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Bibliographic survey of the clinical application of
magnetoencephalography (II): stroke
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YUPAKAWATANAB Isao H}‘S!-HMO’PO

1) Department of Neurosurgery, Osaka City Umvemty Graduate School of Medicine

2) Department of Neurosurgery, Asahikawa Medical University i

3) Department of Epileptology, Tohoku University

4) Depariment of Radiology, Osaka City University Graduate School of Medicine

5) Faculiy of Health Sciences, Aomori University of Health and Welfaze

6) Integrated Neuroscience Research Project, Tokyo Metropolitan Institute of Medical
Science

7) Department of Neurosurgery, Osaka University Graduate School of Medicine

8) Nishi-Niigata Chuo National Hospital

9) Department of Psychiatry, Osaka University Graduate School of Medicine

10) Department of Pediatrics, Hokkaido University Graduate School of Medicine

11) National Center Hospital, National Center of Neurology and Psychiatry

12) Kanazawa Institutes of Technology

Measuring local cerebral blood flow and metabolism by various mapping methods such
as positron emission tomography or perfusion computed tomography helps us to evaluate
detailed fanctions of brain areas containing a focal ischemic lesion, but does not necessarily
represent neural activities of the areas. Scalp electroencephalogmphy (EEG), reflecting
volume-conducted neural activities, demonstrates that slow wave activity is dominant in an
acute ischemic cerebral region; but, this technique presents major problems with the fack
of. abjecuve indices for brain funictions and low spatial resolution. Magnetoeucepha!ogmphy
(MEG), an important new method in neuroscience to directly detect neural activities with
high spahai resolution, has been applied in stroke patients. However, the usefulness of
MEG for assessing neural activities in an ischemic brain area has notbeenﬁﬂyamb‘ﬁshed
as yet. The present study reviewed MEG studies of cerebral stroke using internet searches
of the bibhography to identify scientific evidence for the clinical effectiveness of MEG. We
searched for strokerelated manuscripts published before July 2010 on MEDLINE using
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the keywords (stroke OR cerebral ischemia) AND (MEG OR magnetoencephz!ography)
and retrieved 58 papers. We narrowed the search to 25 papers based on the levels of
evidence and abstract contents. Then, we selected 12 papers with evidence level higher
than 2 to assess the clinical utility of MEG. Mastpapemstr&ss&dﬁxechmcalus&ﬁﬂn&csof
MEG, but a few claimed the superiority of MEG compared to EEG for the diagnosis or
treatment indication for ischemic conditions, Therefore, more objective analysis of MEG
findings in ischemic conditions is needed for future development.

Key Words : magnetoencephalography, stroke, bibliographic survey
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Visualization of a Functional Visual Cognition Network by Electrocorti-
cogram

Kyousuke Kamada, M.D.”, Naoto Kunii, M.D.?, Takahiro Ota, M.D.”, Kensuke Kawai, M.D.?, and
Nobuhito Saito, M.D.?

1) Department of Neurosurgery, Asahikawa Medical University, 2) Department of Neurosurgery, The University of Tokyo, 3)
Department of Neurosurgery, Tokyo Metropolitan Tama Medical Center

In order to better interpret spatial and temporal changes on electrocorticograms (ECoG) taken during seman-
tic tasks, we developed software to visualize semantic-ECoG dynamics on individual brains. Twenty patients
with intractable epilepsy underwent implantation of subdural electrodes (more than 80 channels) bilaterally.
Semantic-ECoGs were then recorded during word, figure and face recognition tasks. The ECoG raw data was
processed by averaging and time-frequency analysis and the functional profiles were projected on individual brain
surfaces. Acquired ECoG was classified by Support Vector Machine and Sparse Logistic Regression to classify
brain signals evoked by different stimuli. Because of electrode location variations, we normalized the ECoG
elecrtrodes using SPM8. The basal temporal-occipital cortex was activated within 250 msec after visual object
presentations. Face stimulation evoked significantly higher ECoG amplitudes than other stimuli. The prediction
rate of ECoG—classification reached 90%), which is sufficient for clinical use. Semantic-ECoG is a powerful tech-
nique to detect and decode human brain functions.

(Received September 25, 2012 ; accepted October 10, 2012)

Key words : electrocorticogram, ECoG, epilepsy, language, normalization
Jpn J Neurosurg (Tokyo) 22 :178-184, 2013
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B MINERER 5 2B I ENTEB LY IR, X
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68% TIHARME, 24%VWE L RIFLERMF LT
29, L L, WEMIEERETADANSOEGICI3EL
DFEMEBACONTVEE, TALAERDREDS
FHOLODFMIRIIZIEIETH VY, ZORETE
TADAE, HEREPERICEAEOTWEED, %
DOFRE, b N REBRERERHO AR TBEIET, kY
MRS ONENTE L 25, SHEHEED DI
EEPBERAEEFNCL S A 2RO IEERBELEE
THIERE, BHEEIIOEBEL -HEENEEL2 TA
PAFFIRORAE, BLUOMEEERHMIC X 3 SEE
By CrAIBRELTW S,
FEHCTREZENERE AL T I R REIN I
K DERI NI MEEEN (electrocorticogram : ECoG)
BRI A C Lick D, SEEEREOESLERAL,
x DBEEICBWTEHE SN ECoG DR - 2Ry
JEAS) B EARICRE T 2 2 LTS F 27 A2
B L7, &5 EB O BB E Vv CERER
ECoG RIBD 7 5 AT ISR LY, & bRz ME
BoMmEEak, Tk, BERNCHBEBEMBICES
DEDDH B, BEERIT ECoG BIEAL BT % Ak -
BELLY. Ziuck hIRER RICERE D ECoG DI
MW BEZHE L. chozfladbe sl iz
kY, SERETORE, BXUCHENZTEM ECG K
JEFAF 27 ADOBITEZHEFE L O THET S,

WRBKUFE

PO

BJNERIRE, 8L UBHEREESTHBRRICE Y
TEIRMET AP ANBEEO - O ICEERNEH 2 HE L
72 20 iR WgIc L7z, BEOWNRIEL, HMEETCA»A
16 i, BIEEETADA 3G, BEETA»A 1HTH-
7o, BEFEEIE 324103 RTHD, Bz o 11T
B o7z, A Wada test 2 HE1T L B REEMFIR, EEEM
AIR (EEEME, HWEW) 2RELZ. £ 710 WAIS-
R, WMS-R % &fICHE{T LSRRl 2 To 2. &
WRSBINERREREZES (KRES 603, T 22
F£7HI12H) kD EREINL,

EENEREE

TA»ADESEEB W THRAIEERE, RgEES
I, HEEIESMAE L S T EE R EE L 2.
R BI~EBERICH» T C) BB L - 8 MEMI
M OBERCHBERER L .

#IH0 MRI 2> 5 ¥R 7— % % Dr. View (AJS, BHA) #%

Aot LE BEABVGENIHE CT F— ik
Dr. View 12 & DfiiRi MRI FBRBICET L CY A T4 A%
fTo7., EEO—3L TV 51fisl MRI &4fi% CT %
EMSE (Source Signal Imaging, KE) _EThZR & BMAL
BLEMARTL, BEUBERINTESZAL B
L7z (Fig.1A).

IEENEERIC K2R ECoG 5l

ECoG 8713 & — A F— APIT BMSI6000 (Nicolet-
Biomedical Inc, Wisconsin, ) B Er (128ch) #H
Wik, ¥V Y v BRI 400Hz £ L, ECoG
AR v, EREANYERR T 4 VY -k ER
Lizdotz, BEEEZEOREMEE, HER-79
E7EE-BE (P4 3 XFOBEOER - fhsiER
) -E-URBEEOHREITR, BREELHEL R,

CHENEFICL BRI VIRL BT ok, TRTOFRERE

R R K 500 msec, FIBIRTHERE 2 2,800~3,200
msec, F¥ 120 BlORTEE E L (Fig. 1B). &l
BIIZ transister-transister-logic 8% % Mk e+ v v %L
WKAHILT, B4y IH—E Lk,

ECoG f##f

S ECoG BT ¥ AL 7 74 VICEES Matlab-
2010b+Simulink (Mathworks, >KE) iCFEAAAZ. Mat-
lab DY — V% W T short-time 7 — U &2 T
7o, RIBERARET~500 msec 2 R—A 54 & LT, 60~
120 Hz @ y #IR 8 permutation 7 A b HHEHICH
B (p<0.05) KELLTOREBZERL -, £8HD
AEBERTORHRNE R E BT L 7. BFERR
EMSE ECESLALEMICA T —~y 7TELTHERL
T, v IR DR - EEINA L BRI L 7.

ECoG U5 A7 T EE

FETHETIETHE-HE (PRAIXF) -HD 3
FEICHT 5 G (chance rate: 33.3%) % 7 7 AR
iz, & 15 BBy v a VEBRL LRI,
Matlab @ ¥ — )V % % Support Vector Machine (lib-
SVM) & Sparse Logistic Regression (ATR, HA) #H
WT 75 AT R,

[6] ECoG (L

B E OEE(IE SPM8 (Wellcome Trust Centre
for Neuroimaging, &) % H\wCiTo 7. EH¥ER MRI
I FEER MRI 2 PRI X D ER TS, 20
BRGF A — 2 BEER CT Ty BB ARk
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Trigger 2 (PIC or Symbol

Categorization of
presented words:
Trigger 3 (KANA)

e
Stripe stimuli
Triggers (STRIPES)
——
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“RLIHEAN

Fig.1 Overview of semantic-ECoG recording
A : Fusion images of individual brain (MRI) and ECoG electrodes (CT),where the
orange and blue areas indicate fMRI activation and MEG dipoles during the

reading task, respectively.
B ! Visual stimuli for semantic tasks.

T, HEAER MRI ki &£ B ECoG B2 EET 2 (Fig.
24). BBEBRZIXTES2MALTERL, v HBERD
DR L DELBRERT S LI L7 (Fig.2B). 1
emP BN 22N IC AT 5 B ORISR R R
Lizkbh, BREESTHIC L 3RODOEMNIEID 2
ELE,

B R

I REZRTE

20 FEFIFR 12 EIC T R COFEER BT ) 2 L
TER, TORR - -HRVEICE T 2 EERITFH
94.4.+64%TH o1z,

A ECoG HEITHER

P HERTANICET 2 60~120Hz D y IR
Sy DREREH (150, 175, 300 msec), ZERIRIZIAASY %]
AL 72, HEIGIZ IR T 5. Fig. 3A &, THEIEEER
B EZ EEL T RREHTH 2. FRIEHY B 2R
BRI T 150~300 msec D FEBTEMRIZ GBI RE L
TWwiz, —7h, BERETIE 150 msec %> & mAIEIEEZE R

T4 ICTEED, 300 msec 127 B &SRR L L T
AR, B O%IERED SR - SMUDTEBIHE S o Tz,
BAZESH ACTII R EEM 150 msec 120 R X b IR
Wy BRSO LR 2530, BRI 300 msec TIXE
R () DFER G, BRZEL TRV TS
E 7 EBRIBTIZIE L O BRI L RO RIE2 B
73, MUIBEERSOEE IR, LirLl, Z0EH
S I3 BB AR IC L U T Al - $85 TH o 7=, Fig. 3B
AL BRI BEEE SR 1B R O B ERE 10mm % 5
mm & L7-EEEBEREEBELHITH D, MBI
Tl 150~300 msec D EIHEMIC D AIEE) 2580 T
%, BERIECCIX 300 msec 13 &% S HIEEE R ML y
BRI BIEH 2 ORI TH 7=, —, HEHA
FE T IR~ FISEE ARSI ES 2 R0, SMAliA
W LHEERRARIE L TREI Y -V BAL IR R o T
7o, 77 ETEETII Fig. 3A & FIRRICEHRRA & XXFBM
NY— VIR, SRR U HIBEEREE NG
RIEEIL T2 ZEMHBAL. 2 oRIGDOMERA
EEHHIRTEE T - 72 12 FEEFIE&HICHRBEOEITH -
7E,
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Fig.2 Overview of ECoG electrode normalization
A : Transformation of MRI and CT coordinates by SPM8.
B : Registration of transformed ECoG channels.

C : Normalization of 20 brains with 1,323 ECoG electrodes.

%o
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™

Fig.3 Gamma band maps related to different visual stimuli
¢ A patient with ECoG electrodes in the bilateral temporal bases.

A patient with a high density ECoG electrode in the left temporal base. Face stimulation excited the

e
&z’

M

AB

antero—lateral temporal bases more than other stimuli. There are significant differences among visual

stimuli.

ECoG IS5 AHTEE

B3 3 EEORERN (chance rate: 33.3%) D7
5 ATV 21T o7z, FHIEZZE X Support Vector
Machine Tid 91.1~97.7%, Sparse Logistic Regression

1 80.2~89.3% TH o7z, & ECoG 7T — &Itk L TRk
A (RS, BRERERLY) 2MA3ZLRHEA
RABIGEZ T I fER, Z2NFhoERBRB L2 2
WK T L.
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Fig.4 Typical distribution of Gamma band components related to
visual stimuli on the standard brain
A : Face stimuli activated the bilateral temporal base including the inferior
temporal and fusiform gyri with right hemispheric dominancy.
B : Arabic stimuli evoked the intermediate pattern between Face (A) and Kana

(C) stimuli.

C : Kana stimuli evoked Gamma band components only in the left fusiform

and parahippocampal gyri.

ECoG Z#{t

B BB IZ 4 20 EH 2 AV it e, B
BEOBITEIERTE, BEirERiMilE% 1,323 O BEME TE
5 ZEDTE: (Fig.4A). BREFHFEIZTRIEE], L
BEEDE I EEADH o 7 (Fig. 4B) 28, HBEMIEZ
fTH L CH—LERIHREBCTZ2ILNTER
(Fig. 4C).

TEHEAY L 7o RO GERIBG y #IR S O HRER
R, BEFRA (Face) TR MIRIRE DR, FHHlD
WMWEEI 2RO, R~ oB ORI EH - 7z,
—7%, XEHAH (Kana) TRERANCH L TRRRHlD
FhERAE - R R AR ICEEBRE L, Azt
AETEEIZ RO R o, 75 ETERM (Ara) 35
SHIERE AR, SEC EMEER RO 2RO 0,
B & 2 ICEEREA, ¥R XNFERAFEICLIRGE IR
o Tk (Fig.4).

z R

AT RS 2 EFRB 2R L kb & LI R
PEOCHENEMELD ECoG 2L~ 261k
ECoG DINE-H, R - A BMAIiERE2 BE T LT
RT3V 7 by = 7 RERL 2. AEERT TR
BEMESEMTHIEH 213, BEBRIC y BER
ODVRET IEABH o %, —HEERINEICRS LR

5T BEERMIED o T\, B CRABENLTHY,
DO IEEZE R O i HAN BB A < 2o T e
B EOEEITEEREIC & 2 MITEERE O HELE
BREAY = 2R T 2 I LR AHBE Lz, X
T ENERRE~ERER I, ERMTIREHER
E~THBEEIC y WA AR L Tnt,
EEHBENEMIC X 5 y HBRSOEICER LR
HEUBAING, NS OBETTIRRICES), XFEHA
BECHEEL Iy BSOS AT 7 ARERL TV
2. R SCESE AR T SRR 500 msec 1T
T RIEEE], SEBEEEIC y WRRTOBM2RD 5 L
ENTV3, Sinai 57 IMEEEBRME~ v € 7Tl
fill X 5 SFEETERKRE & y TR BEEZBAL, 20
RERER 4% LE VI ERMELTWE, Lal, fl
SHERE, 8L CPIIBEERRD y HIRRS ¥4 F 2
7 ACET AR IR EETaTbR TR,
—7, TN6DE EXMEREAENTI Support Vector
Machine D& 9 HavCa—FEEY 7 V7 =7 2I0H
TZILT, XVEBHTbNE I LbH/FTES,
BRETIEEICRE (ECoG) 2 AW, HEEDHEIER
REUTRTCDOTYINT —F IZFAROIIELTRETH
%. Fig.5 T & MRI O F Y ¥ VAEDFEZ2RT.
Fig. 5A TH—BZRFEEYF—Yat 1 Fv v 2V
DOREIEFE % R T, Fig. 5B 1% 20,000 Hz DRSOV 4 v
¥ TH 5. 20,000Hz DEELEAEHD 15 oy 7Y
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* MR image.

mECOWE

VBT Fig.5B DX H I FEERE E LTERLTL
9, ZOWEELRERICESZ 520, V7Y
VR 2 ORI A BENH Y, ZOREELRELK
DBRE 2 U LYY 7Y v FRBERIEBEICE S
(Nyquist FHEE). T 5IKZDEDIREE 2 ORNEFET
£T (2D 16F: 16bit) 2T, FEINKEF—2
L% (Fig.5C). —AHEBRIZBWTHIEKT 5 Lilid
WEZE (E7kL) KO8T, 20722
Fy RV EEZLLPTEDL Y, gL T
R RN 2 h DTS (Fig. 5D, E), ZO—F T
HEMRI T3 4 B L ICBBRT I 229, Bkl T
REOMEEIZIE 2 »IK% 5 (Fig 5F). &7 vLDE
BHER 12~16bit TREAL TV 570, EARIYICHEE
LEBOFOINT - ERASIER 2 LOH#ETH
3, ZOXIESEHAVEaYE L —FEEY 7 b2
TR DA 53, $E8E MRI 7 £ ORRINF— 5 2 H
T 5 4 RIGEBRICHEATE %,

EENERITEGZY, BRERCESVWT, 20¥
BUE L HESRES NS, BHVENTEBRIEES
NZHdI, BEILIZOEBHESERS Z LR
BEREMRATEIC BV BB TH - 7. AHETIE SPMB %
AwWTHEENEREL EEMN LcElTsiLT, &

Fig.5 Principles of digital data sets
: Routine EEG montage and EEG waveforms.
¢ Nyquist sampling rate for frequency of interest rate.
: 16 bit sampling for voltage amplitude.

! Magnified images consisting of pixels with various brightness.
: Signal changes of each pixel over time on 4-dimensional images.

BEOBBAMIC L 2 BREDOE Y ECoG % vk
E LT, AFHIC LD EL 2REREIC X 2 MISESERE
DERBM NI —VRBESPITEILMBTE.,
SPMB Iz & % “fR¥EL” I3HEAE MRI 210, AT >V
VBT, RS > 79 6k QWA Eh, 7Ayn
42—, MR IMEESHIOSA I N TE2Y9 Ui,
ECoG %V L, B ZfMRMERE, B X URMoEE
THEWALZBRNEEORTE W L L 203 ARG
BLOTTH S, FICERATIIEMERL ok
EISHE, B X UCTHIBEREID v BHIRERS D IR D RN
THo T, FEHERE OB BT 2 a2 e
MRI CfFbh T\ 5%, Puri 5% X IBEZERER/MA 13 AR
H1CHR < 1B B fusiform face area (FFA), & &2/l
XY RBA 7 2 B# T 3 parahipocampal place area
(PPA) EHHEL TV 3., bhbhOBE Tk FFA &
PPA DEEZ BRETEMITRIET 2 Z 8 TEL, &
BAFEZHVS L2k b BERWIEEOZERNILSD
winZ, REEHERNOELE L 2N FnoBREN S
AF IR XDEMICRETS I LTE S, HERN
BEEAONEEy YV TRBED L ZAMEEE
SLHEEEDLS gold-standard TH 5. L L, ZOBRME
WCRRNMGRE, WHROKE, BEREFEROVAIE
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Neuroprotective effects of focal brain cooling
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in rats: Analysis from a neurophysiological perspective

Yeting He®9, Masami Fujii*%*, Takao Inoue®?, Sadahiro Nomura®9, Yuichi Maruta®9?,
Fumiaki Oka®, Satoshi Shirao®, Yuji Owada®?, Hiroyuki Kida®?, Ichiro Kunitsugu®,
Toshitaka Yamakawa®/, Tatsuji Tokiwa"9, Takeshi Yamakawa"9, Michiyasu Suzuki®?

#Department of Neurosurgery, Graduate School of Medicine, Yamaguchi University, 1-1-1 Minami-kogushi, Ube, Yamaguchi 755 8505, Japan
®Organ Anatomy, Graduate School of Medicine, Yamaguchi University, Japan

€Systems Neuroscience, Graduate School of Medicine, Yamaguchi University, Japan

dpublic Health, Graduate School of Medicine, Yamaguchi University, Japan

€Department of Electrical and Electronics Engineering, Faculty of Engineering, Shizuoka University, Japan

Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, Japan

&Consortium for Advanced Epilepsy Treatment (CADET), Japan

ARTICLE INFO ABSTRACT

Article history: Although systemic hypothermia provides favorable outcomes in stroke patients, it has only
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Triphenyltetrazolium chloride (TTC) and FBC was performed at a temperature of 15 °C for 5 h. Electrocorticograms (ECoG) were
Neutobehavior recorded on the border cortex of the ischemic focus. Thereafter, rats were sacrificed and

the infarct area was measured. In another experiment, rats were allowed to recover for 5
days after cooling and neurobehavioral function was evaluated. FBC suppressed all ECoG
frequency bands during and after cooling (p<0.05), except for the delta frequency band in
the precooling versus rewarming periods. The injured areas in the cooling and non-cooling
groups were 0.99+0.30 and 1.71+0.54 mm?, respectively (p<0.03). The grip strength at 2
days after surgery was preserved in the cooling group (p <0.05). We report the novel finding
that epileptiform discharges were suppressed in the ischemic border, the infarct area was
reduced and neurobehaviour was preserved by FBC. These results indicate that FBC is
neuroprotective in the ischemic brain and has demonstrated therapeutic potential for
cerebral infarction.
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1. Introduction

Several experimental studies have indicated that a decrease in
brain temperature reduces cerebral infarction and is neuropro-
tective to the brain, while a mild increase in brain temperature
can exacerbate the extent of ischemic neural injury (Busto
et al., 1987; Minamisawa et al., 1990; Ginsberg et al., 1992; Kim
et al,, 1996; Baena et al., 1997). Therefore, previous studies have
emphasized the clinical feasibility of systemic hypothermia for
patients with brain injury and ischemia (Ginsberg et al., 1992;
Clifton et al,, 1993; Baena et al,, 1997; Yanamoto et al.,, 1996;
Schwab et al, 2001). Despite these favorable outcomes,
systemic hypothermia can also lead to fatal complications, such
as infection, cardiac arrhythmia, and disruption of blood coa-
gulation (Clifton et al., 1993; Marion et al., 1993; Schubert, 1995).

To resolve these issues, focal brain cooling (FBC) has recently
drawn attention as a minimally invasive treatment for brain
injuries (Oku et al., 2009; Wagner et al., 2005; Zhang et al., 2007,

Cranial window
d crapiotomy)

Coolingarea

(1steraniotomy)

Fig. 1 - Schematic drawing of the experimental design.
A small burr hole for photothrombosis and an additional
craniotomy for cooling are indicated. Recording sites of
electrocorticogram (ECoG) are also indicated (P1 and P2).

A

Clark et al., 2009). Compared with systemic hypothermia, FBC
has the advantage of reducing the cooling temperature below
30 °C, without producing permanent brain damage or systemic
complications (Yang et al., 2006). The initial clinical application
of FBC was performed for patients with brain tumor or epilepsy
from 1959 to the early 1960s and its effectiveness was demon-
strated (FAY T, 1959; Ommaya and Baldwin, 1963). Despite these
initial studies supporting the therapeutic potential of FBC, FBC
has not been optimized for clinical use. However, in the 21st
century, FBC has received much attention for the treatment of
severe brain injuries, as described above, along with advance-
ments in medical engineering technology. Our recent experi-
mental studies have also indicated the effectiveness of FBC
against focal epilepsy and nociceptive pain (Imoto et al., 2006;
Tanaka et al,, 2008; Fujioka et al.,, 2010a).

Under these circumstances, the aim of this study was to
investigate the effect of FBC on focal cerebral ischemia. We
employed a photothrombotic model of focal cerebral ische-
mia because photothrombotic occlusion of cerebral micro-
vessels using Rose Bengal dye is a highly-reproducible and a
less-invasive method of simulating the ischemic infarct
pattern in humans (Yao et al., 2003; Grome et al., 1988).

Furthermore, in acute focal ischemia, high extracellular
potassium and excess glutamate release from the ischemic core
leads to depolarization and increased metabolic demand on the
neighboring cortex. These conditions can induce periodic epi-
leptiform discharges (EDs) along the ischemic border (Hartings
et al., 2003; lijima et al,, 1992). These repetitive EDs could play a
key role in the progression of brain injury from the regions of
primary ischemic insult to adjacent regions of secondary injury
(Hartings et al, 2003; Mies et al, 1993). Therefore, in this
experiment we also evaluated, for the first time, whether FBC
could suppress periodic EDs in acute focal ischemia.

2. Results
2.1.  Effect of FBC on perifocal EDs

Typical examples of the ECoG changes after focal ischemia are
shown in Fig. 3. Soon after the induction of focal ischemia,

Short-term study
RoseBengal
Injection
tnserting __1st Irradiating Group A: non-cooling i
catheter = Craniotomy™ ~ acold light - Craniotomy "= Group B: coling |1 Sand
F 3
ECoG  1h 3h
B
Long-term study
ey Neurobehavioral testing
- Grip strength testing
I behavioral training | surgery | behavioral testing |
W 4 v o4
1 2 3 4 5D

5 Days (BL=baseline)

Fig. 2 - Experimental protocols of the short-(A) and long-(B) term studies. As noted in the experimental procedure.
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Fig. 3 - Typical examples of electrocorticogram (ECoG) changes after the onset of infarction were showed. (A) Non-cooling
sampling and (B) cooling sampling (T: temperature, P1 and P2 indicates the recording sites). Bottom tracings indicate
magnified ECoG at 1 h (precooling), 3 h (cooling) and 7 h (rewarming) after the onset of infarction). The power spectrum
analysis of the ECoG data in 60 s epochs at 1 h (precooling), 3 h (cooling) and 7 h (rewarming) after the development of focal
ischemia. (C) Non-cooling group and (D) cooling group (n=6 *p <0.05 by ANOVA followed by a LSD post-hoc test). Note that in

the cooling group, epileptiform discharges (EDs) were remarkably suppressed during brain cooling at 15 °C, and incomplete
suppression of EDs persisted throughout the rewarming period.

Fig. 4 - Typical delineations of ischemic damages with TTC (triphenyltetrazolium chloride) staining, 24 h after photochemically-

induced infarction in the non-cooling (A, C) and cooling (B, D) groups. (A, B): gross appearance of the cortical surface; (G, D):
coronal section. These delineations indicate that the ischemic zone is smaller and shallower in the cooled cortex.

periodic EDs were recorded from the peripheral cortex of the
infarct zone. In the non-cooled group, EDs were recorded
continuously for 8 h throughout the experiment (Fig. 3A). How-
ever, in the cooling group, EDs were remarkably suppressed
during brain cooling at 15 °C, and incomplete suppression of
EDs persisted throughout the rewarming period (Fig. 3B).

The average power spectra of ECoG in the cooling and non-
cooling groups in 60 s increments are shown in Fig. 3C and D.
In the non-cooling group (n=6), there were no significant
differences in the power spectra in all frequency ranges
(1-30 Hz) among the power spectra at 1h, 3h and 7h after
production of focal ischemia (Fig. 3C). However, in the cooling
group (n=6), there were statistically-significant differences
between the power spectra at 1 h (precooling) and 3 h (cooling)

at all frequency ranges (1-30 Hz) by ANOVA with LSD post-hoc
test (n=6, p<0.01) (Fig. 3D). Furthermore, there were also
statistically-significant differences between the power spectra
at 1h (precooling) and 7 h (rewarming) in all frequency bands

(p<0.01), except for the delta frequency range (1-4 Hz) (p<0.03,
Fig. 3D).

2.2.  Effect of FBC on the infarct area

Typical delineations of ischemic damages with the triphenyl-
tetrazolium chloride (TTC) staining 12 h after photothrombo-
tic occlusion of cerebral microvessels in the cooling and non-
cooling groups are shown in Fig. 4. When comparing the
macroscopic gross appearance of the cortical surfaces, the
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Fig. 5 - Infarct areas in the non-cooling and cooling groups
at 24 h post-ischemia (n=6). The injured area of the cooling
group was statistically-significantly smaller than that of the
non-cooling group (*p<0.03 by Mann-Whitney U test).

ischemic zone was sharply demarcated in the non-cooled
cortex (Fig. 4A). However, the ischemic zone was indistinct in
the cooled cortex (Fig. 4B). Furthermore, coronal sections of
the cortices at the center of the ischemic zone indicated that
the ischemic zone was smaller and shallower in the cooled
cortex (Fig. 4C and D).

After taking photographs of coronal sections of the
cortices, the injured areas were calculated using Image J
software. Injured areas in the cooling and non-cooling groups
(n=6, each) were 0.99+0.30 mm? and 1.71+0.54 mm?, respec-
tively (Fig. 5). The injured area of the cooling group was
statistically-significantly smaller than that of the non-cooling
group (p<0.03).

2.3.  The impact on neurobehavioral function

In the neurobehavioral function, the neurologic score of the
cooling group was significantly better than that of the non-
cooling group at 24 h after the ischemic onset (Fig. 6A. p<0.05
by Mann-Whitney U test).

The grip strengths of both forelimbs were analyzed for 5
days after surgery. In the ipsilateral forelimb, there was no
difference in grip strength after surgery between the cooling
and non-cooling groups (Fig. 6B). In the contralateral-to-stroke
forelimb, grip strengths were decreased after the ischemic
event and recovered to baseline at 3 days after onset. On the
other hand, in the cooling group, grip strengths were preserved
at the baseline level after the ischemic event. There was
statistically-significant difference in the grip strength of the
contralateral forelimb between the cooling and non-cooling
groups (p<0.05 by paired t-test) at 2 days after surgery (Fig. 6C).

3. Discussion

We obtained the novel findings that periodic EDs in the
ischemic border were suppressed, infarct area was reduced
and neurobehaviour was preserved by FBC. These results

indicate that FBC acts neuroprotectively to the ischemic brain
and has therapeutic potential for the cerebral infarction.

We selected the 15 °C cooling as an optimal temperature,
because our previous study indicated that this cooling tem-
perature suppressed EDs induced by penicillin G with minimal
influence on neurobehavioral function and histology in the
seizure model (Fujioka et al., 2010b; Fujii et al.,, 2012). Power
spectrum analysis of ECoG indicated that focal cooling to 15 °C
suppressed all the frequency bands, which is consistent with
the results of our previous study (Fujii et al,, 2012). Kida et al.
(2012)confirmed that cooling the brain to 20°C suppressed
faster (alpha and beta) ECoG bands, and that cooling the brain
to 15 °C suppressed both the faster and slower (theta and delta)
frequency EEG bands . From these results, we speculate that
because 15°C cooling suppressed neuronal activity in the
subcortex, all the frequency bands that originate from neuronal
networks in the cortex would be suppressed. The reason the
delta frequency of the power spectra alone did not show
differences between precooling and rewarming periods in the
cooling group (15 °C) is explained by the finding in our previous
study that slower frequency bands of ECoG are insusceptible to
the FBC because the origin of the slower frequency component
is deeper in the cortical layer than that of the faster frequency
components (Kida et al.,, 2012).

As described briefly in Section 1, the hypoxic/hypoglycemic
condition caused by ischemic metabolic failure leads to neuro-
nal membrane depolarization, further glutamate release,
spreading ionic imbalances, and eventual cell death (Mies
et al,, 1993; Nedergaard and Hansen, 1993; Lipton, 1999). ECoG
seizure activity is a pathological sequela of ischemic brain
injury reflecting hyperexcitability in the neuronal networks
and can sometimes occur without overt clinical manifestations
(Vespa et al., 1999). Suppression of EDs by FBC suggests that FBC
would be protective in the focal cerebral ischemia, as well as
systemic hypothermia.

Several studies have reported the reductions of infarct size
after systemic hypothermia (Karibe et al., 1994; Markarian
etal,, 1996; Maier et al., 1998; Berger et al., 2007; Kollmar et al.,
2007; Sakurazawa et al., 2012). In previous studies, mild
hypothermia (32-34°C) has been selected to prevent the
development of systemic complications and reduce the
infarct size. We confirmed that FBC also reduced the infarct
size with TTC staining. Thus, FBC is also neuroprotective and
can be better applied to the treatment of focal ischemia with
a lower temperature (15°C) compared with systemic
hypothermia, and does not induce complications.

In evaluating behavioral function, two assessments related
to motor functions were used in this study, because focal
ischemia was induced in the SI-MI area (Lee et al, 2002;
Bertelli and Mira, 1995). Deterioration of motor function also
reflects pathological insults. Thus, the grip strength test pro-
vides a sensitive quantitative technique for assessing recovery
of motor function.

In our study, although reduction of grip strength was
observed in the contralateral forelimb 2 days after the ischemic
onset, grip strength was preserved in the cooled group. There
was a statistically-significant difference in grip strength 2 days
after surgery between the cooling and non-cooling groups.
These findings also suggest that the FBC suppresses the brain
injury caused by focal ischemia.
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Fig. 6 - (A) Neurobehavioral test at 24 h post-ischemia, the neurologic score of the cooling group was better than that of
the non-cooling group (n=9 *p<0.05 by Mann-Whitney U test. S. indicates scores of motor function. Score 0: best, score
4: worst. N: number of rats.). Forelimb capability (B. ipsilateral forelimb; C. contralateral forelimb) measured by a grip strength
meter from 5 days before surgery to 5 days after surgery. Note that in the contralateral forelimb (bottom tracing), a significant
difference was observed between the cooling and non-cooling groups at 2 days after surgery. Data are expressed as
mean+SD (n=9 #p<0.03 by paired t-test. BL=baseline average grip strength 5 days before the surgery.)

Motor function was restored to baseline at 3 days after the
ischemic event and there was no statistically-significant differ-
ence between the cooling and non-cooling groups. This phe-
nomenon is supported by previous studies showing that most
animals recover from their impaired function, more or less after
brain injury because of active neuroplasticity (Alexis et al., 1995).

While the neuroprotective effect of FBC was confirmed in
our study, further proof is still necessary to confirm the
optimal cooling temperature, cooling period and rewarming
times, as well as comparison of the efficacy of FBC and
systemic hypothermia (Steiner et al., 2001; Clark et al., 2008;
Colbourne et al., 2000; Yanamoto et al., 2001).

In our institute, we have initiated development of an
implantable focal cooling system, including a cooling com-
ponent, temperature control system, battery, and a fail-safe
system. Recently, a focal cooling system, the ChillerPad™,
was applied to a monkey model of traumatic brain injury and
in patients with stroke or aneurysm (King et al., 2010; Wagner
and Zuccarello, 2005). However, several issues remain and
must be resolved from the medical engineering point of view
before this neuromodulation can be used clinically. With the
continued development of such apparatuses, clinical applica-
tion of this implantable local cooling system may thus be
realized in the near future.

4, Experimental procedure
4.1. Animals

Healthy adult male Wistar rats (350+50g) housed in a
temperature-controlled room (23.0£2.0°C) were used in the

study (n=30 in total). Animal experiments were performed
using protocols that were approved by the Institutional Animal
Care Committee at Yamaguchi University School of Medicine.

4.2,
model

Surgical procedures and the focal cerebral ischemia

Rats were anesthetized with sevoflurane (3% for induction via
a face mask, 2% after intubation and maintenance in an 80%/
20% mixture of oxygen and air by a ventilator (A.D.S.1000
Engler Engineering Corporation. USA). During the procedure,
rectal temperature was monitored and kept constant at
374£0.2°C by a temperature-controlled heating pad
(NS-TC10, Neuroscience Inc., Japan). The femoral artery and
femoral vein were cannulated for continuous monitoring of
arterial blood pressure, obtaining blood gas samples and drug
administration. Systemic blood pressure was maintained at
100-120 mmHg, and blood-gas data in the non-cooling and
cooling groups were controlled at pH 7.44+0.04 and
7.43+0.03, pO, of 202.6+36.0 and 2153437 and pCO, of
40.7+2.2 and 40.5+3.0.

The skull was fixed using a stereotactic apparatus (SR-6N,
Narishige, Japan). A scalp incision was performed at the
midline following injection of lidocaine (2%), and both the
Bregma and Lambda points were exposed after dissection of
the pericranial tissue. A small burr hole, 3 mm in diameter,
was made 4 mm lateral to the right and 0.5 mm anterior to
the Bregma and the dura matter remained intact. Focal
cerebral ischemia was achieved by the photothrombotic
method (Yao et al.,, 2003; Grome et al., 1988; Fujioka et al.,
2010b), illumination was initiated through the burr hole with
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a fiber optic bundle of a cold light source (Fiber-Lite series 180
Dolan-Jenner Industries. Inc,, USA) just after the Rose Bengal
injection (1.3 mg/100 g body weight in 0.9% sterile saline) via the
right femoral vein, and lasted for 20 min. In this manner, focal
cerebral ischemia of the primary sensorimotor (SI-MI) cortex of
the right hemisphere (25-5.5mm lateral, 20 mm anterior,
1.0 mm posterior to the Bregma) was photochemically-induced
(Fig. 7).

4.3.  Focal brain cooling

An additional craniotomy, including the burr hole, was made
over the ipsilateral SI-MI cortex (1.0-7.0 mm lateral, 3.0 mm
anterior, 4.0 mm posterior to the Bregma) just after induction
of the focal cerebral ischemia. A cooling device composed of a
thermoelectric chip that was originally developed in our
laboratory, and has been described previously (Fujioka et al.,
2010a, 2010b), was placed on the SI-MI cortex (Fig. 1). We
focally cooled the SI-MI cortex above the dura matter to a
temperature of 15 °C for 5 h from 1 h after the development of
focal ischemia. After the cooling period ended, the cortex was
spontaneously rewarmed and the temperature was main-
tained for 1h. The 15°C cooling was selected because it
represents the borderline temperature affecting neurobeha-
vioral function (Fujii et al., 2012). Sham-operated rats under-
went craniotomy and placement of the cooling device.

The focal cooling experiments were composed of short-
and long-term studies. The short-term study evaluated the
periodic epileptiform discharges in the border zone of the
ischemic focus and of the infarct area. The long-term study
assessed the impact on neurobehavioral function (Fig. 2).

4.4.  ECoG recordings and the spectral analysis

We placed a pair of ball-type electrodes (impedance 500 kQ at
500 Hz) to detect the ECoG on the cortex at the boundary of
the ischemic area after placement of the cooling device
(Fig. 1). Thereafter, ECoGs were recorded continuously for
8h in two channels (monopolar recording; with a reference
electrode inserted in the scalp) and analyzed using PowerLab
Chart 5 software (PowerLab ChartS; AD Instruments) at a
sampling rate of 2kHz (low-cut filter 5Hz, high-cut filter
60 Hz) for visual examination. To quantify the frequency
profiles, the power spectrum was calculated by fast Fourier
fransform (FFT) analysis, which was performed for ECoG data
in 60s intervals at 1h (precooling), 3h (cooling) and 7h
(rewarming) after the development of focal ischemia (Fig. 2).
We analyzed the ECoG components in all conventional
frequency bands, including delta, theta, alpha and beta
(delta=1-4 Hz; theta=4-9 Hz; alpha=9-14 Hz; betal=14-25
Hz; beta2=25-30Hz). Six rats were used in each of the
cooling and non-cooling groups.

4.5.  Measurement of the infarct area

All of the rats in both the cooling and non-cooling groups
(n=6) were sacrificed after the recording of ECoG for 8 h. The
brains were immediately removed and incubated in a 2%
solution of 2,3,5-triphenyltetrazolium chloride (TTC Lot KWG
6634, Wako Pure Chemical Industries, Ltd., Japan) at 4 °C for

12h (Hatfield et al,, 1991). Three serial sections from each
brain were cut at 1mm intervals from the center of the
infarct zone and photographs of the sections were taken at
the middle of the 3 sections.

4.6.  The impact on neurobehavioral function

After the focal cooling for 5h, cortices were naturally
rewarmed and the temperature was maintained at the base-
line for 1h (cooling group, n=9). Thereafter, the scalp was
closed without repairing the cranial window. The rats
awakened from anesthesia were placed back in the cages.
To distinguish the effect of the sensorimotor injury, appro-
priate control experiments were also conducted (non-cooling
group, n=9).

Neurobehavioral function of each rat was evaluated after
surgery by an observer who was blinded to the experimental
procedure. Neurobehavioral function was assessed by five
categories of motor neurological findings, as follows: score 0:
no observable deficit, score 1. forelimb flexion, score 2:
forelimb flexion and decreased resistance to lateral push,
score 3: forelimb flexion, decreased resistance to lateral push
and unilateral circling, and score 4: forelimb flexion, unable
or difficult to ambulate (Lee et al,, 2002). Neurobehavioral
function was assessed 24h after the induction of focal
ischemia in the cooling and non-cooling groups (Fig. 2).

Grip strength test was also employed in the assessment of
neurobehavioral function. An inverted T-type bar 63 mm in
length and 103 cm wide connected to a grip strength meter
(Ugo Basile Comerio (VA), Italy) was used to measure graded
changes in the forelimb grip strength of the rats. Rats held
the bar and were gently pulled away from it in a smooth
manner, by grasping of the tail, in a steady motion, until they
released the bar. The grip strength meter measured the force
[g] required to break the rat’s grip. Prior to the surgery, rats
were trained on the apparatus for 5 days (n=9). Each rat was
allowed to grasp the apparatus for three consecutive times, to
determine the strength of the forelimbs of the left, right and
both sides, respectively. The average grip strength for all
patterns was used as the baseline force. From 1 to 5 days after
surgery, three readings were taken for each rat and the
average force required was recorded as the individual grip
strength score for that rat (Fig. 2) (Bertelli and Mira, 1995).

4.7.  Statistical analyses

The Mann-Whitney U test was used for comparison of the
infarction area, neurobehavioral test between groups. The
grip strength test was performed by paired t-test. The power
spectrum was analyzed with one-way analysis of variance
(ANOVA), followed by a LSD post-hoc test. These tests were
performed using SPSS 17.0 for Windows (SPSS Inc, Chicago,
IL, USA). The data are expressed as the mean+SD.
p-values<0.05 were considered significant.
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Abstract Seizure control is not achieved in approximately one-third of patients
with epilepsy, even with the best available medications. Surgical treatment can be
performed for these patients, however this is also not always successful. Under these
circumstances, the potential for seizure suppression by focal brain cooling has gained
attention. Brain cooling was first proposed about 50 years ago, and has come into the
spotlight in recent years with advances in technology. Recent studies indicate that
focal cooling of the brain to a cortical surface temperature of 20 to 25°C terminates
epileptic discharges without inducing irreversible neurophysiological dysfunction or
neuronal damage. These results have promoted development of implantable focal cool-
ing devices, but some aspects of the hardware in these devices require optimization.
However, advances in precision machining have enabled optimization of an implant-
able focal cooling system, and this suggests that brain cooling therapy may become a

reality in the near future.
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Introduction

Epilepsy is usually treated with medica-
tion, but approximately one-third of epilepsy
patients do not attain seizure control, even
with the best medications.’ Surgical treat-
ment is also used, but is not always suc-
cessful. Furthermore, surgical resection is
impossible if the epileptogenic focus is in
critical areas such as the motor and speech
cortices. Under these circumstances, several
clinical trials of neuromodulation technol-
ogy for treating refractory epilepsy have
recently been performed. Vagal nerve stimu-
lation has been used for the past decade’ and
electrical stimulation of the brain has been
proposed as an alternative to surgical resec-
tion. The anterior nucleus of the thalamus or
hippocampus has been chosen as a stimula-
tion target. Clinical pilot stimulation studies
have been performed, but the results remain
unsatisfactory.*® A unique clinical study

with an implantable, responsive, closed-loop
stimulation system is currently in progress.®
This device can terminate seizures by deliver-
ing a burst of stimulation after detecting a
seizure with an electroencephalogram (EEG)
algorithm through an implanted electrode.’
The preliminary efficacy of this method was
demonstrated in a feasibility trial, but fur-
ther clinical investigation and optimization
are required.

Focal cooling of the brain is another at-
tractive and nondestructive approach for
treatment of patients with epilepsy. Brain
cooling was first proposed about 50 years
ago as an effective method for suppressing
epileptic discharges (EDs),* and has recently
been revived with advances in technology and
medical engineering.™ At our institution, we
have obtained interesting results in practical
use of brain cooling as a new therapy, which
we refer to as “thermal neuromodulation”,
for patients with intractable epilepsy.*® In
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this review, we discuss the historical back-
ground of focal cooling, the influence of focal
cooling on epileptic seizure and the normal
brain, the mechanisms of seizure termination
due to focal cooling, and the practicality of
use of an implantable cooling system based
on our experimental data and results pub-
lished in the literature.

Historical background

The therapeutic value of focal cooling ini-
tially gained attention in the 1950s. At that
time, local cooling of the nervous system was
achieved in animal models using perivascu-
lar methods.** Local cooling was also used
to treat patients with head trauma, cancer,
and pain, and the findings emphasized the
utility of this method.”® The effect of cooling
on epilepsy was first demonstrated by sup-
pression of EDs in the primate temporal lobe
using systemic hypothermia.? Thereafter, lo-
cal cooling with the gas method was shown
to suppress EDs in human.’ Ventricular ir-
rigation with cold Ringer’s solution was also
found to suppress seizures.” Another early
study indicated that systemic hypothermia
suppressed seizures in patients with refrac-
tory epilepsy.”

Despite these initial studies indicating that
brain cooling has the potential to terminate
seizure activity, the method was not opti-
mized for clinical use because of the difficulty
in improving the cooling system. Initial cool-
ing methodologies such as local refrigeration
with gas and cold water or ventricular ir-

rigation had many problems for clinical use.

These methodologies increased the chance for
infection and are difficult to use over long pe-
riods or permanently. Severe systematic hy-
pothermia can suppress seizures,”™” but also
has fatal complications including infection,
cardiac arrhythmia, and blood coagulation
disturbances.”

Focal brain cooling has recently gained at-
tention because of advances in technology.
In recent studies, evidence for an anticonvul-
sant effect of focal cooling has been obtained
in neocortical and hippocampal epilepsy
models™**® and in humans.*® Clinically,
Sartorius et al. found that focal seizure ac-
tivity induced by direct cortical stimulation
mapping was rapidly halted by irrigation

of the brain surface with cold Ringer’s solu-
tion.” In recent studies, including our work,
a thermoelectric device has been used because
of its small size and strong cooling effect. ¥
This kind of focal-cooling device is implant-
able and can be combined with a seizure de-
tection system.” Use of this technology has
caused new interest in focal brain cooling as
a therapy for patients with intractable epi-
lepsy.

Inhibitory effect of focal cooling on epileptic
seizure

We investigated the effect of focal brain
cooling on EDs in rat neocortical and hip-
pocampal seizure models.™® A Peltier chip
was used as the basis of the thermoelectric
device. This chip consists of two conductors,
which are connected in parallel. Passing
an electric current between the conductors
causes cooling of one conductor and heating
of the other because of the electronic refrig-
eration phenomenon (Peltier effect). A heat
sink made of aluminum with a water chan-
nel is attached to the chip to help dissipate
the heat generated. Two silicone tubes are
connected to the heat sink to circulate water
through the channel.”

A neocortical seizure model was made in
adult male Sprague-Dawley rats. After cran-
iotomy, a cooling device was placed on the
surface of the sensorimotor cortex. Kainic
acid (KA) was injected into the cortex just be-
neath the cooled area to provoke EDs. Reduc-
tion of the temperature of the cortical surface
to 30°C, 28°C, and 25°C caused the frequency
of EDs to decrease as the temperature of the
cortex was lowered, with final disappearance
of EDs at 25°C during the cooling period.?
Rapid termination of EDs by focal cooling of
the neocortex has previously been shown in
rats with 4-aminopyridine-induced epilepsy."
Our results are also consistent with reports
showing that the optimum temperature of
the cortical surface for terminating seizures
is approximately 20 to 25°C.**

We also investigated the inhibitory effect
of selective hippocampal cooling on KA-in-
duced hippocampal seizures in rats.® Control
of the temperature of the cooling site at 20°C
caused significant suppression of the ampli-
tude of the EDs. These results are also con-
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sistent with previous findings.”®

Influence of focal cooling on brain tissue and
neurophysiological function

Focal brain cooling has an inhibitory ef-
fect on EDs and a protective effect on brain
tissue.” However, the mechanisms underly-
ing the influence of focal cooling on brain
tissue and neurophysiological function have
not been investigated in detail. Therefore, we
examined the pathological and neurophysi-
ological consequences of focal cooling in the
neocortices of rats.” Pathologically, focal
cortical cooling at -5°C for 1 hour caused ir-
reversible histological changes that were con-
sistent with cryoinjury. However, focal brain
cooling above 0°C for 1 hour did not cause
histological damage of the cortex. Yang et al.
found that cooling of the rat brain to 5°C ev-
ery 2 minutes for 30 seconds for a total dura-
tion of 2 hours and cooling of the cat brain to
3°C for 1-2 hours every day for 7-10 months
had insignificant pathological consequences.”
These findings agree with our results, and
we also showed that irreversible neuronal
damage was not caused by focal brain cool-
ing above 0°C for 1 hour.”

Several studies have described the effects of
cooling on the electrophysiology of the nor-
mal brain. Cooling of cortical tissue to tem-
peratures between 0 and 20°C disrupts local
synaptic activity without causing permanent
injury to brain tissue.” The motor response
is preserved after cold saline is applied for
termination of EDs caused by cortical stimu-
lation mapping.” Focal cooling of the soma-
tosensory cortex in rats at 20°C for 5 minutes
induces recognizable changes of somatosen-
sory evoked potentials, but these are fully
reversible after warming the tissue.® These
studies suggest that reversible neurophysi-
ological dysfunction is induced at a threshold
temperature of approximately 20°C.

Mechanisms of seizure termination

Focal brain cooling is generally thought
to reduce transmitter release,™ alter the ki-
netics of voltage-gated ion channels,™® and
cause network desynchronization.®® The pre-
cise antiepileptic mechanisms remain to be
determined, but it is generally recognized
that suppression of synaptic transmission is

involved in reduction of seizures.

In our study, EDs were selectively inhib-
ited, but motor function was preserved when
the cortical surface was cooled to 20-25°C.%
An explanation of this phenomenon is need-
ed. An in vitro study showed that synaptic
transmission begins to decrease below 20°C.%®
In a case in which the temperature is <20°C
at 1 mm under the cortical surface, but >20
°C at a depth of 2 mm, it is reasonable to as-
sume that synaptic transmissions and EDs in
the shallow cortex (layer II/III) are selective-
ly suppressed because of the spread through
neurons in the shallow layer with horizontal
connections to the ipsilateral or contralat-
eral cortex. Selective suppression of synaptic
transmission due to a cooling-induced ther-
mogradient in the cortex may have contrib-
uted to the vulnerability of somatosensory
processing, as indicated by the reduction of
receptive fields during cooling. Since the mo-
tor cortex lies deep in the sensorimotor cor-
tex (layer V), selective transmission failure
may have occurred during surface cooling.”

Practicality of use of an implantable cooling
system

Our previous studies and those of others
have demonstrated termination of EDs by fo-
cal brain cooling and indicate the therapeutic
potential of this method for patients with
intractable epilepsy, as an alternative to in-
vasive surgery. Focal brain cooling may be
applied for patients with an epileptic focus on
the eloquent cortex (i.e., motor or language
area). In our institute, we have initiated de-
velopment of an implantable focal cooling
system including a cooling component, an
automatic electrocorticogram (ECoG) ana-
lytical system, a heat processing system, a
rechargeable battery, and a fail-safe system
(Fig. 1). However, several hardware issues
remain to be resolved before this system can
be used clinically on a large scale. First, an
optimal fluid is required for use as the cir-
culating fluid for heat dissipation. Second,
the cooling device with Peltier chips requires
large amounts of electricity, and development
of electricity supply technology for the device
is required. Third, miniaturization of the
cooling device may be necessary. Smaller an-
cillary devices such as the electric power sup-
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