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B脇Ｗ悪i豊漁:;h癌蝿t;艇s駕搬
BMlsorBraincomputerlnterfaces（BCls）aremainly

studiedfbrpatientswhoaresuffering住omseveremotor
impairmentstointeractorcommunicatewiththeextemal

world・Recently，BMlapplicatiollstoentertainmentuse

suchascontrollingahumanoidrobotarealsoproposed[l]・
ExpansioninapplicationrequiresＢＭＩｓｔｏｂｅｃｏｍｅｍｏｒe
simPleandconvenient・

BMIsdetectchangesinbrainactivityduringspecific
mentaltaSkSandoutputcorrespondingcontrolcommandsto
anextemaldevice・ThedevelopmentofBMIstudieshave

beenderivedfPomimprovementontechnologiesfbr
recordingbrainactivity・SincetheBMlstudiesstarted,big
achievementssuchascontrollingroboticarm[2-5］were
madebystudiesreliedonillvasivetechniquesfbrrecording
brainsignals・Progressinnon-invasivebrain-imaging
modalityfilrtherpursuedtheBMlstudies・Employing
brain-imagingmodalities,avarietyofbrainsignalscanbe
useｄｂyBMIsnon-invasively・Theseincludesignals
obtainedbyelectroencephalographic（EEG)，fmctional
magneticresonanceimaging（fMRI)，magnetoencephalo‐
graphy（ＭＥＧ),positronemissiontomography（PET),and
near造infraredspectroscopy（NIRS)[6]・

AlthoughfMRl，ＭＥＧ，ａｎｄＰＥＴｍａｙｐｒｏｖｉｄｅｇｏｏｄ
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spatialandtemporalresolution，theyareonlyavailable

underlimitedconditions・Thesemodalitiesrequirebulky
expellsiveequipmentalldtherefbreBMIsbasedonthese

techniquesareimpracticalfbrwidespreadclinicaland
entertainmemuse、Atpresent，EEGisthemostpractical

modalityfbｒＢMLOnlyEEGhasrelativelyshorttime

constants,canfimctionillmostelwironments,andrequires

simpleandinexpensiveequipmentI7]・Therearenumbers

ofrecentdemonstrationsofEEG-basedBMIfbrcontrolling

robots[1,8],wheelchairsI9,１０],andcursorsonacomputer
screenfbrcommunication［11-13]・However，although

existingstudiesshowedthefeasibilityofEEG-basedBMI，

theyhavelimitationinoperationperfbrmance；onlyfew
controlcommandsareavailable・Oneoftheconsiderable

approachestoincreasethenumberofavailableｃｏｎｔｒｏｌ
ｃｏｍｍａｎｄｉｓｔｏｕｓｅＥＥＧｉｎｃｏｍｂinationwithother

brain-imagingmodalities・

ＮＩＲＳｉｓｏｎｅｏｆｔｈｅｍｏｓｔａｐｐｒｏｐｒｉａｔｅｃandidatesfbrthis

approach・NIRSisarelativelynovelopticalbrain-imaging
techniqueanditsapplicationtoBMlisactivelyproposed・
UsersoftheseBMIsperfbrmtaskssuchasmotortasks[14,
15］andmotorimagery［16,17]inordertocontrolbrain

activation・BMlwhichdetectstheuser，ssubjective
prefbrenceandutilizeitasacontrolsignalwasalsoreported
[18]・NIRSenablesnoll-invasive,low-cost,andportable
monitoringofbrain・activity・Itmeasureschangesinthe
brain'shemodynamicresponse，whileEEGmeasures

electricalactivityofneurons,Sincemeasurementprinciples
ofthesetwomodalitiesarediffbrent,NIRS-basedBMlcan

utilizeknowledgewhichEEG-basedBMIhavedifficulties

toutilize、EEGcanonlyprovidespatialinfbrmation
reconstructedbyprobabilisticmodels［19]・NIRScan
providespatialinfbrmationmoredirectly，andthus
NlRS-basedBMIcaneffectivelyutilizeknowledgeof
cerebrallocalization・ExistingNIRSstudiesshowedresults
consistentwithwelI-knownfindingsaboutcerebral
localization[20]・

lnordertoprovethefeasibilityofNIRS-basedBMl，
inherentdisadvantａｇｅｓｏｆＮＩＲＳｍｕｓｔｂｅｏｖｅｒｃｏｍｅ・One

majordisadvantageofNIRSisinStabilityofmeasurement・

Itsmeasurementvaluesarerelativelyunstablecomparedto
otherfimctionalimagingmethodssuchasnV1RＩａｎｄＭＥＧ・
Inaddition，NIRS-basedBMIsneedtoovercomea

disadvantagewhichiscommontopreviousBMIsofall

kinds・MostofexistingBMIsrequirelengthytraining
periods，whichcanleadtofustrationandanxiｅｔｙｏｎｔｈｅ

978-1-4244-5081-7709/$26.00.2009IEEE 775



partoftheusers['1-13,17,21-22]・

lnthispaper,wehaveconductedexperimentsinorderto

improvethereliabilityofNIRS-basedBMIbyemployinga

methodfbrdetectingstableNIRSsignals､Theexperimental

resultssuggestthatthediffbrentialsignalofoxyge､ated

hemoglobinlevelsincerebralbloodflow(CBF）recorded
fromtwospecificregionsduringmelltalarithmetictaskis

stable・SuchNIRSsignalscanbedetectedwithout

conductinganytrainingtoasubject、Wehaveapplied
NIRS-basedBMIsystemtohumanoidrobotcontrol．

lLMATERIALSANDMETHODS

A．Ｓ"lyec応

Sevenhealthysuhjects(Fourmalesandthreefemales）

participatedintheexperiment・Allsubjectswere

right-handedandhadnoneurologicalabnormalities、Ｔｈｅ

subjectshadneverparticipatedinpriorBMlexperiments

andtheydidn，thaveanypreviousknowledgeaboutthis

experiment．

β、岨RＳ

ＷｅｕｓｅｄａｎＯＭＭ－３０００ＮＩＲＳｓｙｓｔｅｍ（Shimadzu

Corporation)．Itconsistsoflasertransmitterprobesand

laserreceiverprobes・Eachtransmitterprobeemissions

threediffbrentnear-in廿aredlaserbeams・Ｔｈｅwavelengths
ofthreebeamsare780士5,805士5,ａｎｄ８３０士５，ｍ・Thelasers

penetrateoutertissuesｏｆｈｕｍａｎｈｅａｄ,passthroughbrain

cortex,andaredetectedbyreceiverprobes・NIRSsystem
measureshemodynamicchangesinthecortexwhichthe

laserspassthrough・

Twelvetransmitterprobesandtwelvereceiverprobes
wereusedinthisexperiment・Transmitterprobesand

ｎｕＩＴむｅｒ：ChannelNo

●：T面nsmitt⑧ｒＰｍｂｅ

○：ReCeivSrPmbe

Fig､１．Allucalion0fNlRStransmillａｐｒＯｂ曙,r“eivビrpr⑪bぜsand
『“⑥rdingchannビｌｓｏｎｔｈｅｓｕ虚唾⑪i・asubj“t，ｓｈどadSu価xどd
alphabビｔｓｒ叩r“ビｎｔｐ“i【ｉｏｎｓｉｎｌntぜ、狐kmallO-2(ＩＥＩビc【『０.ピ
Ｐｌ“ｅｍｍ【System

receiverprobeswerealtematelyplａｃｅｄｉｎｔｗｏｒｏｗｓａｎｄ
ｔｗｅｌｖｅｃｏｌｕｍｎｓ､Thespacebetweenatransmitterprobeand

areceiverprobewasapproximａｔｅｌｙ３ｃｍＴｈｅｌｏｗｅｒｒｏｗ
ｗａｓｌｏｃａｔｅｄｏnthelinewhichconnectsT4,Fp2,FplandT5
ofthelntemationallO-20ElectrodePlacementSystem・Ｆｉｇ．

１showstheallocationoftheprobesandrecordingchannels・

RecordingchaImelsaredefinedasregionsbetweeneach

pairsoftransmitterprobeandreceiverprobe・Suhject，s

hemodynamicsweremonitoredbythirtyfburrecording
chamels，

ＮＩＲＳｃａｎａＳｓｅｓｓｔｗｏｔｙｐｅｓｏｆｈｅｍｏｄｙｎamicchange
associatedwithbrainactivityI23]､NeuralactivityisfUeled

byglucosemetabolism､Increasesinneuralactivityresultin

increasedglucoseandoxygenconsumption,whichleadsto
increaseindeoxygenatedhemoglobin（deoxy-Hb）concen‐

trationieveLAreductioninlocalglucoseandoxygen

stimulatesthebraintoincreaselocalCBF・Overaperiodof

severalseconds，theincreasedCBFcarriesoxygentothe

area､Theincreasedoxygentransportedtotllearea”ically
exceedstherateofoxygenconsumption､Anoverabundance

ofcerebralbloodoxygenationresultsinincreasem

oxygenatedhemoglobin（oxy-Hb）andtotalhemoglobin
(total-Hb）［23]・Theinitialincreaseindeoxy-Hblevel,a

phenomellonknownasinitialdip,occursmuchfasterthan
thechangesinoxy-Hbandtotal-Hblevels，However，ｔｈｅ

ｓｉｇｎａｌｏｆｉｎｉｔｉａｌｄｉｐｉｓｗｅａｋａｎｄdifficulttodetectin

real-time[24]､lnthisstudy,wehavefbcusedonincreaSein

oxy-Hbwhichispronouncedandcanbeconstantly
monitoredinreal-time・

NlRSsignalsaresensitivetoartifacts・Theeffbctsof

artifhctscanbeclassifiedintotwogeneraltypes､Thefirst

typeisattributedtocontactfailureofreceiverprobesand

scalp,Movementofsubjectcancausethereceiverprobesto

losecontactwiththescalp，exposingthemtolightwhich

doesnotcomeoutfromthebraintissue・Thistypeofartifact

isrelativelyeasytofilteroutbecauseitcausessudden,large，

andrecognizablespikesintheNIRSsignals,Theothertype

ofartifactcausesrelativelyslowandsubtlechangesinCBF・

ＣｈａｎｇｅｓｉｎＣＢＦｃａｎｂｅｃａｕｓｅｄｂｙｖａｒｉｏuselementsother

thanvoluntalymentaltasks：subtleandinevitablehead

movements，involuntaryphysiologicalandpsychological

activities、Thesechangesaccumulateastimeprogresses・

Theaccumulatedchangesinoxy-Hblevelmaybecome

muchlargerthanchangesevokedbymentaltasksandcan

beconfilsedwiththehemodynamicresponseduetothe
mentaltasks・

Oxy-HbleveldetectedbyNlRSisnotanabsolutevalue

butarelativevaluetoabaseline・Inexperimentalsituations，

thebaselineisdefinedastheaveraｇｅｏｆｏ可-Ｈｂｌｅｖｅｌ

ｄuringthelatestrestperiod・Incontrast,abaselinefbrBMI

applicationcan，ｔｂｅｄｅｆｉｎｅｄｉｎｔｈｅｓａｍｅｗａｙｓｉｎｃｅｔｈｅ
timingsofrestperiodarenotpredetermined・ｌｎａｃｔｕａｌｕｓｅ
ｏｆＢＭｌ,thebaselineisdefinedaso】qﾉーHblevelatthetimea

userstartsusiｎｇｉｔ、ＣｈａｎｇｅｓｉｎＣＢＦｄｕｅｔｏｔｈｅａｒｔｉｆａｃｔｓ

ａccumulateastimeprogresses，ｗｈｉｃｈｍａｙｒｅｓｕｌｔｉｎ

776



１

０

０

（
旨
昌
．
動
茸
・
Ｐ
題
画
《
◎
画
面
‐
号

Fig.２’111“v《9mgビsoftjm“ぜ『i“variatiOnsinalIsubj嵐:⑮，uxyHbwithinc瞳rcbralbl⑪odflowofbrainccr【ビxduringmどmalarithmビtictasks．
ｍ１ｅ恥umbど『ｏｎ“ｃｈｃｏｌｕｍｎ“rTespundstOth⑤ｎｕｍｂ唖⑪、Fig.１．

－２００２０４０６０

elapse(sec）
Fig.３．．nleavどragesoftimcseriビsvari趣〔ionsinall5uhjects，
⑪可Hbm“urビdbych-5(F4)aI1dch-32(F7)．

TABLEI

AvERAGEvALuEANDsTANDARDDEvlATIoN

（ＤＦｏＸＹＧＥＮＡＴＥＤＨＥＭＯＧＬＯＢＩＮ．

ｌ

Ｏ

Ｏ

（
昌
冒
．
副
ｇ
ご
函
西
【
◎
の
坐
で

111．ＲＥＳＵＬＴＳ

Ａ．ｑｐ"“ﾉｸ鋤うり"“

Ｆｉｇ．２showstheaveragesofallsuhjects，oxy-Hb
concentrationlevelintimeseries・Suhjectsstartedmental
arithmetiｃｔａｓｋａｔＯｓｅｃｏｎｄａｎｄｓｔｏｐｐｅｄａｔ３０second・The
valuesarerelativevaluestobaselines・Thebaselinesare

definedasaveragesofrecordedo】OﾉーHblevelsfom-30to
-l5second・Ｉ、Fig.２，ｔｈｅｎｕｍｂｅｒｉｎｅａｃｈｃｏｌｕｍｎｓｈｏｗｓ

ｃｏｒｒespondingrecordingchamelnumber・Ｔｈｅｃｏｌｕｍｎｓａｒｅ

ｐｕｔｉｎｔｈｅｐｏｓｉｔｉｏｎｃorrespondstothelocationofthe

recordingchannelonthesurfaceofthesubjects，head，

limeimegmlofoxyHbIevd

avemge士standarddwiation

（ｍＭ．ｍ、．sec）

lOcationof

ch狸nＪ
chalmビＩ

・
・
に
』
・
山
一

５
６
７
四
お
羽 ３

脚
庇
画
面
画
面Ｆ

0.07±0.09

0.16士0.18

0.22±0.29

0.41士0.15

0.35士0.13

0.36士0.23

-20０２０４０６０

elapse(sec）

破剰ｌ０
１４ｊｊｌ
~＋今/－

，』_lｒ

一

歩
犀
．
・
岬

同

withoutcarIydidn，tevokedetectablechangesinsubject，s
oxy-Hblevel・Inthisexperiment,weemployedarithmetic

tasksthatarehardenoughtoexcitebrainactivity・

Ｅａｃｈ３０ｓｅｃｏｎｄｓｏｆａｔａｓｋｐｅｒｉｏｄｆｂｒｓolving
computationalproblemwasaltematedby60secondsofa

restperiodfbr4repetitions､ＡＣoupleofadditionsofthree
arraysofthree-digitnumberssuchas‘‘121＋258+378,,were

shownonadisplayinfrontofasubjectduringthetask
period・Thesubjectkeptoncalculationuntilthetaskperiod
ended・Ａｃｒｏｓｓｓｙｍｂｏｌｗａｓｓｈｏｗｎｏｎｔｈｅｃｅｎにrofthe

displayduringtherestperiodandthesubjectkepton
watchingitwithoutthinkingofanything､TheSubjectwas
notallowedtomoveovertheentireexperimentalperiod、
ＣｈａｎｇｅｓｉｎＣＢＦｗｅｒｅｒｅｃｏｒｄｅｄｂｙＮＩＲＳduringthewhole
experiment．

＝.■画面

confUsingNIRSsignalsafteralongtermuse、

ForBMIapplication,weemployeddiffbrentialsignalof
oxy-HblevelsrecordedfiFomtwospecificregionsof
subject，sbrain・BysubtractingonesignalfFomtheother，
hemodynamicresponsecommontowidespreadareasof
brainmaybebalanceｄｏｕｔａｎｄｏｎｌｙｃhangesspecificto
localremain・LocalchangesinCBFevokedbyamental
taskcanbedetectedwithoutbeinga雄ctedbywidespread
changescausedbyartifactsevenafteralongtermuse・ln
thisexperiment，ｗｅｅｘａｍｉｎｅｄｉｆｍｅｎｔ副arithmetictask

evokessuchlocalchangestoCBE

CA化ﾉﾙo此

InourpreliminaIyexperiments，easyarithmetictasks

suchasmultiplicationwithone-digitnumbersandaddition
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ｃｈａＩｍｅｌｏｎＦ７ｄｕｒｉｎｇｅａｃｈｒｅｓｔａｎｄｔａSktrial（ルF7).As

showninthegraph,ｒａｎｇｅｓｏｆルF7duringbothrestand

taskperiodareunstable､Ｔｈｉｓｉｓａｓｓｕｍｅｄｔｏｂｅｃａｕｓｅｄｂｙ
ａｌｔｉｆactswhichgraduallychangetheamountofCBFandits
oxy-Hblevel・

Fig.４(b)showsrangesofthedifferencebetweenルF7

alldルF4duringeachreStandtasktrial､I、Fig.４(b),the

valuesルノ,７－ルノ,４duringbothrestandtaskperiodsfall

withinacertainrange，Themaximumdifferencebetween

ルＦ７ａｎｄルノ｡､４duringtaskperiodisconstantlylargerthan

themaximumduringrestperiod・BMIsystemperfbrms
stablediscriminationofthebrainactivityduringrestand
taskbythethresholddeterminedbythefirstseveraltrials，
whichisshowninFig､４(b)．

0.00671

0.00606

0.00963

0.00791

0.00697

0.0271

0.00652

Fig.４．AIypic壁lsubj“t'so可HblevelrimgcSdurin8each肥Slimd
K“ｋ町ialatF7(a)andF7-F4(b）Ｔ１唯datmsh⑥wninthピiigureis5s“
ｍ⑪vmgavcragビ．

ｗｈｉｃｈｉｓｓｈｏｗｎｉｎＦｉｇ、１．BilateralnFontalcorticesand

bilateraltemporallobesshowsignificantactivationsduring
mentalarithmetictaskwhileprefiontalcortexdidn，tshow

remarkablechange・Thisresultisconfirmedbyaprevious
researchwhichmeasuredhemodynamicchangesbyfMRI
duringarithmetictasks[25]､Intheresearch,contributionof

workingmemolytosolvingarithmeticproblemsisanalyzed，
ＷｉｔｈＮＩＲＳ,theactivityofworkingmemorycanbedetected
bythechaImellocatednearF7ofthelntemationallO-20

ElectrodePlacementSystem(Fig.１).Tablelshowsaverage
andstandarddeviatiolloftimeintegralofoxy-Hblevels
廿omOto30secondwiththerecordingchannelnumberand
itspositioninthelO-20system,Itcanbesaidthatoxy-Hb
levelsrecordedbychamelsontemporalregion(ch-l9,25,
32）changedmoresignificantlythallthoserecordedby
channelsonfbrehead(Ｃｌ1-5,6,7).I、Fig.３，discriminative
channelsareselectedfiPomFig、２．Ｔｈｅｏ可-Hb
concentrationlevelmeasuredbych-321ocatedbetweenF7

andT3increasedremarkablyduringthetaskcomparedto
thelevelmeasuredbych-51ocatednearF4．

β・鋤6んMRSsjg77aﾉ./ｂｒＢＭノ

５ｓｅｃmovingaverageofoxy-Hblevelrecodedby

channelonXisrepresentedasル.Yinthisarticle・Thisis
donetotakeintoaccountsuddenartiflctscausedbysensor
contact勉ilure・Fig.４(a)showsatypicalsubject，srangeof
ssecmovingaverageofoxy-Hblevelrecordedbythe

mentallask§ＭＲＳ●
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Fig.５．T11じSe1upofNIRS-basedBMIcunsistingofNlRSdevice，
ａｃｕｍｐｕにrtbranalyzingNIRSsignals,andadisplayfbrshowing
ari【ｈｍ上tに畦墜
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１Ｖ・BMISYSTEM

NIRS-basedBMIsystemconsistsofaNIRSdevice

(NIRO-300，HamamatsuPhotonicsCorporation)，a
computerfbranalyzingNIRSsigna1s，andadisplayfbr
showingarithmetictasks・BMIsystemisconnectedtoa
GeneralRobotixHRP-2mhumanoidrobot（Fig.５)．The
arithmetictasksonthemonitorwillbeupdatedinaftera
certainperiodoftime・Userssolvearithmetictasksonthe

779

timingwhentheyintendtoproduceacontrolsignal・
RecordingchalmelsofNIRSarelocaｔｅｄｏｎＦ４ａｎｄＦ７・

BMIsendscontrolsignaltotherobotconstantlywhile
inequality(1)istrue､InvariableTisthethreshold．

（ﾙ"７－ﾙ"4)一Ｔ＞０（１）

Themillimumthresholdisthehighestvalueduringtheall
restperiodsasshownillFig､４(b).Thethresholdsllouldbe

setatlevelhigherthantheminimumthresholdinorderto

prevemunintendedtransmissionofcomrolsignal・

Ｔｈｅminimumthresholdsfbrallofsevensubjects
calibratedfiFomtheresultofexperimentareshownonTable

l1.TheNIRS-basedBMIwascustomizedfbreachsubject、
ＢＭＩsystemtransmitscontrolsignalstotherobottoraise

rightarm(Fig.６(a)).Wheninequality（１）isfalse,bothof

thearmsaredown(Fig.６(b)).Wheninequality（１）istrue，
rightarmoftherobotisraised(Fig.６(c))．

Ｖ、DISCUSSION

NIRS-basedBMIsystemwehavedevelopedcanserveas
stablecontrollerofarobot、Sincearithmetictaskisan

everydaｙｔａｓｋｆｂｒｍｏｓｔｏｆｐｅｏｐｌｅ，andsinceoursystem
detectshemodynamicresponsetosuchaneverydaytask，
userscanuseNIRS-basedBMlsystemwithouttraining、
However，ｔｈｉｓsystemhaslimitationinrespondingtimes，
Therespondingtimeiselapsedtimefomthemomenta
userintendedtosendcontrolsignaluntilthedifference

betweenルノ,’７ａｎｄルル.４becomelaⅡgerthanthreshold(Fig.

7).Theminimumthresholdandtheaverageofminimum
respondingtimeofallsevensuhjectsarelistedonTablelL
Thedelayofcontrolsignalranges丘omafbwsecondto
overtensecond,Usersmaysensesignificantdelayfromthe
momenttheyintendedtocontroldevices・

Thedelayisduetoslownessofhemodynamicchangesin

Fig.６．Humanoidrobctc⑨mrolledbyNlRS-baSedBMI:(a)BMl
sendsc⑥ntmlsignalstOthe『⑨b⑪Ｌ(b)Ｗｈビnimgqualiqﾉ(1)isfhlsビ、
lhcamlsofth⑤ｍｂ⑥tarcdown(c)Whminせquality(1)isturc,lI1e
rightamnisrajstxl

6０
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oxy-Hbconcentrationlevel・lnordertoimprovethe

responseofNIRS-basedBMLweneedtoemployquicker
hemodynamicresponse,suchasinitialdip,asatriggerofa

controlsignal．

VLCONCLUSION

Inthisstudy，weproposedanddevelopedNIRS-basｅｄ

ＢＭＩｓｙｓｔｅｍｌｎｏｒｄｅｒｔｏｏｖｅｒｃｏｍｅｅｘistingproblemson

NlRSthatitsmeasuredrawdataareunstable,weemployed

diffbrentialsignalsoｆｏ可-Hbconcentrationlevelsduring

mentalarithmetictaskasinputtoBMIsystem・Thresholds

werecalibratedthroughthefirstseveraltrialsfbreach

SubjectSoasnottheuserstobetrainedfbradaptingtothe

system・Theinputisprovedtobestableandcanbeevoked

withouttrainimgs・Futureworkincludesdiminishingthe
respondingtimeofNIRS-basedBMＩｔｏｍａｋｅｉｔｍｏｒｅ

ｕｓｅｒ－廿iendlyinterface．
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