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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 functions of brain areas containing a focal ischemic lesion, but does not necessarily
represent neural activities of the areas. Scalp elecu'oencephalography (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 lack
of objective indices for brain functions and low spatial resolution. Magnetoencephalography
(MEG), an important new method in neuroscience to directly detect neural activities with
high spatial resolution, has been applied in stroke patients. However, the usefulness of
MEG for assessing neural activities in an ischemic brain area has not been fully established
as yet. The present study reviewed MEG studies of cerebral stroke using internet searches
of the bibliography to identify scientific evidence for the clinical effectiveness of MEG. We
searched for stroke-related manuscripts published before July 2010 on MEDLINE using
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the keywords (stroke OR cerebral ischemia) AND (MEG OR magnetoencephalography),
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. Most papers stressed the clinical usefulness of
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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PHOEDEMIRIIZELETH BV, ZoRETIR
TADPAE, FREBENMEHEIERAE ST WD, Z
DFRRE, b FRAERERHLOMICTEIET, &)
TEEIBE R OIENTRE L 25, HAEEEO DI
EEPBREEENICES L7 DICHBENEHR2HE
TR NS, BEIIOZEBL-EERBHEEL A
PALEFRORRE, BXUMEEESHE X 2 S5EHE
ey B IIBHLTWS,
ARMXCREEABEEZ AW TI I L EERBIC
X DFHINTUEEEBA (electrocorticogram : ECoG)
ZEEIT A Ltk Yy, SEBEERROERILERA L.
B4 DBFIZEWTEHIZ Nz ECoG DM - LMty
A 2 EARBICIRE T2 2 L CHEES AT IV A2H
BALL 7=, o EEo B EHBIBIECE A W T RRER
ECoG RIED 7 7 A ISR LY, X D3R e
SO ERAAE, T, BEMNCEBSHBMERITS
DEDH B0, EHERIC ECoG BARAIE HEE S £ -
BELEY. Zhic X biBER IcERRED ECoG DR
BN LBRZBEL 2., horlArfdb¥3r I i
b, EEERTORE, BXUHRENZFEH ECoG K
B4 F 37 ADBHEEHRE L O CRET 3.

WRBKUHGE

O =

BINERLRE, 8B XUHFERKZEZTHBRERICBY
TEHRETADPANFEREO O IHENERZZEL
7220 Bl NRIT L7, BEFEORRE, WHETADLA
16 B, BIHHIECA A 3, BREHETADA 16ITH -
To. BESFWIT 324103 R THD, BLHize: 11T
o7, 2 Wada test 2 51T L BB, SOREM
A3k (B8, RHEM) 2RZEL:. M0 WAIS-
R, WMS-R % &flicjifT L SRERTHME 2T o7z, &
WERIBNERRZGHEZER (REES 693, T 22
78120 Kk EEINK,

EEANEREE

TADADEREEB M IREERR, siHES
A, PUSREESMAE 2 SICERE T EE 2 HE L 2. fH
BEAN I~EBEEICPTC) ICEEL 7 8 IREHIX
P EBR B R R L 7.

780 MRI > & iR 7 — % % Dr. View (AJS, AZ&) %

AT L, BEMZENS EThB3MiE CT 7F—57 1k
Dr. View 2 & D fiféli MRI BERIC B L TY R 74 A%
fTof., BEO—IL T 35T MRI L#ii# CT 2
EMSE (Source Signal Imaging, ) - Chkgk & BMRAr
BL2MARTL, BEMBERTRTESZ2ML CESE
L7- (Fig.1A).

3] EEENERICKDFER ECoG 5l

ECoG g3 s — L F )L — A PIC BMSI6000 (Nicolet-
Biomedical Inc, Wisconsin, RE) & (128¢h) %/
Wl Tok, 7Y T REENE 400Hz L L, ECoG
EHIERICIE ) v F, FRRANVESRT7 4 VY —ILER
Lol EREE2EDEENEZ, BEk-77
E7E-HE (PRA 3 XFEOBEBOASR - MRERR
) -E-IREEORRERT, BRELHIL R,
FERERIC LRI VWL 2TFo7, TRTCOBEEIXH
IR AR 500 msec, FIMIRRERE % 2,800~3,200
msec, ¥ 120 BIORRER E Lk (Fig. 1B). &HIH
AT transister-transister-logic {85 % BiKErF * » 2 U
WAALT, gy v/ r A= L,

ECoG f#f

B8 BCoG X357 ¥ A N7 74 VicZEHa#E Matlab-
2010b+Simulink (Mathworks, KE) ICEEAAA . Mat-
lab HDY —)V% T short-time 7 — Y 2 EH2{T-
7o, HIEERRET~500 msec Z2R—A 54 & LT, 60~
120 Hz @ y #8228 permutation 7 A b _E¥EHICE
B (p<0.05) ELLTWABBZEINL 7=, FBED
RBEER S oM BB 2T L 7. BATHRR
EMSE L CERLEBRICAITI—2 vy TELTERL
T, ¥ HRES ORE-2RNEL 2 ERL L .

Bl ECoG 95 AR TEEH

FETHETIETHE-HEE (MR&3XF) -HED 3
BRI 2 K5 (chance rate: 33.3%) %2 7 9 AT
MicAw, & 15E0%¥Exy > a v2BE L B,
Matlab @Y — )L T & % Support Vector Machine (lib-
SVM) & Sparse Logistic Regression (ATR, H#A) % f
WT T AT RITo %,

6] ECoG 1Z#1L

BB DE#ENIZ SPMS (Wellcome Trust Centre
for Neuroimaging, 3HE) %AW TiTo7, ZHER MRI
WA BEM MRI 2 RS R XV ERT3. 20
BT A—% 2 BEEW CT 7y EHRICAVD Z L
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Naming presentedpictures
Trigger 2 (PIC or Symbol

Categorization of
presented words:
Trigger 3 (KANA)

Stripe stimuli
Triggers (STRIPES)

1=
AN

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, HEHN MRI _BIc & B3 ECoG BEZERET % (Fig.
24). BBBITRATESEZMHLTCEREL, vy #HEBHY
DOEHE T EDBLERZERT S XL (Fig.2B). 1
cmP BT RRINIC AT 3 BRI CHIBROEZ BT 2
Lickh, BEEESTICKZBROOEMBIAID 2
EL %,

B R
0 JEERTE
20 fFEFIF 12 FEFI TR TOFEZE@ENC/T ) Z &8

TE ZORR -HRFEICET 3 EERIIFY
944.£6.4% TH o7z,

2] 5% ECoG BiER

B HERSHEICHN T 3 60~120 Hz D y HRAL
4y DOFERER (150, 175, 300 msec), ZZRIMIZRIEDID 27
BAL L 7=, BB 2R T 5. Fig. 3A 13, WHIEER
HICBHBE2EEBEL CWAEMATH 5. B ML EE
BB T3 150~300 msec DB TEMICIBEIASRE L
TWwiz, —7F, BERETIE 150 msec 2> 5 W AHIEER

Y% 12 1EED, 300 msec IC72 B & AR L T
BERL, OB &8 - SMUDIEEIDE L 2o 7z
HEEH A TIBEM 150 msec 1SRRG L v 18
Wy HBRRO DO LA 2R, BKIC 300 msec TIEE
REEBR () DIEBEDSHE, BHRRZELTWERLT S

TR TIZ I U DI EEERI & RO RG22 B0 7z
3, WREEERROBEIF . L, Z0EE
HFH X BRI L <Al - %5 ThH o 7. Fig. 3B
G RRBISEEE RER OEE O BRI R 10mm 2 5
mm & LEEEEREEEL -GITH 5. HERIE
Tl 150~300 msec D EBEMIZ D AEEZ R DTV
%, EERIBLTIZ 300 msec 1F £ & HIBHEKE M p
IR DIED 5 DBEHTH o7, —7, ﬁmm
PR TR BB~ EEAARRICEE 2 RO, Sl
MNEERARIG LG8 — /#%6#k§&01w
72, 79 E7EETIZ Fig. 3A & FMRICEERM & UERA
N —UHREEL, EEREMICN L CRIEERSIE
FRIEFHLTWB LML, cns DRIGDOERA
WEEHHIFTRE T H o 72 12 EFI B TRROERTH -
T,
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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.

By

i

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

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

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

B] ECoG IS5 RSIFEE 1% 80.2~89.3% TH o7z, £ ECoG F— & Izt L Tk

B3 3 BEOERER (chance rate: 33.3%) D7 Z0E (AL, BRRERLE) 2MA3ILiklHEA
T A TR R T o 7z, FHEIEZ I Support Vector ABMER T o7 4ER, 2 FhoHERMIZE X2 2
Machine Tl 91.1~97.7%, Sparse Logistic Regression BRI 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 =%k

BREAE DREEIZE 20 FEFIZ AW TTo 7z, 1R
EOMITEZE R T, BEAERRIMUTZ 1,323 RO B THE
) EMTEL (Fig.4A), BBEEIXTRIEE, L/
FEERE S I E B S > 7 (Fig. 4B) 78, BEMLE%
THCLTH—LEBIFRELCTZZLETEL
(Fig. 4C).

AL L 7= S RO ARG y FR S o o fiikiE 2
AT, EERRA (Face) TRIMHOMHEEREIDR, SO
BB 2RO 7, FICHEHIAN ORI H o 7.
—F, XFFHEA (Kana) TIREEZANZH L TORREID
ERREI-EBERIZIICESNERE L, AfliciziEe
A ETEERED BP0, 77 ETEERM (Ara) AR
SHIERIR A, JAHLIC A ASEEE R DR S % R & 12 4,
BH & 2 EERRA, RN FRATEICL ARG IR
o T\ (Fig. 4).

z =

ABETIZE R 2 EFEHE R R L b o REIC iR
ZEOEENEME Y ECoG ZEHHEIL 7. E5iC
ECoG DIME, Refd - A SRR R 2 BE Z L T
RIBHTZY 7 by 27 RER L, AEERTTIZ
BHEMSSEMTHOINITH 21328, BEBHENS y IR
IDRET BEABD o 7. —HEERHBIC RS LR

&3 BEERIE S o Ttz BRI CIRAEMNTH D,
O RIFIEE RSO T IMNC IR o Tnre,
BB OEEITRERENIC X 2 SRR D s Ry
RRIGNRY —vREAHELT B L 2T E L, XFER
AMTREMERE~EBERIC, ARMTIRAHER
E~THISERENC y BHREOHHEL Tk,
EEHEENERIC L 5 y #EEDOELICER L72#
HEBWRAINS, Iho OB TR RICGEE), XFHEA
RECEEL .y HBEDDSA4F I 7 AIKBEHLTw
%, R XFHAEE T SCFRRAER 500 msec HiC
ETHEE], EEEHREIC y FERIOMME2 RO 5 &
ENTW3, Sinal 5P RIMEEBRIE~ Y ¥ v /Tl
fl & 3 SEEEERE & y FHRRYBEZBNL, 20
REREIR 4% LB E2HMELTWwS, LaL, Ml
FHEERE, ¥ X CAMRIEZERRO y 8T 54 F 2
7 AT AHEIR W ERE TN T »iR,
—7%, IN6DE +EXRMEEREAEYTHS Support Vector
Machine D& ) RavEa—¥%¥FY 7 b7 =7 2I0H
THILET, KhEENTONE ZLbHIFTE S,
ARETIREICHE (ECoG) #A\7:28, BEDEE
RZEDITRTCOTIINVT—F IZRAROLENTETH
%, Fig.5 THME L MRI O F Y ¥ VAEDFEEZ R,
Fig.5A TII—REVLMKEEY -V a2t 1 Fr v 20
DR %R T, Fig. 5B 1& 20,000 Hz D EHEHR DY 4 v
WTH 3, 20,000Hz DELAEED 15 Fovv 7Y
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Y, ZOWEVELEZTERICESZBRDIL, Y7
VITER 2 FENTAHERS D, ZoOBEELEK
DRIE 2 B LYY S v S RAERILEIL LS
(Nyquist B#EE). TS5 ZDOHEDRIER 2 DREFET
£T (2 D16 F:16bit) ZET, FEIAVMEF—5
L% % (Fig.50), —HEBRICBWTHIEKRT 2 Lfi»
WHE (E7%)V) KOEEINT, 2072 V2
FX U FINEEZDLIENTE LD, Mkl T2
BRI E LD TH WY (Fig.5D, E), 20— TH
BE MRI T3 4 B2 L ICBER2TH 720, Mkl T
RESMERIZIXZ 2% 5 (Fig.5F). &7 RIVDE
BHEZR 12~16bit TREL T 370, BRI
LHBDOFYINTF-FERASIRI LPTETDH
5, ZOXICSEREWEa YL —FEEY 7 Y =
FTIRMEO &G ST, B MRL & E QBRI F— 5 28
T3 4 RAERICHGHTE S,
HEASBBIIEESZWY, BRERCEIWT, 208
EME L HENREEINS, SBHNENCERMSEESR
N3EDIT, BESLILZOEBHBENERS Z LN
BREEMRTEIC B U 38 TH o 7. ARETIX SPMS 2
AOTEEAEEEZEER LIcERTsLT, &

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.
¢ MR image.
: Magnified images consisting of pixels with various brightness.
: Signal changes of each pixel over time on 4-dimensional images.
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XY RmER A LICBI®E T % parahipocampal place area
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ABSTRACT

Although systemic hypothermia provides favorable outcomes in stroke patients, it has only
been adopted in a limited number of patients because of fatal complications. To resolve
these issues, focal brain cooling (FBC) has recently drawn attention as a less-invasive
treatment for brain injuries. Therefore, we investigated whether FBC has a favorable effect
on focal cerebral ischemia (FCI). Male-adult-Wistar rats were used. Under general
anesthesia, a small burr hole was made and FCI was induced in the primary sensorimotor
area (SI-MI) using photothrombosis. An additional craniotomy was made over the SI-MI
and FBC was performed at a temperature of 15 °C for 5 h. Electrocorticograms (ECoG) were
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.

© 2012 Elsevier B.V. All rights reserved.

*Corresponding author at: Department of Neurosurgery, Graduate School of Medicine, Yamaguchi University, 1-1-1 Minami-kogushi,
Ube, Yamaguchi 755 8505, Japan. Fax: +81 836 22 2294.
E-mail address: masfujii@yamaguchi-u.ac.jp (M. Fujii).

0006-8993/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.brainres.2012.11.041

—574—



54 BRAIN RESEARCH 1497 (2013) 53-60

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

Infarcted'area
{1stcraniotomy)

Cooling area

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).

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; Iijima 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,

A Short-term study
RoseBengal
Injection
inserfing __1st Irradiating Group A: non-cooling, -
catheter ™ Craniotomy™  acoldlight " Craniotomy ™™ Group B: cooling | 1C SIaNing
& & &
ECoG 1h 3h 7h
B Long-t
g-term study
3 Neurobehavioral testing
=mmemmeens Grip strengthtesting
| behavioral training | surgery | behavioral testing |
; W4 ¢ ool
1 2 3 4 5D
5 Days (BL=base line)

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 °G, and incomplete
suppression of EDs persisted throughout the rewarming period.

B

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 7 h 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 ]
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
et al,, 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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