
仮想ダイポールレイヤーを用いた

時空間高精度脳機能マッピング

(課題寺号 13480291)

3

平成13年度一平成15年度科学研究費補助金

基盤研究(B)(2)研究成果報告書

平成16年5月

堀 潤 一

(新潟大学工学部助教授)

√



はしがき
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実施された研究課題 ｢仮想ダイポールレイヤーを用いた時空間高精度脳機能マッピング｣

(課題番号 13480291)の成果をまとめたものである.
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ABSTRACT

Inthepresentstudy,weexploresuitablespatio-temporalfiltersforinverseestimationof

anequivalentdipole-layerdistribution丘omthescalpEEGforimaglngOfbrainelectric

sources.Weproposeatime-Varyingparametricprojectionfllter(tPPF)forthe

spatio-temporalEEGanalysis.TheperformanceofthistPPFalgorithmwaseやaluated

bycomputersimulationstudies.An inhomogeneousthree-concentric-Spheresmodelwas

usedinthepresentsimulationstudytorepresenttheheadvolumeconductor.An

equivalentdipolelayerwasusedtorepresentequivalentlybrainelectricsourcesand

estimatedfromthescalppotentials.ThetPPFfllterwas.testedtoremovetime-varylng

noisesuchasinstantaneousartifactscausedbyeyes-blink.Thepresentsimulation

resultsindic年tethattheproposedtime-varianttPPFmethodprovidesenhanced

performanceinrejectingtime-varyingnoise,ascomparPdwiththetime-invari肌t

parametricprojectionfilter.

IND EXTERMS

High十reSOlutionEEqInverseproblem,Spatio-temporalinversefilter,Equivalentdipole

sources,Parametricprojectionfllter,Eyesblinkartifactelimination
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I.INTRODtlCTION

Brainelectricalactivityisspatiallydistributedinthreedimensionsof血ebrainand

evolvesintime.Itisofimportancetoobtainspatio-temporalinfbmationregarding

brainelectricalactivity丘omnoninvasiveelectromagneticmeasurements.Becauseof

inherithightemporalresolutionofelectroencephalogram(EEG)measurements,high

resolutionERGim喝lng,Whichaimsatimprovlngthespatialresolutionof血eBEG

modalities,hasreceivedconsiderableattentioninthepastdecades.SuchEEGimaglng

modalitieswouldfacilitatenoninvasivelocalizationoffociofepilepticdischargesinthe

brain,andthecharacterizationofrapidlychanglngPattemSOfbrainactivation.
●

AnumberofeffortshavebeenmadetoachievehighresolutionEEGimaglng.

Am ongthem ofinterestisthespatialenhancementapproach,whichattemptsto

deconvolvethelow-passspatialfllteringeffectofvolumeconductionofthehead

llH22].Corticaldipolelayerimagingteclmique(CDIT),whichattemptstoestlmate

thecorticaldipoledistribution丘om thescalppotentials,isonedfthespatial

enhancementtechniques.Inthisapproach,anequivalentdipolesourcelayerisusedto

modelbrainelectriCalactivityandhasbeenshowntoprovideehhancedperformancein

imagingbrainelectricalsourcesascomparedwiththesmearedscalpEEGl4],[19],

[22】.

Itisimportanttoinfertheoriginsfromthescalp十reCOrdedEEqandtoimagethe

sourcesthatgenerate也eobseⅣedBEGon血escalp.Su血aproblemisusuallycalled

theinverseproblem.Theinverseproblem ofEECisilトposedandingenerala

regularizationprocedureisneededinordertoobtainstableinversesolutions.Many

regularizationstrategies,suchasthegeneralizedinversewithtruncatedsingularvalue

decomposition(TSVD),Constrainedleastsquaremethod,andTikhonovregularization

me血od,havebeenproposedfb∫solvingtheilトconditionedinverseproblem.Additive

noisesuchasthemiform Gaussianwhitenoise(GWN)isusuallyusedtoevaluatethe

performanceoftheinversesolutionsusingtheaboveregularizationprocedures･Onthe

otherhand,thenoiseexistinglnscalpEEGmeasurementsmaybenon-unifomly

distributedbecauseofthevariationintheelectrodeimpedanceandexperimental

environment.Severalmethodshavebeendevelopedtohandlethenon-umiform noise･A

multiplesignalclassiflCation(MUSIC)algorithml23]thatincorporates,acovariance

3



matrixofbackgroundactivityhasbeenproposedfortheMEGinverseprobleml24].

Moreover,thelinearlyconstrainedminimum variancefilterusesthenoisecovariance

fordipolelocalizationl25].Wehavepreviouslydevelopedtheparametricprojection

filter(PPF)basedcorticaldipolelayerimagingtechnique,whichallowsestimating

corticaldipolelayerinversesolutionsinthepresenceofnoisecovariancel19].Our

previousresultsindicatethattheresultsofthePPFprovidebetterapproximationtothe

originaldipolelayerdistributionthanthatoftraditionalinversetechniquesinthecaseof

lowcorrelationbetweenslgnalandnoisedistributions.

Inthepresentstudy,wehaveexpandedthePPFinversespatialfiltertothe

time-Varyingfilterinordertohandlethespatio-temporallyvarylngnatureOfbrain

electricalactivity.Concretely,thenoisecovarianceandtheregularizationparameterof

thePPFaresupposedtobetime-variantbecausetheslgnalandnoisearetime-variantin

EEGmeasurements.Intheproposedapproach,theinformationonthenoisestructure,as

definedbythecovariancematrix,isestimatedkomthespatialinformationofnoise

ensemble.Wehaveappliedthis-approachtoperform theinverseregularizationin

equivalentdipolelayersourceimaglng,andtestedtheproposedmethodineffectively

rejectingtime-Variantartifactsuchaseyesblinkartifactunderthebackgroundnoise.

Theproposedmethodwillbeapplicabletonon-averagedsingletrialdata.Alter

eliminatingthetime-variantnoise,thedatacanalsobeaveragedinordertosuppressthe

backgroundnoiseforanalyzingthespatiotemporalbehaviorofbrainelectricalactivity･

Theperformanceoftheproposedtime-variantPPF(tPPF)hasbeenevaluatedby

computersimulations,ascomparedwithtime-invariantPPF.
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ⅠⅠ.METE0Ⅰ)S

A.SpatJ'O-temporlalDipo/eLayerSowce/maglng

Theobservationsystemofbrainelectricalactivityonthescalpshallbedefinedby

thefbllowlngequation:

gk-Afk+nk(k-1,...,K) (1)

wherefkisthevectoroftheequivalentsourcedistributionofadipolelayer(DL),nkis

thevectoroftheadditivenoiseandgkisthevectorofscalp-recordedpotentialS.

Subscriptkindicatesthetimeinstant.Adenotesthetransfermatrix&omtheequivalent

sourcetothescalppotentials.Inthepresentapproach,fkisthestrengthoftheDL.In(1),

wesupposethatthesignalfkandnoisenkaretime-variantwhilethetransfermatrixAis

time-invariant.
■●

ItisimportanttoinfertheorlglnSfromthescalp-recordedEEG,andtoimagethe-

sourcesthatgeneratetheobservedEEGonthescalp.Theinverseprocessshallbe

de丘nedby

fok-Bkgk (2)
whereBkisthespatio-temporalrestorationfilterandfokistheestimatedsource<

distributionoftheDL.Asthenumberofmeasurementelectrodesisalwayssmallerthan

thedimensionofthebnknown vectorfk,thisproblemisan underdeterminedinverse

problem.ⅠfthestatisticalinformationofthenoiseorslgPalareknown orareestimated
●

inaccuracy,therestorativeabilityoftherestorationfllterBkShouldbeimprovedby

uslngnotOnlythetransfer血nctionAbutalsotheslgnalandnoiseinformation.

Therefore,therestorationfilterBkShouldbetimevariantsystemdespiteofthetime

invarianttransferfunctionAbecausethesignalfkandn.oisenkaretimevariantin(2).
ThedetailsoftherestorationfilterBkaredescribedinSectionII.B.

Inthepresentsimulationstudy,theheadvolumeconductorisapproximatedbythe

inhomogeneousthree-concentric-spheresmodell26].Thisheadmodeltakesthe

variationinconductivityofdifferenttissues,suchasthescalp,theskullandthebrain,

intoconsideration.An equivalentDLisassumedwithinthebrain Spherebeing

concentrictothecorticalsurface.Radialcurrentdipolesaremiformlydistributedover

thesphericalDLtosimulatebrainelectricalsourcesaccountingforthescalppotentials.
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ByuslngtheDLdistribution,theelectricalsourcesinsideoftheDLsphere/are

equivalentlyrepresentedbytheDLsurroundingthesources,regardlessofthenum beror

thedirectionofthedipolesourcesl22].Thatis,theDLmodelusedinthepresentstudy

isanequivalentsourcemodel,whichshallaccountforarbitrarysourceconflgurations

withintheDLl22].Thetransferfunction丘omtheDLtothescalppotentialsisobtained

byconsideringthegeometryofthemodelandphysicalrelationshipbetweenthe

quantitiesinvolved.ThestrengthoftheDLisestimatedkomthenoise-contaminated

scalppotentials.

a.Time-VarylngParametrl'cPrlDjectionFi/ter

Thegeneralinverse,whichisalsocalledtheMoore-PeⅣosepseudoinverse,denoted

byA',minimizesthenormoftherestoredDLdistributionfokundertheconstraintgk-A

fokintheabsenceofnoise.Inpractice,singularvalued占composition(SVD)Canbeused

tocalculateA'[27],[28].Inthepresenceofnoise,thetruncatedSVDandvarious

regularizationtechmiqueshavebeenimplePentedinordertoreducetheeffectofnoise

[29】.

Wh enthestatisticalinformationofsignalandnoisearepresented,theWienerfi1ter

canbeappliedtotheinverseprobleml30],[4],[8].SupposeRkandQkthesignaland

thenoisecovariance,whichcanbederived丘omtheexpectationoverthesignal研 and

noise(niensemble,E[げ】andElrn*],respectively･fandn*arethetransposeoffand

n,respectively.TheparametriCWienerfilter(Pwr )isderivedby

Bk-RkA*(ARkA*+JkQk)-1. (3)

withrkaSmallpositivenum berknown astheregularizationparameter,andA* isthe

transposematrixofA.IfRk-Qk-I(theidentitymatrix),thenequation(3)isreduced

tothezero-OrderTikhonovregularization.methodl31].ThePWFhasbeenappliedto

brainsourceimagingl4],[8].However,itisdifrlCulttoobtainthesignalcovariance,Rk.

Moreover,eveniftheslgnalcovarianceisobtained,thefiltermaynotprovide

satisfactoryperfomancefornon-periodicabnormalsignals,whichisobviously

differentfromtheexpectationofsignals.

Tbovercomethisproblem,也ePPFhasbeenintroducedtosolve血einverse
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problem[32].ThePPFisderivedby[32],[19】

Bk-A*(AA*+JTkQk)~1. (4)

ThePPFconsidersjustthecovariancematrixofthenoisedistribution,Qk,thatis,Rk-I

in(3).ThePPF,usingthefreeparameter,Canimprovetherestorativeabilitykomthe

projectionfllter,whichprovidestheorthogonalprojectionoftheoriginalsignalontothe

rangeoftherestorationfilterthatminimizestheexpectationoverthenoisecomponent

intherestoredsignal.Thescalarparameteryk>0in(4)controlsthemutualweightsof

twoerrorterms.Thedeterminationofthevalueofparameterykisle允tothesubjective

judgmentoftheuser.Wehaveappliedthetime-invariantversionofthePPF,whichis

describedbyomittingthetimekin(4),tothecorticaldipolelayersourceimagingl19].

Thetime-variantPPF(tPPF)Canalsobeappliedtothespatio-temporalinverseproblem

describedby(2).TheoptimumchoiceforykandQkaredescribedinII.CandII.D,

respectively.

C.EstimationofRegularizatl'onParlameter

ThetPPFhasafreep竺ameterthatdeterminestherestorativeability･Theoptimum

parameterofthetPPFforthebestapproximationshouldbedeterminedbyminimlZlng
●●

therelativeerror(RE)between血eactualDLdistributionandtheestimatedDL

distributionas

REk-llfk-fok廿州jkH (5)

ineverytimeinstance,k.Unfortunately,theoriginalDLdistribution,fk,couldnotbe

obtainedunderpracticalconditions.IfasignalcovarianceRcanbeestimated,wecan
●

usetheparametricWienerfllterin(3).Wh enminimizingEnIJfk-fokII2,the

regularizationparameteryin(3)mustbe1.Weconsideitherestorationfilterinthe
absenceofanysignalinformation.Inthatcase,Wehavetoestimatethevalueofthe

regularizationparameterinordertocontroltheslgnalandnoiseamplitudes.Wehave

developedanewcriterionfordetermlnlngtheoptimum parameterwithoutknOwlngthe
++ .1 .I . I.I .1 ●

originalDLdistribution.OnepossibilityistousethefollowingCOStfunction:

J(hJ-EnHfok-Bk(Afok+nk7日2

-日fok-BkAfokll2+tr(BkQBk*)+2Wok-BkAfok,Bkgk-BkAjak) (6)
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wherefokistherestoredDLdistributionusingan initialvalueforJTk,Whichshouldbe

relativelylargetoreducetheeffectofadditivenoiseonthecoefrlCients.Concretely,Y
ICanbeselectedwhenthesecondten in(6),whichrepresentstheamplitudeofnoisein

therestoredplane,issufficientlysmall.Equation(6)isapproximatetothesquarederror

betweenfkandjTokintakinganexpectationofnoisewithoutknowingtheoriginalDL

distributionfk.TheflrStterm andthesecondterm correspondtothesquaredrestorative

errorandsquaredrestorednoise,respectively.And也ethirdten correspondsto血e

innerproductbetween也erestorativeerror弧d仇erestored･noise.Intheprevious

parameterdeterminationproceduredevelopedinl19],thethirdterm in(6)was

neglected.Inthepresentstudy,thisterm waskeptin(6),anditwillslightlyimprovethe

inverseresultsbecausethecorrelationbetweensignal andnoiseisnegligible.

Furthermore,thefollowlngProcedureprovidestheoptimum approximationof

parameter7%:(i)ComputetherestoredDLdistributionfokuSinganinitialvalueofJk,(ii)

CalculatetheevaluationfunctionJ(Jk),(iii)Obtainnewoptimum parameterylkthat

minimizesLJtJTk),(iv)Repeat(i)-(iii)replacingJkwiththenewylkuntilIIPk-rlkll/tIPk‖<

ewhereeistheconditionofconvergence,'whichguaranteesthat,attheleast,theorder

of'magnitudeofthesquarederrorbetweenfkandfokShouldbecorrect.Thepresent

computer̀simulationindicatesthatthisprocedurealsoprovidestheum quesolutionof7%

despiteofvarylngtheinitialvalue.ThismethodisapplicablenotonlyforthetPPFbdt
●

alsoforotherparametricinverseteclmiquessuchastheTSVD,theTikhonov

regularization,theconstrainedleast-squaremethod,andthePWFl32].

D.EstimationofNoiseCovan'ance

IfthereisnospontaneousartifactintheseriesofEEGmeasurements,thenoise

covarianceQkShouldbeconstantanditmaybeestimatedkomdatathatisknown tobe

sourceBee,suchaspre-stimulusdatainevokedpotentialsinaclinicalsituationl24],

[25].Iftherearesomeartifacts,QkShouldbeadaptivetothespatialdistributionofthe

artifactsinordertosuppressthem.Inthepresentstudy,twotypesofnoisecovariance

areappliedtothetPPF.Oneisthenoisecovarianceforbackgroundnoise,denotedby

Qb.TimeinvariantbackgroundnoisecovarianceQbmightbeestimatedkomthepre
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stimulusevokedpotentialsthatdonotincludesignals.Andtheotheristhenoise

covarianceforinstantaneousartifactsuchaseyesblink,denotedbyQa.Theeyesblink

covarianceQaissubstitutedbythevoluntarywinkdata.Theeyesblinkartifactsmaybe

eliminatedbyuslngtwotypesOfnoisecovarianceinthetPPFaccordingtotheslgnal

conditionswithorwithoutartifacts.

InordertoapplythenoisecovariancetothetPPF,thetimeintervals.oftheeyes

blinkshouldbeestimated･Thetemplateofpotentialdistributioninthecaseofeyes

blinkismeasuredbyvoluntarywinkdatainadvance.AndthecorrelationcoefrlCients仲

(k-1,･･･,K)betweeneachscalppotentialdistributionandtheeyesblinktemplateare

calculatedineverytimecourse.Thetime-intervalofeyesblihkisestimatedbythe

correlationcoeWICientthatislargerthan thethresholdthatissettledbyexperience.

Finally,thenoisecovarianceofthetPPFisdeterminedbythefollowlngequation:

Qk-(QQ:

pk≦threshold

pk>threshold

E.SI'mulatl'OnPrlDtOCO/

(7)

Inthepresentsimulation,twoorfourdipolesourceswereusedtorepresent

multiplelocalizedbrainelectricalsources.Thedipoleswereorientedradiallyor

tangentiallytothespherewithvaryingstrengths.Thestrengthofeachdipoleischanged

from-1tolwithsinusoidintime.Inthecaseoftwodipolesources,the丘equenciesof

fluctuationinthedipolemomentsweresetto10Hzand30Hzthatassum lngEEG

alphaandgammaactivities,respectively.Inthecaseoffourdipolesources,the

kequenciesofthemweresetto10Hz,20Hz,30Hz,and40Hz.

In血eprese血tStudy;thesource-conductormodel【111,[13】,[16]asshownin

Fig.1,wasused.Inthismodel,theradiiofthebrain,rl,theskull,r2,andthescalp,R,

spheresweretakenas0.87,0.92,and1.0,respectivelyl26],lll].Thenormalized

conductivityofthescalpandthebrainwastakenasq)-1.0,andthatoftheskullasoTs-

0.0125.Thepotentialsonthescalpsurface,generatedbycurrentdipolesinsidethebrain,

canbecalculatedbysolvingthefわrwardproblem 丘om thedipolesourcetothe

scalp-surfacepotential[33].ThestrengthoftheDLcan becalculatedbysolvingthe

9



forwardproblemkomtheassumeddipolesourcetotheequivalentDLstrengthl22]･

Twokindsofadditivenoisewereconsidered.Oneisthetimeinvariantnoise

suchasabackgroundnoisethatstochasticcharacteristicsdonotchangeintime.The

timeinvariantbackgroundnoiseisexpressedbyGaussian whitenoise(GWN).The

noiseleveldeflnedastheratiobetweenthenormofnoiseandtheaveragednormofthe

simulatedscalppotentialovertimewassetto0.1.Theotheristhetimevariantnoise

suchaseyesblinkartifacts.Themovementsofeyeballsgenerateelectricalartifacts

becausethecomeasidesofeacheyeballarepositivelyelectrical-chargedagainstthe

retinasides.Theeyesblinkartifactsappearasspike-likeshapeatupperpartsofthe｢eyes

withthetimedurationofabout0.3S.Sincetheamplitud60ftheeyesblinkartifactsisat

theorderof100llVthatismuchgreaterthan ordinaryscalppotentials,thescalp

measuredpotentialsaredegradedbytheeyesblinkartifacts.Thesimulatedartifactis

representedinspaceandtimedomainasFigs･2(a)and(b),respectively･Theamplitude

oftheartifactwassettotwotimesofthemaximum ofthescalppotentials.Theduration

oftheartifactwassetto0.3S.Figure2(C)showsthetimeseriesofcorrelation

coefficientsbetweenatemplateeyesblinkartifactdistributionandscalppotential

distributions.Thetemplateartifactwasobtainedwithasimulatedwinkdata,whichhas

thesamedistributionasthatoftheeyeblinkartifactandwasdistortedwiththeGWN

generatedwithadifferentseedinadvance.As shown inFig＼･2(C),thecorrelation

coefficientishighwhiletheeyesblinkoccurred.
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日.RESUu-ら

ADLwith1280radialdipolesataradiusof0.8wasused,accordingtothe

previoussimulationresultsl11】.Thescalppotentialdistributionwasobserved丘om128

positionsover也eupperhemispherescalp.TheGWNwith也enoiselevelof0.1was

addedtothescalppotentialstosimulatenoise-contaminatedscalpEEGmeasurements.

Samplingratewassetto100Hz.Theestimatedresultsofoursimulationwereevaluated

withtheREbetweentheactualandestimatedDL-distributioninadditiontovisual

descriptionoftheDLdistributionssincetheDLdistributionpresentsnotonlythe

informationonthelocationsofthedipolesourcesbutalsoonthedirectionsofthem.

Firstofall,thetime-invariantPPF,withtheconstantnoisecovarianceQh-Qb

andtheconstantregularizationparameter搾-rave,WasappliedtoestimateDL
distributionsfk(k-1,...,K).QbWasestimatedkomthebackgroundactivityanditwas

settothesameineverytimeinstant.PTaveWasCalculatedbymimimlZlngtheaverageof

REovertime.Figure3(a)showsthesimulatedeyesblinkartifactoverthescalpandFig.

3(b)showstheREbetweentheactualandestimatedDLdistributionintimese9uencein

thecaseoftworadialdipolesourcesattheeccentricityof0.6.Becausethe

generalizationparameterJraveOfinversefllteringwasfixed,theREwaslargeoverthe

entiretimeperiod.Inaddition,theREduringtheblinkingexercisebecameextremely

largebecausethenoisecovarianceoftherestorationfllterduringtheartifactwasas

sameasthatofthebackgroundnoiseactivitythough thestatisticalcharacteristicsof

artifactnoise,washighlydifferentfromthebackgroundnoise.TheaveragesoftheRE

forthebackgroundnoiseandeyesblinknoisewere0.685and1.067,respectively.The

estimateddistributionofDLvariedsubstantiallyfromtheactualDLdistributioninboth

thebackgroundnoiseandeyesblink.
●

･Next,Weappliedtherestorationfllterwithtimevarylngregularizationparameter

rk.Thenoisecovariance,whichw早sCalculatedwiththebackgroundnoiseactivity,was
constantineverytimeinstant(Qk-Qb).Fig.3(C)showsthetimeseriesofREbetween

theactualandestimatedDLdistribution.TheREduringtheeyesblinkingexercisewas

largewhilethatduringthebackgroundnoisewasreducedduetotheuseoftimevarying

parameter7%.TheaveragesoftheREforthebackgroundnoiseandeyesblinknoise
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wereimprovedto0.530and0.978,respectively.TheestimatedDLdistributionsduring

thebackgroundnoisewerebetterthan thoseobtainedbyuslngthetimeinvariant

regularizationparameter･However,theDLdistributionsduringtheeyesblinkremained

unchangedsincethestatisticalinformationontheeyesblinkartifactwasnottakeninto

accountinthecalculation.

Moreover,therestorationwithconstantnoisecovarianceofeyesblinkartifact

(Qk-Qa)wasappliedtotheDLestimation･Theresultisshown inFig･3(d)･The

averagesoftheREforthebackgroundnoiseandeyesblinknoisewere0.640and0.637,

respectively.TheREduringtheeyesblinkingexercisebecamesmallerthanFig.3(C)･

HowevertheREforbackgroundnoisebecamelarger.

Finally,therestorationfllterwiththetimevarylngParameterJkandthetimも
●

varyingnoisecovarianceQkWasappliedtothespatio-temporalinverseproblem.Two

typesofnoisecovariance,ofthebackgroundnoiseandeyesblinkartifact,wereusedto

estimatecorticalDLfromthescalppotentialswithOrwithouttheeyesblinkartifact.Fig.

3(e)showsthetimeseriesofRE.TheREdmingtheeyesblinkexerciseswasreduced
〔

byuslng也enoisecovari弧CeOf也eeyesblinktemplate･Theaveragesof也eRE氏)f也e

backgroundnoiseandeyesblinknoisewerereducedto0.530and0.637,respectively.

ThedifferencebetweenFigs.3(d)and(e)lookssmall,buttheDLmapcorresponding

tdthecaseshown inFig.3(d)wasnoisierthan thatofFig.3(e)intheabsenceof

artifact(TheDLmapsareshown inFig.8).

WeconflrmedtherestorativeabilityoftPPFfortime-varyingDLimaging.The

estimatedDLstrengthsusingth占timeinvariantandtimevariantnoisecovariancewere

comparedatthenearestpointinspacefromanassumeddipolesourceof10Hz.Figure

4(a)ShowsthenormalizedstrengthoftheactualDLatthenearestpoint丘om an

assumeddipolesourceof10Hzinthecaseoftworadialdipolesourcesatthe

eccentricityofO･7.Thewaveformofthesourcestrengthatthepointwassimilartothe

sinusoidalw eof10Hz.Figure4(b)Showsthenomalizedscalppotentialatthe

nearestpoint丘om anassumeddipolesourceof10Hz.Thescalppotentialwas

contaminatedwiththebackgroundGWNandthewaveform wasoverlappedwiththatof

theotherdipolesourceof30Hzsinusoidalwave.Figures4(C)-(e)Showestimated

resultsoftheDLstrengthbythePPFwithtimeinvariantrkandQbOfbackgroundnoise,
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timevariant7%andtimeinvariantQb,andtimevariantJkandQk,respectively.The

positionoftheDLstrengthisthesameasFig.4(a).Thetimevariantregularization

parameter乃･WasestimatedineverytimeinstantinFigs.(d)and(e).Thedistortion

aroundtheeyesblinkingartifactofthetime-variantQkinFig.4(e)becamesmallas

comparedwiththatofthetime-invariantQkinFigs.4(C)and(d).Theamplitudeofthe

estimatedsignalinFig.4(C)looksstableinspiteofartifactexistingbecause7%andQk

areconstant.ⅠfPkWasestimatedtominimizethecostfunctionineverytime,the

amplitudebecamesmallduringartifactinFig.4(d)inordertosuppresstheartifact

noise.Asresults,Fig.4(C)looksbetterthan Fig.4(d).Ontheotherhand,when

consideringartifactbyusingtimevaryingQk,thesignalbecamestableinFig.4(e).

Figure5(a)ShowsoneexampleoftheactualDLdistributionoftworadial

dipolesatasingletimepointduringtheartifact.Thedipolesourceswerelocatedatthe

eccentricityof0.7withtheangleof2d3.Figure5(b)showsthescalppotential

distributioncontaminatedwitheyesblinkartifactasshown inFig.2.Figures5(C),(d),

and(e)showestimatedinverseresultsoftheDLusingthePPFwithtimeinvariant7i

andQk,timevariantJkandtime享nvariantQk,andtimevariantJkandQk,respectively,

whicharenomalizedbythemaximum oftheactualDLdistribution.Asshown inFigs.

5(C)-(d),theDLdistributionobtainedbythetime-invariantQkWasblurredandlarge

distortionintheamplitudeoftheDLdistributionobserved.Owingtothestrongartifact
●

noise,therestorationfilterwasgolngtOSuppressboththeDLdistributionandthenoise.

Asaresult,theDLdistributionwascontaminatedwithnoise.Ontheotherhand,theDL

distributionobtainedbythetPPFshowstⅥⅦareasofwell-localizedactivitysimilarto

theactualDLsourcedistribution(Fig.5(a)).Thisresultisconsistentwiththetemporal

performanceofthetPPFasshown inFig･3(e)IThedifferencebetweenthetwoinverse

teclmiquesisthenoisecoyariancethatwasutilizedinthePPFITheseresultsshowthat

thepresenttPPFflltercansuppresstheeyesblihkartifactbyuslngthenoisecovariance

oftheeyesblinkartifact.

Figure6showsanotherexampleofDLestimationinthecaseoftwotangential

dipolesattheeccentricityof0.7withanangleof2d3.Theimprovedperformanceofthe

tPPF(e)ascomparedwiththetime-invariantinversefilters(C)and(d)despitethe

directionofdipolesisshown inFig.6.Asshown inFigs.6(C)-(d),theDLdistribution
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obtainedbythetime-invariantQkWasblurredandfailedtoreconstructthedistribution

ofDL.Ontheotherhand,theDLdistributionobtainedbythetPPFshowsgood

チreconstructionofthespatialpattemoftheDLdistributionascomparedwiththeactual

DLdistribution.

Figure7ShowsoneexampleofDLestimationinthecaseoffourradialdipoles

atasingletimepointduringtheartifact.ThepositionsoffourdipolesaregivenaSド

follows:

[±0.75sin(2T/6),0,0.75sin(27/6)]

[0,±0.75sin(2T/6),0.75sin(方 /6)]

Fig.7(a)showsthedistributionoftheactualDL.Fig.7(b)showsthescalppotential

distributionbythe4radialdipolesbeingcontaminatedbynoise.Figs.7(C)-(e)Showthe

inverseestimationresults.Theextremacorrespondingtothefourradialdipolesarewell

reconstructedbythetime-VariantPPFasshown inFig.7(e).Ontheotherhand,the

time-invariantPPFresultedsigniflCantartifactsintheDLinversesolutions(Fig.7(C)

and(d)),notrevealingthemajorfeaturesofthespatialpattemoftheDLdistribution.
●

Fig.8showsoneexampleofcorticalDLimaglngOftwotangentialdipolesatthe

eccentricityofO.7withanangleof2d3.Backgroundnoiseof0.1NSRwasaddedtothe

scalppotentials.Noeye-blinkartifactwasconsidered.Theimprovedperformanceof

tifne-Varyingregularizationparameter7kisobservedinFig･8(d)andFig･8(i)･Note

distortionintheDLtopographicmapinFig.8(e)duetouseoftheQa.Theresultusing

timevaryingregularizationparameter乃･andQk(andQbinthiscase)providedthebest

reconstructionresult.
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IV.DISCtTSSION

Aspatio-temporalinversefiltertosolvethecorticalinverseproblemhasbeen

developedbytakingthetime-varylngPropertiesintoconsideration.Theusefulnessof

thisinverse,filterhasbeentestedinhandlingtime-variantnoisesuchaseyesblink

artifacts.Thepresentinversefilterhasthetimevariantregularizationparameterandthe

timevariantnoisecovariance.Theeffectofthetimevariantregularizationparameteron

也eDLinversesolutionisshowninFigs.3.TheREbetween也eactualandestimated)

DLdistributionswasreducedineverytimeinstant.Especially,theREduringtheperiod

withonlythebackgroundnoisewasdramaticallyreduced.Thepresentresultssuggest

thatthevalueoftheregularizationparametershouldbechangedaccordingtothesignal

andnoisecohflgurations.Sincethesignal,thatis,theDLdistributionchangesinevery

timeinstant,theregularizationparameterJkOfthetPPFshouldbechangedevenifthe

statisticalcharacteristicsofnoiseareconstant.

Noiseplaysanimportantroleinbrainsourceimaglng,aSinanyotherill-posed

inverseproblem.Inthepresentstudy,wehaveinvestigatedtheperformanceofdipole

sourceimagingbyconsideringnoisecovariancematrixthroughtheuseofPPFin(4).

ThePPFconsistsofthenoisecovariancematrixthatrepresentsspatialinfomationof

noisedistribution.ItwasreportedthatthePPFiseffectiveforimprovlngCOrticaldipole

sourceimaglng,undertheconditionoflowcorrelationbetweentheslgnalandnoise
●

distributionsandhassimilarrestorativeabilitytotheGWNandtheconditionofhigh

correlationbetweenthesignalandnoisel19].Inthepresentsimulation,thecorrelation

betweentheslgnalandtheeyesblinkartifactislowbecausethemajorareasOfactivity
●

inthescalppotentialsarelocatedattheparietalreglOnWhiletheeyesblinkartifactsare

locatedintheBontalregions,neartheeyeballs.
●

Ifwecanobtainbothsignalcovariancematrixandnoisecovariance,thePWFas

shown in(3)maybeappliedtotheinverseproblem.Thereisno,toourknowledge,

comprehensiveinvestigationoncorticalDLimaglnginthemetricofnoise,inwhich

non-whitenoiseisconsidered.Actually,itisdiWICulttoestimatetheslgnalcovariance

exactlyfromtheobservedscalppotentials.Wh enevertheslgnalcovarianceisestimated,

thePWFreconstructstheaveragedsignaloverthetime.Wehaveconfirmedthe
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restorativeabilityofthePPFandthePWFinaseparatestudyl34].Thesimulation

resultsobtainedinthatstudysuggestthat,thePPFhasbetterperformancethan other

inverseflltersundertheconditionoflow correlationbetweenslgnalandnoise

distributions.Ontheotherhand,thePWFwithincorporatingsignalinformation
●

providesgoodresultsofequivalentdipolesourceimaglngresultscomparedtothePPF

andTikhonovregularizationwithoutsignalcovarianceundertheconditionofhigh

correlationbetweensignalandnoisedistributions.Asmentionedabove,sincethe

correlationbetweentheeyesblinkartifactandthebrainelectricalactivitiesarelowin

mostcases,WemayusethePPFforeyesblinkartifactsuppression.Ifwecanobtainthe

slgnalcovarianceintimecourse,thetime-variantPWFwouldbealsoapplicabletothe

equivalentcorticaldipolelayerimaglng.Inordertoimprovetheresolutionofrestored
●

dipolesourceimaglng,WeShouldchoosethePPFandPWFaccordingtothecorrelation

betweenslgnalandnoisedistributions.ThetimevariantPWFwillbeaddressedin

futureinvestigation.

Thesignalspaceprojection(SSP)methodwasappliedforthedetectionand

characterizationoftimedependentMEGd?tal35日36].Theprojectionoperatorsused

in也eSSPdivide也eobseⅣedsignalsinto也eslgnalspaceandnoisespace.TheSsr

alsousedthespatialnoisedistributioninordertosearchandtoremoveartifacts.Inverse

teclmiquesusedinthereportedSSPstudieswerebasedontheSVDorpseudoinverse.

PartialSSPthatappliesonlyincorruptedepochsduetoeyeblinkswasalsoproposed

l37].Inthislaterinvestigation,combinationoftemporaldetectionofeyeblinksandSSP

noisesuppressionwasusedsoeithertheartifactberejectedbasedontemporaldetection

orSSPappliedinordertoextractusefulspatialinformationl37].Ontheotherhand,the

presenttime-varylngSPatio-temporalPPFapproachincorporatesti長e-variantnoise

distributioninformationsoitprovidesageneral丘ameworktohandlevariousnoiseand

artifacts,includingeyeblinks,musclenoise,etc.ByIncorporatingthestatistical

propertiesofnoisedistributionintotheinverseimagl_ng,thetPPFapproachpromisesto

handlevariousnoise.Furthemore,WeproposeinthepresenttPPFapproachtousethe

time-variantregularizationparameter,whichadjusttheestimationerrorandthenoisein

theoriginalsignalspace.

Theeffectofthetimevariantnoisecovariancewasshown inFigs.3(C)and(d).

Inthepresentsimulation,twotypesofnoisecovariancewereused.Inthecaseof
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time-variantnoisecovariance,theREduringtheperiodoftheeyesblinkartifactwas

reducedascomparedwiththatinthecaseoftime-invariantnoisecovariance.The

presentresultssuggestthattheestimationwasimprovedbychanglngthenoise
●

covarianceinthesituationofeyesblinkartifacts.Theeffectsofthetime-variantnoise

covarianceonthecorticaldipolelayerimaglngarefurtherillustratedinFigs.5-7.Inthe

spacedomain,Figs.5-7suggesttheutilityofthetime-variantnoisecovariancein

rejectingtheartifactslikeeyesblink.Wh ileuslngOfnoisecovarianceestimatedfrom

EEGdataduringeyesblinkwouldsuppresswelltheeffectsofartifactonthecortical
●

imaglng,uSlngOnlythenoisecovarianceofartifactwillontheotherhanddistortthe
●

corticalimaglngresultswhenthereexistsonlybackgroundnoise,asshown inFig.8.

Figs.5-8suggestthatitisoptimaltousethenoisecovariancebeingestimatedkomthe

EEGdataatwhichmomentthespatialsourceanalysisISPerformed.Inotherword,itis
●

desirabletousetime-varyinglmaglnginsteadoftime-independentimaglng.
●

Inordertoapplythetimevarylngnoisecovariance,thetimewindows

contaminatedwitheyesblinkartifactsshouldbeestimatedinadvance.Thetime

windowswereestimatedbythethresholdofthespatialcorrelationcoefrlCientsbetween

thetemplateofvoluntarywinkartifactdistributionandthemeasuredscalppotential

distributions.
●

ⅠnthetimevariantPPF,theregularizationparameter乃lSCalculatedinevertime

instant.Itistimeconsum lngtOeStimatean optimum valueoftheregularization

parameterusingtheproposediteratingprocedure.Thenumberofiterationdependson

thedifferencebetweenthevalueoftheimitialparameterandthatoftheoptimum

p町ameter.ConsideringthesufrlCientsampling丘equencyinthetimedomain,theDL

distributionattimeinstantkmaybesimilartothatattimeinstantkll.Then,by

substitutingtheinitialvalueforJkbyPk_1,theparameterconvergedtotheoptimum Value

fasterthanthepreviousmethod.
●

Insummary,wehavedevelopedatime-varyingPPFinversefllterforcortical

imaglng,andshoweditsapplicabilityinsuppresslngrapidlychanglngartifa占tssuchas

theeyesblink.Thepresentsimulationresultssuggestthattheestimationerroris

reducedsubstantiallybytakingthespatio-temporalpropertiesofthenoiseinto

consideration,suchaseyesblinkartifacts.F血也erinvestigationsonotherapplications
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ofthisnewmethodshouldbeaddressedinthefuture.
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FIGtJRES

Fig.1.Schematicillustrationoftheheadvolumeconductor-sourcemodel.Theheadis

representedbyani血omogeneousconce血 cthree-spherevolumecon血ctormodel

withradiirl,r2,andRbeing0.87,0.92,and1.0,respectively.Thenormalized

conductivityofthescalpandthebrainistakenas1.0,andthatoftheskullas0.0125.

Dipolesareuniformlydistributedoveraspherewiththeradiusofrd.
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Fig.2.Simulatedeyes-blinkartifactrepresentedin(a)spaceand(b)timedomain.The

artifactscausedbyeyes-blinkappearinthefrontalareaoverthescalp.Andthey

continueabout0.3seconds.(C)showsthetimeseriesofcorrelationcoefrlCientsbetween

atemplateeyesblinkartifactdistributionandascalppotentialdistribution.
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Fig.3.Effectsoftime-varyingPPFs.(a)Eyesblinkartifactdescribedintimedomain.

(b)TheREinthecaseofconstant7%andconstantQbOfthebackgroundnoise.(C)The

REinthecaseoftimevaryingPkWithconstantQbOftheb?ckgroundnoise.(d)TheRE

inthecaseoftimevarying7iwithconstantQaoftheeyeblinkartifact.(e)TheREin

thecaseoftimevarying乃andQk.
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Fig.4.(a)Normalizedtemporalvariationoftheactualsourcestrengthatthenearest

pointinspacefio血an assumeddipolesourceovertheDLsurface.(b)Nomalized

temporalvariationofthescalppotentialatthenearestpointinspace丘omanassumed

dipolesourcecontaminatedwi血theOWN.(C)Estimatedtemporalbehaviorof血e

sourcestrengthatthesamepointas(a)overtheDLshrface,obtainedbymeansofthe

PPFwithconstanth andconstantQb.(d)Estimatedtemporalbehaviorofthesource

strengthatthesamepointas(a)overtheDLsurface,obtainedbymeansofthePPFwith

timevariant7kandconstantQb.(e)Estimatedtemporalbehaviorofthesourcestrength

atthesamepointas(a)overtheDLsurface,obtainedbymeansofthePPFwithtime

variantWandQk.
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Fig.5.On,eexampleofcorticalDLimagingoftworadialdipoles.(a)ActualDL

distribution.(b)Scalppotentialcontaminatedwithartifact.(C)Estimatedresultofthe

PPFwithconstant2%andconstantQb.(d)EstimatedresultwithtlmevariantW and

constantQb.(e)Estimatedresultwithtimevariant乃･andQk.

｢ノ
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Fig.6.OneexampleofcorticalDLimagingoftwotangentialdipoles.(a)ActualDL

distribution.(b)Scalppotentialcontaminatedwithartifact.(C)Estimatedresultofthe

PPFwithconstant7%andconstantQb.(d)Estimatedresultwithtimevariant7%and

constantQb.(e)Estimatedresultwithtimevariant7kandQk.

28



Fig.7.OneexampleofcorticalDLimagingoffわurradialdipoles.(a)ActualDL

distribution.(b)Scalppotentialcontaminatedwithartifact.(C)Estimatedresultofthe

PPFwithconstant7%andconstantQb.(d)Estimatedresultwithtimevariantrkand

constantQb.(e)Estimatedresultwithtimevariant旅andQk.
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GWN.(d)EstimatedresultwithtimevariantrkandconstantQb.(e)Estimatedresqlt

withtimevariant7%andconstantQaofeye-blinkartifact.(f)Estimatedresultwithtime

variant7%andQk.
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