Niebur E, Hsiao 58, Sinai A, Crone NE. ngh-freqnency gamma activity {80~
150Hz) is increased in human cortex during selective attention. Qin
Neurophysiol 2008:1 19*115-33.

Salmelin R Hari R. Lounasmaa OV, Sams M. Dynamics of bsain activation during
pictire paming. Nature 1994; 368:463-5.

Scatt SK. Blank CC, Rosen S, Wise Ri. Identification of a pathway for intelligible
speech in the faft temporal lobe. Brain 2000;123(Pt 12):2400-6.




ke

100 N. Kunii er al.Clinicol Neurophiysiology 124 (zoszm«mo

Sederberg PB, Schufze-Bonthage A, Madsen IR, Bromfield £8, McCarthy DC, Brandt A,
et al, Hippmpat and neocortical gamma oscillations predict memary
formation in humans, Cerely Cortex 2007;17:1180-5.

Sinai A Bowers o, ccainkeanu €M, Boatman D, Gordon B, Lesser RP, et af,

high gamma activity versus electrical cortical stimulation

Brain 2805.‘!28.155&70.

Sinat A, Crone NE. Wied HM, Franaszezuk P, Miglioretti D; Boatman-Reich D.
Tntracranial mapping of auditory perception: eventerelated responses and
electrocortical stimulation. Clin Neurophysiol 2009:120:140-9;

Tallon-Baudry €, Bem'and Hcmﬂ' MA, Isnard }, Fischer C. A:tmtmn medulates
gmmzvband scitlation:

erel Cartex 2'05(15’;1515x

| no N High-frequency gamma-band

mporal cortex’ during picture-naming and lexical-

tasks, j Nenmsm 2005:25:3287-93,

i St DEsposno M, Aguirre K, Farah MJ. Role of Jeft inferior

prefrontal cortex in retrieval of semantic knowledge: a resvaluation. Proc Natl

Acad Sci USA 1997,94:14792-7.

Thampsm»Sdﬁii 51, D'Esposita M, Kan IP, Effects of repetition 2nd competition on
activity in left prefrontal cortex during word generation. Neuron
1998;23:513-22.

Thompson-Schill SI, Swick D, Farsh M, D'Bpasi:a M, Kan 1P, Knight RT. Verb
generation in patients with focal frantal fesions: a neuropsychological test of
neuroimaging findings. Proc Natl Acad Sci USA 1988;95:15855~60.

Trautner P, Rosburg T, Dieti T, Felt J, Korzyukov OA, Kurthen M, et al, Sensory gating
of auditory evoked and induced gamma band activity in Intracranm! recordings,
Hewroimage 2006;32:790-8.

Tsapkini K, Rapp 8, The orthography-specific functions of the left fusiform gyrus:
evidence of medality and category specificity. Cortex 2010:46:185-205.

Tse CY, Lee C1, Sullivan ), Garnisey SM, Dell €5, Fabiani M, et ak, Imaging cortical
dynamics of langusge processing with the eventrelated optical signal, Proc
Natl Acad Sk USA 2007;104:17157-62,

Teukiura T, Fujii T, Takahashi T, Xiao R, Inase M, Jijima T, et al. Neuroanatomical
discrimination between mampulating and maintzining processes involved in
verbal working memory: a functionat MRI study. Brain Res Cogn Brain Res
2001311:13-21,

Uusvucrij Parvizinen T, Inkinen M, Salmelin B. Spatioternporal interaction between

sound form and meaning during spoken word perception. Cereb Cortex

2008;18: 45666,

ize-Bontiage A Litt B, Brandt A, Kahana M} Hippocampal gamma

e’as;e with memory |  Toad: Y Neurosci 2010;30:2634-9,
1. Parviainert T, Salmelin R. Spatiotemporal convergence of semantic
gming in reading and speech perception. § Neurosci 2009;29:9271-80,
igneau M, Beaucousin V, Herve PY, Duffau H, Crivello F, Houde O, et al. Meta-
analyzing lelt hemisphere langaage areas: phonology, semantics; and sentence
processing. Neuroimage 2006;30:1414-32,

Wagner AD, Pare-Blagoev Ef, Chark ), Poldrack RA. Recovering meaning: left
prefrontal cortex guides contyolled semantic’ n'cv,at, Neumn%ﬂl'Bi :329-38.

Wilson SM, Saygin AP, Sereno M, Facobeni M. Listening to speech activates motor
areas involved in speech production. Nat Neurosci 2004. 17012,

Wu HC, Nagasawa T, Brown EC, Juhasz €, Rothermel R, Hoechstetter K, et al.
Camma-oscillations modulated by picture naming and word reading:
intactanial  recording in  epileptic  patients. Clin  Neurophysiol
2011;122:1825-42,

Wu M, Wisnesid K, Schalk G, Shamma M, Rnland ], Breshears J, et al
Electrocorticagraphic frequency alteration mapping for extraoperative
loralization of speech cortex. Neurosurgery 2010;66:E407-9.

Yuval-Greenberg S, Tomer 9. Kerer AS, Nelken I, Deouell LY. Transient induced
gamma-band resporise in EEG as a manifestation of miniature saccades, Neuron
2008;58:429-41,

Zygierewicz ). Durka P), Klekowicz H, Franaszezuk PJ, Crone NE. Computaﬁonal!y
efficient approaches to catculating significant ERDJERS changes in the fime-
frequaricy plane, ] Neurosci Methods 2005;145:267-76.




68 ' TAPARR 30815 201246 R

TAPARKHT 3R EMERBEEOREHIF 1>

e

BERTADPAZEFTA ¥4 Y eRBRE

AR ARWA

£ B FOES. EEBR. QLEE. NS, & 2 SEREE Lk L
* KA AERERELRHRR

1. BLdic

HFEFREREOREE vagus nerve stimulation (VNS) . TADARHT2EEHEROVEDOTHY, HTA
PAECERTAERETAP»ASALZRS. BRT2EN0BRTH 2, HANOBLAHHER LY. £S5
AT AROICHBT 5. BETRI90ERPOFTHDATEY., DIETH 2010E 7 AL oRBRERLE
72 2 7:’.0 -

VNS EHIO TAPACHT 2HABERICI 2BRAFABRETDH ). GRESRETFEROVWTHORE
2ETBED, BETAPAEELLTONL ¥4 v ERRT 5.

2. VNSOHRK
Q. VNS i3ZiR¥HoHH?

VNS EAHERE TADARIEICH L CRAR RS 5o [EIEE A]

PR3

VNS OBFEREEFEREDTADARETH Y TADPAREOBRHI % BRICHT 5. VNSIEH X
TRANBHRTH Y, BEORLHEZBRTLOTERV. TADPARBEORNMROMIZ, TADPABEC
b A BAMRERE - MBIEME S L OMEERICHT2APEIRE STV S0, Zh bR TAD»ARE
CHLTHTENL VNS ERALAHRTSH ), BEERCHTHHRELEANL LA study design & LTiE
TA2BDTRRV, Lo T MEEROBREZ EHNE T HMERERT 0 eH SRR L 3k
bRV,

3. VNSox#BE
Q VNSR¢D X LBEETAPARBENERE DM ?

EHEFEDT AP ARECHEEHORS L 2 525 [H5EE C)

i A A :
VNS &R, RETHTOR: 2RULORSBEZERE T 00EELSHBRRCRIES WY,
ZhHOREBTI, B3 » B CORPER L BRARRICET 2 FHRERPEEE 4 25-28%. 615% ThHo
A

—J\ ARPERBECHT HEESTBERRITOATV RV, LI L. ZLOERY Y -AHRTENE
FHESN TV, LizdtoT. ARRPEEBECH L TEATIHARHECHER LB L, BRARED
AR AERRCHT HEHAELTI LEND 5. FHTRRFRBORICELEFDES 6. 12BRBO/N
BepicoBARSRENEETT ORI, '




