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previous ECoG study, in which two classes of actual and imagined
movements {hand and tongue) were predicted with an average of 94%
and 77% correct, respectively (Shenoy et al., 2008),

In Fig. 5b, the performance of all patients is compared among the
electrode groups. A kappa coefficient between the performed and the
decoded movement classes was introduced as a measure for relative
performance that compensates for the difference between the 2-class
and the 3-class tasks (see Subjects and methods). Comparison of the
electrode groups revealed that even though ‘sulcal M1' had only four
electrodes, it achieved a relatively high decoding accuracy, similar to
the accuracy obtained using all electrodes (20 to 28) or all gyral
electrodes (12 to 20). When compared with ‘sulcal S1’, ‘gyral (4) —
mean of all combinations’, and ‘gyral (4) — highest F', each of which
had equally-sized electrodes, ‘sulcal M1’ showed significantly better
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Fig. 6. Time dependence of classification. For patients 1-3, classification was performed
with the ECoG of a short time duration (200-ms without overlap). a: For the three
patients, the kappa coefficients obtained using ‘all’ electrodes were plotted against each
time duration. An arrow indicates the earliest time point reaching an above-chance
decoding performance for two of the three patients (binomial test, p<0.01). b: The time
course of the performance was compared between three electrode groups (‘sulcal M1’
orange; ‘sulcal S1', blue; ‘gyral (4) — highest F, green). The mean of the kappa
coefficients for all patients were plotted against the time from movement onset {error
bar, standard error). The dlassification performance of more than two patients exceeds
the chance level at an arrow of the same color {binomial test, p<0.01). ¢: The kappa
coefficients for the time windows before or after the movement onset were compared
between the three electrode groups by a paired t-test (before onset, -500 to 0 ms; after
onset, 0 to 500 ms). The mean of the kappa coefficients were plotted among the groups
{error bar, standard error).

decoding performance (paired t-test vs. ‘sulcal S1°, p<0.01; vs, ‘gyral
(4) — mean of all combinations’, p<0.01; vs. 'gyral (4) — highest P,
p=0.05). Even the best combination of four electrodes (‘gyral (4) —
best combination’) did not outperform ‘sulcal M1' (no significant
difference). These results indicate that the intrasulcal ECoG on M1
provided useful signals for the decoding of upper limb movements,

Titne course of decoding accuracy

The time course of decoding accuracy was examined [or patients
1-3, who performed the execution task. The ECoG signals of
-2000 ms to +2000 ms {rom movement onset were divided into
200-ms time windows without overlap (a total of 20 time
windows), In each time window, the decoding performance was
calculated for the four electrode groups (‘all’, *sulcal M1", ‘sulcal ST°,
and 'gyral {(4) — highest ¥,

Fig. 6a shows the results obtained using ‘all’ electrodes for the
three patients. The kappa coefficients of all patients gradually
increased before movement onset and peaked after onset. Interesi-
ingly, even at 700 ms before movement onset (arrow in Fig. Ga), the
classification performances of the two patients (patients 2 and 3)
exceeded the chance level (binomial test, p<0.01). Thus, the move-
ment class was predicted even before the actual movement using
ECoG signals from the sensorimotor areas.

The time course of decoding performance was compared between
the equally-sized subgroups of electrodes: ‘sulcal M1’ ‘sulcal S1° and
‘gyral {4) — highest F. As shown in Fig. 6b, the kappa coefficients flor
‘sulcal M1’ and ‘gyral (4) — highest F' gradually increased before
movement onset and peaked around 500 ms, while those for ‘sulcal
S1’ remained relatively small throughout the time course. The time
window in which at least two of the three subjects began to show
significant decoding performance was found at =700 ms and - 100 ms
for ‘sulcal M1 and ‘gyral (4) — highest F', respectively {(binomial test,
p=0.01; orange and green arrows). In contrast, ‘sulcal S1’ rarely
exceeded the chance level in individual patients. When the kappa
coefficients for all the time windows before movement onset {within
the range of -500 to 0 ms) were compared between the three
electrode groups, those of 'sulcal M1' were significantly higher than
those of ‘sulcal S1' and ‘gyral (4) — highest F' (paired t-test, p<0.05
and p<0.01, respectively) (Fig. 6c, left). However, the difference
between ‘sulcal M1' and ‘gyral {4) — highest F' became less prominent
after movement onset (Fig. 6c¢, right). These results suggest that
intrasulcal electrodes on M1 can provide reliable signals to infer upper
limb movements earlier than other electrodes, even before an actual
movement is performed.

Discussion

In the present study, we investigated the properties of the signals
from intrasulcal electrodes placed on M1, in comparison with other
electrodes, in terms of inferring upper limb movements. To our
knowledge, no previous human studies have presented data from
intrasulcal ECoG obtained during execution and imagination of upper
limb movements. First, we showed, by univariate analysis, that the
signals of ‘sulcal M1’ varied significantly across movement classes. Then,
we compared the performance of movement classification between
gyral and intrasulcal ECoGs, and found that intrasulcal electrodes on M1
provided more reliable signals than equally sized electrodes from other
areas. Finally, superior performance of intrasulcal electrodes on M1 was
found even before movement onset. These results strongly suggest the
usefulness of intrasulcal electrodes on M1 for BCL

Importance of M1 for movement classification

Several previous studies proved the importance of the motor cortex
to infer movement with spike activities and ECoG. Georgopoulos et al.

— 108 —



T. Yanagisawa et al. / Neurohnage 45 {2009) 1039-1106 1105

and other groups have shown that the firing of small ensembles of
neurons within the M1 arm area carries information about arm position
and velocity for both monkey models (Georgopotdos et al., 1986; Serruya
et al,, 2002; Wessberg et al., 2000) and humans {Hochberg el al., 2006;
Truccolo et al,, 2008). The information about arm position and velocity
can be inferred by local field potential recorded (rom the monkey motor
cortex (Andersen et al., 2004; Mehring et al., 2004; Rickert et al,, 2005)
and ECoG data recorded from the human hand/arm motor cortex
(Pistohl et al., 2008; Schalk et al., 2008). The present study compared the
performance in classifying three classes of executed or imagined simple
upper limb movements among ECoGs on the sensorimotor cortex,
Although the movement types performed in this work were fairly
simple ones compared to those used in previous reports (Taylor et al,,
2002), the comparison of performance across electrode groups revealed
which part of the ECoG on the sensorimotor cortex contains relatively
reliable information for neural decoding. Our results demonstrated that
intrasulcal M1 electrodes are particularly informative, However, the
performance of decoding could vary with which movements were
performed, Further investigation on intrasulcal ECoG is necessary to
reveal the optimal ECoG location {or different kinds of movement,

Imaginary movement and implication for practical BCl

In this study, decoding performance was evaluated with the ECoG
signals during both executed and imagined upper limb movements.
Although the differences in task types could affect the resuits, the
results of both types of movement were similar enough to examine
together in this study. According to the results of the univariate
analysis, the F-value distributions were similar among all patients
(Fig. 4). For both executed and imagined tasks, F-values were high at
the sulcal M1 and adjacent gyral ECoG electrodes; the statistical
property of the signals was revealed to be similar between actual and
imagined movements. Moreover, in a previous study of functional
MRI of spinal cord-injured patients, an attempt to move a paralyzed
limb resulted in similar macroscopic activation pattern in the motor
cortex as did real movements of the same limb in healthy subjects
{Hotz-Boendermaker et al,, 2008; Shoham et al,, 2001). This result is
comparable with our findings, because our patients performed the
imagined movements with limbs paralyzed due to brachial plexus
avulsion, thought to be similar to the spinal cord-injury in the way
they attempt lo move a paralyzed limb. With this evidence, we
examined the ECoG data from both tasks together, Performance of
imagined movements could vary among subjects, though stable
performance of decoding is required to realize practical B for
paralyzed patients, Further investigation of imagined movement in
paralyzed patients is necessary to understand the sulcal M1 ECoG in
practical BCL

Decoding features

As a feature of decoding, we used sMCP, a sliding average of ECoG
signals. The physiological origin of this feature is a matter of
speculation, but the values seem to have a slow component of motor-
related cortical potential (MRCP). The MRCP is a trial average of
cortical potential by time-locked movements; it is observed over the
M1 during motor preparation and execution, peaking close to move-
ment onset and lasting for several seconds (Satow et al, 2003).
These same properties were observed in the feature values used in
our study (Fig. 2). Notably, gradual elevation of feature values
during motor preparation could be used for classification before onset
of movement.

The low frequency component of the signal has already been
reported to be suitable for inferring human upper limb movements on
a trial-by-trial basis by ECoG (Pistohl et al,, 2008; Schalk et al.,, 2007)
and by MEG (Waldert et al., 2008). In general, the high frequency
components of the signals have lower signal-lo-noise ratio than the

slower components, and thus may not be suitable for trial-by-trial
analysis. Nevertheless, the high frequency component of the signal has
the potential to improve the decoding performance. Many previous
studies have shown that the movement-related changes involve
multiple frequency bands {Crone et al., 1998a,b; Leuthardt et al., 2004;
Schalk et al., 2007). The amplitudes of higher frequency bands were
suggested to provide addilional information about movements
(Leuthardt et al, 2004; Pistohl et al,, 2008; Schalk et al., 2007).
Therefore, the optimal choice of frequency bands for the decoding of
the movement still deserves further investigation.

Implications for non-invasive techniques

The superior performance of intrasulcal ECoG in comparison with
gyral ECoG has an implication for the interpretation of the results
oblained using noninvasive techniques, e.g, MEG and EEG, MEG is
thought to be more sensitive Lo sulcal activity (current sources parallel
to the scalp surface) than to gyral activity {current sources
perpendicular to the scalp surface) (Hamadldinen et al, 1993), while
EEG is thought to be more sensitive to gyral activity, or rather
directionally unspecific. Thus, MEG may have a relative advantage for
decoding movement-related signals represented in the sulcal M1.
Consistent with this, it has been reported that the direction of the
hand movement can be better decoded by MEG than by EEG (Waldert
et al., 2008).

Conclusions

Overall, the present findings demonstrate the high performance of
intrasulcal ECoG on the M1 in classifying executed and imagined
upper limb movements in humans. We propose that the use of
intrasulcal ECoG on the M1 along with gyral ECoG will improve the
neural decoding ability of upper limb movements and realize a more
practical BCI system. The current data justify further research on
intrasulcal ECoG for an understanding of the human sensorimotor
cortex and proficient operation of the human BClI system.
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KEYWORDS Summary  Epileptic activities are known to be modulated by cortical excitability, which is
Epileptic activity; altered with normal brain functioning such as movement. However, the relationship between the
Desynchronization; epileptic activity and movement has not been well studied. Here, we investigated movement-
Movement; induced modulation of interictal spikes to reveal the relationship between epileptic activity and
Neuromodulation; the movement-induced modulation of cortical activity. Two patients (three cases) with focal
Electrocorticogram cortical dysplasia (FCD) of the pre- and/or post-centrat gyrus performed voluntary movements

of their hands or mouths. During the movement, the interictal spikes of the sensorimotor cortex,
which were measured by electrocorticograms (ECoG), were significantly reduced. This reduction
strongly correlated with the event-related desynchronization (ERD) of the cortical oscillatory
activity at the lower frequency bands {<25Hz) during movement. The epileptic activity was
suggested to be modulated by the movement, which correlates with the ERD of the cortical
oscillatory activity.

© 2009 Elsevier B.V. All rights reserved.

Introduction 1998), which is linked to the power spectral changes of
electrocorticograms (ECoG) (Pfurtscheller, 1992). Notably,
event-related desynchronization (ERD) of alpha and beta
rhythms correlates with cortical excitability (Leocani et al.,
2001; Neuper and Pfurtscheller, 2001; Rau et al., 2003).
The cortical excitability is also associated with pathological
states of the brain such as epileptogenesis. Some investiga-

Voluntary movement is associated with an increased
excitability of the primary motor cortex (M1) (Chen et al.,
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Though, the relationship between the epileptic activity and
the modulation of cortical excitability during movement has
not been well studied.

In this study, we investigated the modulation of epileptic
activity associated with the movement-induced alteration of
cortical activity. In three cases of intractable epilepsy with
focal cortical dysplasia (FCD) of the pre- and/or post-central
gyrus, the modulation of the epileptic activity during move-
ment was evaluated by counting interictal spikes recorded
by ECoG. The power spectral changes of ECoG were ana-
lyzed to evaluate cortical activity. A relationship between
the modulation of interictal spikes and the power spectral
changes of ECoG was analyzed.

Methods

Subjects and electrode implantation

The two patients (representing three cases) in this study were suf-
fering from medically intractable epilepsy with FCD of the pre-
and/or post-central gyrus (Fig. 1). The clinical profiles of the
patients are summarized in Table 1. Patient 1 was a 31-year-old
male suffering frequent medically refractory seizures immediately

(A)

Patient 1A

Patient 2

Figure 1

after his birth. His seizure consisted of a rapid bending of his head
and raising both of his arms that progressed to a secondarily gen-
eralized tonic-clonic seizure. He underwent surgeries to remove
epileptic foci twice due to the frequent recurrence of seizures (1A,
first operation; 1B, second operation). Patient 2 was a 24-year-old
woman suffering from frequent medically refractory seizures from
3 years old. Her seizure consisted of the convulsion of her right oral
angle and right limbs that progressed to a secondarily generalized
tonic-clonic seizure. Both patients were orally administered the
therapeutic dose of anti-epileptic drugs throughout the study period
(Table 1). Although the two patients had FCD of M1, no motor deficit
was observed even after the removal of the epileptic foci with
FCD. The brain tissue resected from the epileptic lesion was his-
tologically diagnosed as cortical dysplasia in both patients. Before
removing the epileptic lesion, subdural electrodes were temporar-
ily implanted to determine the epileptogenic areas by simultaneous
monitoring of video and ECoG. High-frequency stimulation was per-
formed for cortical functional mapping. We explained the purpose
and possible consequences of this study to both patients, and
obtained written informed consent (approved by the Ethics Com-
mittee of Osaka University Hospital).

Each patient had a total of 40—56 planar-surface platinum elec-
trodes (configured in grids, 4= 5, 3<5 or 37 arrays; Unique
Medical Co., Tokyo, Japan) placed over the sensorimotor and tem-
poral cortices for presurgical evaluation (Fig. 1). Each electrode had

8

Location of focal cortical dysplasia and implanted subdural electrodes. (A) Magnetic resonance (MR) images of the

three cases (FLAIR, coronal, sagittal, except for the left panel of Patient 2 which is a T2-weighted image). A well-demarcated
high-intensity lesion in the precentral gyrus (white arrow) was diagnosed as focal cortical dysplasia (FCD). (B) Reconstructed
individual MR images with superimposed white circles indicating the position of the 40- to 56-channel grid electrodes. A red
colored brain surface indicates the suspected cortical lesion with FCD. Bipolar (arrow) or monopolar (circle) electrical stimutation
of the cortex induced muscle contraction of the hand {blue) or the mouth (orange). The black line indicates the location of the

central sulcus.

— 112 —



14 T. Yanagisawa et al.
Table 1 Clinical profiles and performed movement types.
Patient Age/sex Epilepsy Medication Number of electrodes Performed movement
1A 31/M Right FLE VPA, PHT, GBP 40 Opening mouth
1B 33/M Right FLE VPA, PHT, GBP 56 Lip pursing left hand grasping
2 24/F Left FLE PRM, PB 54 Right hand grasping

Abbreviations: M, male; F, female; FLE, frontal lobe epilepsy; VPA, valproic acid (1600 mg); PHT, phenytoin (300mg); GBP, gabapentin

(1200 mg); PRM, primidone (500mg); PB, phenobarbital (60 mg).

a diameter of 3.0mm and an inter-electrode center-to-center dis-
tance of 1.0cm (Patient 1A, 2) or 0.7cm (Patient 1B). Electrode
placements were based solely on the patients’ clinical require-
ments, without any consideration for utility in this study.

Movement tasks

Experiments were performed approximately one week after elec-
trode placement. Patients were seated upright in hospital beds and
were instructed to perform movements of their mouth or the hand
contralateral to the implanted electrodes. The patients pursed their
lips or opened their mouths (mouth movement) or grasped with
their unilaterat hand (hand movement) successively 38--96 times
at a self-paced rate of approximately once per 4-65. Electromyo-
gram {EMG) recordings of the contralateral orbicular muscle of
the mouth, abductor pollicis brevis muscle, the flexor digitorum
superficialis muscle, and the biceps brachii muscle were collected
simultaneously. The movement onset was determined by the initial
rising edge of the EMG waveforms.

Data collection and analysis

ECoGs and EMGs were measured using a 64-channel digital EEG
system (EEG 2000; Nihon Koden Corporation, Tokye, Japan) and dig-
itized at a sampling rate of 1000Hz. All subdural electrodes were
referenced to a scalp electrode placed on the nasion. In the case
of Patient 1A, one electrode was eliminated from the analysis due
to severe noise contamination. The bandpass filter for data anatysis
was set to 0.16—120Hz. A spike was defined as a clearly outstand-
ing transient sharp activity with a duration of 20—200 ms and with
an amplitude of >200pV, followed by a slow wave. The number of
spikes during each second was counted by a neurosurgeon, who was
blinded to the timing of the movement.

Spiking rate (1/s) was defined as the mean number of spikes
for 1s time-locked to the movement onset. The decrease rate

of spiking rate was defined as {{spiking rate before movement
onset) — (spiking rate after movement onset))/(spiking rate before
movement onset); spiking rate before movement onset: —2.0 to
—1.0s, spiking rate after movement onset: 0-1.0s from the move-
ment onset. A Student’s t-test was applied between the spiking
rates before and after the movement onset to show the statistical
significance of the spiking reduction.

A time-frequency power spectrum analysis of ECoG was
performed with EEGLAB v5.03 (Delorme and Makeig, 2004) imple-
mented on Matlab, 2006b (Mathworks; Natick, MA). ECoGs of
1024 ms, sliding by 25ms, were transformed to a time-frequency
power spectrum from O to 80Hz. Mean power modulation time-
locked to the movement onset was normalized by the power
spectrum from 5 (or three) to 2s before the movement onset
(normalized power); this normalization permits comparison across
frequencies. Among the electrodes with spikes, a correlation coef-
ficient between the mean normalized power of 1s from the
movement onset and the decrease rate of spiking rate for each
electrode was calculated.

Results

In Patient 1A, frequent spikes were observed with ECoG
from the sensorimotor cortex with the FCD lesion (Fig. 2).
The spikes were observed broadly on the sensorimotor cor-
tex (Fig. 3A). The mean spiking rate of all electrodes was
0.14 1 0.02 (mean & standard error), that did not exceed the
spiking rate in resting state before tasks (0.2 4 0.03) (Stu-
dent’s t-test, p>0.05). When the patient moved his mouth,
spiking rate was simultaneously decreased (Fig. 2). Anexam-
ple of the time course of the spiking rate (electrode #23)
showed a significant decrease of the spiking rate after the
movement onset compared to that before the movement

EMG —

Figure 2

Movement onset

e AR e ol e e
sec

1 200pv

An example of ECoG waveforms from Patient 1A during mouth movement. An example of ECoG waveforms from Patient

1A with the EMG recorded on the left side of the orbicular muscle of his mouth (bottom trace). The number of the electrode was
indicated on the left. A movement onset is indicated by an arrow head.
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Figure 3 Decrease of the spiking rate associated with the
mouth movement. (A) For each electrode, the spiking rate
before the movement onset (—2.0to —1.0s from the movement
onset) is shown as a color-code on the electrode superimposed
on his reconstructed MR image. (B} The spiking rate of elec-
trode #23 was plotted with the time from the movement onset
(mean = standard error), where time zero corresponds to the
movement onset. The spiking rate was compared among six {ime
periods by ANOVA. (C) The color-coded decrease rate of spikes
was superimposed on each electrode. The electrodes with a
significant decrease of the spiking rate after the movement are
shown as blue circles (Student’s t-test, p<0.05).

onset (ANOVA, p<0.05) (Fig. 3B). The significant decrease
of spiking rate was observed broadly among the electrodes
on the sensorimotor cortex (Fig. 3C). Therefore in Patient
1A, the spiking rate of the sensorimotor cortex was shown to
be decreased corresponding to the movement of his mouth.

Among the electrodes with spikes, the relationship
between the decrease rate of the spiking rate and the
power spectral changes of the ECoG during the move-
ment was examined. A representative time-frequency plot
of mean power modulation of ECoG (electrode #23) time-
locked to the movement onset showed power reduction
(ERD) in the lower frequency bands (¢: 4—8Hz, o: 8—13Hz
and 8: 13—25Hz) and power enhancement (event-related
synchronization, ERS) in the higher frequency bands (high y:
50—100Hz) around the movement onset (Fig. 4A). A corre-
lation coefficient between the decrease rate of the spiking
rate and the normalized power of 1s after the movement
onset was significantly large around the 6 band (Fig. 4B). The
larger the decrease of the power (ERD) of the ¢ band was,
the larger the decrease rate of the spiking rate (R=0.66,
p<0.01) (Fig. 4C). The spiking rate of Patient 1A was sup-
pressed with the ERD related to the movement of his mouth.

The movement-induced suppression of spiking, which was
significantly correlated with the ERD at the lower frequency
bands, especially at the ¢ (4—8Hz) band, was also observed
in the other cases (lip pursing or hand-grasping by Patient
1B and Patient 2) (Fig. 5). For these two patients with FCD

of the pre- and/or post-central gyrus, the spiking rate was
suppressed with mouth or hand movements and correlated
with the degree of ERD in the lower frequency bands.

Discussion

The present study demonstrated the movement-related
suppression of interictal spikes from the sensorimotor cor-
tex with FCD of the pre- and/or post-central gyrus. The
suppressive effect was linked to the movement-related
desynchronization at the lower frequency band of the
affected cortical areas, which has been reported to corre-
late with cortical excitability (Leocani et al., 2001; Neuper
and Pfurtscheller, 2001; Pfurtscheller, 1992; Rau et al.,
2003). The present study suggests that the modulation of
cortical excitability during movement suppresses epileptic
activities of the sensorimotor cortex.

The suppression of interictal spikes has been produced
by a variety of cortical activations including electric cor-
tical stimulation (Kinoshita et al., 2005) and alteration
of some behavioral states, such as attention and arousal
(Autret et al., 1999; Jasper, 1954; Pinel and Chorover,
1972), that involve the desynchronization of the corti-
cal oscillatory activities (Wagner et al., 1975). Moreover,
recent reports showed that the ‘desynchronization’ itself
affects the epileptic activities (Chavez et al., 2003; Jouny
et al., 2003; Kiss et al., 2008). Our results showed that
the suppressive effects are also observed during some sim-
ple movements with movement-related desynchronization.
Although it is not clear whether these spike suppression
effects were generally observed through various cortical
activities, a unique mechanism involving ‘desynchroniza-
tion’ may suppress the interictal spikes regardless of the
activities.

Moreover, the spike suppression effects associated with
the movements do not seem to be restricted to the motor
cortex. In Patient 1A, significant suppression was observed
not only near the FCD lesion but also at areas distant from
the lesion, even in the temporal lobe. Although the cause
of this ‘remote’ effect is not clear, it might be due to
the suppression of the epileptogenesis at the FCD lesion or
the long-range inhibitory effect of the diffusely distributed
ERD. This ‘remote’ effect suggests that the ERD suppressed
the spikes in a broad cortical area. An examination of the
anatomical relationship between the epileptogenic lesion
and the activated cortical area correlated with the ERD
will reveal the general properties of these spike suppres-
sion effects and the possibility to modulate the spikes in the
broad cortical area.

The physiological origins of the spike suppression effect
and its relation to the ERD are a matter of speculation.
In this study, the movement-related desynchronization was
observed in the lower frequency band {4—25Hz), especially
in the ¢ band (4—8Hz), over a broad cortical area around
the sensorimotor cortex. The spike suppression by attention
and arousal has been shown to be linked to activity of the
thalamus (Sterman and Egner, 2006; Wagner et al., 1975),
which is known to be correlated the alpha rhythm (Neuper
and Pfurtscheller, 2001). Our results suggest that the theta
rhythm also affects the spike suppression. Although the
characteristic frequency band might become slower as a
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Figure 4  Correlation between decrease rate and spectral power of each electrode of Patient 1A. (A) A time-frequency plot of the
mean normalized power modulation time-locked to movement onset (electrode #23). (B) The correlation coefficient between the
decrease rate and the normalized power of each frequency of 1s after movement onset was evaluated among all the electrodes
with spikes. The dotted line indicates the statistical significance level at p=0.05. (C) The decrease rate of each electrode with
spikes was plotted with the normalized power of the 8 band (4--8 Hz) for 1 s after the movement onset. The black line is a regression

line (R=0.66, p<0.01).

result of the pathophysiological effects of the FCD lesion,
the origins of the spike suppression effects linked to the
desynchronization could be different among the frequency
bands.

On the other hand, the spatial distribution of the spike
suppression suggests an existence of a broad network mod-
ulating the cortical activities. This network may suppress
the generation and/or propagation of the interictal spikes
by the same mechanisms that generate the ERD during the
movement (Netoff et al., 2004). Although the suppression
of the interictal spikes does not necessarily mean a suppres-
sion of epileptogenesis (de Curtis and Avanzini, 2001), it may
modulate the activity of the irritative zone, which strongly
correlates with the seizure onset zone (Tyvaert et al., 2008),
Investigation of the physiological mechanisms of the oscil-
latory modulations related to normal brain functions will
reveal the mechanisms that modulate epileptogenesis.

The suppressive effect on interictal spikes demonstrated
in the present study has the potential to be applied to the
treatment of intractable epilepsy especially with neocorti-
cal foci. As the ERD on the sensorimotor cortex is observed
during the imagination of movements (Leuthardt et al.,
2004), there is a possibility that the voluntary imagination of
the movements suppressed the spikes. The seizures might be
controlled by the imagination or by the voluntary control of

0.4
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<
8
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Figure 5 Mean correlation coefficient between the

movement-induced reduction of spiking and the normal-
ized power after movement onset The correlation coefficient
between the decrease rate of spiking and the normalized
power after movement onset was averaged over all four cases
(opening mouth by Patient 1A, Lip pursing or hand-grasping
by Patient 1B, grasping hand by Patient 2). The mean of the
correlation coefficients at each frequency was plotted with the
standard deviation (gray shadow).
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the power at the lower frequency bands (Sterman and Egner,
2006). Investigation of the voluntary control of cortical oscil-
latory activities would contribute to the improvement of
treatment strategies for neocortical epilepsy.

Acknowledgements

This work was supported in part by the SRPBS of MEXT,
Grants-in-Aid for Scientific Research (18300184, 19390378,
19650153). The authors have no conflicts of interest.

References

Autret, A., de Toffol, B., Corcia, P., Hommet, C., Prunier-Levilion,
C., Lucas, B., 1999. Sleep and epilepsy. Sleep Med. Rev. 3,
201-217.

Chavez, M., Le Van Quyen, M., Navarro, V., Baulac, M., Martinerie,
J., 2003. Spatio-temporal dynamics prior to neocortical seizures:
amplitude versus phase couplings. IEEE Trans. Biomed. Eng. 50,
571-583.

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E.M.,
Hallett, M., Cohen, L.G., 1997. Depression of motor cortex
excitability by low-frequency transcranial magnetic stimulation.
Neurology 48, 1398—1403.

Chen, R., Yaseen, Z., Cohen, L.G., Hallett, M., 1998. Time course of
corticospinal excitability in reaction time and self-paced move-
ments. Ann. Neurol. 44, 317—325.

de Curtis, M., Avanzini, G., 2001. Interictal spikes in focal epilep-
togenesis. Prog. Neurobiol. 63, 541-567.

Delorme, A., Makeig, S., 2004. EEGLAB: an open source toolbox
for analysis of single-trial EEG dynamics including independent
component analysis. J. Neurosci. Methods 134, 9—21.

Jasper, H., 1954. Electrocorticography. In: Penfield, W., Jasper, H.
(Eds.), Epilepsy and the Functional Anatomy of the Hurnan Brain.
Little, Brown and Company, Boston, pp. 731-733.

Jouny, C.C., Franaszczuk, P.J., Bergey, G.K., 2003. Characterization
of epileptic seizure dynamics using Gabor atom density. Clin.
Neurophysiol. 114, 426—437.

Kinoshita, M., tkeda, A., Matsuhashi, M., Matsumoto, R., Hitomi, T,
Begum, T, Usui, K., Takayama, M., Mikuni, N., Miyamoto, S.,
Hashimoto, N., Shibasaki, H., 2005. Electric cortical stimulation

suppresses epileptic and background activities in neocortical
epilepsy and mesial temporal lobe epilepsy. Clin. Neurophysiol.
116, 1291-1299.

Kiss, 1.Z., Quigg, M., Chun, S.H., Kori, H., Hudson, J.L.,
2008. Characterization of synchronization in interacting groups
of oscillators: application to seizures. Biophys. J. 94,
1121-1130.

Leocani, L., Toro, C., Zhuang, P, Gerloff, C., Hallett, M., 2001.
Event-related desynchronization in reaction time paradigms:
a comparison with event-related potentials and corticospinal
excitability. Clin. Neurophysiol. 112, 923—930.

Leuthardt, E.C., Schalk, G., Wolpaw, J.R., Ojemann, J.G., Moran,
D.W., 2004. A brain-computer interface using electrocortico-
graphic signals in humans. J. Neural. Eng. 1, 63—71.

Matsumoto, R., Kinoshita, M., Taki, J., Hitomi, T., Mikuni, N.,
Shibasaki, H., Fukuyama, H., Hashimoto, N., lkeda, A., 2005. In
vivo epileptogenicity of focal cortical dysplasia: a direct corticat
paired stimulation study. Epilepsia 46, 1744—1749.

Netoff, T.1., Clewley, R., Arno, S., Keck, T., White, J.A., 2004,
Epilepsy in small-world networks. J. Neurosci. 24, 8075—8083.

Neuper, C., Pfurtscheller, G., 2001. Event-related dynamics of
cortical rhythms: frequency-specific features and functional cor-
relates. Int. J. Psychophysiol. 43, 41—58.

Pfurtscheller, G., 1992. Event-related synchronization (ERS): an
electrophysiological correlate of cortical areas at rest. Elec-
troencephalogr. Clin. Neurophysiol. 83, 62—69.

Pinel, J.P., Chorover, S.L., 1972. Inhibition by arousal of epilepsy
induced by chlorambucil in rats. Nature 236, 232—234.

Rau, C., Plewnia, C., Hummel, F., Gerloff, C., 2003. Event-related
desynchronization and excitability of the ipsilateral motor
cortex during simple self-paced finger movements. Clin. Neu-
rophysiol. 114, 1819-1826.

Sterman, M.B., Egner, T, 2006. Foundation and practice of neu-
rofeedback for the treatment of epilepsy. Appl. Psychophysiol.
Biofeedback 31, 21-35.

Tyvaert, L., Hawco, C., Kobayashi, E., LeVan, P., Dubeau, F., Got-
man, J., 2008. Different structures involved during ictal and
interictal epileptic activity in malformations of cortical devel-
opment: an EEG-fMRI study. Brain 131, 2042—2060.

Wagner 2nd., R., Feeney, D.M., Gullotta, F.P., Cote, I.L., 1975.
Suppression of cortical epileptiform activity by generalized
and localized ECoG desynchronization. Electroencephalogr. Clin.
Neurophysiol. 39, 499—506.

— 116 —



I B TARIIAES

................................................................................

o2 FR R V29 % B AR SR SO 1
vl
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FHEESMEEE (SCS) IR REERIKRE OWWRICEN TH L7,
HFIEER TH A BMEPHER I L COEDEIIB LI TR, bhb
NOHEEE T D 30 FEF O BEER B P HIERE I 5 SCS DREF k<2, +
NTOFEFNI SCSHBMBM L BITL, —B3KRELT, BE2XFLET T
SCS #H AT, FHDOEREL, HWRE (VAS) & patient global impres-
sion of change (PGIC) TATo7z. SCSHERHIE T 9EH (30%) T good
(50% < VASHKT), 6%EBI (20%) T fair (30~49%), 15 JE#l (50%) T poor
(30%>) L sz, 10ERDPBOAAEZFLEL, 5 b YEFAIEL (mean
287 A, 6~62HR) 7+u—38N, b 7TENTHEELEFRRIES R
(5 FEBIAS good, 2 FEHIAS fair). PGIC Tix, =@ 7 EFIth 6 FEHI 2 rank 2
(much improved), 1#E®I4%rank 3 (minimally improved) & ¥ Sh, 5%
0 @ 2JEBNE rank 4 (no change), rank 5 (minimally worse) & ¥l5E X7,
9B D VAS HHMEIE 86 mm 25 45 mm ICH BT LA (p=0007).
OB EWER o7z SCSI, MABMERBEEO—LICBVWT, B
HREBI Y PO —VaRHETH I EIREN, BEEE L COTREISRE

Shie.

(R4 ¥z y=v2r31:165-172, 2010)

F—TU— N EERRKE, RSN SR

U oI

B ZE rr TR L, BB MR LSRR O H T
b, BIZHEETHY, WMEFD 1~8% 25E
THYY, WERCEE SN MEMIC—F L
PRI RE L ER SRR ICEA LY. —H,
ER\AE LD EEMICh o THEEE L~
TETEE2Y. BEEEELTTI MY 7T
V2 HNRYF U, B, BE—RIRENE
DT EIZ VR WY, BRI R E O
BEMERES D& 2H 0O, K—ESHTE
SAEIEE (MCS) 439 50% I2H 3T 27,
BHERCTH Y, BAENEZLEL T2,

—77, SCS i failed back surgery syndrome
(FBSS), CRPS, RMVEmE MM H, H#ikE
B, BFHIBGHREEICL, 20584
PHRE SN TWEH, HEPBERICELT
BEEEoHmEIZLWY. bhbholkc
W, IR T L TR IS E BB S
WMORBRNIE AT o T, I EEI 130 s
BOBWDIAA T TEHO TS, F2T, #0OK
BIPEIZDWTHRE Lzv,

1. fEBI (Table 1) &F%E

KBRKR % Bt & SL R, 2002485 A 2 5
2009 4 7 F £ T, 87 FEHI D B AR P 1R 50 B
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L TAShADZa—aEFaL—V gy
R T AT Uz (R — BB B SR Bl -
13, SAERETE MR SRR 59 fEH,
SCS : 30 FEBI, —EBDIEFNITA —/N—F v T).
SCS 30 fEBNE B 21 JEFI, & 9 fEHI, T
T 64874 (HE=SD), T35 FEm il E
1244835 W HCTH B, BEFRIERE OB
1) BZERBICERERE, i) RnERE
EVES MERE, i) HEEERMIOERS
b, iv) BEWETIEEEREEEEE
GEDBERDVHBRTES, DA4HENESA-T
WhHZ EREMGE LY, F2, LEBEESC
FIED B 2 EG, MEFZRORE FREGRH IR
SR 7z, &R 6 A AL RIZh7: 55 mH
b, HRHIMA O ER, b 12 AR,
T % (Table 1, Figure 1). TXTOHEE
WEHOmATRL, —HErLFE, &FfFET
¥4 Tdh A, Allodynia 7% 18 JEB (60%), %I
BB AT 1L ER (37%) A LNz, BED
EEIEEN D LEFIH 20 EH, FEENIE
BITH 7.

JEENG. CER 2R LC, FRMERESE L
il LT, 4#EM® (Medtronic ¥, PISCES-
Quad®) ZHEALT, BEL %28 oEFEIALIC
BEIEEL X HCEBLY, £2 BERA
B AT, NI A—F 2R THRIENREE
HELE, HROFEICEDLT—BHREL
Twh, FEBEOHBEIZC,ICTEEL, TH
FOLBEWE Te CHEBE L. ELLE B
HOHLED DN, BE, BERTHFHEERIE
WHEALT, axry—kHk ETICEERL
T, BB % T L CEENIRD S,
W38 (Medtronic #, ITREL III® & 7213
SYNERGY®) % Bilgi&h 2 AR ICH DA AT
w5,

RO MIZ VAS (visual analogue scale)
TITVY, BB AIEIX excellent (VAS T &
DETEL% L E), good (VAS TDRHEAD
BT ES50~79%), fair (VAS TOEADEKT

................................................................................

# 30~49%), poor (VAS TOREA DT =R
30% ) oL, 6 W HITEIZEHEL 7.
Patient global impression of change (PGIC)
REAET7 40— T v 7TRIZEHE L7z, Rank 1:
very much improved, 2: much improved,
3 ! minimally improved, 4 @ no change, 5:
minimally worse, 6 much worse, 7' very
much worse. Rank 1, 2 I ZBRIICHEZ LN
L L2,

RERE O OB ET ORE % 2812507
THRAT L7z, “good” & “fair” & 1HEICF &0,
‘poor’ b 1EE LA BEETTHILFE
h, VERN, EmERr (BRE, FRD, EIEANE,
AP OER, ME&BE 721 allodynia D F
i, EBEEORE LA OROF D
2RRHE LT

2. #& R (Table 1)

1) FABRHIE

REFM T, TXTOEFTIEDYY —F
B DHAATE CAREPNITREBEOBRED D
ORHEL v, 6 Pl ERE O -0 SHME L X
V). T A MRBCT, good & ERMM L 7-fERIIE 9
fE B (30%), fair & &FAf L 72 5 6113 6 %E B
(20%), poor & &Ml L 7-hEBA% 15 FER (50%)
FAE L7z, VAS HFEEIE 80mm A5 60mm 2
BEIET L (p<0.001).

REH I Z 272 30 ER DD B, 20 EFIX
BAAxHEET, 10EFIKAED AR
AAHEL. 2EME 2EOER (1 1ASEHE,
1EMHE) #BHAA L (No. 24, 30). /&
AIBDAA LT 10ERDERE 2 458 % Ta-
ble2iZF L7,

RAD AR L2 10EF DD B, AERHIE
T, TIEHIL good, 2 FEFNZ fair, 1 EHIE
poor & ¥ L7z, RERHIEC poor L FFMHi S
72 TEFIAAE D AAEHLE L2 (No. 2
Table 2). #DHEEIZ VAS T 25% DBIERIR
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Figure 1. Illustrated case (No. 16)
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Table 2. Patients characteristics and long-term follow-up for ten patients with permanent implantation

. . Sensory %VAS Latest
Patient Age dulz-zltrilon Underlying 1:2;?2;1 Motor __disturbance reduction _ Follow-up  Rollow-up
No. (y/sex) (months) disease troated  Weakness Allod Hyperp d;lrri?lg % VAS (months)
reduction
2 54, F 12 Lt thal hem Rt UL Mild + + 25 20 5 16
3 59, F 97 Rt put hem LtLL Mild - 50 50 2 62
4 65 M 30 Rt thal hem LtLL - - - 56 50 2 60
6 64, F 68 Lt put hem RtLL Mild + - 30 30 3 6
8 75, F 24 Lt thal hem RtLL Mild - - 57 57 2 41
11 66, F 32 Rt put hem LtLL Mild + - 57 57 2 24
15 65 M 33 Lt thal inf Rt UL Mild - - 33 33 2 25
16 48, M 11 Rt put hem LtLL Mild + - 65 19 4 12
24 51, F 46 Rtputhem LtLL & UL* Mild + - 57 57 2 12
30 71, M 82 Rt thal hem LtLL Mild + + 77 ND® ND® ND*

*This patient had less than 6 N months follow-up at the time of latest follow~up and was therefore excluded from long-term-

follow-up analysis.

*This patient had two electrodes implanted, but only results for the thoracic electrode are included in statistical analysis.
For PGIC : 2 = much improved ; 4 = no change ; 5 = minimally worse.
VAS : visual analogue scale, PGIC : patient global impression of change, M : male, F:female, Rt :right, Lt:left, put:
putaminal, thal : thalamic, hem : hemorrhage, inf : infarction, LL : lower limb, UL : upper limb, ND : not determined
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Figure 2. VAS pain scores for ten permanently implanted patients
No. 30 DBHEIZ 7+ 0—7 vy 7H6 A ALV T, BH 7+ 0 —REOBTH» B L BEHO
TAH—T v BT S VAS O EfIL 86 705 451
Baseline : HIBHi® VAS, Trial @ BN EEO VAS, After 1y : SCSHEBDAA I ERZRO 74T ~TF v 7

B VAS

PELN, EHRIRIZENTHWVATKAMDA
AEHLELI.

2) BHO740-7 v THRE (Figure 2)

RO+ —7 v 7T 1S No
30) X6ARBICTAU—=T v TR VDOT
R 7 + 0 —FFflid 53BN L7z RYO9E
BlEFEB28 7R 12~62HB) 7 41—
Ty THBETHo /., BT+ E—T v THFIC
7B VAS TERELZBRBEME (5EH
good, 2¥EH fair) HMFSMN7z. PGIC scale T
X 6 JEBIAT rank 2 (much improved), 1 FEH)
A rank 3 (minimally improved) T® - 7-.
7THEFISEFAHN 1 H 2~10 MoRE2@H LT
vz, Poor ERHEI SNz 2HERD S L, 1
#id rank 4 (no change), % 9 1JEMIZ rank

5 (minimally worse) T& - 72. 9 E Bl ©

NA>9UZv %7 Vol31No.2 (2010.2)

BIZET LA (p =0007).

VAS @ & [ {8 1X 86mm (70~ 100mm) 7 5
45mm (30~80mm) (p=0007) IZI&TF L7-.
9 REBI D VAS T HIF 415% (19~57%)
Tholz. TEHORY 7 + u—CRIF2KHE
PRONTVWIEETIE, FHVASKTERR
465% (30~57%) Td 7.

Poor LEFli L 7- 29EBI D 9 5, 1 EILRA
BoflSE L 0w, S LERERIESA SR
72 No. 2). BHl7+u—mid, FIEICES
paresthesia # AR EBE LT, BREIREIES
Mol 91 AN0EE (No. 16) X3k
B L CWEIICIE good & 3R & 7228,
T4 12 SCS DR RN WL L7z

fER L7208 D/85 A —%—1215~60V,
73V AR 210 pusee, JE WX 31Hz (10~
50Hz) ONAR—5—H#TH 5.
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2HEBI CEBOME DD T 2T CRHEARLLIA)
TNZH, EBRICIEEZER ol 71 a—
7y 7HIZ 1 R (No. 4) ATSCS & i3 1R
mERTIHRT L.

4) HERFBOMRERNR CERNFEOBR

FRCRBRR O BB AN R & ERIR IS B ORI
HELRHBHEGERWHE 2o 7 EIFHALDS
MEBITH DI & D poor FEIZBWT, good
ot far LD BZVHRDVDH P, AEE
hhol (p=0074).

3. % =
SCS i, Zh & CRAZEHBRIEMITH LT

WEENLR L, MEILVEZEZLNTE
729, AREFFAL, FEWIEPE O RIER O
BEICBWT, SCSHBRBMRERTI LR
s LIoBRAOWZEETH S, REBHIBIZBNT
i, WIEBOBBIERRERREZRLL
(Table 1). SS9 FEFIH 7 FEF D EE THF
Y28 HhH (6~62H7F) O7+u—7T v TH
BHICHEEZBEMEIE LN (Table 2).
Z D 7FERIH, 6 JEBNE rank 2 (much improved),
1 $E#1Z rank 3 (minimally improved) & PGIC
scale CEHEi s, FHD VASIKTIX 465% T
Holz.

BHEOWE TIX, FBSS BE D 80%0S, Bk
R T 0% L L OEBREAHOhL L&
TWw5Y, SEORKERRERIINT S SCS T
&, 50%DBEBEI 0% L EOBRBEMELRL,
30% 250% UL Lo BREMEEZRL, BED
FBSS BH KT 2B ROHEL VIS
MRERo LoL, BEREEREIIMmIE
FENRD %, HREFRET, BEREIELWI
keEzxbl, CORBEOHRBHRTHEET
HHEEZLND.

bitbhOMARY, #ED 2 OOMEHI

................................................................................

EHRBEERFICTTASCSHELRMEL TV
A9 BRUOBEITbIbhOMAIEL, 10
HEGIR 3EF T, REFHEIRESNATVS
A8 2HMBO®EL, HBEFTP IEFO AL
T60% L EOBREHRVPEMICE LN
bbb O T, 30% L LoBmEEET K
EMEE LTk, 30ERFGERT (F
VASIETEH515%) WMRDW L BBRIR L
g &z % D6 Bl id PGIC scale T
much improved Z EIRL7-. bhbhOHR
& Katayama & ® 51 R i, good L HIET 5
BEDENILIAZDDTHAE. EBUHEIBIEHERED
BIfLHET 2EHICHWT 52 v & RIEFF
LW, %< ORFRIZE VT 30% DB
PEELBRNGEL LTHEI N TWwAEY,
50% DBIFH RO ERIPLRM LV EDE LS
N5, Fhwz, BEORE T BEY 2 KL
OREFRED /2%, SCS o fj B #2823
TAEMELBNHE L Tz TR e E
ZAbhb,

YR ORE R REFOWRERL T a ~
WROHNTWS., MCSIEFBS0%IZEMNTH S
EHREINRTWS?, LA L, MCS IZBBED
ECHHRRIERICEONS. —F, SCSFH
BT, REBET, HMHENRE, B
ENBHEDOBMHEME 21T TR, REBHIE,
NA YY)y JETHHITTELY, otk
R B FHAIT AT, BRI SCS FABRH 5
BEPZFTANR T, ABHEASHER) & B
SN THERIHEICHRET LI LNTE
b5, bhvbholiskcid, MEE 2548 HES
O TV,

Bt ZE R 1208 OIEIF IR O A7 \ 3k~ TH B
2, BILVOEFFEEIECHT, IS
FREOERBHUICEIEL I EHXFHTD
510 RIEEA 2K % ¥ D paresthesia T
N—F5Z LD, SCSIHBBEI DO LERMET
HHDOT, SCSOZ—Fy rEeLTRRSh
TR THAZ EHNET LW, SEOK
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