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relaxant. We observed the same EP component, but for the first
time identified the early component, which did not disappear
under muscle relaxation. The early component P1-N1 complex
shifted earlier when the stimulation electrodes were moved
rostrally. It was specific to vagal stimulation because stimulation of
the ansa cervicalis, very close to the VN, did not induce any EP.
Therefore, it was highly probable that the P1-N1 we observed was
direct evidence of the afferent conduction of the VN in humans.

The reason why previous researchers were unable to recognize
the early EP component is unclear [12,13]. But they seemed to focus
on long-latency potentials from the outset of their studies. As we
demonstrated here, the early component was easily buried in the
initial stimulation wave. To detect the early component constantly,
stimulation with shorter pulse widths was preferable. Larger
currents and larger pulse widths made the P1-N1 complex less
discernable due to the larger initial stimulation wave.

As for the origin of the early component, we observed the largest
waveform from the auricle and the mastoid process. Therefore, it
was considered to originate from around the brainstem, skullbase,
or the upper cervical region. We can estimate the distance between
the stimulation point and the generator of EP by multiplying the
calculated value of NCV (27 m/s) by the measured value of the N1

latency (3.3 ms). It is estimated to be 89.1 mm, consistent with the
distance between the surgical wound in the neck and the skullbase.

The main sources of EPs are axonal-conducting action potentials
and postsynaptic potentials. A junctional potential is generated by
a change in the size or impedance of the volume conductor around
the nerve, by a directional change of the nerve course, or at the
beginning or end of the nerve conduction [14]. The VN passes
through the jugular foramen and connects to multiple nuclei,
including the spinal tract nucleus, the medial reticular formation of
the medulla, the area postrema, the dorsal nucleus of the VN, the
ambiguous nucleus, and the solitary tract nucleus [15]. Applying the
above-mentioned rule to the VN, we can speculate that the early
component was most likely generated at the entrance into the
cranium, the jugular foramen, where the impedance around the
nerve changes. Contributions of the terminal potentials and post-
synaptic potentials in the medulla oblongata are considered less
likely since the VN disperses to multiple nuclei within it. The above
theory of junctional potential may also explain why the N1/
potential recorded in the A2—Cz lead had an earlier peak than the
N1 recorded in the A1—Cz lead. Viewing from the A2 electrode
position, the ascending impulse along the VN hides itself behind the
massive cranial bone and vertebra, before its true entrance into the
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Figure 7. Association between the amplitude of P1~N1 complex and the VNS parameters in 9 patients. Horizontal and vertical axes represent the current and the estimated
amplitude of the P1-N1 complex, respectively. For estimation of the amplitude of the P1—N1 complex, see the ‘Data analysis’ section of the text. Each regression line represents the
association of current and amplitude to a fixed value of pulse width. R? is the correlation coefficient. In Patient 21, two regression lines are shown because we recorded with multiple
currents to pulse widths of 130 ps (—) and 500 ps (—). In 7 of 9 patients, an increase in stimulation current resulted in an associated increase in the amplitude, while the pulse

width did not affect the amplitude.
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skullbase. Therefore, the junctional potential may be generated
slightly earlier than the N1 potential.

As for the late component, we postulated that the P2—N2
complex was the same potential as that observed in a previous
study [12]. It is highly probable that the P2—N2 complex reflects the
laryngopharyngeal electromyogram, since it disappeared after the
administration of a muscle relaxant and its waveform was similar to
that in endotracheal electrodes. The finding that their latencies
were slightly later than those in the laryngopharyngeal electrodes
and that their waveforms were almost symmetrical in A1-Cz and
A2—Cz suggests that the generator was located far away and in the
center, supporting the laryngopharyngeal electromyogram notion.

Eighty percent of the VN at the cervical portion is afferent fiber
[16], which consists of 3 components, AP, Ay and C fibers [17,18].
The conduction velocity of Ap fibers is the fastest and that of C fibers
is the slowest. The threshold producing an action potential is the
lowest in A fibers and the highest in C fibers. Previous studies
suggested that the neural conduction of A fibers contributes to
antiepileptic effects [9,18,19]. The estimated nerve conduction
velocity was 27.4 £ 10.2 m/s in our study, which fell in the range of
A fibers and was consistent with previous studies.

This study was the first to demonstrate in a clinical setting that
VNS in humans generates ascending afferent nerve conduction,
revealing some aspects of electrophysiological properties of the
human VN. We did not directly prove the clinical usefulness for the
recording of VN-EP, but we assume its significance in two aspects:
First, it can be used to confirm the VN intraoperatively; in some
patients, the ansa cervicalis is very thick and for inexperienced
surgeons there may be a risk of misjudgment, particularly when the
implantation surgery is done with a very small surgical wound.
Second, the recording of VN-EP may explain the cause of treatment
failure in some patients and might predict the outcome of treat-
ment. For that purpose, further research is needed to study the
association of VN-EP properties and the efficacy of VNS in epilepsy
patients.
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Abstract

Delalande’s vertical hemispherotomy is an innovative evolution of hemispherectomy in minimizing brain resection. We report
our modification for this surgical procedure. We modified the original procedure in two aspects for the purpose of less brain resec-
tion and confirmation of the complete disconnection. Firstly, all procedures were done via an interhemispheric route instead of a
transcortical route. Secondly, we set the anterior disconnection plane as the one that connects the anterior end of the choroidal fis-
sure to the anterior end of the foramen of Monro, instead of the former to the subcallosal area. We applied this modified vertical
hemispherotomy to 7 cases. Four cases were children with hemimegalencephaly and other 3 were adults with ulegyric hemisphere.
Surgical procedure was completed without complication in all cases. There was no case that required CSF shunting. Seizure out-
come was Engel’s class I in 6 and class IV in 1. Postoperative MRI revealed complete disconnection of the affected hemisphere
in all patients. We reported our modification of vertical hemispherotomy. Although these are minor modifications, they further min-
imized brain resection and may serve for less invasiveness of procedure and improvement in completeness of disconnection and its

confirmation during surgery.

© 2013 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.

Keywords: Epilepsy; Epilepsy surgery; Hemispherectomy; Hemispherotomy

1. Introduction

Hemispherectomy is the most effective surgical treat-
ment for hemispheric epilepsy. Surgical procedure of
hemispherectomy has been developed over the past dec-
ades. Functional hemispherectomy by Rasmussen was
the first to introduce the concept of disconnection of epi-
leptic cortices [1]. Thereafter, several surgeons modified
the procedure to further reduce the volume of brain
resection by making the disconnection of the white
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matter tracts as the major procedure instead of resection
[2-5]. These modified functional hemispherectomies are
called hemispherotomy. While the most procedures of
hemispherotomy used a lateral approach to the brain
according to Rasmussen’s original functional hemi-
spherectomy [3-5], Delalande first proposed a novel
hemispherotomy procedure in 1990s [6]. It was innova-
tive in using a vertical approach and achieving the com-
plete disconnection of affected cortices with much less
volume of brain resection than the lateral approaches.
One of the authors reviewed the hemispherotomy ser-
ies at Tokyo Metropolitan Neurological Hospital [7]. In
this study, the procedure was reviewed by decomposing
into a disconnection of the commissural fibers and a
disconnection of the projection fibers, and the elemental
surgical procedures were compared in terms of the com-
pleteness of disconnection and the occurrence of compli-
cation. The major findings were that interhemispheric

0387-7604/5 - see front matter © 2013 Published by Elsevier B.V. on behalf of The Japanese Society of Child Neurology.
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Table 1

Clinical information of 7 patients.

Patient Age at Type Frequency Preoperative MRIfindings/ Distribution of Others Preoperative 1Q, Ageat  Side of Follow Seizure
onset of  of of seizure AED" etiology epileptiform DQ or neurological surgery  surgery up outcome”
seizure seizure abnormality in EEG slale (years)

1 1 day GCS  Multiple  PB(20) VPA(150) Lt. Lt. hemispheric rCBF-SPECT: rt. Hypotonic, 2months Left 9 I

daily MDZ(0.05) hemimegalencephaly hemispheric increase  minimal
extremities
movement
2 5 years CPS, Weekly PHT(300) Rt. hemiatrophy, Rt. hemispheric FDG-PET: rt. VIQ 60 PIQ 47 40 years Right 8 1
HC VPA(1200) porencephaly/ hemispheric decrease ~ FIQ 49
CBZ(900) CZP(2) cerebral palsy
3 9 years MS, Monthly  VPA(1200) Lt. diffuse ulegyria/ Lt. hemispheric FDG-PET: It. VIQ 54 PIQ so FIQ 21 years Lell 7 I
TS CBZ(700) postiraumatic hemispheric decrease 40
CLB(10)
4 1 day CPS, Multiple PB(32) ZNS(60) Rt Bilateral, diffuse FDG-PET: 1t. Not tested but 4 months Right 5 I
HC,  daily CLB(3.2) hemimegalencephaly temporal decrease delay in milestone
TS
5 1 day GCS  Multiple PHT(150) Lt. Lt. hemispheric FDG-PET: It Mot tested 6 months Lelt 4 1
HC daily CBZ(400) hemimegalencephaly hemispheric decrease
MDZ(0.3)
6 1 day TS Muliiple PE(100) Rt. Bilateral, diffuse FDG-PET: rt. Not tested 7 months Right 4 v
daily CBZ(160) hemimegalencephaly hemispheric and lelt
PHT(115) frontal decrease
7 I year CPS  Multiple  CBZ(900) Lt. hemiatrophy/  Lt. hemispheric FDG-PET: tt. VIQ62PIQ49  4lyears Lelt 0.5 1
daily VPA(1200) postvaccination hemispheric decrease ~ FIQ 51

AED, antiepileptic drug; CPS, complex partial seizure; GCS, generalized convulsive seizure; HC, hemiconvulsion; It., left; MDZ, midazolam; MS, myoclonic seizure; PB, phenobarbital; rt., right; so,

scale out; TS, tonic seizure; VPA, valproic acid.

* Dose is shown in parenthesis (mg). Midazolam was administered intravenous continuously (mg/kg/h).

® Engel’s classification. Class I means free of disabling seizures since surgery. Class IV means no worthwhile improvement.
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callosotomy was securer than transventricular callosoto-
my, and that the less brain resection results in the less
complication associated with circulation of the cerebro-
spinal fluid. Based on these findings, we adopted Dela-
lande’s vertical hemispherotomy because it used
vertical callosotomy that is similar to interhemispheric
callosotomy and resected only a small volume of the
brain. We further made minor modifications to the ori-
ginal vertical hemispherotomy by using the interhemi-
spheric callosotomy and further reducing the volume
of brain resection, which we present in this report.

2. Methods
2.1. Patients

We adopted the modified hemispherotomy to 7
patients. Four patients underwent surgery by one of
the authors (K.K.) at the University of Tokyo Hospital.
The other three underwent surgery by the other two
authors and K.K as an assistant. Etiology of epilepsy
was hemimegalencephaly in 4 patients who underwent
surgery at 2, 4, 6 and 7 months old, perinatal injury in
a patient who underwent surgery at 40 years old, post-
vaccination status epilepticus in a patient who underwent
surgery at 41 years old, and posttraumatic ulegyria in a
patient who underwent surgery at 21 years old.

2.2. Preoperative evaluation
Indication for hemispherotomy was determined

according to the preoperative workup including long-
term video electroencephalography (EEG) monitoring,

Fig. 1. Schematic image of the modification 1. Callosotomy was
performed via an interhemispheric route. Head position, skin incision
and craniotomy are the same as callosotomy that is routinely
performed as a single surgical procedure. For our modified hemi-
spherotomy, total callosotomy via an interhemispheric approach was
first performed (white arrow). Then the lateral border of the thalamus
is severed down to the inferior horn of the lateral ventricle (black
arrow). When necessary, a small portion of the cingulate gyrus can be
resected.

magnetic resonance 1mag1ng (MRI), 2-deoxy-2-["*FIflu-
oro-p-glucose positron emission tomography, and mag-
netoencephalography.  Developmental tests and
neuropsychological tests were done in children and
adults, respectively. For adult patients, language domi-
nance was determined by Wada test, and residual motor
function of the affected hemisphere was evaluated with
somatosensory evoked potential and electromyogram
evoked by transcranial magnetic simulation (Table 1).

2.3. Surgical technique

We modified the Delalande’s original vertical hemi-
spherotomy in two aspects. Firstly, all procedures were
done via an interhemispheric route instead of via a
transcortical route (Fig. 1). Secondly, we set the anterior
disconnection plane as the one that connects the ante-
rior end of the choroidal fissure to the anterior end of
the foramen of Monro, instead of the former to the sub-
callosal area (Fig. 2).

After induction of general anesthesia, patients’ head
were fixed in a median position with the vertex up.
For adult patients, we used a three-point skeletal fixa-
tion device. For infants, we fixed their heads on a
torus-shaped soft cushion covering them with plastic
adhesive wound drapes. We used a U-shaped skin flap.
Its anteriormost points were on the frontal hairline
and the posteriormost point was a few centimeters
behind the bregma. An approximately 7 x 5 cm craniot-
omy was made over the midline that was larger in the
affected side. The dura was opened and reflected
medially.

Following procedures were performed under the
operative microscope. Firstly, we performed a complete
callosotomy according to our routine procedure of cal-
losotomy as a single treatment [8]. In brief, we carefully
opened the interhemispheric cistern and exposed the
whole length of the superior surface of the body of cor-
pus callosum. The bridging veins were preserved as
much as possible. Making the septum pellucidum as a
guidance of midline, the corpus callosum was sectioned
from the rostrum through the splenium. Then, via the
same interhemispheric route, we opened the ependymal
roof of the lateral ventricle on the affected side. The
foramen of Monro and the choroid plexus that runs pos-
terolaterally from the foramen to the ventricular trigone
were visualized with retraction of the lateral wall of the
ventricle. The disconnection plane of the projection
fibers was the lateral border of the thalamus. Suction
and cutting of the lateral border of thalamus was
advanced anteriorly from the trigone to the anterior-
most point of the choroidal fissure in the inferior horn
of lateral ventricle. The choroid plexus in the inferior
horn was a nice guidance in this process. Then, we cut
the anterior border of the thalamus by connecting the
resection from the anteriormost point of the choroidal
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<3::::> Delalande‘s original anterior disconnection plane
<= Modified anterior disconnection plane

===  Common fateral disconnection plane

Fig. 2. Schematic image of the modification 2. The anterior disconnection plane as the one that connects the anterior end of the choroidal fissure to
the anterior end of the foramen of Monro (gray arrow), instead of the former to the subcallosal area in the Delalande’s original method (white
arrow). Black arrow is the lateral disconnection plane common to the both methods.

Fig. 3. Serial images of postoperative MRI in the representative patients. (A) Two years after surgery in an infant with hemimegalencephaly. (B)
Two days after surgery in an adult with hemiatrophy. In both patients, the corpus callosotomy was completely disconnected via an interhemispheric
approach and the thalamus was completely disconnected by the minimal cutting plane. In A, a small part of the cingulate gyrus was resected to gain

the lateral view.

fissure to the anteriormost point of the foramen of
Monro. Thus disconnection of the projection fibers from
the neocortices was completed. Finally, we cut the for-
nix, the projection fibers of the limbic system, at the ven-
tricular trigone.

The lateral ventricle was rinsed and filled with the
artificial cerebrospinal fluid. The roof of the lateral
ventricle was closed with a gelatin sponge using fibrin
glue. The dura, skull and skin were closed in a usual
manner.

dx.doi.ore/10.1016/j.braindev.20
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2.4. Postoperative evaluation

The completeness of disconnection of the affected
hemisphere was evaluated in postoperative MRI. Dis-
connection lines were visually followed in each of three
dimensional images. We checked particularly with care
the complete sectioning of the genu and splenium of
the corpus callosum, and the complete disconnection
between the thalamus and surrounding cortices includ-
ing the insula.

3. Results

Surgical procedure was completed without any intra-
operative complication in all cases. Although we could
obtain a good lateral view enough to vertically cut the
lateral border of the thalamus in all patients, a small
portion of the cingulate gyrus was excised in 2 infants
with hemimegalencephaly to obtain a better view and
a larger working space (Fig. 3). Postoperative course
was uneventful in all patients. Blood loss during surgery
was 50, 113, 136 and 150 mL in 4 infants and 160, 305
and 340 mL in 3 adults. No hypothalamic dysfunction
including diabetes insipidus and poikilothermia was
noted in any patients. There was no case that required
transient CSF diversion or placement of CSF shunting.
Seizure outcome was Engel’s class [ in 6 and class IV in
1. The patient whose outcome was class IV was
hemimegalencephaly in whom postsurgical workup
revealed residual epileptogenecity in the contralateral
hemisphere.

Postoperative MRI revealed complete disconnection
of affected hemisphere in all cases (Fig. 3).

4. Discussion

We reported our modification of Delalande’s vertical
hemispherotomy. While the original procedure devised
by Delalande was an innovative procedure of hemispher-
otomy in minimizing brain resection [6], we thought that
we could further improve it with minor modifications.
One of the authors reviewed the hemispherotomy series
at Tokyo Metropolitan Neurological Hospital for 37
children with malformation of cortical development [7].
In this study, the procedure was decomposed into a dis-
connection of the commissural fibers and a disconnec-
tion of the projection fibers, and elemental surgical
procedures were compared in terms of the completeness
of disconnection and the occurrence of complication (
Fig. 4). For disconnection of the commissural fibers,
we compared interhemispheric callosotomy used in
two-stage hemispherotomy and transventricular callos-
otomy used in lateral hemispherotomy. Four of 19 cases
of transventricular callosotomy were incomplete while
none of 18 cases of interhemispheric callosotomy was
incomplete. All of the four cases with incomplete trans-
ventricular callosotomy were hemimegalencephaly with
the anomalous and asymmetric genu.

In Delalande’s original method, callosotomy was per-
formed in a parasagittal route that is similar to the inter-
hemispheric route. Therefore, there may not be essential
difference between our modification and Delalande’s
original, but we thought that staying in the midline
decreased a risk of disorientation, particularly in anom-
alous midline structures often encountered in hemim-
egalencephaly, and particularly for surgeons who are
used to interhemispheric callosotomy.

A. Interhemispheric
B. Transvetnricular

A. Periinsular without opercular resection
B. Transvetnricular with opercular resection

Fig. 4. The procedures of hemispherotomy are composed of disconnection of the corpus callosum and the projection fibers. For disconnection of the
corpus callosum, interhemispheric callosotomy (left, A) and transventricular callosotomy (left, B) were compared. For disconnection of the
projection fibers, periinsular hemispherotomy (right, A) and transopercular hemispherotomy (right, B) were compared.
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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
Maehara 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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ARTICLE INFO ABSTRACT

High gamma activity (HGA) has been shown to be positively correlated with blood oxygenation level-
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 investigate quantitative correlation between HGA and BOLD and their spatial and tem-
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;:’n’:?;i;:mmm el i poral profiles during semantic processing. Thirteen patients with intractable epilepsy underwent fMRI and
Electrocorticography c}ectrucom{ography (ECoG) with a word mtcrprleauon task to evoke iangt‘mge-related responses. Pz_:rcenl
High gamma activity signal change of BOLD was calculated at each site of ECoG- electrode, which has power amplification of
Language high gamma band (60-120 Hz) activity. We transformed locations of individual electrodes and brains to a
Oscillation universal coordination using SPMS 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 IMRI for evaluating higher-order cognitive functions not only in basic neuroscience, but also in

clinical practice.
© 2012 Elsevier Inc. All rights reserved.
Introduction importance to evaluate the concordance and dissociation between

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, MRI
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 IMRI 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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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 bloed 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 correspondence of the coupling
using depth electrodes isi -frontotemporal regions under semantic
paradigms. Ojemann et al. (2009) undertook a detailed estimation
of HGA-BOLD coupling in the temporal 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
correlations 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 previous language-fMRI studies, it is known that the temporal
language areas are fess 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 fMRI had a higher sensitivity to the frontal language activity
while magnetoencephalography to the temporal language activity.
Rutten et al. explained that complex tasks such as sentence reading
might activate the receptive language functions in the temporal lobe.
Despite practical importance of reproducibility in imaging studies, it re-
mains almost unknown why different imaging modalities and language
tasks induce spatially different responses. It is important to clarify the
fundamental difference between frontal and temporal language dy-
namics by analysis of HGA~BOLD coupling.

In this study, we focused on spatial and quantitative relationships
of HGA-BOLD coupling in language areas. The resuits should contrib-
ute to providing supportive evidence of the robustness of fMRI. In
order to elucidate the fundamental neurophysiology 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 electrodes for diagnostic pur-
poses at the University of Tokyo Hospital since December 2006.
Nine patients were excluded because they had a low intelligence quo-~
tient (<70) or no chance of preoperative fMRI evaluation. All 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 investigated 13 patients (5 men, 8 women) with left lan-
guage dominance. Detailed demographic data are shown in Table 1.

Table 1

Patient demographic and clinical characteristics.

Patient no.  Age (years), sex Etiology VIQ Epileptic focus
1 36, Male Cortical dysplasia 82 Right frontal

2 50, Female Cavernous malformation 91 Right temporal
3 40, Male Unknown 85 Left temporal
4 33, Female Cortical dysplasia 94 Left frontal

5 40, Male Unknown 93 Right temporal
6 26, Female Unknown 87 Right temporal
7 47, Female Cortical dysplasia 88 Right temporal
8 24, Male Cortical dysplasia 83 Left temporal
9 35, Female Arachnoid cyst 107 Left temporal
10 21, Male Middle fossa encephalocele 79  Left temporal
1n 36, Female Unknown 72 Left temporal
12 36, Fernale Mesiz! temporal sclerosis 97 Left temporal
13 22, Fermnale Unknown 79 Right temporal

ViQ=verbal inteiligence quotient.

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

Language-fMRI data acquisition

In all patients, IMRI 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 (Signa, General Electric, USA). During the experiments, foam cush-
ions were used to immobilize the patient’s head. Before the fMRI session,
three-dimensional T1-weighted MR images (3D-MRI) of the subject’s
brain were obtained, which consisted of 136 sequential, 1.4-mm-thick
axial slices with a resolution of 256 x 256 pixels in an FOV of 240 mm.
fMRI was performed with a T2*-weighted echo planar imaging sequence
(echo time: 35 ms, repetition time; 4000 ms, flip angle: 90 degrees,
slice thickness: 4 mm, slice gap: 1 mm, field of view (FOV): 280 mm,
matrix: 64x 64, number of slices: 22), Owing 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 the x-
and y-axes for all sessions. This enabled simple and exact co-registration
of the different image sessions, .

Each fMRI session consisted of three dummy scan volumes, three
activation periods, and 4 baseline (rest) periods, During 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 monitor,
with a mirror above the head coil allowing the patient to see the stim-
uli, In the reading periods, words consisting of three Japanese letters
were presented in a 2000 ms exposure timé 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
categorize it into “abstract” or “concrete” based on the nature of the
word. During the rest periods, the patients passively viewed random
dots of destructured letters that had the same luminance as the stim-
uli so as to eliminate primary visual responses. All words for the se-
mantic tasks were selected from cammon Japanese wards listed in
the electronic dictionary produced by the National Institute for japa-
nese Language.

Language-fMR! data analysis

The functional imaging data were preprocessed and analyzed with
SPM8 (Wellcome Department of Imaging Neuroscience, London, UK),
implemented in MATLAB {The Mathworks, Inc, Natick, MA). The func-
tional scans were realigned, normalized onto a template brain and spa-
tially smoothed using a Gaussian filter {8 mm kernel), Preprocessed
data of each patient were analyzed with the standard general linear
model (GLM) approach using boxcar predictors convolved with the ca-
nonical hemodynamic response function (Friston et al, 1995).
Low-frequency noise was removed with a high-pass filter {128 Hz). A
second-level random effects analysis was performed on the contrast
irages generated for each individual to identify brain regions showing

" reliable differences between reading and rest periods. A P value 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 MRlcroN software (second-level fMRI map) (http://www.sph.sc.
edu/comd/rorden/mricron/). ’
We utilized percent signal change of BOLD (BOLD-SC) to quantify
the BOLD responses for each individual. 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 (RO}, and multiplied by 100. We defined a sphere-type
ROI with 10 mm radius at the center of each electrode. The RO| 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 wecks
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 backeest 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 simultancously 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 IMRI 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 fMRL 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 power 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 electrode (green dot on the left superior temporal gyrus). The
light-gray zones indicate the high gamma frequency range (60-120 Hz). (A) Power spectral
density functions in reading (red line) and rest (blue line} perinds. The power was increased
in the bigh gamma frequency range during the reading task, (B) Standandized power speciral
density functions in reading and rest periods, Standardized power versus frequency was com-
pared Between the reading (red line) and rest periods {blee line), The shaded arcas around
the solid lines indicate standard crrors of the mean values for each period. (C) Subtraction
of the spectral density functions between reading and rest periods, The shaded area around
the <olid line indicates standare! crrors of the mean values,
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of electrodes. The electrades 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 . _ B

normalized HGA[ +) electrodes and displayed them on a template
brain. A detailed procedure of electrode normalization is described
elsewhere (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<0.03).

To quantify the high gamma activity in the time course, we count-
ed the number of frequency bins that displaved 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{ 4-) (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=0.0002) (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 fMRI 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.

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 & template brain. (A). All ECoG electrodes displayed on a template brain, The
electrodes (green dots) on the remplate brain widely covered the lateral aspect of the left frontal and temporal lobes, (8) ECoG electrodes with significant HGA. Different colors of
the electrodes indicate individual patients. The elecirodes were mainly clustered on the infetior frontal, superior and middle temporal, and precentral gyri (premotor cortex and
face-mator area). (C) A three-dimensional -map of acrass-individual BOLD 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. Comparison 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 (arange) and temporal {green) electrodes, There was no significant difference of high gamma activity between the frontal and tempaoral
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 fiontal {orange) and temporal {green) lobes, Orange and areen Jines indicate the grand averages of spectral density functions in the frontal and temporal lobes, respectively.
Red bars above the lines indicate significant differences of spectral density functions between frontal and temporal lobes (P<0.05). 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 fiequency range. The shaded area around the
solid Jine indicates standard ervors 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 observed 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-SCs
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({+) clectrodes 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

3 Frontal @ Temporal

BOLD signal change (%)

HGA(+)

HGA(-}

Fig. 5, Comparison of BOLD responses hetween the frontal {orange) and temporal
{green) lobes. BOLD signal changes in cach lobe were compared depending on high
gamma activity (HHGA) profiles (positive or negative), The BOLD responses with nega-
tive HGA were significantly higher in the frontal Jobe than in the emporal tobe, There
was no significant difference in the BOLD responses with positive HGA between the
twn lobes, The crror bars indicate the standard error of the mean and the P-value is
based on Wilcoxon's rank sim test.



N. Kunii et al. / Neuralmuge 65 (2013} 242-249 247

High gamma broadband index
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Fig. . Temporal dynamics of high gamma activity of noticeable electrode clusters in frontal and temporal lobes, Each line color corresponds 1o electrode color, X and Y axes indicare
fatency and high gamma broadband index {HGBI), respectively. HGBI in the frontal lobe lasted longer beyond 1000 ms. On the other hand, rapid decline of HGBI was observed afier

500 ms in the temporal Inbe,

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 Logothetis, 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
sitwations, 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. Althaugh 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

—dbl—

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 gamima 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 evake 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-
tic decisions were needed after covert word reading. The inferior frontal
lobe is-strongly related with 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; Wag-
ner et al,, 2001). It seems that our task effectively induced HGA in the
frontal association cortices, which might be the key for the excellent
overall HGA-BOLD coupling. Wu et al., reported picture naming task e-
licited wider gamma oscillations in temporo-parietal regions than sim-
ple word reading (Wu et al,, 2011). In this sense, picture naming task
might provide additional information on the relationship between
HGA and BOLD responses.

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 electrophysiological correlates for BOLD responses, some
parts of the BOLD responses could be attributable to the power changes
in other frequency ranges. Scheeringa et al. (2011) performed sirmuita-
neous recording of EEG and fMRI and found that gamma power increase
and alpha-beta power decrease in EEG were positively and negatively
correlated with BOLD responses in the primary visual area, respectively
(Scheeringa et al,, 2011). Hermes et al. {2011), in their study on LFP~
BOLD coupling in motor function, suggested that BOLD signal change
was largely induced by high gamma power increase and alpha-beta
power decrease in the primary motor area. Furthermore, Khursheed et
al. (2011) stressed that theta power decrease had the most negative cor-
relation with BOLD responses in working memory on the frontal lobe.
On the basis of previous studies and our own, HGA-BOLD coupling is a
promising key to identify complex human brain functions. Despite the
strong correlation of HGA and BOLD signal in our study, it would be nec-
essary to analyze other frequency ranges of electrical activities for fur-
ther understanding.

Brain regions might have different hemodynamic responsive function
(HRF) according to different tasks (Kruggel and von Cramon, 1899).
BOLD responses obtained by block-design fMRI paradigms, however, do
not reflect such regional differences of HRF. Most of the previous studies
including ours on LFP-BOLD coupling have used block-design paradigms
(Hermes et al, 2011; Logothetis et al., 2001; Ojemann et al, 2009) be-
cause of the high signal-to-noise ratio, Event-related fMRI paradigms,
which can detect transient variations in hemodynamic responses, might
allow the temporal characterization of BOLD signal changes. This tech-
nique, however, has lower signal-tc-noise ratio than the block-design
fMRI paradigm in the present system setting. It would be possible to
make detailed analysis of the coupling if we were to use novel IMRI tech-
niques with higher signal-to-noise ratio and temporal resolution.

Conclusion

This study provided an important bridge between the functional
brain networks revealed by BOLD responses and the underlying neu-
rophysiology. We found that there were different temporal profiles of
HGA in the frontal and temporal language areas. The longer-lasting
HCA contributed to dominant fMRI activation in the frontal lobe,
whereas the short-duration HGA reflected poor BOLD signals 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 spatial distributions of HGAs and BOLD responses.

We believe this work will facilitate practical utilization of fMRI for
evaluating higher-order cognitive functions not only in neuroscience
research but also in a clinical context.
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Spatial normalization ABSTRACT

Objective: We developed a novel technique of spatial normalization of subdural electrode positions

across subjects and assessed the spatial-temporal dynamics of high-gamma activity (HGA) in the dom-

inant hemisphere elicited by three distinct language tasks.

Methods: The normalization process was applied to 1512 subdural electrodes implanted in 21 patients

with intractable epilepsy. We projected each task-related HGA profile onto a normalized brain.

Results: The word interpretation task initially clicited HGA augmentation in the bilateral fusiform gyri at

100 ms after stimulus onsets, subsequently in the left posterior middle temporal gyrus, in the left ventral

premotor cortex at 200 ms and in the left middle and left inferior frontal gyri at 200 ms and after. The

picture naming task elicited HGA augmentation in few sites in the left frontal lobe, The verb generation

task elicited HGA in the left superior temporal gyrus at 100-600 ms. Common HGA augmentation elicited

by all three tasks was noted in the left posterior-middle temporal and left ventral premotor cortices.

Conclusions: The spatial-temporal dynamics of language-related HGA were demonstrated on a spatially-

normalized brain template.

Significance: This study externally validated the spatial and temporal dynamics of language processing

suggested by previous neuroimaging and electrophysiological studies.

© 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction series analysis of the whole brain has great potential for the eluci-

dation of neural networks.
Numerous lesional and hemodynamic studies have provided
information about language networks (Binder et al,, 2009; Dron-

Language functions are generated by complex neural networks.
To obtain better understanding of language mechanisms, it is

necessary to make detailed maps using functional imaging and
electrophysiological techniques. In particular, fine-scale time
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kers et al., 2004; Price, 2010; Vigneau et al., 2006). In addition to
the classical Wernicke's and Broca's areas, recent studies have
found several language-related epicenters throughout the whole
brain. The regions that are activated depend on the cognitive func-
tion being performed, for example, various areas of the brain have
been found to be associated with orthography (Binder et al., 2006;
Cehen et al., 2002; Tsapkini and Rapp, 2010), phonology (Binder
et al, 2000; Buchsbaum et al, 2001; Rauschecker, 1998),
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lexico-semantic memory (Martin et al., 1995, 1986; Moore and
Price, 1999; Noppeney et-al,, 2005), semantic selection/decisions
(Badre and Wagner, 2007; Noppeney et al., 2004; Thompson-Schill
et al., 1999; Wagner et al, 2001), speech production/perception
(D’Ausilio et al., 2009; Hickok, 2001; Hickok et al., 2003; Pulver-
muller et al.,, 2006; Wilson et al., 2004), syntax and sentence level
comprehension (Friederici et al., 2003; Hashimoto and Sakai, 2002;
Homae et al,, 2002, 2003; Humphries et al,, 2001; Ni et al., 2000),
and verbal working memory (Champod and Petrides, 2007, 2010;
Hickok et al., 2003; Jonides et al., 1998; Ravizza et al., 2004; Tsuki-
ura et al,, 2001), Although multiple 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 language nietwork.
This is-due to the technical limitations of hemodynamic studies
such as positron emission computed tomography (PET) and func-
tional MRI (fMRI), which have insufficient temporal resolutlon to
describe the dynamics of neural activity.

On the other hand, electreencephalography (EEG) and magneto-
encephalography (MEG) have been used to record event-related re-
sponses at high time resolution; i.e., event-related potentials (ERP)
and event-related fields (ERF), respectively. Using these tech-
niques, previous groups have demonstrated semantic responses
within 200 ms of letter presentation for primary perception and
within about 400 ms for letter cognition (Dhond et al., 2607; Sal-
melin et al,, 1994; Vartiainen et al., 2009). However, questions re-
main about how to solve inverse problems, which interfere with
source localization. In fact, there have been considerable disagree-
ments about the origins of certain components (e.g., N400) {Curran
et al., 1993; Halgren et al., 2002; Helenius et al., 1998; johnson and
Hamm, 2000; Maess et al., 2006; Pylkkanen and McElree, 2007; Tse
et al,, 2007; Uusvueri et al., 2008),

In the last few years, increasing effort has been made to assess
brain oscillatory activity such as event-related synchrojdesynchro-
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 >50 Hz is 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 functions, including motor (Crone et al., 1998; Leut-
hardt et al., 2007; Miller et al,, 2007), auditory (Crone et al,
2001a; Edwards et al,, 2005; Sinai et al., 2009; Trautner et al.,
2006), visual (Lachaux et al., 2005; Tanji et al,, 2005), language
{Brown et al., 2008; Crone et al,, 2001b; Sinai et al, 2005; Wu
etal., 2011, 2010), episodic memory (Sederberg et al., 2007), work-
ing memory (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,, 2008; Tallon-Baudry et al., 2005), Further-
more, studies of HGA can achieve both high spatial and temporal
resolution. Therefore, analyzing HGA dynamics is one of the most
powerful approaches for studying complex neural networks (Can-
olty et al., 2007; Edwards et al., 2010; Mainy et al., 2008).

One practical issue with this technique is the positioning of
intracranial electrodes. Since it is impossible to control the elec-
trode positions for research purposes from an ethical point of view,

each patient is monitored with a different number of electrodes,

and there are also inter-individual differences in their locations.
As a result, consistent HGA dynamics are rarely obtained because
of inter-individual variations in electrode positioning.

in order to overcome these limitations, we spatially normalized
individual brains and the subdural electrodes of patients with
intractable epilepsy and superimposed 1512 electrodes of the
dominant hemisphere onto a normalized brain. We hypothesized
that this novel method could allow us to demonstrate representa-
tive HGA patterns for various semantic tasks such as word inter-
pretation, picture naming, and verb generation.

2. Subjects and methods
2.1. Subjects

We recorded ECoG in 34 patients with intractable epilepsy, who
underwent subdural electrode implantation for diagnostic pur-
poses at the University of Tokyo Hospital between May 2005 and
November 2010. During the recording, we instructed the patients
to perform 3 language tasks, word interpretation, picture naming,
and verb generation. Thirteen patients were excluded because of
a low intelligence quotient (<70) (n=9), young age (<15) (n=1),
alack of electrodes in the left hemisphere (n = 1), low signal quality
(n=1), or continuous epileptic 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 hemisphere 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 case in which the right hemi-
sphere was dominant for language processes.

We used grid and strip type subdural electrodes, whu:h con-
sisted of silastic sheets embedded with platinum electrodes
(3 mm in diameter), and a 10 mm inter-electrode interval (center
to center) (Unique Medical, Tekyo, Japan). Since the purpose of this
study was to elucidate the language dynamics in the dominant
hemisphere, we excluded ECoG electrodes on the lateral surface
of the right hemisphere,

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

2.2. ECoG recording

22.1. Data acquisition

Each patient was seated on a bed with a reclining backrest in a
quiet, electrically shielded room. A computer monitor was placed
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
400 Hz, using a 128 channel EEG system (BMSI 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 computer were simuitaneously recorded by one of the
channels.

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

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 black background and presented for 350 ms
with a randomly variable inter-stimulus intervals, ranging be-
tween 2700 and 3300 ms. The words were displayed randomly,
and each was presented ance or twice, yielding 100 data epochs.
The patients were instructed to covertly categorize the presented
words into “abstract” or “concrete”.

Picture naming (PN) task: The 100 stimuli used for the picture
naming task consisted of 42 color illustrations of familiar objects.
They were presented for 1000 ms with an inter-stimulus interval
ranging between 2700 and 3300 ms. The patient was requested
to silently name each presented object.

Verb 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
involving excessive epileptic activity were excluded from further
analysis.

2.3.2. Time—freguency 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, s(t), 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:

Fiwf) [ swor(e - we e M
We used the following Hamming window:
w(t) = 0.54 — 0.46 cos (Zn%) @)

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 to 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 Hach-
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

Pl) <ixg @)

where g 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 60 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 all 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

2.4.1. 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 datasets. 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.ukfspm),
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 distribution __

1516 electrodes (21 patients)

Fig. 1. Electrode distribution. The normalized electrodes were illustrated as green
dots in the lateral (left) and basal (right) aspects of the template brain. The
clectrode positions of cach 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
6 areas that showed representative HGA profiles.

The HGBI of all the electrodes inside each VOI were averaged (o
show temporal changes. We used a 15 mm VOI radius to prevent
overlapping among VOI. 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 clec-
trodes, respectively. The demographic data of each task group are
summarized in Table 1. There was no significant difference be-

Table 1 ;
Demographic data of each task group.
Wi N VG P value
No. of patients 21 14 12
Age 324+-895 325+-89 328+-96 099°
Sex (MJF} 0.62 0.80 0.50 0.88"
Epilepsy onset 173+-100 176+-11.0 209+ -100 061°

Epilepsy duration 150+-114 149+--108 [19+.94 070
Epilepsy side (L/R) 1.5 18 12 0.89"
Mo. of clectrodes (base) 330+ -63 349+-61 31.2+-51 030°
Mo. of electrodes (Left) 392+ -15.1 400+ -123 425+ -179 0.83°
vIg B68+-96 B8B9+-96 878+-9.0 0817

Wi = word interpretation; PN = picture naming; VG = verb generation; VIQ = verbal
intelligence quatient.

2 One-way ANOVA.

b Chi-square test.

Electrode Density Map
Post-correction

Pre-comrection

L electrode density : 0 electrode density 8

Fig. 2. Electrode density 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 areas. The correction resulted in the electrode density
becoming almost unifarm (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 Wemicke'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
W1 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 chserved 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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