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Fig.1 Flow chart of an implantable focal brain cooling system for intractable epilepsy.

ECoG; electroencephalogram.

ply, EEG detection system, and thermometer
are also required. However, precision devices
and micro-electromechanical technology have
made remarkable advances that are likely to
facilitate development of micropumps, micro-
batteries, and microcharging systems. The
continuing development of this equipment
suggests that an implantable local cooling
system may become available in the near fu-
ture.

Proposal for “thermal neuromodulation”

In this review, we discussed brain cooling
for treatment of intractable epilepsy. Howev-
er, clinical demand for a focal-cooling device
will not be limited to the epileptic field; other
potential applications include treatment
of cerebrovascular diseases in post-stroke
rehabilitation,®® neurotrauma,® and pain,”
all of which depend on “thermal modulation”
of neuronal excitability. Therefore, thermal
neuromodulation has considerable potential
as a new therapy for serious neurological dis-

orders.
Conclusion

Focal brain cooling terminates EDs and
modulates seizures. These findings have pro-
moted development of implantable focal cool-
ing devices with a closed-loop system (seizure
detection and focal cooling) for use in neuro-
modulation. However, several hardware com-
ponents of these devices require optimization
before clinical use can be considered.
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Fig. 1 The placement of the probe and relations of ROIL Using the 3 5 unit probe folders, medial inferior probe

was Jocated at Fp1 and Fp2, and external inferior probe was located at superior region of the ear (T3 and
T4). And we set six places of ROI to show in the figure. The point B was marked on the top of equilateral
triangle, and supposed to be introductive of area 45, The triangle was plotted as the prior literature™,
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Fig. 2 2D images of optical topography based on Oxy-Hb dur-
ing task accomplishment. The figure shows the 2D opti-
cal topography images of all patients with maximum
Oxy-Hb value after integral analysis. It is difficult to
determine the dominancy at a glance of these pictures.
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Fig. 3 'The 3D fusion image of optical topography based on
Oxy-Hb and MRI during task accomplishment. The case
is a 41 year-old male with right internal carotid giant
aneurysm (determination: left dominant; LI=0.94). The
figure shows the 3D optical topography images of the
typical patient with maximum Oxy-Hb value after integral
analysis. The cerebral blood flow (CBF) increase at
ROIs 3, 5 and 6 where were close to the area 45.
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Fig. 4 The agreement situations of each case between Wada
test and optical topography. X-axis direction indicates
the results of Wada test, Y-axis indicates LI values. The
green bar indicates agreement of the optical topography
and Wada test, the red bar indicates mismatch, and blue
bar indicates inability case of Wada test.
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Fig. 5 The cerebral blood flow evaluation of the case with
determination mismatch. The case is a 50 year-old
female with arterio-venous malformation (AVM) adja-
cent to the area 45. 5-A: An abnormal blood vessels are
located adjacent to the area 45. 5-B: The CBF increases
at the area of AVM, 5-C: The CBF after acetazolamide
administration has been enhanced at the area of AVM.
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Non-invasive determination of language dominance with optical topography:
comparison with the intracarotid amobarbital procedure

1,2
Yutcu: Maruta” ?, Masami Fumn™ 2, Sapasiiro Nomura™ ?, HirocHixa Imoto™-?,

Fumax: Oxa®, MaxoTo Iecucui”, Kourcki Yostikawa?, HirosHi YONEDA”,

1),
Hipevuki Isumara”, Takesui Yamakawa? 2, Micivasu Suzuki”?

1) Department of Neurosurgery, Yamaguchi University School of Medicine

2) Consortium of Advanced Epilepsy Treatment (CADET)

3) Department of Brain Science and Engineering, Graduate School of Life Science
and Systems Engineering, Kyushu Institute of Technology

Background; During neurosurgical treatment, it is extremely important to localize of
cerebral function to preserve cerebral function and maintain the quality of life of the
patients. Recently, hemispheric dominance for language has been assessed using the Wada
test in which amobarbital is injected into the carotid artery. However, this is an invasive
technique with considerable risk of complications. Herein, we attempted optical topography
(OT) along with the findings of the Wada test.

Methods; Eleven patients who underwent craniotomy in this hospital were tested with
optical topography during a word generation task. These patients included 3 patients with
cerebral aneurysms, 6 with brain tumor, 1 with epilepsy, 1 with cerebral arteriovenous
malformation, who were from 13 year to 81 years of age, and comprised of 7 men and 4
women.

Word generation task: Each subject was given 15 seconds to write down as many words
as possible, beginning with a randomly presented letter on a computer monitor. In between
presentation of letters, subjects were instructed to focus on copying a picture for 30
seconds during which the NIRS baseline was established.

NIRS measurements: We measured the relative changes in oxygenated (Oxy-Hb)
deoxygenated hemoglobin (deoxy-Hb) and total hemoglobin, which were calculated by
combining the two parameters following collection of NIRS data (ETG-7100; Hitachi
Medical Corporation, Tokyo, Japan) during performance of the Word generation task. We
subsequently used a region of interest (ROI) and laterality index (LI). Six ROIs were set to
determine the useful ROI, and the agreement rate with the Wada test was calculated. The
LI, for Oxy-Hb was calculated from L and R, the sum of the concentrations for the activated
ROIs over the left and right inferior frontal regions bilaterally, according to the following
formula: LI= (I —=R)/(L+R). The LI ranged from — 1 to 1, where a positive value (0.26 to
1) indicated left language lateralization and a negative value (~1 to —0.26) indicated right
language lateralization. A value between —0.25 and 0.25 inclusively was considered to
reflect bilateral language dominance.

Results; The results indicated a high agreement ratio in ROI 3, 5, and 6, of which 5 and 6
were included in ROI 3. We subsequently determined the language dominant hemisphere
from the foregoing ROI and LI. The results based upon the optical topography were eight
left-sided predominance, right predominance in two, and one case of bilateral predomi-
nance. Meanwhile, the results of Wada test were eight left-sided predominance, one case
each of right and bilateral predominance, and inability to determine in one. The agreement
between the techniques was 90% (9/10 case). One evaluation that was impossible by
determination using Wada test was possible.

Conclusions; Therefore, this study demonstrates that OT is a feasible clinical application
for the identification of the language dominant hemisphere.

Key Words : near-infrared spectroscopy, optical topography, Wada test, language domi-
nance, non-invasive measurement
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o Epileptic discharges (EDs) in superficial layers were induced with penicillin G.
o Focal brain cooling preferentially terminated the faster frequency components of EDs.
o Frequency analysis demonstrated that cooling below 25 °C may be an effective treatment for epilepsy.

Keywords:
Epilepsy
Penicillin G S 5 ; g . . PR
Foeal Eacling Objective: The goal of the study was to investigate the effects of focal brain cooling on epileptic dis-

Rat charges (EDs) and background rhythms in the sensorimotor cortex of anesthetized rats using spectral
Frequency analysis of electroencephalography (EEG).
Methods: Penicillin G was administered intracortically into superficial layers of the left sensorimotor cor-
tex and EDs were induced. Focal brain cooling was achieved using a cooling device attached to the cortical
surface. The cortical surface was cooled to 25 °C, 20 °C and 15 °C, and EEG was continuously recorded just
beneath the cooling device. EEG spectral powers were determined using fast Fourier transform before and
during cooling.
Results: Penicillin G induced EDs and increased the Alpha and Beta power spectra. Cooling suppressed
EDs with an effect that depended on the brain temperature. Cooling to 25 °C attenuated Beta powers,
cooling to 20 °C attenuated Alpha and Beta powers, and cooling to 15 °C suppressed spectral powers
ranging from Delta to Beta bands.
Conclusions: These results suggest that focal brain cooling can terminate EDs in the cortex and suppress
spectral powers with a temperature-dependent effect.
Significance: These findings may contribute to development of a new clinical treatment for patients with
epilepsy.
© 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

ABSTRACT

1. Introduction 1956; Ommaya and Baldwin, 1963; Sartorius and Berger, 1998;

Yang and Rothman, 2001; Rothman, 2009). Our previous studies

Epilepsy is a neurological disorder characterized by recurrent
brain abnormalities that result in seizures and can be detected
by electroencephalography (EEG). Epilepsy is usually treated with
medication, but approximately one-third of epilepsy patients do
not attain seizure control (Guidelines for epidemiologic studies
on epilepsy, 1993). Surgical treatment is also used, but is not al-
ways successful. Brain cooling has been proposed for suppression
of epileptic discharges (EDs) for over 50 years (Baldwin and Frost,

* Corresponding author. Tel./fax: +81 8366 22 2211.
E-mail address: h-kida@yamaguchi-u.ac.jp (H. Kida).

demonstrated that use of a focal brain cooling device could sup-
press EDs induced by cerebral infusion of kainic acid without caus-
ing histological damage in rats (Imoto et al., 2006; Oku et al., 2009).
However, little is known about the profile of the EEG frequency
spectrum during suppression by focal brain cooling.

Experimental epilepsy induced by penicillin is a classical model
of epileptic activity mediated by GABA A receptor antagonism
and has been widely used in animal experiments (Schwartzkroin
and Prince, 1977; Chen et al., 1986; Fisher, 1989; Bertsche et al,,
2010). Recently, it was reported that intracerebroventricular
(i.c.v.) infusion of penicillin G potassium shifted the EEG spectral

1388-2457/$36.00 © 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2012.02.074
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distribution from slow to fast frequency bands (Canan et al., 2008).
In this study, we investigated whether focal brain cooling at differ-
ent temperatures can attenuate EDs of any frequency.

2. Methods

Male Sprague-Dawley rats (body weight 500-600 g, Chiyoda.
Kaihatsu, Japan) were housed in individual plastic cages (L 40 cm,
W 25cm, H 25cm) at a constant temperature (22 °C) under a
12-h light/dark cycle with access to water and food ad libitum.
The animals were 11-12 weeks old at the start of the study. All
experiments were performed according to the Guidelines for
Animal Experimentation of Yamaguchi University School of
Medicine.

2.1. Preparation

The animals were anesthetized with urethane (1.25 g/kg, i.p.).
Lidocaine, a local anesthetic, was applied at pressure points and
around the area of surgery. After the initial surgery, the animals
were fixed in a stereotaxic apparatus (SR-6, Narishige Co., Tokyo,
Japan). Body temperature was maintained at 37 + 1 °C with a heat-
ing pad (BWT-100, Bio Research Center Co., Japan). The depth of
anesthesia was monitored throughout the experiment by testing
for reflexes and monitoring changes in heart rate in response to tail
pinching.

A PG injection

4qmV

1709

2.2. Epilepsy model

Penicillin G potassium (Sigma, Japan) was dissolved in 0.9%
saline at a concentration of 400 [U/pl. A rectangular opening (4 x
10 mm) in the cranium was made above the left sensorimotor cor-
tex to allow insertion of a guide cannula and placement of the cool-
ing device (a Peltier chip with a heat sink) (Imoto et al., 2006) on
the dura-arachnoid membrane. A thin thermocouple (IT-24, Phys-
itemp, Japan) was placed between the Peltier chip and the brain
surface. A small slit in the dura was made and the injection cannula
(0.4 x 19 mm, NN-2719S, Terumo, Japan) was inserted at a depth
within 1 mm from the brain surface. Penicillin G was administered
into the left sensorimotor cortex for 5 min at a rate of 5 pl/min (to-
tal 2000 IU). Administration was performed via a 10-pl Hamilton
syringe (MS-10 type, Ito Corp. Fuji, Japan) attached to a microinfu-
sion pump (ESP-64, Eicom, Japan), after the dura-arachnoid mem-
brane had been carefully incised at the point of entry of the needle.
The stereotactic coordinates relative to the bregma were 1 mm
(posterior) and 3 mm (lateral).

2.3. Electrophysiological recording

Continuous EEG recordings were made during each experiment,
as previously described (Imoto et al., 2006). An Ag/AgCl electrode
for recording EEGs (Unique Medical Co., Fukuoka, Japan) was
positioned stereotactically on the cortical surface at the left
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Fig. 1. (A) An example of epileptic discharges produced by intracortical administration of penicillin G. Bars indicate durations for EEG spectral analysis pre- and post-
penicillin injection (arrow), respectively. EEG traces (right). (B) FFT analysis. (C) Spectral profiles of epileptic activity (n = 5, mean * SE) pre- (black) and post- (gray) penicillin
injection. (D) Average EEG power (n = 5, mean  SE) pre- (black) and post- (white) penicillin injection for each frequency band. *P < 0.05 (paired t-test).
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sensorimotor cortex, just beneath the cooling device. A reference
electrode was inserted in the neck muscle and EEGs were recorded
continuously by a digital electroencephalograph (GE Healthcare,
Japan). An ED was determined as a sharp wave with a duration
<70 ms (Chatrian et al., 1974). The conditions for recording EEGs
were time constant: 0.3 s; high-frequency filter: 10 kHz; notch fil-
ter: on.

2.4. Cooling conditions

We previously reported that cooling the cortical surface to 15 °C
increased the latency for withdrawal in limbs contralateral to the
cooling cortex in thermal withdrawal tests (Fujioka et al., 2010),
suggesting that cooling below 15 °C induces sensorimotor dysfunc-
tion. Therefore, the temperatures targeted by the focal brain cool-
ing device were 25 °C, 20 °C, and 15 °C.

2.5. Data analysis

Before induction of EDs, EEGs were obtained for 1 min within
the first 3 min as basal activity. EEGs during EDs were recorded
for 1 min when the amplitude reached a supramaximal level. In

H. Kida et al. /Clinical Neurophysiology 123 (2012) 1708-1713

cooling, fast Fourier transform (FFT) analysis was performed for
spontaneous discharges for the first 1 min after the cortical tem-
perature reached the target value. The sampling rate of the EEG
recording was 2000 Hz. Frequency analyses were performed using
FFT (one epoch of 100 s) with a Hamming window. After FFT, the
absolute band power was calculated for prominent EEG spectral
bands (Delta: 1-4 Hz, Theta: 4-9 Hz, Alpha: 9-14 Hz, Beta 1: 14-
24 Hz and Beta 2: 24-30 Hz).

2.6. Statistical analysis

All results are expressed as means + standard error of the mean.
For spectral analysis, a paired t-test was used for comparison of
pre- and post-drug injection or non-cooling and cooling data. The
level of significance for all analyses was set at P < 0.05.

3. Results

First, we investigated the changes in the power spectrum after
penicillin G injection. A typical example of EDs induced by penicil-
lin G is shown in Fig. 1. No EDs were observed prior to injection. At
30 min after drug injection, the amplitude of EDs began to increase
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Fig. 2. (A) An example of a change in epileptic discharge (top) with the temperature of the cortical surface (bottom) controlled at 25 °C. The bar indicates the duration of EEG
spectral analysis after focal cooling. EEG traces (right). Note that the decreased spectral power recovered to the level before focal cooling. (B) FFT analysis. (C) Spectral profiles
of pre- (black) and post- (gray) cooling treatment for epileptic activity (n =5, mean + SE). (D) Average EEG power (n = 5, mean + SE) pre- (black) and post- (white) cooling for

each frequency band. *P < 0.05 (paired t-test).
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Fig. 3. (A) An example of a change in epileptic discharge (top) with the temperature of the cortical surface (bottom) controlled at 20 °C. The bar indicates the duration of EEG
spectral analysis after focal cooling. EEG traces (right). (B) FFT analysis. (C) Spectral profiles of epileptic activity (n =5, mean # SE). (D) Average EEG power (n =5, mean * SE)
pre- (black) and post- (white) cooling for each frequency band.*P < 0.05 (paired t-test). Other notations are the same as those in Fig. 2.

and lasted at least 1h (Fig. 1A). The mean ED rate was 0.64 +
0.07 Hz. There was a significant increase in the number of EDs
per min between pre and post-drug infusion (P < 0.01). To quantify
the frequency profiles, the power spectrum was calculated by FFT
analysis for all animals (n=5). A power distribution within 10 Hz
was predominant during pre-treatment, while the distribution
shifted toward faster frequency bands after injection of penicillin
G (Fig. 1B and C). There was a significant increase in spectral power
for the Alpha wave (pre 0.002 + 0.0002 vs. post 0.037 +0.012 mV?)
and Betal wave (0.001%0.0002 vs. 0.032 +0.015mV?) bands
(Fig. 1D, P<0.05). To investigate the frequency components in
the EDs, FFT analysis was performed for each ED. Wave bands other
than the Delta wave exhibited significant increases (Theta wave,
5.7 times; Alpha wave, 22.6 times; Betal wave, 12.2 times; Beta2
wave, 5.2 times).

Focal brain cooling was performed after adequate EDs were
observed. Compared with pre-cooling, EDs were weakly and
insignificantly suppressed by cooling to 25 °C (pre 0.68 +0.07 vs.
post 0.63 + 0.09 Hz, P = 0.44; Fig. 2A); moderately but significantly
suppressed at 20°C (0.70+0.01 vs. 0.59+0.06 Hz, P<0.05;
Fig. 3A); and completely attenuated at 15 °C (0.62 + 0.01 vs. 0.47 +
0.06 Hz, P < 0.05; Fig. 4A). The temperature of the cortical surface
was maintained at 34 °C before cooling and decreased to the target

temperature within 3 min in all cooling protocols (Figs. 2A, 3A,
and 4A).

To examine changes of EEG frequency during cooling, FFT anal-
yses were performed, as shown in Fig. 1B. We verified that the
changes in spectra were reversible (Figs. 2B, 3B and 4B). At 25 °C,
only the Betal band was significantly suppressed (pre 0.033 £
0.009 vs. post 0.011+0.006 mV? P<0.05; Fig. 2C and D). At
20°C, the Alpha band (0.059 +0.001 vs. 0.013 #0.006 mV?) and
Betal band (0.028 + 0.004 vs. 0.004 * 0.002 mV?) were significantly
suppressed (P < 0.05, Fig. 3C and D). At 15 °C, every spectral band
was significantly suppressed (P < 0.05, Fig. 4C and D).

4. Discussion

This is the first study to use frequency analysis to investigate
the effects of focal cooling in rats with EDs. The results are
summarized as follows: (1) penicillin G increased faster frequency
components (Alpha range: 9-14 Hz; Beta range: 14-30 Hz), (2)
cooling the brain to 25 °C suppressed the Beta EEG bands, (3) cool-
ing the brain to 20 °C suppressed not only the Beta EEG bands but
also the Alpha EEG bands, and (4) cooling the brain to 15 °C sup-
pressed both the fast and slow frequency EEG bands.
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Fig. 4. (A) An example of a change in epileptic discharges (top) with the temperature of the cortical surface (bottorn) controlled at 15 °C. The bar indicates the duration of EEG
spectral analysis after focal cooling. EEG traces (right). (B) FFT analysis. (C) Spectral profiles of epileptic activity (n =5, mean + SE). (D) Average EEG power (n =5, mean * SE)
pre- (black) and post- (white) cooling for each frequency band.* P < 0.05 (paired t-test). Other notations are the same as those in Fig. 2.

The spectral shift from slow to fast frequency induced by pen-
icillin G was responsible for disinhibition of synchronous firing
activity in the cortex, consistent with previous studies (Canan
et al.,, 2008). Penicillin G was infused into the superficial layers
through a small slit in the dura, after which the drug gradually
diffuses into deep layers within 15 min (Ludvig et al.,, 2008). How-
ever, the origin of faster frequency components was not consid-
ered to be due to hyperactivity in deep layers. This is because
i.c.v. infusion in a previous study (Canan et al., 2008) and intracor-
tical administration in this study induced faster frequency compo-
nents in Alpha and Beta wave bands, while GABA A receptor
disinhibition with bicuculline in neocortical layer V generates dis-
charges of at most 1Hz (Castro-Alamancos, 2000). Therefore,
induction of faster frequency components may be organized in
superficial layers.

In this study, the cooling device predominantly reduces the
temperature in superficial layers, since a previous study showed
that there is a temperature difference of approximately 5° between
the cortical surface just under the cooling device and deep layers
(Oku et al., 2009). Therefore, mild cooling at 20 °C could terminate
Alpha waves in the cortex, while 25 °C cooling suppresses only
Beta wave bands. Because 15 °C cooling suppressed neuronal activ-
ity in the subcortex, there may be a faster frequency of neuronal
networks in the cortex than in the subcortex. The exact mechanism
of the antiepileptic effects of focal brain cooling has not been

elucidated. However, we have obtained preliminary results (Fujii
et al., 2011) that suggest that reductions of metabolism, cerebral
blood flow and glutamate release are involved in termination of
seizures, in addition to suppression of synaptic transmission (Eilers
and Bickler, 1996) and/or the difference of activity in response to
cooling between pyramidal neurons and inhibitory interneurons
(Motamedi et al., 2012).

In the rat sensorimotor cortex, including the barrel cortex,
there are widespread horizontal excitatory connections among
functional columns in layers II/lll and V/VI (Feldmeyer et al.,
2002; Petersen et al., 2003). Our previous study demonstrates even
cooling to 15 °C above brain surface cannot decrease the tempera-
ture below 20 °C in layers V/VI (Fujii et al., 2012), suggesting that
the effect of focal cooling on termination of ED is within layers
[I/IIl. 1t is reasonable to assume that even cooling at 25 °C can
terminate the conductance of faster frequency EEGs along layers
[I/111, although we did not record an EEG from each layer directly.
Accordingly, axons in layers [I/lll may be involved in routes for
propagating EDs. In addition, maintenance of the temperature of
the cooling site at 20°C caused significant suppression of the
amplitude of the EDs. Our results are also consistent with reports
showing that the optimum temperature of the cortical surface for
terminating seizures is approximately 15-25°C (Yang et al,
2002, 2003; Fujioka et al., 2010). A recent study demonstrated that
focal brain cooling from 20 to 15°C did not suppress normal

—334—



H. Kida et al./Clinical Neurophysiology 123 (2012) 1708-1713 1713

function (Fujii et al., 2012). Therefore, we conclude that focal brain
cooling to at least 20 °C does not affect normal EEG activity.

High EEG frequency spectra (>30 Hz) did not appear in the cur-
rent study, in contrast to experiments performed under arousal
conditions (Buzsaki et al., 1988; Bragin et al., 1999). Additionally,
epileptic seizures were not observed, in contrast to a recent report
using a similar method (Rothman, 2009). Our method differs from
those previous studies in that we selected a stable and prolonged
urethane anesthesia. Nevertheless, we considered that the ob-
served epileptic discharges in our study were interictal (Holmes
et al., 1987; de Guzman et al., 2010), although induction of seizure
may depend on the degree of anesthesia. These disagreements are
due to the limitation of performing experiments in anesthetized
animals, and further work is required to test the effects of cooling
in free moving rats established in our laboratory (Fujioka et al,,
2010; Fujii et al., 2012). A recent study demonstrated that high fre-
quency oscillation is linked to seizure onset (Bragin et al., 2010),
and therefore it is possible that focal cooling at a suspected epilep-
togenic focus can terminate EDs and seizures.
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+ We advocate a new method for lower-limb motor evoked potential (MEP) monitoring.
o This method is available in the supratentorial surgery.

o Lower-limb MEPs were consistently recorded by direct cortical stimulation.

e Optimal stimulation site was 2 cm lateral from the midline on the motor cortex.

o This monitoring technique can be applied to standard pterional craniotomy.
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ABSTRACT

Objective: Motor-evoked potentials (MEPs) are commonly recorded from upper-extremity muscles,

whereas lower-extremity MEP (LE-MEP) monitoring has not been adequately established. The goal of

the study was to develop a MEP monitoring method using direct cortical stimulation (DCS) for predicting

motor deficits of lower extremities.

Methods: Intra-operative LE-MEP monitoring was performed in 22 patients. After craniotomy, a subdural

electrode was placed on the cortex so that the optimal contact was positioned 2 cm lateral from the mid-

line on the motor cortex. The electrodes for stimulation consisted of a cathode at Fpz and an anode at the

optimal contact site on the motor cortex. After stimulation was performed with short trains of five stim-

uli, LE-MEPs were recorded from the lower-limb muscles.

Results: LE-MEPs were consistently recorded in all patients. Disappearance or amplitude reduction of

MEP waveforms was observed in five patients, but the MEP waveforms had recovered and remained at

the control level by dural closure, and no permanent motor deficit was observed in any patient.

Conclusions: We accomplished LE-MEP recording during supratentorial surgery using monopolar DCS

with a subdural electrode placed on the convex side of the motor cortex.

Significance: A useful method of intra-operative LE-MEP recording was described.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction muscles or the spinal cord at the cervical epidural space (the so

called D-wave) after transcranial electrical stimulation or direct

Intra-operative monitoring of the motor evoked potential (MEP)
has become common during neurosurgical procedures to avoid the
occurrence of motor deficit, especially following the manipulation
of the peri-rolandic area (Burke and Hicks, 1998; Kombos et al.,
1999, 2001, 2009; Sala et al., 2007; Sloan et al., 2008; Suzuki et al.,
2003; Szelényi et al., 2005; Tanaka et al.,, 2007; Taniguchi et al.,
1993). The MEPs are commonly recorded from upper-extremity

* Corresponding author. Address: Department of Neurosurgery, Yamaguchi
University School of Medicine, 1-1-1 Minamikogushi, Ube, Yamaguchi 755-8505,
Japan. Tel.: +81 836 22 2295; fax: +81 836 22 2294.

E-mail address: masfujii@yamaguchi-u.ac.jp (M. Fujii).

stimulation of the motor cortex (Cedzich et al., 1996; Chen et al.,
2007; Fujiki et al., 2006; Journée et al., 2007; Kaneko et al., 1988;
Krammer et al., 2009; Nagle et al., 1996; Rothwell et al., 1994; Suzuki
etal., 2003; Szelényi et al., 2005, 2007a,b; Szelényi et al., 2010; Tan-
iguchi et al., 1993; Yeon et al.,, 2010). Recently, MEP monitoring
using direct cortical stimulation (DCS) has been recommended for
supratentorial surgery, because transcranial stimulation may stim-
ulate the motor tracts deep to the motor cortex and therefore miss
ischaemia in the cortical region (Rothwell et al., 1994).

The hand area of the motor cortex is usually selected as a DCS
site when recording MEPs with DCS (Chen et al., 2007; Neuloh
and Schramm, 2004a; Neuloh et al., 2007). However, this monitor-

1388-2457/$36.00 © 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2011.09.025
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ing method is difficult for detecting blood-flow insufficiency in the
anterior cerebral artery (ACA) during aneurysm surgery or motor
deficit of the lower extremities during procedures for peri-rolandic
tumour resection, Furthermore, the few studies of MEP monitoring
of the lower extremities have indicated a low success rate of mon-
itoring (Neuloh and Schramm, 2009; Szelényi et al., 2005). There-
fore, we herein describe a useful monitoring method using DCS
for predicting motor deficits of the lower extremities. The method-
ology and results of intra-operative monitoring of the lower-
extremity MEP (LE-MEP) are described in this technical study.

2. Clinical material and methods

All protocols were approved by the Yamaguchi University Ethi-
cal Review Committee. Written informed consent to intra-opera-
tive monitoring and surgical procedures was obtained from each
patient or their legal guardian.

2.1. Patient population

Intra-operative LE-MEP monitoring was applied to 22 consecu-
tive patients (nine males and 13 females) ranging in age from 40 to
85 years (mean 63.0 + 10.8 years). These patients were undergoing
surgical procedures for aneurysms of the ACA territory and for
brain tumours that were adjacent to the primary motor cortex
for the lower extremities. Ten patients had an anterior communi-

1249

cating artery (AcomA) aneurysm, four had an ACA aneurysm, three
had an internal carotid artery (ICA) aneurysm, one had a middle
cerebral artery (MCA) aneurysm, three had meningiomas and one
patient had a glioblastoma. The backgrounds and symptoms of
the patients are summarised in Table 1.

2.2. Neurophysiological monitoring methods

2.2.1. Placement of subdural electrodes for cortical stimulation

We applied LE-MEP monitoring for three types of craniotomy: a
standard pterional craniotomy, a bifrontal craniotomy and a crani-
otomy in the range of which the motor cortex was exposed.
Depending on the location of craniotomy, the placement of sub-
dural electrodes for DCS was arranged as follows. In a standard
pterional craniotomy for ICA, MCA and AcomA aneurysms, ‘Cork-
screw’ electrodes (CS electrodes; Nicolet Biomedical, W1, USA) were
placed at the Cz' of the International 10-20 System on the scalp
(2 cm posterior from the midpoint of the nasion-inion line) and
C3/C4 of the International 10-20 System (approximately 7-
7.5 cm lateral from the midline on the central sulcus line) as land-
marks for the insertion of a subdural grid and were also used as
stimulation sites before craniotomy for recording of MEPs. After
the craniotomy, a 3 x 4 grid electrode (12 contacts, each 5 mm in
diameter with a 10-mm centre-to-centre inter-electrode distance;
Unique Medical Co. Ltd., Tokyo, Japan) was subdurally inserted to-
ward C1/C2 of the International 10-20 System and between the two

Table 1
Background, stimulus parameters, MEP changes during surgery and postoperative outcome in 22 patients.
Case  Age/  Diagnosis Symptoms/signs Stimulation MEP change during  Postoperative de novo motor
no. sex Intensity Duration  Sureery deficit (duration)
(mA) (ms)
1 40/M  ICA thrombosed giant No 23.0-266 1 Disappeared for Recovered (35 days)
aneurysm 30 min
2 44/M  SAH, AcomA aneurysm Headache 14.5-165 05 No change No
3 52/F  SAH, ICA-AchA Headache/vomiting 18.0 05 No change No
aneurysm
4 52/F SAH, AcomA aneurysm Headache/vomiting/ 18.0-22.0 05 No change No
consciousness disturbance
5 53/F  Parietal glioblastoma Left clumsy hand/left sensory 19.0 0.5 No change No
disturbance
6 56/M  Frontal parasagittal Partial seizures of right fingers 19.0 0.5 No change No
meningioma
7 56/M  Frontal falx meningioma No 21.0 0.5 No change Transient (8 days)
8 59/F  SAH, AcomA aneurysm Headache/vomiting 125 0.5 Disappeared for No
8 min
9 62/F  Unruptured AcomA No 225 05 No change No
aneurysm
10 62/M  SAH, ApomA aneurysm Headache/vomiting/ 155 05 No change No
consciousness disturbance
11 65/F SAH, AcomA aneurysm Headache/consciousness 16.0 05 No change No
disturbance
12 66/F  SAH, AcomA aneurysm Consciousness disturbance 16.0-17.0 1 No change No
13 67/M  SAH . AcomA aneurysm  Headache 20.0 0.5 No change No
14 68/F  Unruptured AcomA No 203 0.5 No change No
aneurysm
15 69/M  SAH, distal ACA Headache/vomiting 235 0.5 20-50% reduction for No
aneurysm 15 min
16 70/F  Frontal parasaggital Right hemiparesis 20 0.5 No change No
meningioma
17 70/F  Unruptured ICA-PcomA  No 205 05 No change No
aneurysm
18 72/M  ACA thrombosed giant Disorientation/left hemiparesis 20.0-220 1 Disappeared for Recovered (26 days)
aneurysm 20 min
19 72{F  SAH, distal ACA Headache 30.0 05 80% reduction for No
aneurysm 90s
20 72/M  SAH, AcomA aneurysm Headache/vomiting 20.0 0.5 No change No
21 76/F  SAH, distal ACA Headache 16.0 05 No change No
aneurysm
22 85/F  SAH, MCA aneurysm Headache 24.5 0.5 No change No

ICA; internal carotid artery, SAH; subarachnoid haemorrhage, AcomA; anterior communicating artery, ACA; anterior cerebral artery, AchA; anterior choroidal artery, PcomA;
posterior communicating artery.
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