Real time intraoperative functional brain mapping based on RGB imaging
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sntropertive optil imging is loliztion tehnique for the funtionl res of the humn rin ortex during neurosurgil proeduresF roweverD it still lks roustness to e used s linil stndrdF sn prtiulr new iomrkers of rin funtionlity with improved sensitivity nd speiity re neededF e present method for the rel time identition of the tivted ortil res sed on the nlysis of the ortil hemodyE nmi using qf mer nd white light soureF e mesure the quntittive oxy nd deoxyEhemogloin onentrtion hnges in the humn rin ortex with the modied feerElmert lw nd wonte grlo simultionsF e funtionl model hs een implemented to dene in rel time inry iomrker of the ortil tivtion following neuronl tiE vtion y physiologil stimuliF he results show good orreltion etween the omputed tivtion mps nd the rin res lolized y eletril rin stimultionF e demonE strte tht qf mer omined with quntittive modeling of rin hemodynmis iomrkers n evlute in rel time the funtionl res during neurosurgery nd serve s tool of hoie to omplement eletril rin stimultionF

INTRODUCTION

xonEinvsive funtionl rin mpping is n imging tehnique used to lolize the funE tionl res of the ptient rinF his tehnique is used during rin tumor resetion surgery to indite to the neurosurgeon the ortil tissues whih should not e removed without ognitive impirmentF puntionl mgneti resonne imging @fwsAI is widely used to lolize ptient funtionl resF roweverD fter ptient rniotomyD rin shift invlidtes the relevne of neuroEnvigtion to intropertively lolize the funtionl rE es of the ptient rinPF sn order to prevent ny loliztion errorD intropertive ws hs een suggested ut it omplites the surgery gesture whih mkes it rrely usedF por these resonsD eletril rin stimultion @ifAQ is preferred during neurosurgery for the identition of rin funtionl resF sn IWUUD J obsisR demonstrted tht the lood nd tissue oxygention hnges in the rin n e mesured using nerEinfrred @xsA lightF henD Chance et al.S demonE strted tht optil imging @visile nd xs lightA n monitor the rin tivity with the determintion of onentrtion hnges of oxygented hemogloin @¡C H bO 2 AD deoxygented hemogloin @¡C H b AD lood volume @¡C H bO 2 C ¡C H b A nd ytohrome oxidseF ine thenD numerous works hve demonstrted the ility of optil imging to detet funtionl res thnks to hemodynmisTD UD VD WD IHD IID IPF huring neurosurgeryD the rniotomy gives diret ess to the rin ortexF sntrinsi optil imgingIQD IRD IS n e used intropertively to lolize the ptient hemodyE nmi tivity in the ererl ortexF he intrinsi signl refers to the ortil reetne hngesIQD IT due to hemodynmi responseF e hyperspetrl merIUD IV or single wvelength illumintion in onjuntion with lowEnoise ggh merIWD IS n e used to quire the intrinsi signlF he time ourse of this signl is hrterized y the erly hemodynmi responses in rin tissue relted to neuronl tivity @initil dipA followed y lrger response whih orresponds to the lood oxygention levelEdependent @fyvhA ontrst in fws studiesITF his tehnique is powerful tool to understnd the ognitive funtions t the neurl iruit levelIR nd to dene more preisely the hemodynmi reE sponse following physiologil stimulusPHD PIF sn some studiesD spetrosopi nlysis of the intrinsi signl is omputed to sses the ortil hemogloin onentrtion hngesF xew pprohes onsist in using qfPHD PP or hyperspetrlIU mer with ontinuous wve white light sourePHD IUD PQ or pulsed nrrow ndpss illumintion souresPPD PRF hese setups hve the min dvntges of eing usle in rel timeIUD PR nd diretly in the opertive roomF Steimers et al.PP nlyzed n exposed rt ortex with qfEvih light soure nd qf merF he results of their work indite tht semiEquntittive funtionl mps @in rirry unitsA n e proessed with the modied feerEvmert lwF fut the optil men optil pth lengths were not tken into onsidertionF Bouchard et al.PR developed n ultr fst devie mde up of two pulsed vihs nd monohromti mer to ssess in rel time the hemogloin onentrtion hnges in lood vessels using the modied feerEvmert lwF Pichette et al.IU used hyperspetrl mer nd onE tinuous wve white light illumintion to ompute videoErte ssessment of the hemogloin onentrtion hnges folowing ptient epilepsy seizureF sn their studyD the lood vessels nd the grey mtter pixels were utomtilly segmented y ompring mesured reetne spetr to lood nd grey mtter simulted reetne spetrF his llowed the lood vesE sels to e msked to redue their inuene on sorne hnge mesurementsF sn these worksD qulittive or quntittive rin mps re not ompred to the ptient hemodynmi responsePSF o it remins diult for the neurosurgeon to eiently lolize the funtionl rin res with qf merF e proposed in previous studyPTD PU funtionl model sed on the nlysis of the hemodynmis in rin tissue following the neuronl tivtion whih re losely linked to the fyvh ontrst used in funtionl ws studiesF he ojetive of the present work is to supply the methodologil tools for the rel time identition of the ptient tivted ortil res during neurosurgeryF e propose to ompute inry mrker of the orE til tivtion sed on the work estlished in our previous studyPUF he term 4rel time4 mens tht the identition of the ptient tivted ortil res is omputed durE ing the dt quisition nd provided to the neurosurgeon s soon s possileF por eh mer pixelD the intrinsi signl ws onverted into oxyE nd deoxygented hemogloin onentrtion hnges using the modied feerEvmert lwF his lw ws omputed with P n estimted men optil pth length lulted y wonteEgrlo simultionsF ttistil nlyses inspired y the fyvh fws method were implemented to dene inry iomrker of the ortil tivtionF he rin res identied y intropertive eletril stimultion showed good orreltion with the tivtion mps proessed with the proposed method one the ptient stopped the tivity proedureF roweverD the tivtion mps provided during the tivity step did not provide stisfying result due to d estimtion of the slow drift of the olleted intensityF his work ould help to get roust rel time system for the intropertive rin re identition sed on qf imgingF 2. Material and methods 2.1. Experimental setup pigure IX hemtis of the imging systemF he imging system is omposed of qf gwy mer @BASLER acA2000-165ucA in onjuntion with n Edmund Optics mer lens @f a SHmm f =P f =PPAD ontinuous wve white light soure @OSRAM Classic 116W 230V light ulA nd lptop @proessorX Intel Core i5-7200U, 2.50GHz ¢ 4D rmX ISFQqifAY see pigF IF huring dt quisitionD the mer lso quired residul light sine the opertive room lights were onF ht were diretly quired y the lptop vi n f linkF e gCC softwre quired nd proessed the imges using open soure tools suh s Qt @vS:W:RAD openCV @vQ:P:HAPVD Boost @vI:UI:HAPW nd pylon @BASLER lirryAF V its qf imges were quired every QQ ms @the smpling rte is set to QH frmes per seondA with resolution whih t est is RHHppi @the minimum size of squre pixel is TR ¢ TRmAF Q

Patient inclusion and experimental paradigm

he study ws onduted t the neurologi enter of the ierre ertheimer hospitl in fronD prneF he ptient hd low grde gliom lose to the motor ortex ssoited with the right hndF he experiment ws pproved y the lol ethis ommittee of vyon niversity rospitls @prneAF he prtiipting ptient signed written onsentF he video ws quired fter the ptient rniotomy nd efore the rin tumor resetion opertionF huring the quisition of the videoD the ptient ws wke nd under nesthesi @wke surgeryAF he stimultion of the motor ortex ws hieved through suessive st lenhing nd relxingF he prdigm onsisted of Q stepsX QHs of restD followed y QHs of stimultion nd QHs of restY see pigF PF he neurosurgeon performed eletril rin stimultion fter qf imging to lolize ptient rin motor nd sensory resF his tehnique stimultes neurl network in the rin through the diret or indiret exittion of its ell memrne y using n eletri urrentF e ipolr eletrode @Nimbus Medtronic neurostimulatorA ws used in this studyF he eletrodes re Smm prtF e iphsi urrent ws used @pulsting frequenyX THHzD pulse widthX ImsAF he urrent intensity vried during the mesurementsF et the eginningD the urrent ws set to ImAD then the urrent ws inresed up to TmAF iletril rin stimultion introdues n rtiil nonEphysiologi signl into the rinF por sensoriEmotor funtionsD eletril rin stimultion retes 4positive4 eet whih is mimiking sensoriEmotor ehviorF hen the motor res were eletrilly stimultedD the ptient twithed his ngersF hen the sensory res were eletrilly stimultedD the ptient expressed tht he felt senstion in his ngersF 2.3. Data pre-processing yne n imge ws quiredD severl steps were proessed in prllelF pirstD the imge ws registered to ompenste the rin repetitive motionF he lgorithm developed y Sdika et al.QHD QI ws implemented to ensure tht eh mer pixel orresponds to the sme ortil re ll long dt quisitionF he qf intensities of the quired imge were then independently ltered with lowEpss ss fessel temporl lterS @Fc a H:HSHzA to selet the low frequenies of the light sorption whih were ssoited with the ortil tivityF 2.4. Functional model e funtionl model ws pplied on the quired imges to ompute inry mrker of the ortil tivtionF he funtionl model is sed on the nlysis of the ¡C H b nd ¡C H bO 2 time ourses using sttistil tests inspired y fyvh fws nlysisF 2.4.1. Data correction he slow drift of the olleted intensity due to ortil tissue desition during the video quisition PQ ws orreted through liner regression sutrted to the originl dtF R 2.4.2. Modied Beer Lambert law he ltered nd orreted intensities time ourses were onverted into sorne hngesX ¡A i @tA a log 10 R 0 i R i @tA ; @IA where R i @tA is the reetne intensity mesured t time t y the mer olor hnnel i @redD green or lueAD R 0 i is the referene reetne intensity mesured y the mer olor hnnel i @verge of the reetne intensity over the durtion of the rst rest step of the experimentl prdigmY see setion PFPAF he modied feerEvmert lw n e expressed s mtrix system QPX
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¡C H b @tA ¡C H bO 2 @tA @PA with E i;n a Z n @A:D i @A:S@A:L@A:d: @QA n is the extintion oeient of the hromophore n QQ @in L:M ol 1 :cm 1 AF ¡C H b is the deoxygented hemogloin molr onentrtion hnges @in M ol:L 1 A nd ¡C H bO 2 the oxygented hemogloin molr onentrtion hnges @in M ol:L 1 AF yur model tkes into onsidertion the reeiving spetrum of the qf mer nd the emission spetrum of the light soureF he spetrl sensitivity of the detetor i of the qf mer is represented y D i @A nd S@A is the normlized intensity spetrum of the light soureF L@A is the wvelength dependent men optil pth length of the photons trveled in tissueF e glol men pth length ws pplied to ll mer pixelsF wonte grlo simultionsQR were imE plemented to estimte the light propgtion in homogeneous volume of grey mtterF he hemogloin onentrtion hnges were otined y mtrix inversionF 2.4.3. Functional maps por eh mer pixelD the onentrtion hnges time ourses of the hromophore n were used to ompute two vriles of interestX r n nd C n F r n is the erson orreltion oeient omputed etween the ¡C n time ourse nd the expeted hemodynmi responseF he expeted hemodynmi response ws dened s the onvolution of the hemodynmi impulse response funtion PS with the window funtion representing the experimentl prdigmD see the red urve in the pig PF C n is the ¡C n vlue verged over the ptient tivity periodF e funtionl mp ws dened s the rtogrphy of the C n vlues on the region of interest @ptient exposed ortexAF e disply threshold ws implemented to disply only pixels whose r n vlue is higher thn H:SF S 2.4.4. Activation maps sn our studyD n tivted ortil re is ortil re tht is ssoited with the ptient hnd stimultionY see setion PFPF he ¡C H b nd ¡C H bO 2 time ourses of n E tivted ortil re should e highly orrelted with the expeted hemodynmi response wheres the ones of n non tivted ortil re should notF he C H b nd C H bO 2 vlues of n tivted ortil re should e signintly dierent from those lulted for non tivted ortil resF he region of interest of the ptient exposed ortex ws divided into N ortil res CortF ih re is dened s group of U ¢ U pixels @I:Vmm wide squresAF emong these N ortil resD n re whih ws dened s non tivted y the eletril rin stimultion ws seleted s referene re Ref F uessive elh9s Etests were omputed to sore the dierenes etween the men vlues of the referene re Ref @< C n > Ref nd < r n > Ref A nd those of the other ortil res @< C n > C ort nd < r n > C ort AF he nottion < X > C ort orresponds to the men vlue of X verged over the surfe of the Cort reF @XA C ort is the stndrd devition vlue of X over the surfe of the Cort re nd ¡@XA C ort represents the dispersion of the X vlues round < X > C ort whih is equl to P@XA C ort F ih Cort re were tested with the H 0 D H 1 nd H 2 hypothesis t I=@N IA7 signine level @fonferroni orretionAY see iqsF @RAD @SA nd @TAF 

etivted; if H 0 @< C H b >A 8 H 0 @< C H bO 2 >A 8 H 1 @< r H bO 2 >A 8 H 2 @< r H b >A xon tivted; otherwiseF @UA 2.5. Real time processing
he preEproessing steps @see setion PFQA nd the funtionl model @see setion PFRA were implemented in relEtime rhitetureY see pigF PF sn our pplitionD the term rel time mens tht the inry iomrker of the ortil tivtion ws omputed during the dt quisitionD few seonds fter the strt of the ptient physiologil tivityF sndeedD following the neuronl tivtionD slow oxygention hnge ours in the tivted reF en tivtion mp nnot e omputed for eh new quired imge ut few seonds fter the strt of the ptient physiologil stimulusF he preEproessing steps @see setion PFQA T nd the model @see setion PFRA were exeuted in dierent prllel thredsF por eh new quired imge @thred I in redAD the rin motion ws ompensted @thred P in lueAF henD the qf intensities of the quired imge were independently ltered @thred Q in greenAF yne the ortil tivtion strtedD the tivtion mps A k @k P IY KA were reursively omputed until the end of the quisition @thred R in lkAF en intermedite uer ws pled etween eh omputtionl step llowing the dt storgeF hese uers were required in our relEtime rhiteture sine the proessing times were dierent for eh omputtionl stepF pigure PX yverview of the rel time proessingF he numers from I to R designte the four threds whih re exeuted in prllelF por eh new quired imge @thred I in redAD the rin motion ws ompensted @thred P in lueAF henD the qf intensities of the quired imge were independently ltered @thred Q in greenAF yne the ortil tivtion strtedD the tivtion mps A k @k 2 IY KA were reursively omputed until the end of the quisition @thred R in lkAF he retngle length represents thred omputtion time @the representtion is not to sleAF he olored retngles with the nottion I i represents the omputtion of the imge i y the one the thredsF he lk retngle with the nottion ¥ 1 i denotes the pplition of the funtionl model from the imge I to the imge iF ¡ i is the omputtionl dely of the preEproessing stepsF et the ottom of the gureD the experimentl prdigm @see setion PFPA nd the expeted hemodynmi response @see setion PFRFQA re representedF he thred orresponding to the funtionl model @thred R in lkA ws omputed s soon s the ortil tivity strted @t > t 1 Y see pigF PAF his thred ws reursively lled while imges were preEproessedF vet onsider tht the imge I j is lteredD with j Pt 1 Y t 3 Y see pigF PF he r n vlues were lulted from the ¡C n nd the expeted hemodynmi U response time ourses omputed from the imge I 1 to the imge I j F sf j < t 2 @see pigF PAD the C n vlues were omputed etween the time t a t 1 to t a jF ytherwiseD the C n vlues were omputed etween the time t a t 1 to t a t 2 F sn the pigF PD dely is represented s free spe etween the low pss ltering of the imge I N nd the omputtion of the funtionl mp A K F sndeedD during this delyD the omputtion of the funtionl mp vlues in M ol:L 1 F he mrkers M i nd S i designte the motor nd the sensory re i whih hve een vlidted y the neurosurgeon y eletril rin stimultionF sn the tivtion mps A k D the lue squre @group of U ¢ U pixelsA is non tivted ortil re dened s the ortil re of refereneY see setion PFRFRF he red squres @group of U ¢ U pixelsA represent the tivted ortil res nd the green squres @group of U ¢ U pixelsA the non tivted ortil resF nder the funtionl nd tivtion mpsD the experimentl prdigm is representedF he vertil rrows indite the disply time of the funtionl nd tivtion mps kF he doule horizontl rrows represent the omputtion time of the funtionl nd tivtion mp kF he length of these horizontl rrows inreses with the umultion of the dt nd redues t the end of the quisitionF he funtionl nd tivtion mp I ws not omputed s soon s the tivtion strted ut Vs fter the strt of the ptient tivityF his orresponds to the dely introdued y the ss fessel lterF sn the funtionl mps ID no C n vlues were displyed nd ll ortil res were dened s non tivted @n is either HbO 2 or HbAF sndeedD the lst preEproessed frme omputed in the funtionl thred orresponded to the strt of the tivtion stepF sn the funtionl mps from P to SD the C n vlues were displyed t the level of the lrge lood vessel surrounding the motor nd sensory res nd t the level of the lrge lood vessel loted on the right side of the imgeF sn the tivtion mps from P to SD ll ortil res were dened s non tivtedF sn the funtionl mps from T nd UD the C n vlues were displyed t the level of the motor nd sensory res nd t the level of the lrge lood vessel loted on the right side of the imgeF sn the tivtion mps from T nd UD the ortil res were lso dened s tivted t these sme lotionsF he ¡C H bO 2 nd ¡C H b time ourses mesured t the enter of the S 2 re nd t the enter of the referene re @lue squre in the tivtion mps of the pigF QA re represented in the pigF RF por eh grphD seven onentrtion hnges time ourses re plottedF ih time ourse k were omputed during the exeution of the tivtion or funtionl mps k with k P IY UY see pigF QF V pigure QX puntionl nd tivtion mps emitted during the video quisitionF por the C Hbk nd C HbO2 k funtionl mps @see setion PFRFQAD the orreltion threshold is set to H:QF he mrkers M i nd S i desigE nte the motor nd the sensory re i whih hve een vlidted y the neurosurgeon y eletril rin stimultionF he point A is point of interestF he olorr represents the sle of vrition of the C Hb nd C HbO2 vlues in Mol:L 1 F he experimentl prdigm is represented in lueF he vertil rrows represent the disply time of the omputed funtionl nd tivtion mps k nd the doule horizontl rrowsD the omputtion time of these mpsF sn the pigF RD the rnges of vrition of the ¡C H bO 2 nd ¡C H b vlues mesured t the enter of the S 2 re re R times greter thn those mesured t the enter of the referene reF he rnge of vrition of the ¡C H bO 2 vlues is Q:S times grter thn those of the ¡C H b vluesF he ¡C H bO 2 time ourses mesured t the enter of the S 2 re seem to e positively orrelted with the expeted hemodynmi response while the ¡C H bO 2 time ourses mesured t the enter of the referene re hve more errti ehviourF he ¡C H b time ourses mesured t the enter of the S 2 re seem to e negtively orrelted with the expeted hemodynmi response while the ¡C H b time ourses mesured t the enter of the referene re hve more errti ehviourF he shpe of the ¡C H bO 2 nd ¡C H b time ourses from I to U dier due to the reursive exeution of the dt orretion stepY see setion PFRFIF sn the pigF SD the < C n > nd < r n > vlues @see setion PFRFRA omputed for the S 2 nd referene res re plotted in solid lines @n is either HbO 2 or HbAF he ¡@r n A nd ¡@C n A vlues @see setion PFRFRA omputed for the S 2 nd referene res re represented with W pigure RX ¡C HbO2 nd ¡C Hb time ourses i mesured t the enter of the S 2 re nd t the enter of the referene re @lue squre in the tivtion mps of the pigF QAF i denotes the omputtion index of the funtionl modelF he expeted hemodynmi response is represented in lkF olored llF he nottion B indites the eptne of the sttistil hypothesis used for the omputtion of the tivtion mpsY see iqsF @RAD @SA nd @TAF hese vriles were lulted during the reursive exeution of the funtionl modelY see pigF QF husD the numer of vrile represented is equl to seven @seven tivtion nd funtionl mps were proessedY see pigF QAF he temporl xes in the pigF S orrespond to the time index of the onentrtion hnges time ourses plotted in the pigF R nd do not orrespond to the quisition or disply time whih re represented in the pigF QF sn the pigF SD the < C H bO 2 > nd < C H b > vlues of the two points of interest re equl to HMol:L 1 from t a Hs to t a QSsF he < C H bO 2 > vlues of the enter of the S 2 re inrese from t a QSs @strt of the tivity stepA to t a WQs to reh vlue of P:TUMol:L 1 F here isD howeverD derese in vlues etween t a RPs nd t a STsF he < C H bO 2 > vlues of the enter of the referene re utute round HMol:L 1 from t a QSs to t a TUsF henD from t a TUs to t a WQsD the vlues derese to H:SHMol:L 1 F he ¡@C H bO 2 A vlues of the S 2 nd referene res re equl to HMol:L 1 from t a Hs to t a QSsF he mximum ¡@C H bO 2 A vlue of the S 2 re is mesured t t a RIs with vlue of S:IHMol:L 1 F henD from t a RPs to t a WQsD the vlues utute etween P:US nd R:HQMol:L 1 F he mximum ¡@C H bO 2 A vlue of the referene re is mesured t t a RIs with vlue of R:URMol:L 1 F henD from t a RPs to t a WQsD the vlues utute etween I:WW nd Q:IIMol:L 1 F he ¡@C H bO 2 A vlues of the S 2 nd referene res overlp from IH pigure SX < C n >D < r n >D ¡@C n A nd ¡@r n A vlues of the S 2 nd referene res @n is either HbO 2 or HbAF he eptne of the sttistil hypotheses used in the lultion of the tivtion mps re represented y the mrker BY see iqsF @RAD @SA nd @TAF t a QSs to t a VHsF he H 0 hypothesis is rejeted for this time periodF st mens tht there is no signint dierenes etween the < C H bO 2 > vlues of the S 2 nd referene resF he H 0 hypothesis is epted for the lultion of the two lst tivtion mpsF he < C H b > vlues of the enter of the S 2 re derese from t a QSs to t a WQs to reh vlue of IMol:L 1 F here isD howeverD inrese in vlues etween t a RIs nd t a STsF he < C H b > vlues of the enter of the referene re utute round H:PHMol:L 1 from t a QSs to t a TUsF henD from t a TUs to t a WQsD the vlues inrese to H:PQMol:L 1 F he ¡@C H b A vlues of the S 2 nd referene res re equl to HMol:L 1 from t a Hs to t a QSsF he mximum ¡@C H b A vlue of the S 2 re is mesured t t a RIs with vlue of I:TQMol:L 1 F henD from t a RIs to t a WQsD the vlues utute etween H:VU nd I:PVMol:L 1 F he mximum ¡@C H b A vlue of the referene re is mesured t t a RIs with vlue of I:QSMol:L 1 F henD from t a RIs tot t a WQsD the vlues utute etween H:SQ nd H:VVMol:L 1 F he ¡@C H b A vlues of the S 2 nd referene res overlp from t a QSs to t a VHsF he H 0 hypothesis is rejeted for this time periodF st mens tht there is no signint dierenes etween the < C H b > vlues of the S 2 nd referene resF he H 0 hypothesis is epted for the lultion of the two lst tivtion mpsF he < r H bO 2 > nd < r H b > vlues of the two points of interest re equl to H from t a Hs to t a QSsF he < r H bO 2 > vlues of the enter of the S 2 re inrese from t a QSs to t a WQs to reh vlue of H:RQF here isD howeverD slight derese in vlues etween II t a RVs nd t a STsF he < r H bO 2 > vlues of the enter of the referene re inrese from t a QSs to t a TUs to reh vlue of H:HSF henD from t a TUs to t a WQsD the vlues derese to H:HWF he ¡@r H bO 2 A vlues of the S 2 nd referene res re equl to HMol:L 1 from t a Hs to t a QSsF prom t a QSs to t a WQsD the ¡@r H bO 2 A vlues of the S 2 re utute etween H:QW nd H:TWF he mximum ¡@r H bO 2 A vlue of the referene re is mesured t t a RIs with vlue of H:VVF henD from t a RIs to t a WQsD the vlues derese to H:RTF he ¡@r H bO 2 A vlues of the S 2 nd referene res overlp from t a QSs to t a VHsF he H 1 hypothesis is rejeted for this time periodF st mens tht the < r H bO 2 > vlues of the S 2 re re not signintly greter thn the ones of the referene reF he H 1 hypothesis is epted for the lultion of the two lst tivtion mpsF he < r H b > vlues of the enter of the S 2 re derese from t a QSs to t a WQs to reh vlue of H:RWF here isD howeverD slight inrese in vlues etween t a RIs nd t a TUsF he < r H b > vlues of the enter of the referene re derese from t a QSs to t a TUs to reh vlue of H:PUF henD from t a TUs to t a WQsD the vlues inrese to H:IHF he ¡@r H b A vlues of the S 2 nd referene res re equl to HMol:L 1 from t a Hs to t a QSsF prom t a QSs to t a WQsD the ¡@r H b A vlues of the S 2 re utute etween H:RP nd H:SWF he mximum ¡@r H b A vlue of the referene re is mesured t t a RIs with vlue of H:TSF henD from t a RIs to t a WQs the vlues derese to H:QSF he ¡@r H b A vlues of the S 2 nd referene res overlp from t a QSs to t a VHsF he H 2 hypothesis is rejeted for this time periodF st mens tht the < r H b > vlues of the S 2 re re not signintly lower thn the ones of the referene reF he H 2 hypothesis is epted for the lultion of the two lst tivtion mpsF 4. Discussion sn the pigF QD the ortil res dened s tivted y our method mth with the motor nd sensory res identied y eletril rin stimultionF he orrespondene is relly eetive for the tivtion mps A 6 nd A 7 @t lest QTs fter the end of ptient tivityY see pigF QAF he omputtion of the tivtion mps seems to e more roust thn the omputtion of the C H bO 2 nd C H b funtionl mpsF sndeedD unlike the funtionl mpsD no non funtionl res were dened s tivted during the omputtion of the tivtion mps from A 1 to A 4 F ome non funtionl res were still dened s tivted in the tivtion mp A 5 t the level of the lrge lood vessel in the middle nd right side of the imgeF yur method n esily e implemented with stndrd surgil mirosopes IU nd ould e useful tool for the neurosurgeon during neurosurgeryF hese results should e tken with ution euse our funtionl model needs to e improvedF sn prtiulrD physiologil priori on the hemogloin onentrtion hnges vlues ould e inorported in the modelF roweverD there is still no onsensus in the literture on suh threshold vlues linked with physiologil stimulusF yur funtionl model hs to e used with the eletril rin stimultionF sndeedD it requires referene ortil re whih is dened s non funtionl re y the eletril rin stimultionF he min limits re tht the results of the sttistil nlysis depend of the hoie of the referene reF woreoverD the denition of the ortil tivtion is not otined for eh IP mer pixel ut omputed for group of pixelsF e more roust denition of ortil res will e explored in future worksD notly with the implementtion of SPM QS like nlysisF he rst onsistent tivtion mp ws otined QTs fter the end of the ptient tivity @see the tivtion mp A 6 in the pigF QAF por the funtionl nd tivtion mps I to SD it ould e oserved in the pigF S tht the sttistil hypotheses H 0 D H 1 nd H 2 @see iqF @RAD @SA nd @TAA were not epted due to the overlpping of the ¡@C n A nd ¡@r n A vlues etween the referene nd ll other res @see setion PFRFRAF his n lso e oserved on the C H bO 2 nd C H b funtionl mps from I to S in the pigF Q in whih the onentrtion hnges time ourses mesured t the level of the funtionl nd non funtionl res were oth orrelted with the expeted hemodynmi responseF por the tivtion mp A 1 D the lst frme proessed y the funtionl model orresponded to the rst frme quired during the ptient tivity periodF his explins why no ortil res were dened s tivtedF he lst frmes omputed in the tivtion mps from A 2 to A 4 were quired during the ptient tivity periodF his my led to n inorret estimte of the slope of the olleted intensityF sndeedD the reetne hnges ssoited with the ortil tivtion were greter thn the ones used y the tissue dessitionY see setion PFRFIF his d dt orretion omined with the nonEonsidertion of the points quired fter the ptient tivity period led to d estimte of the C n nd r n vluesF por the tivtion mp A 5 D the lst frme proessed y the funtionl model ws quired Ps fter the end of the ptient tivityF his Ps time dely ws not enough to retrieve the onentrtion hnges stility ssoited with the nl rest step of the ptient nd thus ould not led to the eptne of the sttistil hypotheses of the funtionl modelY see pigsF Q nd SF he time dely etween the strt of the ptient tivity nd the disply of the rst onsistent tivtion mp ould e redued y proessing lirtion step efore the dt quisition to lern the slope of the olleted intensityF his ould lso redue the omputtion time of the funtionl modelF sn the pigF QD it n e oserved tht the omputtion time of the funtionl nd tiE vtion mps inreses with the dt umultionF his is due to the dt umultion during the quisition nd the hrdwre limittion inherent to our experimentl setupF he omputtion time redued t the end of the quisition sine the threds ID P nd Q @see pigF PA were no longer exeutedF he four threds of our model @see pigF PA were exeuted in prllel y the four ores of our lptop @see setion PFIAF he quisition of the imges were not pertured y n other tsk in order to quire imges t QH frmes per seondF rowever the other threds might e temporrily pused to llow the prllel exeution of loops using the openw frmework @pixelEwise ssessment of the hemogloin onentrtion hnges for instneAF sn ddition of these prllel omputing onstrintsD the omputtion time of the preEproessing steps depended on the imge denitionF sn our pplitionD the imge were undersmpled to ensure proessing time of the imge registrtion @thred PA nd dt ltering @thred QA lower thn QQmsF he proessing time of the funtionl model depended on the imge denition nd the numer of proessed frmesF st ws inluded eE tween Ts nd IQsF e more eient g @more oresA ould help to x the omputtion time of the threds P nd Q without imge undersmplingF st would lso llow more eient distriution of the pixelEwise opertions exeuted in the funtionl model whih would led to fster omputtion of the funtionl nd tivtion mpsF IQ e glol men pth length is used for eh mer pixels in the modied feer vmert lwF wonte grlo simultionsQR were implemented to estimte the light propgtion in homogeneous volume of grey mtterF snhomogeneities of the optil properties were not tken into onsidertion in this studyF e semi utomted segmenttion nd pth length ttriution desried in our previous workQT n help to limit the quntition errorF rowever lot of wonte grlo simultions is required to model the light propgtion in volume of grey mtter perfused y lood vessels of multiple dimeter @from the pillries to the rteriesA to signintly redue the prtil volume eetF 5. Conclusion sn onlusionD qf mer nd ontinuous wve white light illumintion seem to e suitle setup to intropertively monitor the sensory nd motor res of the ptient rin in rel timeF hese results indite tht our setup ould omplement the tul intropertive gold stndrd for the loliztion of ptient funtionl resF Disclosures xo onits of interestD nnil or otherwiseD re delred y the uthorsF U pF vngeD pF eyrinD fF wontelD frodnd timeEresolved multiEhnnel funtionl nerEinfrred speE trosopy system to monitor in vivo physiologil hnges of humn rin tivityD epplF yptF SU @PPA @PHIVA TRIU{TRPWF doi:10.1364/AO.57.006417F v http://ao.osa.org/abstract.cfm?URI=ao-57-22-6417 V F wottinD fF wontelD rF quillet de ghtellusD F msteinD puntionl white lser imging to study rin oxygen unouplingGreEoupling in songirdsD tournl of ererl lood ow nd metolism X oil journl of the snterntionl oiety of gererl flood plow nd wetolism QI @PHIHA QWQ{RHHF v http://ieeexplore.ieee.org/document/7493445/ QP wF uohlEfreisD fF iertD tF F hreierD gF veithnerD F vinduerD qF oylD epprtus for mesuring lood prmeters @II PHIPAF QQ yptil sorption of hemogloinD https://omlc.org/spectra/hemoglobin/F QR F pngD hF eF fosD wonte grlo simultion of photon migrtion in Qd turid medi elerted y grphis proessing unitsD yptis express IU @PPA @PHHWA PHIUV{PHIWHF QS F ennyD uF pristonD tF eshurnerD F uieelD F iF xiholsD ttistil rmetri wppingX he enlysis of puntionl frin smgesD PHHUF doi:10.1016/B978-0-12-372560-8.X5000-1F QT gF greddD vF whieuEillimeD F longD wF dikD tF quyottD fF wontelD ixelEwise modied feerEvmert model for intropertive funtionl rin mppingD inX tF F frownD F qF vn veeuwen @idsFAD glinil nd relinil yptil hignostis ssD olF IIHUQD snterntionl oiety for yptis nd hotonisD siD PHIWD ppF IRV { ISPF doi:10.1117/12.2527045F v https://doi.org/10.1117/12.2527045 IU
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