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DissociationofStimulus-lnducedResponses

inRegionalCerebralBloodFlowandBloodVolume

intheVisualCortexofHumans

AkitoshiSEIYAMA*,**,***

Abstract:Toelucidatehemodynamicresponseinthehumanvisualtortesduringvisualstimulation,

changesinregionalcerebralbloodHow(rCBF)andcerebralbloodvolume(rGBV)wereinvestigated

usingbloodoxygenation-leveldependent(BOLD)andflowsensitivealternatinginversionrecovery

(FAIR)functionalmagneticresonanceimaging(BOLD-andFAIR-fMRI)andl6-channelnear-

infraredopticalimaging(NIOI)tcchniqucs.Awhitcandblackannulard.1cckcrb〔,ar{i(visuahnglc:

L2to5,8degrees)fbcしisedonperimacularalululusstimulationoftheretina,whosetemporal

frequencieswereQ5,1.4,4.7andL4Hzwithacentralfixa[ionpointandgraybackground,wasusedas

thevisualstimulusforperimacularannulus.Thestimulus-inducedactivationareaobtainedwith

NIOIcorrespondedmtheonemeasuredwithBOLD-fM21.iCevertheless,adissociationofsiimulus-

inducedresponsesbetween[heBOLD-fMRIsignalandhemoglobin(Hb)parametersobtainedwith

NIOIwasfound;i.e.,changesinBOLD-fMRIsignalshowedamaximalincreaseata[emporal

丘equencyofl.4-4.7Hz,whileincreasesinoxygellated(oxy-Hb)andtotalhemoglobin(total-Hb)

concentrationsshowedaminimumaroundthesamefrequency,anddeoxygenatedhemoglobin(dcoxy-

Hb)showedashghtbutsignificantdeしrease.Thisdissociat.bn〔}rstimulus-inducedresp{,nsesoCthe

BOLD-fMRIsignalandHbparameterscouldbesimulatedasafunc[iooofconcentrationchangesin

oxy-Hb,dcoxy-Hb,andtotal-Hb.ThetemporalfrequencydependenceoCchangesinrCBF,estimated

fromFAIRsignalandfrom[hctimc-courscchangcinmtal-Hb,wassimilartothatoftheBOLDdYIRI

signalchange.Thepresen[resul[sindica[edthatstimulus-inducedresponsesofrCBFwere

dissociatcdfromth{.)sc〔}frCBVinthcvisualcor【cx〔}fhumansduringpcrimacularstimula【i〔mal

temporalfrequencyaround1.4-4.7Hz.

Keywords:Near-infraredopticalimaging,Functionalmagneticresonanceimaging,Temporal

frequency,Reversalcheckerboard,Hemoglobinparameter,Rloodoxygenation-leveldependentsignal

INTRODUCTION

Vlanvoftherecentadvancesinhumanbrainiunciion
'

researchhavebeenduetonon-invasivefunctional

neuroimagiug[echniques,especiallyfunc[ionalmagnetic

resonanceimaging([MRI)1一:う 〕.Theapplicationof

fblRItoclinicalmedicinehasalsorapidlyexpanded

bccausclhctcchniquccnablcsd.1cpr【 〕surgicaldclcr-

urinationofpathologicalchangesinneuronalfwictions
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andtheaccurateplannillgofsurgicalapPr【.)achesf≧.)r

brainsurgery4J.Ontheotherhand,duringthelast

decade,ano[herfunctionalneuroimagingtechnique,

near-infraredop[icalimaging(SIOI),hasbeen

devclopedibrmonkoringchangesinhumansu切ects'

hemodynanlics5一 乃and1ユeuronalactivity8'… 〕〕.Both

IMRIandNIOIrcHcctchangesinhcmodyuamics

accompanyingchangesinlocalbrainactivity(i.c,

neurovascularcoupling).

Stimulus-inducedaaiva[ionofthevisualcor[exhas

beenextensivelystudiedusingelectrophysiological

techniques1①,positronemissiontomography(PET)11層L〕

,andrnixi,Althoughtherewasaslightdeviation

intheirresuL[sdependingontheexperimentalpro[ocols,

theprimaryvisualcortexwasmaximallyactivatedata

certaintemporalfrequency,i.c,clcetrophysiologicaL10J ,

・nd・ ・y9・ ・m・t・b・licL2}・e・P…e・w…m・ ・iln・1・t

around4Hz,whereashem{,dynamicresp{,nses(i.e.,
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changesinrCBF)weremaximalataround8Hz1111!モ1141.

Inthelaterexperimen[s,subjec[swereshownrather

largesizeofvisuals[irnuli.Further,ithasbeen

empiricallyshownthatdieneuronalactivationinduces

a1.1incrcaseinrCBF恥andthatthcincrcaseinrCBF

acα)mpaniesanincr{〕ascinr(〕BVL6}.Evcnth〔 川gh

Grubb'srelationshipbetweenGBFandGBV(CBV=

〔〕.8・CBF〔,.38)wasdetermined正bradultrhesusmonkeys

fromwhole-headmeasurementsundertheconditionof

carbondioxideinhalationlb},iしhasbeenoatenusedfbr

[heanalysisoCs[imulus-inducedlocalchangesinGBF

andCBV.

Recently,wehavedevelopedasystemcapableof

simuhanc(.)usmcasurcmcnt(.)frn.IRIandNIOIfc.)r

studyings'timulus'一inducedbrainactivationindiehuman

visualc=ortex1ハ.While丘MRIrepresen[sanalteratiし}n

ofthedifferenceinthemagnetk〕susceptibilitybetweel1

[issueandblood,SIOImoredirectlyrepresents

hemodynamicparameterssuchasdeoxy-Hb,

oxygenatedhemoggobin(ox》.・ 一Hb),and[otalhemoglobin

(total-Hb)conccntra[ions.Thespatialresoluoonof

億..IRIissupcri〔 エrt〔.エLftal〔.,fNIOI,whcl℃asthe1〔 〕mp〔.,ral

rcs〔,lutiollofNIOIissupcrbrtotl.1atoffMRI.Thus,

thetwo[echniques'arecomplementary,andcoopera[ive

mcasurcmcn[susingfMRIandNIOIpossiblyprovidca

waVofmakingmoredetailedfunctionalbrainmappings

In[hcpmscn[study,byusingfMRIandVIOI]

aimedtoelucidatewhetherchangesinrCBFandrCBV

showsimilarresponseduringstimulus-inducedbrain

activation.DiningthevisualstimulationCocuscdon

perimacularannulusof[hcretina,Iexamineda

temporalfrequency-dependenceoChemodynemic

responsesin[hehumanvisualcortexusingawhileand

blackannularcheckerboard.Thereby,Ishowa

dissociationofthestimulus-inducedresponsesbetween

rCBFandrCBVa[[emporalfrequencyaroundL4…4J

Hz,thoughthestimulus-inducedactivationareas

obtainedwiththesetechniqueswereaboutthesame.

Fig.

Further,Idiscussaphysiologicalinterpre[ationofthe

dissociationbetweenrCBFandrCBVduringneuronal

ac[iva[iou.

SUBJECTSANDMETHODS

S呵ects

Sishealthymalesubjetts(24-43yearsold)

par[icipatedinboththelMRIandNIOImeasuremen[s.

TheCommunicationsResearchLabora[oryapproved

[heexperimen[alpro[owls.Allsubjec[shadnormalor

correc[ed一[o-normalvisionandprovidedwritten

inf～)rmedconsent.Silnul[aneousbloodoxy9.enation

Icvcl-dcpcndcn[based-fMRI(BOLD-fMRI)andVIO]

mcasurcmCIILSw〔}repcrG)rmcd(.)1iLhrcc(.)「thcsix

subjects,andf〈)rthe〔}出ersubject=,theBOLD-fMRI

andNIOImeasuremen[swereconducteds'epara[ely

wi[hthesamestimuliwithinthreehoursafteroneofthe

measuremen[s.Inaddi[ioqoneofthesixsubjectswas

alsoconductedwithflowsensi[ivealterna[inginversion

recoveryfunctionalmagneticresonanceimaging(FAIR-

CMRI)andBOLD-MRI.

Visualstimuli

Awhiteandblackannularduskcrboard,witha

centralfixationpointandgraybackground,was'usedas

thcvisualstimulus(pcrimaaalarannulus,且.2t・5,8

degrees;ankleofeachwedne,10degrees;numbero/

ring-layers,5;icmporalfrequency,05,1.4,4.7,and14

Hz)(Fig.1).With[hecheckerboard,visualstimu-

lationlongerthanl6sgaveagoodcorrelationin

hemodynemicresponsesbetweenNIOIandfVIR]

signals(c.9.,r=0.87メ).H5,0.91,and〔1.95丘)r4.,8,且6,

ands2Sofstimulusdurati(m,respectively=)閻 、The

[imesequencesofceperimen[sconsistedof[control(14

s)十stimulatio11(28s>十 〔:ontrol(14s)]正brB(こ)1.D-1～.IR[

andVIOImeasw…ements,and[control(12s)十

stimula[ion(32s)十control(12s)]foradditionalBOLD-

andPAIR-CMRImeasuremen[s.EachoCCourdillerent

reversalGequcncicswasusedCourtimesinpscudo一

1.2degree

隔 ロ
コ ー 噛

一 一 鴨__==

,一
,'

,'
'

5・8degree

ControlStimulation
lIllustratioi.[orvisualstil.nuli.Awhi〔eal.[dblackanl.uilar〔=heckerboa[』d,wi〔hacentral負xation

pointandgraybackground,wasusedas[hevisualstimulus(perimacularannulus,1.2ro5.8

degrccs;anglcofcachwcdgら1〔.〕dcgrccs;numbccv「rind-lay.・ 〔s=,5;tcmp〔}ralfre〔1し 吐cng.・,〔.〕.5,L4,

斗、7,andL斗Hz).0〔herdetailsa[・e510Wflintlletext、
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randomorderforabout15min.Duringthecontroland

stimulationperiods,thesubjectswererequiredtofixate

on[heGsa[ioncrossplacedon[hecen[erd[he

checkerboard.

MRIacquisitionandanalysis

A1.5-TMRIscauncr(MaguctomVision;Sicmcus,

Germany)wasusedforobtainingfunctionalimageswith

anecho-planazimaging(EPI)sequences.Flow

sensi[iveal[ernatinginversionrecovery(FAI2;

functionalmagneticresonanceimages(FAIR-fMRP

wereob[ainedwithrepe[ivon[ime(TK)=2,000ms,

echo[ime(TE)=15.7ms,Hipangge(FA)=90ｰ,Heldof

vicw(FoV)≡256×256mm2,matrixsizc己64×64,and

invcrsi〔mtime(TI)三1,400ms.AlO-1nm(,bhque

imagingsliceandaninversionslab(thickness,20mini

wereselectedalong[heca!carinefissure[ocoverthe

primaryvisualcortex.FA12imageswereobtained

fromsubtractionofnon-slice-selectiveinversionrecovery

(IR)imagesfromslice-selec[iveIRimages.Blood

oxygenlevel-dependent(BOLD)basedfnnc[ional

imageswereobtainedwi[hTR=4,000ms,TE=5524

ms,FA≡900,FoV≡256×256mm2,andm飢rixsizc≡

64×64.Thirty…twoaxialslices'wereobtained(thickness'

〔,fslice,4mm;slicegap,〔}lnm;pixelsize,4×4mm2>.

Numbcrofscanswas236,whcrc[hcfirstfivcimagcs

werediscardedtoelimina[espinsa[uraiioneffects,

Anatamicalimagesof[hcbrainwereob[aincdwitha'L}一

weightedsequence(TR,9.7ms;TE,4ms;FA,12ｰ;

PoV,256×256mm;matrixsize,256×256).AreasoC

significantactivationwereprocessedusingSPVi99

(http://www.fil.ion.ucl.ac.uk),dctcrmiucdacasdingto

thestahshcalthreshddatpく 〔〕.〔}5(v〔}xellevel,Gorrected

formultiplecomparisonswithintheentiresearch

volume),andweredisplayedinrenderedT,imageso/

eachindividualsubject.Tocompare[heMRsignals

wi[htheop[ica]signals(pixelsize:ca.20×20mm2,see

below),dietimecoursesoCtheMRsignalsCromthe

regionoCinterestwereobtainedusingAVS/express

version32(AdvancedVisualSystemsInc.,USA)for

BOLD-fMRIsignalsandalaboratoryproductvlR

InteractiveBrowser(FMIB)forFAIR-tMRIsignals.

TheMRsignalscorrespondingtotheopticalvoxel

estima[edbyNIOIwasidentifiedwi[hoilmarkers(see

arrowsinFig.2(G)anditslegend).After[hegroupof

sXsX5MRIvoxelswasselectedtocover[heop[ical

voxcl,YIRsignalsGomthescalpandCromthecortex

wereseparatedasfollows.TheMRsignalCrowthe

scalpwasthatfromthefirstandsecondlayersofthe

儀IRIvoxels正 めmthescalpsu曲 しe(i.e.,averagedsignal

of5×5×2voxels(20×20×8mm'f)).TheMRsignal

fromthecortexwasobtainedbyaveragingtheMR

signalsover[heLfth(deepes[)layer(5×5×1voxels,20

×20×}mms),

Opticalmeasurementandanalysis

DctaiLsoCopticalmcasurcmcutandanalysisarcalso

describedelsewherel5,).Inbri砥al6-channelNIOI

system,OPTIM _A,wasusedtoobtainCunc[ional

opticalimagesandchangesinhemoglobin(Hb)species

concentrations肋mrestingconditions(Le.,∠[oxy-Hb],

4[deoxy-Hb],and4[total-Hb](=4[oxy-Hb]十

4[deoxy-Hb]).Combinationsof16nearest-neighbor

pairsoCinputandoutputftberswereusedtoobtaina

し〔}pographicalimagcc¢)wringa76×76mm2arcainthe

occipitalregionofthehead.Datawereacquiredat

[empora!resolutionof400ms.Theimanehadan

NIOIpixelsizeof20×20mm20btainedatasource-

de[ectordistanceof27mm(seeFig.2(A)).OurVIOI

sys[em,OYTIMA,canalsobeusedinspa[ially

resolvedspectroscopy(SRS).In[hepresentstudy,the

lightreflceredCromthebrainwascollcc[cdbylightguide

dctcctorspLaccdattwodi[Ccrcntlocations,withthe

proximaloneac2Ummandchcdistaloneac40mmfrom

[heinciden[ligh[guide,toobtaindieabsolutebasal

valucsofthcHbspccicsconccntraCion([oxy-Hb].e,[,

[deoxy-Hb]1、 。、r,and[total-Hb]1、 。、t)andoxygen

saturationillthcblood(Saresl .)of-thcbraininthcresting

slatebeforetheexperiment

Recons[svc[ionoCBOLDsignalusingSIOIdatawas

pcrfc)rmcdusingtheC)flowingcquaLi〔ml9)=

S。Lim=S.。 、1・Ll十TE・ α*・{∠1Sa/(1-Sa.c。t>一 β*・

∠[t〔,taレHb]/[total-Hb],。 、t}1,(1)

Ifthesourceof[hesignalreflectsregionscontaining

venulesorlamerveins,β*willbel(theVeinmode1),

andifthesourceofthesignalre[lectsregionscou[aining

capillaries,β*willbeO.5(theCapillarymodel).Inthe

presents[udy,valuesoCa*CortheVeinandCapillary

mく ⊃dclswercl6.lls-1and32.22s-1,rcspectivcly,

whichwcrccxpcrilllcntallydctcrmincdbymcasuring

MRsignalatrestingstateusingvariousvaluesofTEs

(3324,4524,5524,and6524ms).

CalculationofdrCBFanddrCBVfromNIOIdata

'L'h
eFickprincipledependsuponthelac[[battherate

ofaccumulationofatracersubstanceinanorganequals

[hedi[Lerencebe[weenitsra[eoCarrivalanditsra[eoC

dcparwrcCromthatorgan.ICtherateofaccumulation

ofatracerismeasuredatatimelessthautheminimum

transittimeoftha[tracerthroughouttheorgaqthe

departureoCthetracerisconsideredzeroandtheflow

9
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ra[ecanbeestimatedfromtheaccumulatedamours[0/

[racer.

In[hepresen[case,d[ro[al-Ab]wasusedasan

hltravasculartraceらsoweassulnedthattheincreasehl

[total-Hb]W15broughtaboutbyasしlddcnincreasein

QrCBFcausedbyncuronaLactivation,andthatthe

ou[Howwasunchangeduntilacertainshorttimeperiod.

Here,thetimewastakentobe2secafteronsetoC

increasein4[to[al-Hb],becausemeantransit[imeof

cerebralbloodciroulationmeasuredbyanear-infrared

spcctroscopyisCT,6se～o),「rheindexof∠ 」rCBVwas

obtainedbyaveragingd[tatal-Hb]duringstimulation.

Then,eachparamc[crwasconvcr[cdinto[hcunitsof

ml/inin/100gtissueCorQrCBFandoCml/100gtissuefor

∠」rCBVasfolic.)R'$.』rGBV=1k/(R・[Hb].、 、)卜 ∠ 「ec.)tal-

Hb1,wherelHb1AISarterialIOIAIHbG(.mcentrati〔}n

(assumed15g/dlbl。,、d)alldk(=10-6・MWHb/(IO・

lln))isaconstan[re[lecling[hemolecularweigh[ofH6

(VIWxh,64,500(Hbbase))andtissuedensity(Dn,1.05

g/ml)21),andRiscercbral-to-arterialhcmatocritratio

(0.69)22}.』rCBF≡(k/[Hb]A)・(〔 し」[τotal-Hb]/dt>.Thc

uniR.)rLk.}tal-Hb」(〔.}r∠[k.,Lal-Hb])ismm〔.}lespcrlhcR.,r

tissue.

Statistics

Dataareexpressedasthemeantstandazddeviation

(Sll).Aone-wayanalysisofvariance(ANOVA)with

repealedmeasurementincombina[ionwithBonferoni

multiplecomparisons[es[wasused,andvaluesofp

O.05wereconsidereds[a[isticalLysigniflcan[.

RESULTS

Fig.2showsatypicalexampleofthes[imulus一
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Atypicalexampleofstimulus-inducedactiva[ionindieoccipitalcortex.(A)'fhemapof4[oxy-

Hb],obtainedwithMO[(OPTIMA),wassuperposedontheT,…MRIstructure,wherethe

s【川rte(redcircle)anddetect.,r(bluecirclc)p【,slti〔,nsaresuperp〔}scd.Thewhitebmkcnline

denotes[1repositionofthelongitudinalfissure.(B)'1'imecourseofc}tangesinconcentrationsof

Hbspecies(4[oxy…Hb],redline;4[deoxy…Hb],blueline;d[COtal…Hb],yellowline)inthe

ac[ivnti〔marev(GhlO),whE)s'rp【,slti〔,nissh【,wnh1〔A)withanACSflW.〔C)S山nulus-induced

activationareaobtainedwithBOLII-MRIanalyzedusingSPN99(thresholdeda[vosel-levelp

<0.05).ArrowsindicatepositionsofoilmarkersattachedCothescalpofthesubjectscoregister

diemap〔}fBOLD-fMRIandNIO].〔D)Timec.川rses〔}fchangeshlMR〔grecn)andsimulated

(darkpurple)signals."1'hechangein[heMRsignalintheprimaryvisualcortexwasobtained

Crom[hesquareareain(C),whichwrrespondstothenlOIpixelshowingmaximalincreasein

∠1[oxy-Hb](ChlOi=1A).Thechangeinthesimulatedsignalwas〔}btaincdusing[isVcinm〔}dcl

inEq.landtheHbparametersofChlOshownin(B).Theinidalvaluesof5,.。 訊andT、,・R杢 。.L

aslneasuredbeR)retaskpresentatiorlwere1.360andO.B9,respectively.,andSarestand[[oral-

Hb]、.,.s覧wereO.702and51.4GSM印rcspcctivcl}・.Th〔}mapsandthctimじc〔 川i)CSshoes・thcavcragc

oflourmeasuremen[satastimulusfrequencyofL4Hz.
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Sewwmw:HemodynamicKesponseinCheVisualCortexoCHumans

inducedactivationintheoccipitalcortexobtainedwith

NIOI(Figs.2Aand2H)andfMRI(Figs.2Cand2--),

Duringvisualstimulation,eachoCoursubjectsshowed

significantchangesinthesignalintensitiesofCMRI(and

NIOI)intheoccipitallobcalongthecalcarincfissurc,

anatomicallydefinedasthestriatecortex(primaryvisual

area)andpartoftheextrastria[ecortex.Theactivation

areameasuredwithNIOI(∠[oxy-Hb1)(Fig.2A)

correspondedtotheonemeasuredwithtMRI(Fig.2C),

inwhichtheprimaryvisualareaofthelefthemisphereof

thissubjectwasincludedinchannel10(Ch]0)inFig,

2A.Thus,wecomparedthetemporalpatternofNIO]

(Pig.2B)andIMRI(Pig.2D)intheprimaryvisualazca

oCtheIcCthemisphereThetemporalpatternsof

changesinHbparameters(4[oxy-Hb]or4[total-Hb])

weresimilartothatoftheMRsignal.Furthermore,the

simulatedMRsignalagreedwellwiththeactualone,

Similarresultswereobtainedforallsubjects,and,thus,

theNIOIpixelshowingmaximalincreaseind[oxy-Hb:

forindividualsubjectswasselectedasaregionofinterest

forcomparisonoCNIOIandfMRIsignals,anditwasthe

sameforallfrequencyandcorrespondedtotheprimary

visualcortexofeachsubjectFig.3showsarypicaJ

exampleoCmapsofhemodynamicresponsesinthe

visualvertexattemporalfrequenciesrangingfromO.5[0

14Hz.Thestatisticalparame[ricmapoffMRIshowed

asimilarareaofactivationCoral]thefrequencies(top

row),butthcchangcinMRintcnsityinthcprimary

visualareawaslargeratthetemporalfrequencyoC4.7

Hz(c£rhombicsymbolsofsu切ectlinFig.4),whi且ethe

changesintheconcentrationsoCHbspecies(especially

4[oxy-Hb]and4[total-Hb])werelargeratO.50r14Hz

(cf.squareandtrianglesymbolsofsubjectlinFig.4)

[hanatoffierGequencies.ThechangesinHb

parametersandtheMRsignalfromachannelincluding

thcprimaryvisualarcaofindividualsubjcetsarcshown

inFig.4.TheBOLD-fMRIsignals'maximumswereat

atemporalfrequencyof1.40r4.7Hzinallsubjects,

whereasincreasesin∠1「Qxy-Hbland∠ 「tQtal-Hbl

reachedminimumsattheses[imulusfrequencies,and

decreasein4[deoxy-Hb]reachedmaximum.

Fig.5wmparesthesimulatedBOLDsignalsusing

Eq.1withtheBOLD-fMRIsignalsi[self.Theabsolute

vaLucsoCthehcmodynamicparamctcrsintheoccipital

cortexintherestingslatearcsummazizcdinTable1,

andwcrcuscdfbrthcsimulation.Thcsimu且anonusing

fMRI

stimulation 0.5Hz 7.4Hz 4.7Hz 14Hz

一

一e

Q[oxy-Hb]

昌

〇
三
即
,
ト

4

0

巳

□

a[deoxy-Hb]

a[total-Hb]
噸

{
=
二
〕
O
O
`
司
`
O

=
O
場
O
詣

唱
①
O
=
O
ハ
}

-

o

d

τ

}厘
「
」
■
匹

Ntig.8AtypicalexampleoCstimulus-inducedresponsesoCtheoccipitalcortexatCourstimulus

frequencies.Toprow,mapsoCBOLD…fMRi(P<0.05);2ndrow,mapsoCd[oxy…Hb];3rdrow,

mapsof∠1Ldcoxy-Hb];B〔}ttDmrow,maps〔}f4total-Hb].ThcmapsofthcverticalcDlumns

correspondCoindividualtemporalfrequencies,Q5,1.4,4.7,and14Hz.TheNIOIpixelwhich

showedmaximalincreaseind[oxy…Hb]isindicatedbyablacksquareandselu[edasaregionof

interestforcomparisonofNIOIandfMRIsignals,whichwasthesameforallfrequencyand

correspondedtoLheprimaryvisualcortexThemapsshowtheaverageoCfourmeasurements

withCheindividualstimulus…GequencyofChecheckerboard,andshowaveragesoverCimeduring

stimulationThescalcortheHbparamctcrs'wlorbaristhesameasshowninFig.2A.
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Table1 RestingvaluesoCHbparametersinthehumanoccipitalmetez.

Parameters Unit Sal帆 [oxy-Hb],。 註

(pM)

[deoxy-Hb]1℃ 、,

(pM)

[t。tal-Hb]1℃ 。,

(pM)(ml/1

CBVI℃ 。亡

00g'tissue;

SubjectI 0.02 36.12 15.33 51.44 3.06

Subject2 o.ns 50.24 1生54 64.78 3.8斗

Subjcct3 D,765 6924 2125 90.49 5.37

Subject1 0,758 hl323 15.49 63.70 3.78

Subject5 0,729 42.25 15.68 57.93 3.41

Subject6 0,845 60.60 11.05 71.65 十.zs

Mcan 0,763 43.59 15.54 66.67 3.95

SD 【〕.0斗9 22.59 3.28 13.51 o.ai

AbsolumvaluesofHbparametersa[restwemestimatedwithChespatiallyresolvedspectroscopymodeof

OPTIMA.Thevaluesindicatedtheaverageover10minintherestingstatebeforeexperiments.
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DataCocindividualsubjectsarcshowninFig.4,andsymbolsandunitsoftheparametersarethesame
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[issue,opencircle)estimatedfromstimulus…inducedchangesin[total…Hb](seeSubjectsand

Methods).ThevaluesshowthemeanｱSDfromFsubjects.*,p<OASvsOSHz;**,pGO.01vs

O.5Hz;†,p〈0.05vs14Hz;in,p<0.01vsl斗Hz、

dieVeinmodel(vianglesymbols)satisCac[orilyrepro-

dotedthestimulusfrequencydependenceoCchangesin

thcBOLD-fMRIsigna且(rhombicsymbols),cspceially

Cor[hoseofsimul[aneousmeasurements(subjects2,4

and6),whiLcthesimulationusingtheCapillarymodel

(squaresymbo且s)dcviatcd且argclyfromd.]CBOLD一
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fVIRIsignal.Thisresin[indicateschat[heBOLD-

fVIRIsignalobtainedwiththe1.5'L'MRsystemreflects

mainlythecor[icalareacontainingvennlesand/orlarger

veins,bu[no[[hecapillarybedaspredicted.Pur[her,

presen[resin[agreedwith[hemsul[tha[AIRSsignal

mainlymHcctcdtheinConnatioufromvcnulcsand/or

l・・g・・Vf'1・24)S}.

Fig.6Ashowstheaveragedva!uesoCchangesin

parametersmeasuredwithfM21andNIOIforthesix

subjecrs.'L'heROLII-fMRIsignalshowedamaximum

attemporal丘equenciesbetweenL斗and4.7Hz.whereas

4[oxy-Hb]and4[to[al-Hb]obtainedusingNIO]

showedaminimuma[thesefrequencies.Decreasein

[dcoxy-HbJwassmallbutsignificantat4JHz(pGO.01

vs〔7.5Hz).T〔.}clarifythisdissociation〔.}fresponses

betweentheBOLD-tldRIsignalandHbparameters,

stimulus-inducedchangesinrCBFandrCBVwere

estima[edfrom[hetimecourseof4[[otal-Hb](Fig.6B),

ChangesintheBOLD-fMRIsignalswellcorresponded

mchangesines[ima[edrCBF,whilechangesin[mta]一

Hb](and[oxy-Hb])correspondedm[hechangesin

rCBV.Moredirectlytoascertainstimulus-induced

changcsinrCBF,wepcrformcdtheFAIRmcasurcmcnt

(Fin.7).Fig.7showsthatchangesinFAIR-MR]

signalswcllcorrclatcdwiththoscofBOLD-fNl21signals

(BOLD(%)=0,07・FAIR(%),r=0.934),andwith

opvcallycs[imaudchangcsinrCRF(4rCRF _SIOI=

0.983・ ∠」rCBF -FAIR,r=0、893)、

DISCUSSION

Effectoftemporalfrequencyonneuronalactivation

andBOLDsignal

Thedependenceofneuronalactivityupontemporal

frequencyofstimulusiswelldocumen[edinanimals24'25〕

.ThemaXimalreSpOIISeSintheViSUalCOrtCXOCCUrring

around8Hzcouldberela[edtothesensitivityofretinal

ganglioncellsandtheirHringrate2斗}ortothccontrast

sensitivityofncuronsinBr`}dmann,sarcaslフandIST〕.

Asfi}rhumans,iihasbccnrcp{.)rtcdtha11}1cclcclrical

resp〔 〕nselo}andrCMRO2izresponse〕she)weda

maximuma[atemporalfrequencyaround4Hzwhena

checkerboardwasusedforvisualstimulatioqwhilethe

rGBFresponseto[lashphoticstimulationshoweda

maximumatatemporal丘equencyaround8Hz1L層13」 斗〕,

Ourprcsentresults,whichwcreobtainedf～)rthe

stimulationwhharcvcrsalwhite/blackchcckcrb〔 ♪ard

withagraybackground,showedthemaximumrespousc

oftheBOLD-fMRIsignalandminimumresponseofthe

Hbparameters(oxy-Hband[otal-Hb)attemporal

frequenciesrangingfrom1.4to4.7Hz(Figs.3and4).

'L'h
efrequencyrangeatwhichthemaximalROL--一

fMRIresponsewasobservedin[hepresen[experimen[s

wassimilarto[hoseoftheelectricalresponse10Jand

rCMRO2rcsponsc12},whcrcthcstimulationwas

conductedwithachcekerboard.However,the

maximumhemodynamicresponsetoflashphotic

stimulationoccurredarounddoublethisfrequency

rangel1」:3.14},Thefollowingtwopossibilitiescanbe

considered[oexplain[heabovediscrepancies.Asone

ofpossibili[ies,inexperimen[susingcheckerboards,the

frequencyofstimulationisconsideredmbe[wicethe

whi[c-ro-whireorblack-m-blackfrequencyofthe

checkerboard,iCthcvisualstimulusbasicallycomesGom

patternreversal.IfsqthefrequencyofL4…4.7Hz

correspondsto28-9.4patternreversals/sec([wisethe

stimulusfrequency).Thus,duringavisualstimulation

wi[havarying[emporalfrequency,theBOLD-f:VIRI

signalat[ainsitsmaximuma[[hefrequencyofmaximal

neuronalac[ivation.Ano[herpossibleexplana[ionisas

follows.Itisrcpor[cdtha[thesizeofvisuals[imulus

affectsthecontrastsensitivityoCretina,i.c,asthe

stimulusazcaisLargcr,thercdnashowshighscns'itivity

atthehighertemp〔,rali}equency26-28)、The

chcckcrboarduscdillthcprcscntstudy(visualanglcis

L2…5.8degree)stimulates[heperimacularannulus.

'L'h
cre[inashowcdahighwn[ras[scnsi[ivitya[lowcr

[emporalfrequencythan8Hzinthissmallvisualangle

stimul飢ion.Recentrepor[sL9":f〔 〕),whichshoweda

maximalresponseattemporalCrequcucyabove]OHz

usingwidevisualanglestimulation(33…45degree),may

supportthelatterpossibility.

Stimulus-inducedchangesinrCBFandrCBV

Inthepreviousstudy,wehaveshownatemporal

analysisofBOLD-fMRIsignalusingNIOIsignals113〕,in

which[heVeinmodelinEq.1couldwellexpressthe

changesins[imulus-inducedchangeinBOLD-MRI

signals(secalsoPig.2D).Thepresentresultsshow

thatEq.1(LheVeinmodel)isalsosatisfacLOriLyuseful

for[hes[eadyslateanalysisofBOLD-f'L¥4RIsignals(Fig.

5),sinceda[aanalyzedwereaveragesoffour

measurements,andaveragedovertimeduring

stimulation.'L'heabsolutevaluesoC[hehemodvnamic

parametersintheres[ingslateintheoccipitalcor[exare

summarizedinTableLRecently,spatiaLLyre-

solvcd:it一:燭orfrequency-d〔}main3斗)ncar-infrared

spectroscopyhasbeenoCtcuusedtoobtainabsolute

wncentrationofcerebralHbspeciesconcentrationsand

hemoglobinoxygena[ion.AI[hounh[heretechniques

1斗 一
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havebeenusedformeasurementsontheforehead,our

estima[edvaluesofHbspeciesconcentra[ionsinthe

occipi[alcortex(Tablel)aresimilar[o[hosereported

previously.ValuesoCCBVｫｫmeasuredusingPETare

onlycomparableda[arepar[cdhi[hcrto.AL[hough

therewemmusiderabledi[Cerencesamongtheindividual

subjec[s,opticallyestimatedCBVｫ.,,agreedweLLwith

thoseobtainedbyPETanderythrocytetracers:42tO.4

m1/100gbrain[issue:モ の,4.3±0,41ml/lOOgbraill

[issue:56,,and斗.34±0.5mレ100gbraintissue3ア 〕,

However,[hevalueof4rCBFes[ima[edfromNIOIis

3.2%(rangingfrom2.2to4.2%)ofthebasalvalue,and

[hatoCdrCBVisO.6%(rangingfromO.4toO.8%)oCthe

basalvalueThesechangesarcaboutoneordersmaller

thanthosereportedbyothersusingPET(49.6113.9ｰ

foi∠rCBF38};4.4-16.5%fbr∠]rCBV39〕)andfMRI

(42,8±15,9%fbr∠]rCBF,andl4±5%fbr∠lrCBVac〕),

although[hechangesintheconcentrationsoftheH6

speciesde[ec[edin[hepresen[experimentusingNIO]

weresimilarto[hosereportedbyothersonvisual

stimulatiollhlhumansｰし+2}.Toascertainthis

discrcpancy,wcc〔}mparcdlhc〔}pticalLyestimated

4rCBFwiththoseobtainedwithFAIR…fVIRI(Fig.7B).

Whendieappropriatevolumecorrectionwasapplied

bctwccnthosctwotcchniqucs(i.c.,NIOIvsFAIR-

f:VI21),4rGBFsobtainedwiththese[echniqueswere

almostidentical(slope=0.983)withgoodcorrelation

(r=0.893),wherefor[hevolumecorrec[ionof4rCBF_

NIOI(vo] _corr),opticallyes[imaredQrCBPis

multipliedbyaCactoroC25,whichcarrespondstothe

ratioofpixelsizeofSIOIandFAIR(secMaterials'and

Methods).Furthermore,FAIR-fMRIsignalgavea

linearrelaTionshipwiThBOLD-tMRIsignal(Fig.7A,

withgoodcorrelation(r=0.934),whichagreedwiththe

resultsreportedbyKwongetal.B〕andZhuetaL斗/り,

Theaboveresultsindica[etha[duringvisualsimulation

[heBOLDsignalreflec[sQrCBP,whiletheNIOIsignal

(∠LL`}tal-Hb」>rcHccts」rCBV(Fig.6Avs6B).

Physiologicalimplicationsofdecouplingbetween

drCBFanddrGBV

Ithasbeenempiricallyshown[hattheincreasein

rCBFaccompaniesanincreaseinrCBV陶.ThouGh

Grubb'srelationshipbetweenCRFandCRV(CBV=

0.8・CBFり'3L)wasdeterminedf〕radultrhesusmonkeys

Cromwhole-headmeasurementsunderthecondi[ionoC

carbondioxideinhalation,ithasbcenoftenusedCorthe

analysisorslimulus-induccdlocalchangcsinCBFand

OBV.Incontras[with[heirresult,intLiepresent

study,wehaveshownadissociationoC[hes[imulus一

inducedresponsesbetweend:BFandrCBVattemporal

frequencyaround1.4…4.7Hz,thoughthestimulus-

inducedactivationareasobtainedwiththesetechniques

wereabou[thesame,

Rcccndy,itwasshown[hattheBOLDsignal

corrclatcswithucuronalactivationmHcctingtheLocal

fieldpotentialresponseratherthan[heactionpotential

resp〔amse.rり 、Illaddition,ithasbeellshownthatduring

neuronalactivationinthehumanvisualcortex:ifl〕,the

regionalcerebralmetabolicrateoflglucose(rCMRg1。)

increasesmasimilarexten[as[herGBFincreases;i.e.,a

closecouplingexistsbetween」rCMRgk:and∠rCBF.

Howcvcr,DrCBFisaccompanicdbyarathcrsmallcr

QrCMROz(c.g.,drCBF;QrCMRO1=10;138;QrCBF_

∠rCMRO2=2:t'.5〕),suggestingthatthesul)ply〔}f

oxygenisnotmatchedpreciselywiththedemand.

SeveralmQdelsbasedontheenzyme-limited:燭or

diftltsion-limi[edoxygen-delivery[heoryar're)havebeen

proposedtoexplaintheovercompensationofoxygen

inflow.In[heconrex[of[heenzyme-limitedmodel,

FoxCIal.sa7posmlatcd[hat(i)enzymeactivitycoupled

withoxidativephosphorylationoCgLucosciskeptator

ncazthemaximallevel(evenunderrestingconditions)ro

maintaintheeLectrophysiologiwlactivi[yofneurons,

andThat(ii)Theaartccncrgycxpcndiharcaccompanying

neuronalactiva[ionissupportedbyanaerobicolycolysis.

Thismcansthatduringncuronalactivation,thcblood

且owisregulatedbyamechanismothcrthanoxidative

me[abolism,probablytowashouttheendproduc[oCthe

anaerobicglycolysispathway,lactate,andtorestorethe

decreasedpH.Inthecontextofthediffusioo…Limitcd

oxygendeliverymodel,Bux[on+s7postulated[hatalarge

increaseinrCBNisrequiredtosupportasmaller

increaseinoxygenmetabolismbecausetheoxygen

extractionfractiondecreascswithincreasingrCBF.

However,bo[htheoriesmayno[fullyexplainwhythe

supplyofoxygencandi[ierlargelyCromthedemand.

Theexplanationsarcincumplacbecausethedisparity

bcLwcenQrCBFandQrCMROzduringneuronal

activationdoesnotappearunderallcircumstancesand

inallregionsofthebrain.Norexample,Rolandetal.'0'

reportedastrongrelationshipbetween4rCBFand

4rGMKO2in[hepreCron[alcortex,frontaleyeGelds,

parietallobe,andthalamusduringmentalcalculation、

Basedontheabovefindingsanddiscussions,Ihere

proposethattheincreaseiurCBPisnotCorsupplying

oxygenbutforsupplyingothersubstances,i.c.,glucose.

Thisimplies[hattheglucosetransportbyplasmais

givenpriorityoverdieoxygentransport,almostalloC
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whichiscarriedoutbyhemoglobinwithinerythrocytes

(i.e.,oxy$b),becauseanincreaseintheme[abolicrate

ofglucosecorresponds、velltothatinCBド8}.Then,

[hedissocia[edresponsesbetween4rCBL'anddrCBV,

whichoccursatmaximalneuralac[ivityandrCVIRO2,

couldservetoprevcutthefollowingshortcomingsby

reducingtheoxygencarrier,erythrocytes;1)excess

inflowoCoxygenintheCocalac[iva[edareaand2;

increaseintheresistiveforceduetotheincreasedrCBF,

PossiblemechanismsforthisdissociavonbetweenrCRF

andrGBVresponsesareasfollows:1)reloca[ionof

tissuewatertobloodcompartmematcapillar}・arca5L・52〕,

and2)rcdis[ributionoCbloodfloworcrythrocy[csat

upsLrcammicr帆 ・cssclarcab{〕causc〔 〕flargedistribuLi〔m

of"s'phincter-like"structuresinpialarteriesbutless'

distributioninintracerebralarterioles,capillaries,and

33,54)veins

Insummary,Ihaveshowndissociatedresponses

be[weenrCBFandrCBVduringneuronalactivationin

[heoccipi[alcortexthroughsimultaneousmeasuremen[s

usingMRIandSIOI.Cooperativemeasurements

usingthesetwotechniquesarcexpectedtoprovide

complementarilymoredetaiLcdphysiologicalinter

pretationoffunctionalbrainmappings.
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