
Chapter G

田 ng the Light scattering Component of Opticallntrinsic

軸 nalS tO WiSualize in Wivo Functional Structures o官Neural

磯 ues

愉 a MaheswaH RaiagOpalan,Kazushige Tsunoda,and Manabu TanWuii

蜘 act

■ヽualization of changcs in rcflcctcd light ttorn″%フグフθ brain dssucs rcvcals sPatial Pattcrns of ncural

れ 、t印l An ilnportant ttctOr■vhich innucnccs thc dcgrcc oflight rcncctcd incllldcs thc changc in light

丈artcring clicitcd by ncural actlvadon.Microstructurcs ofncural tissucs gcncrally causc light scattcring,

and ncural actividcs arc associatcd wlth somc changcs in thc IIllCrOStructurcs.Hcrc)、 vc sho、v that thc

OPtiCal prOpcrtics uniquc to light scattcing cnablc us to vlsualizc spatial pattcrns ofrctinal actlvlty non―

ln、・asivcly(FRG:functional rcdnography),and rcsolvc ttnctional structurcs in dcpth(fOCT:血 nctional

OPtiCal cohcrcncc tomography).

Key words:Intrinisic signal imaging,OCT,optical cohcrcncc tomographL light scattcring.

1. introduction

In 1986)Blasdcl and Salamc visualizcd oricntation columns in

monkcy visual cortcxグ %フケフθ by stalning thc braln surttacc with a

voltagc―scnsittvc dyc and obscrvcd spatial pattcrns of absorption

changcs clicitcd during宙sual stimutt α).Attcr this initial inding,
it has bccn showll that ttnctional sttuct■lrcs can also bc visualizcd

intrinsically)by llllcasuring changcs in light rcncction without thc

nccd for dycs 2).ThiS tCchniquc,thc mcasurcmcnt of intrinsic
rcflcction changcs clicitcd by ncural acttvation,is callcd optical

intAnsic signal imaging(OISI),and iS Widcly uscd to map cord―

cal ttncional sttucturcs in ncural dssucs ofliving animals c―り.
Bccausc thc intrinsic signals wcrc ottginally found as byproduct

Fahmeed Hyderled.),Dyna向たBraわ′向agingr Mtrrti_MOdar ttettο」s aβどわ yiyo App〃carFons,yoた489
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同g.6.1.OHentaWon columns visualtted by 01Si at different wavelengths.Typically in visual co成ex,intHnsic signals

consist of stimulus―specific and―nonspecific components. Orientation columns are reflected in the stimulus―specific

component that is a local modulaJon of a sumulus―nonspecric cOmponent.in lAl,we subtracted acttva打on patterns

obtained by one sWmulus(90 deg.OHentation)frOm the other(O deg.0問entation)to remOve stimulus―nonspecttic com‐

p o n e n t s . P l e a s e  n o t e  t h a t , d e p e n d i n g  o n  t h e  s i z e  o f  t h e  f u n c J o n a l  s t r u c t u r e s  o f  i n t e r e s t , s t i m u l u s  s p e c r i c i t y  O f  s y n a p t t c
inputs,and spread of intrinsic signals,distinction between stimulus―specific and nonspecific compOnents may not be

requred lfOr example,see Figs.6.3 and 6.41,Columnar patterns obtained at different wavelengths are neaHy the same

as indicated by contours in red drawn for columnar pattems obtained at 620 nm.Although R is nOt shown here,similar

patterns of functional structures were also observed using infrared light. Bottom image shows vessel patterns of the

e x p o s e d  c o r t i c a l  s u r f a c e  w h e r e  t h e  a b o v e  r e c o r d i n g s  w e r e  m a d e . ( B ) T i m e  C O u r s e s  o f  s t i m u l u s―n o n s p e c r i c ( r e d  a n d  b l u e

lines)and sWmulus―specric(green line)COmponents obtained at 620 nm.increase of△OD corresponds to increase of

deoxyhemogiobin.The visuai sumulus was given from o to 2 s.(C)Time course of stimulus‐nonspecric cOmponents

obtained at 570 nm(Green iine).The black line indicates ume cOurse of blood volume changes estimated by subtracJon

between dme courses obtttned before and afterthe e斌西nttc absorpJon dye infusion into the樹ood stream(see Fukuda

et al.,2005 for details).The ViSual sttmulus was given from O to 2 s.(SタタC010r Plate)

of dyc―scnsitivc absorpton challgcs,thc sourccs of thcsc signtts

havc sincc bccn dcbatcd.

Onc uniquc fcaturc of C)ISI is that functional sttucturcs pro…

ducc ncarly idcntical spatial actlvation pattcrns at a widc rangc

of imaging wavclcngths(Fig.6.lA).Thc dOminant sourccs of

intrinsic signals,howcvcr,diffcr from wavclcngth to wavclcngth.

At lcast thrcc componcnts arc involvcd in intrinsic signals,and

a1l of thcrrl arc sccondarily cttcitcd by ncural acttvations,Thcsc

componcnts arc changcsin thc oxygcnation lcvcls ofhcmoglobin,

changcs in blood volumc within ncural tissucs,and changcs in

lnicrostructurcs ofncural tissucs.

C)xy… and dcoxygcnatcd hcmoglobin in blood vcsscls arc

thc lnaior light absorbing lnolcculcs in ncural tissucs at around

500-650 nm.Pardculartt Changcs in thc oxygcnadon icvcl of

hclrloglobin arc considcrcd thc maior sourcc Of intrinsic signals

arollnd 610 nrlll bccausc light absorption is donlinatcd by dcoxy―

hcmoglobin at this wavclcngth.Vanzctta and Grinvald rccordcd

changcs in tissuc oxygcn tcnsion by lncasuring changcs in phos―

p h o r c s c c n c c  o f  a n  o x y g c n―s c n s i t l v c  d y c  αの.T h C y  f O u n d  t h a t

oxygcn tcnsion initially dccrcascs within 2 s aftcr stimulus onsct,

and thcn incrcascs bcyond thc basclinc oxygcn tcnslon during
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pcrsistcnt stimぃlation. This timc coursc of changcs in oxygcn

tcnslon was quitc consistcnt with thc dmc coursc of intrinsic

signals(stimulus―nonspcciIIc componcnt)obSCrvcd at 620 nm

(Fig。 6。lB).ThS rcsult providcs good c宙 dcncc that thc dcoxy―

gcnation lcvcl of hcmoglobin is onc of thc sourccs of intrinsic
signals.

A sccond sourcc of intrinsic optical signals stcHIs from

changcs in blood volumc within ncural tissucs.Onc of thc isos―

bcstic PointS OfOxy― and dcoxy― hcmoglobin absorption is iocatcd

at 570 nIII within thc maior abSOrption spccttum band.Thus,

thc intrinsic signals at this wavclcngth should bc dorrlinatcd by

changcs in blood volumc in tissuc blood vcssclse Scvcral stud―

ics providc supporting cvidcncc for thc involvcmcnt of blood

volumc challgcs in intrinsic signals α ヱ,ヱリ.For cxamplc,in血 ―

sion of cxttinsic absorption dyc into thc blood strcaIIl incrcascs

absorption changcs clicitcd by ncural acttvation at thc wavc―

lcngth spcciflc for th4t dyc)and thc dmc coursc ofthc slgntt was

ncarly idcntical to thc tilnc coursc of intrinsic signals rccordcd

at 570 nHl, whcrc blood volumc challgcs sccEl to doIIlinatc

(Fig.6。 lC)α り .

Microstructurcs ofncural tissuc)such as intricatc subcompo―

ncnts of ncurons,Inultiplc typcs of glial cclls)and collcction of

blood vcssclS Of Various sizcs gcncra■ y causc scattcdng of light
that pcnctratcs thc ncural tissucs. If ncural activitics arc associ…

atcd with changcs in thcsc lnicrostructurcs)thcn light scattcring

changcs from intrinsic signals could bc a componcnt for ncu―

rollnaglng.

Changcs in tissuc light scattcAng is indccd considcrcd a

sourcc of intrinsic signals sincc intrinsic signals arc also obscrvcd

at thc wavclcngths outsidc ofthc mttor bttd Ofthc hcmoglobin

abso=ption spcctrum. Thc ttght scattcring componcnt of thc

intrinsic signal has uniquc Propcrtics that do not cxist in thc

absorpdon of oxy"and dcoxy… hcmoglobin.First,wc can dctcct

上ght scattcring changcs at a widc rangc of wavclcngths,includ―
ing infrared light,whcrc hcmoglobin absorpton is minimal.

Using light scattcring in thc infrarcd offcrs scvcral advantagcs.

Infrarcd ttght pcrIIlits visualization of ttnctional signals from tis―

sucs scnsittvc to VISiblc llght,such as thc rctina,as wcll as dctcc―

don of signals from dccpcr structurcs bccausc of thc incrcascd

light pcnctration in thc infrarcd light rangc comparcd to thc

visiblc ralllgce Sccond)、vc can dctcct light scattcring changcs

not only through changcs in light rcflcction but also through

phasc―scnsittvc dctcction such as optical cohcrcncc tomography

(OCT),WhiCh cnablcs us to rcsolvc functional structurcs in

grcatcr dcpth.Fin』 軌 light scattcAng chttgcs may havc fastcr

timc courscs thall thc othcr intrinsic signals, allowlng us to

rcsolvc ncurttt cvcnts with highcr tcmporal rcsolution than sig…

nals oAginatng ttom hcmodynamics.Ncvcrthclcss,丘 rm cvidcncc
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for thc contribution of thc light scattcring changcs has not bccn

dcmonstratcd unti rcccndン Hcrc)wc w11l focus on thc light

scattcring componcnt of intrinsic signals.In particular,wc will

sho、v cvldcncc for thc involvcmcnt oflight scattcring changcs in

intrinsic signals,響pliCatons ofOISI to ttnctonalimaging ofthc
rctina using thc light scattcttng componcnt,and dcpth―rcsolvcd

血nctionalinlaging with OCT.

砲

封
■

2日 01Si for

Functional

l『naging from

Retina(Functional

Retinographyl

With thc incrcasing numbcr of pcoplc suffcring from vislon―

thrcatcning rctinal discascs,such as agc―rclatcd macular dcgcn―

craton)thcrc is all urgcnt nccd for thc dcvclopmcnt ofobicCtlVC

mcthods to lncasurc rctinal ttnction,by which ftlnctional disor―

dcr can bc dctcctcd bcforc symptomatic or structural chaigcs

occur. Thc distribution of rcdnal rcsponsivcncss could nOt bc

adcquatcly mappcd by convcntional tcchniqucs, such as clcc―

trorcinogram(ERG).ThcrCfOrc,wc havc dcvclopcd a rccord中

ing systcm for IIlcasuttng nash_cvokcd intrinsic signals fronl thc

macaquc rcdna復 島ヱつ.

Wc havc applicd OISI to macaquc rctna)and succcssttlly

dcmonstratcd thc topography of conc―  and rod―induccd ncu―

ral functon by mcasuring thc light rcncctancc changcs follow―

ing flash stimulus.Bccausc ofthc diffcrcnccs in anatonlical struc―

turcs,thc propcrtics of intrinsic signals in rctina arc quitc(五ffcr―

cnt from thosc in thc ccrcbral cortcx.Hcrc)wc w11l fOcus on thc

light rcflcctttcc changcs in two(近scrctc rcglons in thc postcrior

r c d n a i  f o v c a  a n d  p o s t c r i o r  r c d n a  a p a r t  f r o m  t h c  f o v c a ( p c r i f O V C a l

rcgions).

Thc ocular ttndus of Rhcsus IIlonkcy undcr ancsthcsia was

monitorcd vla a modiflcd ttndus camcra cquippcd with a CCD

camcra(Fig・ 6.2).Thc intrinsic signals cvokcd by whitc di←

的sc flash stimutt wcrc calculatcd by(近viding tl■c avcragcd imagcs

obtaincd aftcr thc nash by thOsc obtaincd bcforc thc nash αaヱつ

(SCC dCtails in Appcndix l).With an obscrvaton light wavc―
lcngdl of 630 nnl)thc light rcncctancc from thc fovca incrcascd

(rCtinal iIIlagc bccaIIlc brightcr),whCrcas,thc light rcflcctancc
from thc pcnfovcal rcglons dccrcascd(rcdnal imagc bccamc

darkcr)f0110Wing a nash simulus(Fig.6.3A)。 Thc incrcasc

in light rcncctancc followlng a llash in thc fovcal rcglon was

attributcd to thc blcaching of photopigmcnts by visiblc light

α5-ヱリ.On thc otl■ cr hand,thc dccrcasc in light rcncctancc in

thc pcrifovcal rcgion was attributcd to thc hcmoglobin― rclatcd

rcncctancc changcs or tissuc light scattcring changcs,which can

bc obscrvcd in tl■c ccrcbral cortcx復の.ThC pSCudocolor map

(Fig.6.3A)showS that thc signals in thc fovcal and pcrifOvcal
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同g=6.2.Overali view ofthe intHndc signals imaging system for rettna teftl and SChematic drawing ofthe expettmental

setup lrightl.ThrOughout the recording tttal,the fundus was conttnuously illuminated wRh observatton iight through one

ofthe bandpass lRers.(SタタC01or Piate)

Fig. 6.3. Time courses of two―dimensional images of retina showing light reflectance

changesfollowing anash stimulus observed wtth 630 nm lAl and infrared(B)light,mea―

sured in the posterior pole region of normal retina.The averaged reflectance changes

during the first second afterthe fiash are shown in pseudocolor rnaps on the right.Color

indicates relative light reflectance changes from pre―stimulus ievel.Fundus photograph

of a normtt macaque reJnaにshown in the ttght.(レタCObr ttate)

rcglons havc diffcrcnt polandcs. In thc fovcal rcglon, thc

contribution ofbrightcning by photopigmcnt blcaching is grcatcr

than that ofdarkcning by light scattcring challgcs.

In rctinal optical irlllaging,wc nccd to takc into account

t h / o  p o i n t s  w h c n宙s i b l c  l i g h t  i s  u s c d  f o r  O I S I : ( 1 ) V i S i b l C  l i g h t

for obscrvation cvokcs ncural actlvlty and thc rcflcctancc call

bc changcd without giving flash stimuli, Thc basclinc rctinal

rcflcctancc is thus unstablc during rccOrding。 (2)Following

blcaching of photopigmcnts undcr visiblc light, thc fovcal

rcncctancc is dramadcally incrcascd(rcinal imagc bccomcs

bttghter)and this blcaching― rclatcd rcncctancc challgc has an

oppositc polarity to convcntional intrinsic signals, which arc

commonly obscrvcd as dccrcascs in light rcncctttncc(rctinal

imagc bccomcs darkcr).
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Howcvcr,with infrarcd obscrvation light(840-900 nm),thC

rcsllits diffcr,Thc wholc postcrior rcgion of thc rctina bccamc

darkcr aftcr thc stimulus and thc pscudocolor map shows that thc

most prolnincnt dccrcasc in light rcflcctancc was at thc ccntcr

(Fig. 6。3B).ThC rcsponsc topography undcr thc light― adaptcd

condition dcmOnslratcd a stccp pcak of darkcning at thc fovca,

togcthcr with a gradual dccrcasc of signal intcnsity away from

thc fovca toward thc pcriphcry(Fig. 6.4A).ThiS iS COnsistcnt

hvith thc topography ofpsychophysical conc scnsitivity in nor】 nal

human subicCtS mcasurcd with bright background α9-2り .IfthC

optical signal rcflccts thc ccntral accumulation of conc photorc―

ccptors undcr thc ttght―adaptcd condition,thc local rctinal rcgion

with high rod dcnsityj ca■cd thc`rod Angち ShOuld also bc acti―

vatcd undcr thc dark―adaptcd condition.Followlng lbrty nlinutcs

of dark adaptation,thc inthnsic signal showcd additional pcaks

along thc circular rcgion surrounding thc macula at thc ccccntric―

ity of thc optic disk,togcthcr with thc ccntral pcak at thc lbvca

(Fig.6。4B)r22-2り .

In ordcr to cnsurc that thc intrinsic signals rcflcct thc ncu―

ronal activitics in rctina)thc local optical signal valucs undcr

tight―adaptcd co蝕 ton wcrc comparcd with thc loc工 i ncuronal

A Light adaptatton

B Darkadapね 宙on

Fig.6.4. RespOnse topography of normal reJna under iight―adapted(A)and dark―

adapted(B)COndkions.The foveal centeris indicated by a whRe dot and the opttc disk

is indicated by an asterisk.RegiOns with 600/0,500/0,400/O and 300/O of the peak signal

intensity value at the fovea were ouJined by different colors.Pseudocolor topographic

maps of iight reflectance changes in the inferior retina, profiled along the horizontal

meHdian,are shown on the ttght.The location of the fovea is indicated by tt and the

crest of`rod ttng'にindttated by R。(レタCdOr ttate)
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activitics,mcasurcd clcctrophyslologically by multifocal ERG

復り,MuldfOCal ERG(ヽ 電RIS,EDI,San Matco,California)mca―

surcs thc local ncuronal activity in multiplc small rcgions in thc

postcrior rctina)whcn prcscntcd(On a T、
/1nonitor)With achro―

matic nickcr which altcrnatcs indcpcndcndy bctwccn black and

whitc in indi宙dual hcxagonal scgmcnts r2り.Thc COrrclation was

cvaluatcd bctwccn thc amptttlldcs ofthc focal ERG rcsponscs and

optical signals at thc corrcsponding locatiOns;from thC Salmc cyc.

In ordcr to artindally rcducc thc ttnctiOn of thc photOrcccPtor

laycr of thc rctina)thc uppcr half of thc lctt fundus Of a mon…

kcy was 10cally coagulatcd with Argon Lascr photocoagulation

(Fig. 6.5A).Thc CICCtrOphyslological rcsponscs in thc dalnagcd
rcgion wcrc rcduccd accordingly(Fig. 6。 5B),In intrinsic signal

ilnaging,thc damagcd rcglon also showcd smalicr amount ofttght

rcncctaIIcc dccrcasc(Fig. 6.5C).ThC light rcncct狂 lcc dccrcasc

and thc muldfocal ERC signalshowcd statsdca■ y signincaIIt pos―
itivc corrclation(r2=0.79,p<0。 001)n=45)(Fig. 6.5D).Thc
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Fig.6.5.lAI PhotOgraph of the monkey's redna arttticially damaged by ArgOn Laser

PhotoooagulationコThe upper half of posterior retina was densely coagulated,sparing the

macular area.(B)Array Of 37 1ocal responses of muttifocal ERG〕taken from the fundus

in lAIE ERGs wtth*and tt indiCate the loca苗on of macula and opttc disk,respecJveけ

Note that the responses of the intact retina in the lower half reglon are inversely shown

in the upper ha席of the arrays,(C)pseudooolor map of‖ash―evoked intttnsic signals

measured wtth hfrared‖ght口Red cdor httcates‖ght reflectance decrease(能泌絶所,の
from pre―stimulus ievel.Flash―evoked darkening could not be observed in the damaged
regttn luppθrヵaぃ(D)Correb打On bemeen the change in l的ht remedance decrease

器 路 林補 襴 背 8,最伊端 糾 棚 概 l鮮 l樹』
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rcsults of optical iIIlaging and clcctrophysiological lncasurclncnt

wcrc wcll corrclatcd not only in thcir rcsponsc amplittdcs but also

in thc spatia1 location of rcduccd rcsponscsi thC bOrdcr bcttvccn

normal and rcduccd rcsponsc rcgions in both mcasurcmcnts cor―

rcspondcd to thc bordcr bc停Ⅳccn normal site and Photocoagula―

tlon sltc.

Intcrcsingtt wlth infrarcd obscrvaton,thc dmc coursc of

thc intrinsic signals cvokcd by a bdcf flash stimulus was(近 ffcr中

cnt for diffcrcnt rcgions of thc ocular ttndus. Rcprcscntatlvc

timc courscs of llash―cvoked rcsponsc at thc fovcal and pcri―

fovcal rcgions undcr thc dark― adaptcd condition arc showll in

Fig. 6.6.Thc rcncctancc changcs at thc lbvca wcrc rapid and

rcachcd a ncgatvc pcak(darkcning)Within 100 to 200 ms fol―

lowing thc nash.Thc darkcning thcn gradually rcturncd toward

thc prc―stimulus basclinc.Thc signals in thc pcrifovcal regions

(3°
-12°

)wcrC COmposcd of both fast alld slow componcnts.Thc
timc courscs ofthc intrinsic signals ofthc Pcrifovcal rcglons、vcrc

approximatcly thc samc and disdnct from thc fovcal rcsponsc:

thc ttght rcncctancc dccrcascd rapidly within 100 ms(acxur組

point),and thCn gradually dccrcascd to rcach a tFOugh.Thc light
rcncctancc at thc fovca(止 d not dccrcasc following thc initial ncg―

attvc pcak.

Thc fovca is a ccntral rcgion(300 μ m in diamctcr)in thc

postcrior rctina that is composcd of conc photorcccptors and is
frcc of caplllattcs and middlc or inncr iaycr structurcs pの.Thc

pcrifovcal rcgion has bod■conc and rod photorcccptors,and its

一 Fovea … …3・  -63 _90  _12°

Fig.6.6.Time courses oflight re‖ectance changes in a singie tHal following a diffuse‖ash,measured atthe fovea and

ditterent regions within twetve degrees superior or inferior to the fovea.Amplitudes are indicated as values relative to

the light reflectance changes at the end of each triat(1.0).The four regions tested in each quadrant are indicated as

dにtances from the fovea(3,6,9 and 12°).(助夕CdOr ttate)
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inncr and lniddlc laycrs arc nouAshcd by rctinal vcsscls and cap―

illarics.Wc bclicvc that thc light scattcring changcs followlng

actlvation of thc conc photorcccptors arc probably thc sourcc

of thc fast intrinsic signals obscrvcd at thc fovca bccausc thc

fovcal avascular rcgion is not subiCCt tO changcs in hcmoglobin

conccntration or blood volumc following ncural acttvation`ヱ イメ
Thc rapid darkcning obscrvcd at thc pcrifovcal rcgions lnay also

bc dcrived from ttght scattcring challgcs bccausc)undcr infrarcd

止ght, thc changc in thc optical signal duc to dcoxygcnatcd
hcmogiobin conccntration is thought to bc much smallcr than

that from tissuc ttght scattcring ttZえThC light scattcring changcs

followlng a nash arc thought to bc dcrivcd fronl Hlicrostruc―

tural challgcs in thc outcr scgmcnt disks,mcmbranc hypcrpo―

larization,ccll swclling,and changcs in thc composition of thc

intcr―photorcccptor matrix.Rcccnt functiona1 0CT studics using
blood―frcc slicc prcparations pa2の or in VIVO rctina`3の shOWCd

t h a t  t h c  r c n c c t a n c c  i n  t h c  P h o t o r c c c P t o r  i a y c r  i s  s t r o n g l y  m o d u―

latcd by ncural acttvation lollowcd by lnicrOscopic rnorphological

changcs.

As for thc sourccs ofthc siow signals in thc pcdfovcal rcgions)

our rccent s恨ュdics havc suggcstcd that thc light scattcAng changcs

duc to blood now changCS in caPlllarics arc thc main contribu―

tors to challgcs in rcflcctaIIcc r42).Dircct lrlcasurcmcnt of blood

n。、v with lascr Dopplcr nowmctry has showll that a flash stimulus

cvokcs a slow incrcasc in blood now only in thc pcrifovcal rcgions

alld its dmc coursc cxacdy matchcd that ofthc siow componcnt

ofthc intrinsic signals wc dcscribcd abovc.A fastincrcasc in blood

now9 howcvcr)haS not bccn Obscrvcd cithcrin foveal or pcrifoveal

rcglons.

Wc havc showllthat thc light scattcring changc,which isindc―

pcndcnt ofblood oxygcnation icvcl)also corrclatcs wcll wlth ncu―
ronal actlvlty and can bc uscd for rllapping ncural function.Wc

bclicvc that this fast scattcring signal is ofgrcat valuc for mapping

ncuronal actlvlty bccausc it lnay havc bcttcr spatial and tcmpo中

rttt rcsoludons thall thc blood―now_。 r blood oxygcnation rclatcd

signals.

3口Optical

Coherence

Tomography(OCD

for Functional

lrnaging Resolved

in Depth

(Functtona1 0CTl

In convcntiona1 01SI with CC]D camcras,thc mcasurcd rcncctcd

light is actualy thc intcgratcd signals ovcr dcpths dctcrmincd

by thc collcction optics.Hcncc potcntial variations in ttnctional

orgalllzation across dcpd■Itrlay go undctcctcd, Optical coher―

cncc tomography(OCT)iS an optcalimaging tcchniquc that has

thc potcntial to show rcflcctivity at spcciflc dcPths bccausc thc

mcthod is a scnsittvc lncasurc ofrcfracttvc indcx variations across
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dcpth律 ら32).In thiS tCchniquc)light from alow― cohcrcncc light

sourcc ls focuscd onto thc tlssuc and rcflcct■ vlty Of thc lntcrnal

llllicrostructtrcs at diffcrcnt dcpths is rncasurcd by all intcrfcrom―

ctcr)thus provi(近ng a lmap of thc sttuctural prottc of thc tissuc.

As dcscribcd in thc prcvlous scction on convcntional C)ISI)in

addition to thc oxy― and dcoxy― hcmOgiobin rclatcd absorption

changcs,scattCring changcs also contributc to thc intrinsic sig―

nal mcasurcd wlth OCTo Scattcring changcs could rcsult ttom

changcs in thc sizc ofthc scattcrcr or thc dcnsity ofthc scattcrcr,

or both.During ncural activation)sccondary physiological struc―

tural changcs such as thosc in photorcccptors dcscribcd abovc

αの,Caplllary diladon a23り,changc in thc dcnsity ofrcd blood
cclls停 つ and SWClling ofglial cclls律 り can OCCur律 の 。Wc CXpcct

that thc changcs in scattcring charactcristics would rcsult in an

activity―dependcnt rcncctivity Changc)and that thc scnsitivity of

OCT to rcfractve index changcs would makc it thcorctically scn―

sitlvc to thc scattcring changcs such as thosc happcning during

ncural actlvation.Wc rcfcr to this tcchniquc as ttnctiona1 0CT

(fOCT)and itS Signal as fOCT signal.
To dcrrlonstratc thc potential of OCT in ttnctional studics,

w c  u s c d  p r i m a r y宙s u a l  c o r t c x ( V l ) O f  C a t s  t o  c o n t t m  t h a t  d c t c c―

ton of a sdmulus― sPcciflc rcncctivity changc is fcasiblc律ら3秒 .

Thc rcliability of thc tcchniquc was dcmonslratcd by compar―

ison widl rcsults of convcntiona1 0SIS ttd multi―unit activity

rccordcd clcctrophysiologically.Rcccndy,supporting cvidcncc for

thc potcntial of OCT in functional s白ュdics has bccn rcportcd in

squid律り and in rcdna p8_3の.
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4口Brief

introduction for

Optical Ccherence

Tomography(OCD
F耗押re 6.7A shows a silnPlc schcmatic of thc pttnciplcs of an

intcrfcromctcri a broad―spcctrum light sourcc is dividcd by a half

IIlirror into two bCalllls,onC llluIIlinating thc rcfcrcncc lltlirror and

thc othcr illunlinating a turbid lncdium such as thc cortcx.Thc

light rcflcctcd back from thc rcfcrcncc lnirror and thc cortcx arc

rccombincd at thc halflnirror to rcach thc dctcctor.Thc rcncctcd

上ght bcams would intcrfcrc only if thcir total light path lcngth
diffcrcncc(Lr―Ls)is within thc cohcrcncc lcngth of thc sourcc,

or,in othcr words,ifthc light rcaching thc dctcctor has tcmport述

corrclation.Thc cxtcnt of tcmporal corrclation is dctcrlltlincd by

autocorrclation of thc sourcc,and can bc dcscribcd in tcrlns of

thc spccttal width(PrOpOrdontt toえ 3/△え)Of thC SOurcc,whcrc
えO is thc ccntral nlcan wavclcngth and△えthc spcctral width.For

thc casc Ofthc light sourcc uscd in OCT,thc cohcrcncc lcngth is

on thc ordcr ofa fcw μ m to a fcw tcns of卜 m.So〕 by having a

mcchanistln to lnovc thc rcfcrcncc lnirror,it is possiblc to disscct
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同g . 6 . 7 . A  s c h e m a t i c  o f t h e  b a s i c  p H n c i p l e  o f  O C T  I A l  a n d  t h e  e x p e H m e n t a l  s y s t e m  u s e d ( 3 ) a l o n g  W k h  a  p i c t u r e  o f t h e

probe un淀(C)and a SChemattc of the scanning paradigm(D)コin the ttgure(B),the abbreviations denote:BBS―Broad

Band Source,AOM― Acousto-Opttc ModulatoL PC―Polattza宙on ControlleL M一Mirror and O-ObiecttVe lens.(Sタタ0010r

Piate)

t h c  c o r t c x  o p t c a l l y  a l l d  o b t a i n  d c p t h―rc s o l v c d  r c n c c t i v i t t  m a p S・

Thc cxpcrimcntal systcnl uscd in our stLLdiCS and othcr dctails arc

dcscttbcd in Appcndix 2.

58 Functional

imaging with OCT

lfOCD
Prior to doing ttnctional ilnaging with OCT,wc Pcrformcd in

vivo optical intrinsic signal ilnaging with thc cxPoSCd COrtical sur―

facc ofcat visual cortcx(Fig.6.8A)at a waVCICngth of 607 nm.

Thc stimulus sct waS idcntical to thc onc uscd in fOCT.It con…

sistcd offour diffcrcndy odcntcd gratngs alld a blank scrccn uscd

as a control(sec dCtailcd Protocol in Appcndix 2).F推軍re 6.8B
shows thc thrcsholdcd(近ffcrcncc rnaps obtalncd whcn horizontal

and vcrtical grating visual stimutt wcrc prcscntcd to thc cat.Dark

and bAght re」ons indiCatc thc actlvatcd rcgions for horizontal
and vcrtical gratings,rcspcctlvcly
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Fig=6.8.lAI Exposed cortical surface of catvisual cortex wRh(B)a thresholded acHva―

打on map oveHay,Dattk and ri9わ古patches represent the acJvated regbns for ho百zontal

and vettical grattngs,respecJvely,and greθttrinθsindicate the reglon of OCT scans.(Sタタ

Color Piate)

Al■OCTヌ ーz scan WaS thcn cOnductcd across thc grccn linc

indicatcd in Figure 6.8.Figure 6。 9A sho、vs d■c rcsuits of thc

OCT structuralガ ーz imagc obtaincd,Thc cortical surfacc bordcr

has bccn dra、アn ll■anually and thc warln―colorcd rcgions indicatc

thc scattcring ccntcrs hvithin thc cOrtcx.Hcrc,thc light bcanl was

adiuStCd tO bc incidcnt norrrlal to thc cortical surfacc and at a

position ofintcrcst in rclation to thc cortical surfacc.Thc dcpth

prOfllc shOwing thc intcnsi崎/Variation as a fLlnCtion of dcpth is

shown in Fig. 6。 9B.Figurc 6。 9C shows thc calculatcd fOCT

IIlap obtaincd as a diffcrcncc of thc fOCT Inaps collcctcd for

horizontal and vcrtical grating stimuli obtaincd across thc grccn

linc of Fig。 6.8(scc Appcndix 2 for calculation uscd to cxtract

Cortical tateral posi“On x(mm)

Fig.6.9.(A)OCT sCan obtained across the line indicated in F19.618 wtth(B)a typiCal depth re‖ecttvity pro村le from lAl

and the corresponding(C)FuncJona1 0CT map and(D)ConsiStency of OiSi resutt wkh the integrated resu性of fOCtt in

(C),7夕冴and彦力″夕patches represent the acttvated regbns for ho問zontal and vettictt grattngs,respectivew=ln(D)green

tine indicates the variation of 01Si across the line indicated in Fig.6.8B.while the″夕冴〃グ%夕obtained by calculating the

func樹onai signalfrom integraung the ocT scans across the fuli scanned depth range of Figi 6.9A.(影夕CO10r Plate)
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血nctional signals).HcrC,rcd and bluc Patchcs indicatc thc acti―

vation for horizontal and vcrtical grating stimuli)rcspccttvcly.In

ordcr to cla占争thc rCliability ofmaps,a pixcl―by―pixcl comparatlvc
t―tcst was donc fOr thc horizontal against thc vcrtical grating stiHl―

uli.Thc tcsts rcvcalcd that thc rcsults obtaincd wcrc statistically

sigtticant tO within a 5%tolcrancc lirnit.Furthcr,a blank lninus

blank lnap did rcvcal a flat distribution without any patchcs.

From thcfOCT map,wc can lnakc thc following infcrcnccs:

1. Thcrc is a discrctc distribution of activation PatChCS across

dcpth,which is stimulus spcciflc.

2. In a vcry supcrflcial rcgion(100-200卜 IIl undcr cortical sur―

faCC),thCrc arc no actlvation patchcs indicating laycr l whcrc

ncurons arc scarcc.

3.In thc rcgion dccper than 100-200 μ Hち thcrc cxist scvcral

localizcd patchcs across dcPth showing no rcgular structurc,

4. Thc localizcd patchcs cxtcnd up to thc mcasurcd dcpth of

approximatcly l mm.Thc prcscncc of oricntadon columns in

primary visual cortcx is wcll known律の.ThiS indicatcs that,

across dcpth,thcrc might cxist a continuous cylindAcal organi…

zaton morc complcx than thc commonly undcrstood colum―

nar organlzatton.

As thc maps rcvcalcd by fOCT suggcst a surpAsingly discrctc dis―

tributcd columnar organization,it bccomcs ncccssary to validatc

thc tcchniquc.In thc prcscnt mcasurcmcnts,thcrc arc t、アo potcn―

tlalissucs that nccd to bc consldcrcd:

1.Although wc could obscrvc a functional signal that ariscs as a

rcsult of scattcAng changc duc to ncural acttvation,it is still

not possiblc to spccitt thC Odgin rcgarding thc cxact naturc of
thc scattcring changcs such as glial swclling or cap■ lary dila―

tion. Onc、 vay to rcsolvc this issuc may bc to incrcasc thc

spatial rcsolution of thc tcchniquc,a possibility that is tcch―

nically fcasiblc.But cvcn with incrcascd rcsolution)a1lowing

us to vlsualizc thc dctails of thc sttuctural organization)it is

still not cicar whcthcr thc rcflccdvity changcs could providc

cnough contrast to rcsolvc flncr dctalls such as ncuronal cclls,

glial cclls and blood vcsscis ctc.To rcsolvc such structural di早
fcrcnccs,onC Way is by spcciflcally attaching contrast agcnts

such as gold particlcs to spcciflc strllcturcs such as ncurons,Wc

prc17iously proposcd a mcthod ofincrcasing thc rcncctivitt in
OCT(7の by intrOducing propcrly sizcd gold partidcs.With

such spcciflc labcling,wc lnay bc ablc to incrcasc thc rcflccttv―

ity from spcciflc structurcs,which wOuld)in turn,cnablc us to

spcciltt thC Origin ofscattcttng changc.
2.Anothcr issuc is that thc sitc of localizcd scattcring changc

may not corrcspond to thc sitc of ncural activity.To addrcss

this problcm)wc conductcd clcctrophyslology rccOrdings to

mcasurc thc ncuronal activity at thc sitcs rcvcalcd by fOCT

discusscd in thc lbllowing scction.
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6コRetiability of

the Signal as a

Measure of

Localization of

Neural AcWvity

As thc corrclaton of OISI maps wlth ncural acdvity is alrcady

wcll cstablishcd c,44り ,a cOmparison of fOCT with OISI is
a rcasonablc validation approach. Wc comparcd thc intcnsity

vattadon ofan OISI map across thc scanncd linc(Fig.6.8)with

thc intcgratcd prottc of fOCT. In ordcr to calculatc thc intc―

gratcd prottc,all thc pixcls across thc z―dircction wcrc surFIIIICd

to obtain a profllc that varics only across冴 ;thcn thc diffcrcntial
OCT at cachヌ was calculatcd.Figure 6。 9正)shows thc rcsult

of such a comparison with thc rcd linc indicating thc intcgratcd

rcsult and grccn linc indicating thc C)IS intcnsity variation.A

clcar and rcmarkablc agrccmcnt bc宙 内アccn thc prottcs can bc

sccn.This indicatcs that fOCT signal is indccd corrclatcd wlth

C)ISI and thus corrclatcd with thc ncural activity Expcrilncnts

wcrc donc in 5 cats and showcd a good corrclation bctwccn

thc intcgratcd fOCT signal and thc intcnsity profllcs obtaincd

from intrinsic lnaps,Corrclation cocfIIcicnts vary in thc rangc of

O。3-0.9. Table 6.l givcs thc rcsults of corrclation cocfflcicnts

obtalncd from a cat from diffcrcnt scan positions,Howcvcr,a

gcncral cavcat is that thcrc arc many diffcrcnccs bcNocn OISI
and fOCT)including illunlination and dctcction gcomctrics,

wavclcngths uscd and thc origin of thc signals. In fOCT)as

ncar―infrarcd wavclcngth is uscd, oxy―  alld dcoxy― hcmogiobin

havc allnost thc salnc absorption cocfflcicnts ttd hcncc thc

absorption changcs arc lninilnal.Thc lnain sourcc ofthc signalis

thought to bc scattcring changcs.Ncvcrthclcss,thc OISI rcsults

corrcspondcd vcry、 vcll with thc intcgratcd prottcs offOCT.

Table 6.1

The correlation coetticients bemeen the profiles obtained

by the 01Slintensity profile and the corresponding

depth‐integrated fOCT intensiw prO宙le obtained from 6
ditterent scan positions of a single cat

Scan position index   Correlation for O-90°    Correlation for 45-135°

韓難難響:
PositiもA121

熙 華:
P6sitio止141

:欝灘

101219

峯熙 鞘
101.5‐66‐ ‐

十1:|:程【
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Ncxt,tO invCstigatc wl■at thc patchcs in fOCT maps rcprc―

SCnt(1・C・,whcthcr d■cy rcprcscnt a localization in thc distribution

of ncurons thclnsclvcs or a localization of thc sccondary lncch―

anisms that arc bchind thc ottgin of thc ttncdonal signals),WC

rccordcd multi― unit activitics(MUA)in thC SCanncd rcglon to

dctcrlninc thc corrclation wldl thc distribution of strcngth of

ncuronal activit羊 江ヽLIA rccordings wcrc donc wld■ glass―coatCd

tungstcn clcctrodcs.Figure 6.10A shows a rcprcscntatl1/c cxanl―

plc ofthc variation ofMUA with rcspcct to thc cortical dcpth for
four(止ffcrcnt grating oricntations.As sccn fron■ thc flgurc,thc

stmulus sclcctlvlty aCross a singlc track is rctaincd.Howcvcr,thc

cvokcd rcsponsc at chffcrcnt dcpths is not ofthc saJttc lnagnitudc

and it varics across dcpth wlth thc rcsponsc bcing thc largcst for

a dcpth of 100-400 μ m.This implics that,across thc dcpth,all

ncurons do not bchavc in thc samc way and thcy havc individual

charactcristics as、vould bc cxpcctcd froln an cnscmblc ofncurons.

Wc would likc to cmphasizc this variation in thc cvokcd rcsponsc

and wc cxpcct dlis variation could bc dctcctcd by thc proposcd

fOCT mcasurcmcnt.

Figure 6.10B shows an cxamplc ofthc rcsult of a compar"

ison ofthc fOCT dcpd■ prontc with thc MUA pronlc.variation
o f  t h c  f O C T  P r o t t c  g c n c r a l l y  a g r c c s  w i t h  t h c  n o n―u n i f o r m l守O f

cvokcd rcsponsc across(近 ffcrcnt dcpths.This suggcsts that thc

飽nctional signal mcasurcd by fOCT Inay bc corrclatcd wlth thc

spiking actlvlty of ncurons.A calculation of thc corrclation cocf―

icicnt rcvcalcd that thc prottcs arc wcll intcrrclatcd.Rcsults of

corrclation obtaincd from six diffcrcnt scan positions and thrcc

diffcrcnt cats arc prcscntcd in Tablc 6.2A alld B,rcspcctivcly

Exccpt for mア o cascs,thc corrcladon cocttcicnt was fairly high,

inidicating that fOCT could indccd llllcaSurC functional maps.

‐審導目    瑠懇総麟         親     窪密器    増韓密‐    婚親奪    密輝簿    時agF

畿 曲 審輸岬輔明肝磁静

Fig.6.10B An example oflAI MUA―evoked responses as a func宙on of depth obtained from a single track for different

oHentauon sumuli and(B)a compaHson of difference of the evoked MUA response(shOWn in red)Wtth the fOCT prolle

(ShOWn in green)aS a funcHon of depth forthe dWerence of O°minus 90°oHentaWon sUmulus.(SタタCOlor Plate)
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Table 6.2

Cross口correlaWon coetticients obtained from lAl ditterent

tracks of a single averagedガーz scan and(B)population

result from three different cats

CorrelaWon between fOCT and unk pro宙les(Al

Site tt   Correlation coe甘口for O-90 deg   Correlation coeff.for 45-135

難華

IⅢ211

盤
挙4 1 1 1 1 1 1 ‐

筆:ヨ雪::

欝 鞘華ン
|!|||||||!||||||||||||||||||!|||||!lillll:|||||li!!
雪雪妻響華言欝鞘

7日f00T~Future

Prospects

It should bc rncntioncd thatin thc compaAson study discusscd in

thc prcvlous scctiOn)diffcrcnt mcthods ofOISI)fOCT and MUA

恥アcrc conductcd indcpcndcndy to bc comparcd latcr.Howcvcr,

thcrc could bc somc spatial ambiguity of 100 μ m or rnorc in

such comparisons.For morc rcliablc comparisons,it may bc ncc―

cssary to conductsimultancous mcasurcmcnts ofC)ISI,fOCT and

MUA.In additon,rcccndy)wc havc startcd thc implcmcntaton

of a high spccd Fouricr domain OCT systcm tl■ at would iargcly

improvc thc scns通 vitt of OCT Signal cnabling a clcarcr picturc

Ofthc columnar organization ofoAcntation columns in cat visual

cortcx,

Rcccndy,wc havc ttso startcd applying fOCT to thc study

of thc rat olfactory systcm and our prclinlinary rcsults show

clcar odor―dcpcndcnt rcsponscs.Wc thcrcforc cxpcct this mcthod

to pro宙dc novcl insights rcgarding thc rcsponsc distribution in

granulc ccll laycrs that rcccivc input fronl olfactory glomcruli and
lic dccpcr from supcracial rcglons ofthc bulb.
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Appendi文1:

Technical Details

of Functional

Retinography
Thc monkcys wcrc ancsthcdzcd tt a mixturc of 70%N20,30%

02 Supplctlncntcd with l.0-1.5%ofisonuranc and wcrc paralyzcd

with vccuronium bromidc(0。 1-0.2 1ng/kg/hOur).BCfOrc thc

r c c o r d i n g s , t h c  p u p l l s  w c r c  t t l l y  d i l a t c d  w i t l■t o p i c a l  t r o p i c a m i d c

(0.5%)and phCnyicphrinc hydrochioridc(0.5%).A modillcd dig―
i t a l  t t n d u s  c a m c r a  s y s t c m ( N M - 1 0 0 0 , N i d c k ) A i c h i ,メa p a l l ) W a s

uscd to obscrvc and IItlcasurc thc ttght rcflcctancc changcs from

thc ocular ttndus.Thc fundusiFnagcs wcrc rccordcd wid■ aCCD

camcra(PX-30BC,PAmctcch Enginccttng,Tokyo)メapan),alld
thcimagcs wcrc digidzcd with an IBM/PC―cOmpadblc computcr
cquippcd with a vidco framc grabbcr board(Corona II)Matrox,

QuCbCC,Canadai gray lcvcl rcsolution,10 bits;Spatial rcsolution)
640x480;tcmporal rcsolution,1/30s).ThC Callllcra was focuscd
on thc lnacular vcsscls,alld thc arca rccordcd covcrcd 45 degrccs,
which includcd thc macula)supcrior and infcrior vascular arcadcs,

and thc optic disk.

Thc ttndus was condnuously monitorcd with light from a

halogcn laIIlp flltcrcd through a rcd(610-650 nIItl)or infrarcd

(840り 00 nm)intCrfcrcncc tttcr.Each rccording trial consistcd

of thrcc hundrcd vidco framcs collcctcd at 30 framcs/scC fOr a

total rccording timc Of 10 s.A Xcnon nash(duration:l mscc)

、vas givcn to thc、vholc postcrior polc of thc ocular fundus,500

1nscc attcr thc initiation of data acquisition.Thc flash intcnsity

mcasurcd at thc cornca was l.54x102cむ s/m2.Thc dming of

thc data acquisition and stimulus dcttvcry was undcr computcr

control. Changcs in light rcncctaIIcc fronl thc ocular ttndus

following thc sdmulus,such as a darkcning(a dcCrcasc in light

rcflcctancc)or a bttghtcning(an inCrcasc in light rcncctancc),

wcrc mcasurcd.Thc optical signal was calculatcd as follows:α )
Thc gray…scalc valucs of thc imagc obtaincd attcr thc stimulus

wcrc dividcd,pixcl by pixcl)by thosc obtalncd during a O.5-s

pcdod bcforc thc stmulus)and 2)ThiS radO was rcscalcd to
256 1cvcls of gray―scalc rcsolution to show thc stimulus―induccd

rcflcctancc changcs.

88 Appendix 2:

Technical Details

of f00T

Sysfem

Wc uscd

C01■SlStS

a ibcr―bascd OCT imaging systcm(Fig・ 6.7B).It

of a Mach― Zchndcr― typc hctcrOdync intcrfcromctcr
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constructcd from singlc―Inodc abcrs lbr ncxibility.Light fronl a

broadband sourcc(AFC Tcchnologics)Canada)opcrating at an

output po、 アcr of 30 mW alld having a ccntral mcan wavclcngth

(九0 ) o f  l . 3 1  μm  a n d  a  s p c c t r a l  w i d t h (△え)o f  5 0  n m  i s  s p l i t  i n t o
samplc and rcfcrcncc bcaIIls in thc rcspccttvc ratio of 19:l by cou―

plcr l.Optical frcqucncics ofthc salnplc and rcfcrcncc bcaHls arc
shittcd by acousto―optic modulators(AOM)Asahi glass,メ aPall).

Wc usc AOMs to introducc a constant and stablc phasc dclay

bctwccn thc intcrfcring bcalns.Both thc rcfcrcncc and salnplc

bcalns,attcr passing through thc circulators)11lunlinatc thc rcf―

crcncc mirror and cortcx)rcspcctlvc町l ThC rcncctcd lights wcrc

rccombincd at couplcr 2.An intcrfcrcncc bcat signal that has a

b c a t  f r c q u c n c y  o f 2 5 0  k H z  i s  d c t c c t c d  o n l y  w h c n  t h c  p a t h  l c n g t h s

of thc intcrfcromctcr arlllls arc lnatchcd to wldlin thc cohcrcncc

lcngth ofthc sourcc that is calculatcd to bc 34 μm in frcc spacc.

Hctcrodync dctcction was donc wlth a lock― in amplincr(EG&G)

USA)and thC amplimdc ofthc dcmodulatcd componcnts was fcd

into a computcr via a 16-bit A/D coIIvCrtCr.Thc rcfcrcncc mirror
M was mountcd on a lnotoAzcd stagc and scallncd at a spccd of

2 mm/scC.
Thc samplc armvicwing thc amimalsidc consistcd ofan obicc―

tlvc lcns of numcrical apcrturc O,08 and was alsO flttcd wlth a

CCD camcra.This a1lowcd simuitancous宙cwing of thc cortical

surtacc wlth thC introduction of visiblc light from an auxlllary

lascr sourcc(wavCICngth 680 nm).ThC Wholc unit was mountcd

on a tlrlanipulator unit(Ilig・ 6.7C)that has IIvc dcgrccs of frcc―

doIItl of transiation along thrcc axcs and rotation and tilt(thc

ncxibility is nccdcd for IIlaking thc probing light bcam normal

to thc cortical surfacc).Galvano scanncrs wcrc installcd so as to

pcrform surttacc scans.Thc anilnal―rclatcd nuctuation in thc sig…

nal was rcduccd by conducting lncasurcmcnts in synchronizadon

with hcartbcat and rcspiration and by kccping thc braln surJttcc

inllnobilc using agarosc.

Animars a何どSWrgery

Each cat was allcsthCtiZcd with a lnixt■lrc of 70%N20 and 30%

02 Supplcmcntcd with l-2%isonurallc)paralyzcd with Pancuro―

niulrl bromidc(0。 l mg/Kg/hr),and artiflcially vcndlatcd by a

rcspirator unit, Contact lcnscs wcrC flttcd to thc cycs to pro…

tcct thc cornca from drying.Thc puplls of thc cycs wcrc dilatcd

with O.5%tropicalnidc and O.5° /。phcnylcphrinc hydrochioAdc.
Thc hcad of thc anilnal was hcld tighdy by attaching it to a

mctal rod,A stainlcss stcci chambcr(18 mm inncr diamctcr)was

ixcd onto thc skull with dcntal acrylic ccmcnt by ascptic surgcry

alld was placcd abovc arca 18(coordinatcs A10P5 ofHorshclcy).

Aftcr rcmoval of thc dura FnatCr)thc insidc of thc chambcr was
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飢lcd with l.2%agarosc(Agarosc― HCS,Nacaltt tcsquc,メ apan)

gcl stticngth l.5%)containing dcxamcthasonc and antibiotics and
was scalcd with a round giass covcr slip and a silicon gaskct.Rcc―

tal tcmpcraturc,ECG and cxpircd C02 WCrC Continuously moni―

torcd during both OCT cxpcrimcnts and surgcry.

00TScarP

Thc stimuli wcrc thc samc as that uscd for C)ISI atlld consistcd
ofsquarc―wavc gratngs(whitC=8 cd/m2,black=O cd/m2)hav―
ing a spatial frcqucncy alld movlng at a vclocity of4 dcgrccs/scC.
Thc stimulus sct consistcd of flvc pattcrns wlth control or blank

(mCan luminancc 4 cd/m2))hottZOntal(0°),VCrdCal(90°)and
oblique gratings(45°, 135°)alld WCrc prcscntcd in a random
ordcr.Ali sdmuli wcrc gcncratcd with a VSG2/3 graphics vidco
board(CambAdgC Rcscarch Systcms,UK).Thc CCntcr of thc

visual icld was roughly cstimatcd by prttCCting imagcs of optic

discs onto a scrccn in front ofthc anilnal.Thc distancc ofthe CRT

scrccn(200-300 mm)Was adiustcd tO havc thc bcst focus ofoptc

discs and surrOunding vcssel pattcrns.A total of 40 trials wcrc

obtaincd fOr cach sdmulus.In a singlc trial,data acquisidon was

donc for 8 s,during which tilnc 16"― z fraIIlcs(128x100 pixcis

corrcsponding to l x l mm)wcrc Obtaincd.Thc intcr― sdmulus

intcrval(ISI)WaS 5 s,A schcmadc is shown in Fig.6.7DoSdm―

uli appcared with a delay of 2 s aftcr thc acquisition onsct and

pcrsistcd fbr 2 s.

00TDara Corr●●宙On

arPどAnaぃた

First,thc scans wcrc corrcctcd fbr any rnisalignmcnt ofthc surfacc

POSitiOn by a corrclation"bascd Proccdurc.For a singic stimulus)
wc obtaincd a total of 640 scans.To compcnsatc for thc small

variations in thc surfacc position ovcr diffcrcnt scarls,wc uscd

corrclation analysis.Out ofthcsc 640 scans,wc sCICCtcd an arbi―

t r a r y  s c a l l (グ) w i t h  t h C  r c n c c t l v l t t  d C t C c t c d  a s  a  t t n c t o n  o f d c P t h
bcing Rjcち ろケ)at a latcral position x for a stimulus s.Ncxt,wc cal中
culatcd thc corrclation bctwccn thc″ 血 scan and rcst ofthc scans

O uSing thC fottowing cquation:
EMBEE)Equation.DSMT4

Ω(△Z;グ,ブ)=
烏

R J (ガ) Zル メ路 (ガ, Z十 △ Z )ブル姥

( 6 . l a )

鳥 R J (ガ, 4グル滋翼督 R <ガ , Z十 △4ダ)滋

This opcration givcs thc position of thc corrclation pcak that

corrcsPonds to thc amount ofshift ncccssary fOr thcか prOtte to
bc in alignmcnt wlth thcグdl prottc.
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同9.6.1.OHentadon columns visualized by OiSi at ditterent wavelengthsi Typic創ly in visutt co代ex〕intrinsic signtts

consist of stimulus―specttic and―nonspecttic components.OHentaUon columns are re‖ected in the sumulus_specttic

component that is a local modula百on of a sttmulus―nonspecttic compOnenti in lA),we subtracted acttvaJon patterns

obtained by one sumulus(90 deg1 0問enta廿on)from the other(O de9.o百enta百on)tO remove sumulus―nonspecttic co冊中

ponentsi Please note that,depending on the size of the funcuonal structures of interest,sumulus spectticity of synapttc

inputs,and spread of intrinsic signals,distinction behⅣeen stimulus―specific and nonspecific components may not be

required(fOr example,see Figs口6口3 and 6.4).Columnar paterns obtained at different wavelengths are neaHy the same

as indicated by contours in red drawn for columnar patterns obtained at 620 nm.Aithough it is not shown here,sim‖ar

patterns of functional structures were aiso observed using infrared 119ht.BOttOm image shows vessel patterns of the

e x p o s e d  c o r t i c a l  s u r f a c e  w h e r e  t h e  a b o v e  r e c o r d i n g s  w e r e  m a d e . ( B ) T i m e  C O u r s e s  o f  s t t m u l u s―no n s p e c i t t c ( r e d  a n d  b l u e

lines)and sttmulus―specric(green iine)compOnents obtained at 620 nm=The visual sUmulus was 9iven from O to 2

S.(C)Time course of sttmulus―nonspecttic components obtained at 570 nm(Green iine).The black line indicates ume

course estimated by subtraction behtteen time courses obtained before and after the extrinsic absorption dye infuslon

(see Fukuda et alt,2005 for details)。The ViSual sumulus was given from O to 2 s,

Power source
of iltumination

Power source
oF stimuraticn

F19.6.2.Overali view ofthe intttnsic s19nals imaging system for reJna geftl and SChemauc drawing of the expettmental
s e t u p ( r i g hり.Th r O u g h o u t  t h e  r e c o r d i n g  t t t a l , t h e  f u n d u s  w a s  c o n u n u o u s l y  i l l u m i n a t e d  w k h  o b s e r v a何on l i g h t  t h r o u g h  o n e
of the bandpass filters.
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Fi91 6.3. Time courses oftwo‐dimenslonalimages of retina showing iight reflectance changes foHowing a fiash stimulus

observed wRh 630 nm lAl and infrared(B)light,measured in the poste問or pole region of normal rettna=The averaged

reflectance changes during the first second after the flash are shown in pseudocolor maps on the right,Color indicates

relative light reflectance changes from pre―stimulus ievel.Fundus photograph of a normal macaque retina is shown in

the right.

同g16.4.RespOnse topography of normal rettna under iight―adapted lA)and dark―adapted(B)cOnd問onst The foveal

centeris indicated by a white dot and the optic disk is indicated by an asterisk口RegiOns with 600/0,500/0,400/O and 300/0

o f  t h e  p e a k  s i g n a l i n t e n s i t y  v a l u e  a t  t h e  f o v e a  w e r e  o u』i n e d  b y  d i f f e r e n t  c o l o r s . P s e u d o c o l o r  t o p o g r a p h i c  m a p s  o f  1 l g h t

reflectance changes in the inferior retina,profiled along the horizontal meridian,are shown on the right.The location of

the fovea is indicated by tt and the crest of`rod ring'is indicated by R.
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Local Responses in
muttifocat ERG〔nV′deo2}

日g.6.5,lAI PhotOgraph of the monkeyもreWna a代首icially damaged by ArgOn Laser Photocoagulation.The upper har

o f  p o s t e問o r  r e d n a  w a s  d e n s e l y  c o a g u l a t e d , s p a t t n g  t h e  m a c u l a r  a r e a . ( B ) A r r a y  O f  3 7  1 o c a l  r e s p o n s e s  o f  m u t t i f o c a l  E R G ,

taken from the fundus in lAl.ERGs wRh*and tt indicate the location of macula and opHc disk,respecttvely.Note

that the responses of the intact reJna in the lower hatt region are inversely shown in the upper ha席of the arrays.(C)

pseudocolor map of fiash―evoked intrinsic signals measured with infrared light. Red color indicates iight reflectance

decrease(Jark9帰加9 from pre―sUmulusにvel=日ash―evoked darkening coutt not be observed in the damaged regttn

lJppθr ttarぅ,(D)CorreL百On behtteen the change m light re‖ectance decrease and the foctt responses in ERG at the

corresponding reunal10caHOn under infrared lighti cOrrela苗on coetticient r2〓0.79(p<o.001,β〓45).

一 Fovea -3°   ―-6°  -9°   -12°

Fig. 6.6. Time courses oflight reflectance changes in a singie trialfo‖owing a diffuse flash,measured atthe fovea and

ditterent re9ions within tweive degrees superior or inferior to the fovea口Amplitudes are indicated as values relative to

the Hght re‖ectance changes at the end of each t問創はり.The four regbns tested h each quadrant are hdにated as
distances from the fovea(3,6,9 and 12°).
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( C )tA,

tD}軸■胡tac and面捜cqu拒組on oycね

Fig.6.7.A schematic ofthe basic pttnciple of OCT IAl and the expettmental system used(B)a10ng wtth a picture ofthe

probe unk(C)and a SChematic of the scanning paradigm(D).in the lgure(B),the abbreviaHons denote:BBS―Broad

Band Source,AOM― AcoustoぃOpuc MOdulatoL PC― Polattzation ControlleL M一Mirror and O-ObiectiVe lens.

日g.6.8.ExpOsed co代ical suttace of cat Wsual co止ex wtth(B)a thresholded acWva宙on map oveHay.Datt and,g力 r

patches represent the activated reglons for horizontal and vertical gratings, respectively, and greθr7 1inθs indicate the

region of OCT scansi
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Coたical iaterat posk,on x【mm)

F i g 1  6 . 9 1 ( A ) O C T  s C a n , ( B ) F u n c u o n a l  o c T  m a p  a n d ( C ) 0 0 n s i s t e n c y  o f  O i S i  r e s u t t  w R h  t h e  i n t e g r a t e d  r e s u比o f  f O C T

obtained across the line indicated in Figコ6口2.in(B),燿びandわ′Jθ patches represent the acuvated regions for hoHzontal

and vertical gratings,respectivelyt Green iine indicates the variation of OiSi across the line indicated in Fig。6口2B.in the

graph(C),reびlinθ obtained by cttcuねJng the func宙on創酎gntt from integraung the ocT scans across the full scanned

depth range of Figコ6.3B while green iine indicates the intensity vattation across the green line of Fig.6.2B=

釜密拭維構母瑠串か隷モ脚鵡掛

Rg.6110.An example of lA)MUA―evoked responses as a funcjon of depth obtained from a singie track for different

ottenta』on sUmuli and(3)a compaHson of difference ofthe evoked MUA respOnse(shOWn in red)Wtth the fOCT pro村le

(ShOWn in green)aS a funcJon of depth for the ditterence of O°minus 90°o両enta百on sttmulus.
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