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Abstract

Brain-Computer Interfaces (BCIs) provide a non-muscular channel to stroke patients
for assistive or restorative use. Motor Imagery (MI)-based BCIs can be complemented with
Virtual Reality (VR) and haptic feedback to provide new, personalized rehabilitation pro-
tocols that may be suitable even for patients with severe motor impairments. The influence
of those candidate protocols on human physiology has not yet been thoroughly examined.
Thus, these candidate protocols are treated as experimental conditions. Two questions are
addressed in this thesis: (1) How do physiological signals (Electroencephalography (EEG),
Electrocardiography (ECG), Photoplethysmography (PPG), and respiration) vary across
different experimental conditions? and (2) What underlying factors account for the ob-
served variations in these physiological signals across different experimental conditions? To
address these questions we analyzed the electrophysiological responses of 19 healthy sub-
jects recruited to perform MI training through five different experimental conditions. These
conditions incorporated various combinations of abstract vs. realistic feedback through the
“NeuRow” virtual environment, Head-Mounted Display (HMD) vs. monitor, and with or
without haptic feedback. The conditions were compared with actual motor execution data
extracted from the same subjects. The results showed that all conditions require higher
neurocognitive effort and may be more mentally demanding than motor execution. The
condition of combined VR and haptics provides the highest brain activation and was chosen

as the most suitable for a new, highly successful rehabilitation protocol.

Keywords

Brain-computer interfaces, Stroke rehabilitation, Motor imagery, Virtual reality, Haptic
feedback
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Euyoegiotisg

H ohoxAfpwon tne nopoloog SimAwuotin)c epyaotog, n onola onuatodoTel xou Tnv olox-
AMpwoT TV TEOTTLUYLIXGY oToudwY Wou otn oyory HMMTY tou EMII, Yo rtav addvatn
xwelc ™V moAbTWn oTAREN XAmolwy avlpdTwy oL exT® Baddtato xou EvyopIoTH ord
xoEdtde. Euyopiotod meohta an’ 6houg Tov xadnynth wou, Apa Adavdcio Boupfonouvdo, yia
v avextiuntn Pordela mou Tpocpepe MOTE va YiVEL TpayuaTixoTTa auTh 1) epyacio. T
TNV euxatpior TOU You €BwoE Vo cLVERYAOT® Ue To epyacthpto LaSEEB tou IST, yio tnv
UTOOELY HOTIX ] TOU XoOBNYNOT), YLol TOV TOAUTIIO YpOVO Tou BIEVEGE Yio VoL MOV TROCHEREL
xivnteo xon yvooeg. o ko awtd efgon euyvouwy yia 0 cuvepyaosta pog. Euycpioto tny e-
TBAEnousd pou and to EMII, Apa Kwvotavtiva Nixhta, yio Ty eumiotoc0vn Tou pou €0elie
X0l TNV AOELXL TTOU OV EBWGE VoL TRV UITOTOLACW T OITAWUATIXY LoU w¢ oltnthc Erasmus-.
Euyopiote tov x. Xmdpo Ilitowdn yio tnv onpoavtixy Bordeld Tou oe Ohec Tig SLadixacieg
Tou Erasmus+. Euyopiot® tov Apa Xtadpo Evayyehidn yio ta emoixodountixd tou oy ol
Euyopiotd Toug yovelg pou, EAévn xan Kwvotavtivo, xou tnv adepgr| pou, I'ewpyia, ol onolot
umeav o OAN TNV Topelo TNg Cwg wou éval avextiunto othpryua. Euyoeiotd tn olvtpopd
uov, ITawhiva, xan Toug adeh@xole pou giloug, Xproto xou Xmdpo, Tou HTay BlmAc You xal

YéUooY ouTH TN Olodpour| Ue a&EYAoTES O TIYUEC.
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Preface

H rnopoloa epyosia npaypatonoidnxe oto Epyaotripo Efelxtixody Yvotnudtomy xo
Buotatpiic Mnyavixic (LaSEEB) tou Holuteyveiou tne AwwaBévac (Instituto Superior Tec-
nico), and 1o PePpoudplo tou 2023 éwg Tov Pefpoudpto tou 2024, und Ty eniBiedn Tou Apa
Adavdciou BoupPonoulou, oto mhaiclo Tou Tpoypduuatog xwvnTixétntag Erasmus+. H ouve-
TBredn and v mhevpd tou EMII éyve and tnv Apa Kwvotavtiva Nixrta. H otoryeodesia

TOU XEWEVOU TpayUatoTolUnxe yenotdonoiwvtag tn yAwooa ITEXoto epBdihov Overleaf.
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Extetauevn Ilepiindn ota EAAnvixd
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A&lohoynon twv Hiextpogpuolioloyixov Anoxpel-
CEWY KATA TN OLAOHELA ULAE EVOWOUATNG EXTTALOEU-
ong Aienaprc Eyxepdhouv-Trnoloyiotr, oc nept-
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Kegdiowo

Eiwcaywyn

To eyxepaind enelcdol0 ebvon Evar amd Tor xUELOTEPA afTLor VYNGLUOTNTAS Xa avamnelog ma-
yxooping [6], pe tic TeoPAéPelc var Selyvouv OTL UE TNV CUVEYLOT| TNE TToEOVCUS AVTLUETMOTLONG
10 Bdpoc Tou eyxePoAxol dev Yo pewdel otny endpevn dexoetion xou €merta [7]. Loupovo pe
Tov Ioyxdouio Opyoavioud Tyelog, To eYxeQaAd ETEIGOBIO EVOL «EVOL GUVOROUO AT TAYENS
eZeNOGOUEVAL XAVIXG OTUABLAL ECTINCUEVNE 1) YEVIXEUUEVNS BLATARUY S TNS EYHEQPUNXNC AEL-
ToLEY(l0G, UE CLUUTTGUATO TOL Blapxoly 24 KEEC N TEPLOCOTERO, 1) 00NYOLY GTOV YAVaTO, UE
uovn miovy) outior ayyetoxric mpoéheuoney [8]. To eyxepahind elvon pla xatdotaon xotd v
omola 1 ooy Y| AlpaTog GTOV EYHEPUNO SLoTaRdoaEToL, PE AnoTEAECUN TNV EAAELYN oEuydvou,
™V eYXEQoAXT BAASN, xan TV amdAeLo TN hettovpynrétntac Tou acdevolc [8]. ITpoxoheito
om6 TANdweo ToEayOVTKY, 0w TayLoapxio, EMNAELPN cwUaTIXC Spao TNELOTNTAS, XATVICUA,
LMY Tleom, VPN YoAno tepddT), Blafrtng, x.o. Néeg TpoonTIéS GTNV TRGYVWOT) TOU EYXE-
QOO0 BNULOLEYOLUVTOL UE T1) YLPHOT| VEWY TEYVOROYLMY YOl TNV AVTYETOTLOT TV ToUEOYOVIWY
TOU TO TPOXahoVV, OTKS, YLot TOEABELYUd, UE YphHon mauy Wby coBapol oxorov [9, 10, 11]. O
TEPLOCOTEROL AGVEVELS UE EYREPAAIXO Vo XATAPEPOLY VO ETUBLOCOLY TNS 0Py XS Ao VEVELXS, UE
ATOTEAECUA TO UEYUAUTEQO LUTEIXO POPTO VA TROXVUAE(TOL ATd TIC PAXPOTEOVECUES ETUTTWOELS,
1660 Ylo Toug aovevelc, 6C0 Xt Yia TIC OWOYEVELES TOUg Xt To oloTnua uyetag. Ou cuvn-
Véotepeg PAdPec mou mpoxahoUVTAL Ad TO EYXEPAUALXO TEQLAOUBAVOUY QUTEC TOU AOYOU Yo
NS YADOGAS, TNS XATAMWOTNG, TNG OpaoNe, TNg aloUnong, xaL TV YVeOo Tix®y Aettovpyloy. H
O CUVUNOLIEVT Xl avary VwplowT), woTtoco, BAISN tou tpoxahkeiton and To eyxeQoAxo, clval
oUTYH TNG XVNTXAG AetToupylog, ONAadY TNG ASITOLEYIOG TV UMY XL TNE XWVNTIXOTNTIC TOU
aotevoic [12]. T owtd 10 hGYo, oL péyloTes TPooTUEIES GTNY ATOXATAO TAOY) TOU EYXEQOAL-
%00 GTOYEVOLY GTNY ATOXATACTACT) TNG XVNTXNG AtToupYlog, OTou uTdpyel pio auEavouevn
avdryxn yior XahOTEPES XAl TUO OMOTEAEOUdTIXES TapeUPdoels anoxatdotaons [13].

Ov Aernogéc Eyxepdrou-Troroyioti (AEY) éyouv avadewydel we éva ToANd unooydue-
vo gpyaheio yio Ty anoxoatdotaon e xwvntixhc Aettoupyiog [14]. Ov AEY eivon ocuotiuarta
UAXOU-AOYIGUIXOU TIOU ETUTEETOLY GTOUG AvIPOTOUS Vo ETUXOVWVOUY UE TO TERYBAAAOY TOUG
YWPIC TNV EUTAOXT] TEQLPEPLXMY VEURMY X0 UMV, 0AAA UE TN YENON ONUATOY EAEY)YOU TOU
TopdyovTon and TV NAexTewy| Spaotnpldtnta Tou eyxepdhou [15]. Tho ocuyxexpuéva, ta ou-
O TAHATOL AUTE ATOXMOLXOTIOLOY TNV TedUesT) ToL actevois va xvioeL To TeooBeBAnuévo dxpo
TOU ToEAXOAOUIOVTIS T BEACTNELOTNTA TOU EYXEPAAOL TOU Xl GTY) GUVEYELXL YENOULOTOLO0V
QUTES TIC OTMOXWOIXOTOINUEVES TEOVECELS YIol VO TTAEAOYOUY oo ONTNOLOXIVITLIXY) AVATEOPO-

86tnom otov aclevi) pe SLdpopec Uoppéc, OTwe antixh B ontixh avédpoon [14]. Meléteg
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€youv Bellel OTL YEQUEOVOVTIS TO Ydopa UETAED TN TEOVECTC XIVNONE X0l TN AcUNTNELXNAS
oVATEOPOBOTNONG NG TRAYUATIXNC Xivnang, ol topeuPdoelg anoxatdotaons nou Poasilovro
otic AET Yo unopolooy vo odnyHoouy o€ AEITOLRYLXY ATOXATICTACT) TV TEOCRBERANUEVLY
Sxpwv [13].

‘Eyel anodewydel 6t 1 Sroapdppnon tou Hhextpoeyxeporoypoagpruatoc (HET) oe xheioto
Bedyo unopel va tpowdoer Tic Thaotixée odhayéc otov eyxégparo [16]. Ou AEYT mou PBo-
ollovtal 0TV XWVNTIXY ATEWOVICT), OTOLU TO dToUo QovTdleTon TNV %ivnom Twv dxpwy Tou,
TEOdYoUY TNV avdppwon and eyxepolxés PAdBeg, Wuwitepa oe aclevelc pe eyxepaixd [3],
UETATEETOVTAS TG XIVNTIXES EXOVES OE TROYUATIXG GUUPBAVTAL, YETOULOTIOLWVTAS VLol TUEAOELY-
Lot EEWOXEAETO dTw dxpwv [17], A eovixd dPBatap [16, 18]. Qotdoo, ol denagéc autéc
EVOEYETOL VOL A1)V TTROCPEROLY AVAORUCT] AEXETE IXUVOTIOLNTIXTH OOTE VoL EMITEUYVOUV Ol TAHRELS
BLVATOTNTES TNE OLUUOPPWOTS XAELGTOL Bpdyou.

H exovixr) mpaypatixdtnta CUUTANeGVEL TNV anoxatdotaon uéow AEY emtpénovitog
otoug aotevels TNV aAANAeTiSpooT e eEoupeTind EAXUCTIXG ExOoVIXd TepBdAlovTa, auEdvo-
VTG €T0L TNV aloUnom TN EUPATTIONS OTO EOVIXO TAOX, OONYWVTAS OTNV XA TERT) TPOOHOA-
Anon oto mpwtdxohho amoxatdotaonc. O acldevelc €youv otn Sdleon Toug pior TAndweo
HECWY Lot TNV AAANAETBpCT UE AUTE ToL EXOVIXG TIERBAAROVTAL, OIS OVOVES, HAOKHES ELXOVL-
¢ TEAYUOTIXOTNTOS, cLCTAUATY BiVTED, YAVTIH DEBOUEVLY, EAEYXTESC YEQU®Y, .o Me autod
TOV TEOTO 1) TEYVOAOYIN EMOVIXAC TEAYUATIXOTNTOG EYEL T BUVATOTNTO VoL ONULOURYNOEL Eval
TEUXIVNTIXO TEPBAAAOY, OTOU 1) EVIAOT TNG JOXNONG XL 1) TOROYWYLXT] AVAOEACT) UTOEO-
OV VoL 0BNYHooUY GE EEAPETING EMITUYNUEVES, ECATOUXEVUEVES TOREUSACELS ATOXATAC TAOTS
[19], ot omofec umepéyouy g mapadoctaxiic Veponeiac [20]. O Adyoc tne unepoyc elvon ot
0 GUYOUOUOS XIVNTIXNG ATEWXOVIOTS O ELXOVIXNAG TEAUYUAUTIXOTNTUG UTOPEL Vo EXTIUOEVCEL TO
XEVTPXO Veupxd olotnua [21].

Oplopéveg ueréteg €youv allohoyroel Ty mdovy) yenon anTixAc avddpaons oTny omo-
xatdotaon eyxepoixol [22]. H wéa miow and ) yeron e antxic avddpaone eivar 1
onuovpyio evog xavaiiod emixotveviog mou Yo cUVEEEL TNV TEOUEST xivnome Tou YEHoTN XL
Y ®VNOT TWV dXEeY TOU Elxovixol dButap, ywelc vo eumiéxel xoddAou Toug uleg, xon Yo
TUEEYEL OTTIXT 0L OTTIXY| AVABQEUCT), ETUTEENOVING OTO YPNOTY VoL AAANAETOPY OF XAEIGTO
Beodyo pe o dBatop Aopfdvoviag 660 TO BUVITOV LoYUROTERT COUTIXY avadpaoT, yio adEnom
e euPdnTione.

O Batista et al. [5] doxipaocav dagpopetinoic ouvdvaopolc AET xou eovixfc nporypa-
TXOTNTOG, OOTE VoL fEOUV AUTOV TIOU 00NYEL OTNV LOYUPOTERT XAl TO TAEUPIXT] EYXEPUAIXT
evepyonoinon. Me Bdon v avéluon onudtov Hiextpoeyxegporoypagphuatoc (HETL) xatéhn-
Eav a0 6TL 1 yerion Tou exovixol TepBdilovtoc «NeuRowy (23], oe cuvduooud ye amtixn
avadEaoT), 00NYNOE OE CNUAVTIXY LOYUROTERT EYXEQPAUALXY| EVEQYOTOINGCT), 1 oTolor HTay Cu-
yxplonun ue tny mparypotixh xivinor. To guotoloyixd ofjuata mou e&hydnoay we Ponintixd
ofuarta xatd T didpxela Tne uéhetng, ouyxexpéve HKT', @wtominduouoypagio (PIIT), xou
CHUATA OVATVOY|C, OEV oVOAUXaLy.

H BiBhoypagpuer avalrtnon v ) yerion AEYT yio armoxotdotaon eyxegaiixol detyvel
160BUVaUY) amousta LEAETMY oL Vo eE€TALOUV BLAPOPETIXE QPUOLOAOYIXE CTATA EXTOC Amd TO
HET'. Auté odnyel oe ofefardtnta xatd Ty evacyOhnon Ue Teoydotixols acVevels, apol

0ev umopoUue vo mpoPiédoupe TNy eldpaon Tne xdie cuviixng exnaidevong twv AEY oto
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OUVOAO TOU GOUATOC XL VO TEOYUUTOTOLACOUUE EEUTOUIXEUPEVA TRWTOXOMAAL OTOXATIC TA-
ong. Autd elvon éva onuavtind eunodio AouPdvovtag urody T @OGT Tou EYXEPUAMXOY Eval
EYXEPUAXO, elTE oyouuixd, elte ouopparyixd, umopel va tpoxhndel and TANYOE LUTEIXWY TTa-
PUYOVTIWVY Xal TR YOVT®DY Tou TeOToL {whc, XahoTovTas TNy xdie Teplntwaorn yovadixy, xat
OTOUTOVTOS OO EUIC VAL TNV AVTHIETWTICOUUE WS TETOLAL.

Or epwytroelg mou eyelpovtar xou Yo e€eTacToly TNy Tapodoa epyacta eivon oL axohovdeg:

1) Iede petofdhhovton ta puotohoyxd oot (HED, HKT', ®IIT, o avonvoric) oe dua-
(POPETIXEC TELPAUUOTIXEC UV XES!

2) Ilolol eivon o1 mapdyovtes, 6mwe amavimvton otn BiBhoypoapio, Tov eEnyoly Tic Topo-
TNEOVUEVES UETUPBORES TWV QPUCLOAOYIXDY CNUATOVY OTIG DLUPORETINES TELPUUATIXES CUVITXES’

H epyaoio yowpiletan o €81 xepdhona, ocuumepthauBavouévou tou Teéyovtog, «Eioayn-
yh». To endyevo xepdhao, «BiBhoypapixh) Emioxdénnony, tapéyel teplocdtepeg TAnpogpopiee
OYETXA UE TO EYXEQUANXO ETMECOOL0, TNV AMOXATACTACY| TOou, xau TN yehon AET oce aut).
O melpauaTindg oyedlaoHOS xou 1) ETAXOAOVUT avaALUCT) TWV BEBOUEVWY TEPLYPAPOVTAL GTO
xepdhato «Medodohoylay, mou eivan to Tpito X0Td oepd. To TétapTo xe@dhono, «Avdiuon
Anoteheoudtwyy, TeplEyel o anotehéopota Tou Beédnxay clU@wVo UE TOUC GTOYOUC NG
epyaciog mou avapépinxay Tapandve. 3To TEUTTO XEPIANO, «XLLHTNOTN ATOTEAECUATWVY,
oulNToVVTAL ToL ATOTEAEGUOTA TNG avdhuong Bedopévey e Bdor Tnv undpyouca BiBAoypeaplo.
To xe@dhono «Xuunépaouay TEQLEYEL To CUUTERAOUOTA ToL Teoéxuay and Tn cL{ATNOT TWV

OTOTEAECUATWY TNG HEAETNC X0 TNV AVTIUETWTLON TWV OTOYWY NG EpYATlog.
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Kegdiowo

BiBAoypapixry Enioxdnnon

2.1 Evyxeg@aAxd sneicodlo

‘Eva eyxegolxd encioddlo cupfaiver 6tay eunodiletor 1 por) TOL AUUTOS OTOV EYXEPINO,
yYeYovog mou Tov eunodilel and T Adn o&uyovou xar VeEMTIXDY CUCTATIXOY ATO TO diydL.
Xwplg t0 enopxéc 0uydvo xon VeenTnd cUCTUTIXG, To EYXEPURXE xUTToEA EEXVOUY Vo Tie-
Yofvouv evtog Myowv Aemtav [24]. Ta eyxepohnd enetcddio yweilovtoa oe Vo xotnyopies, ta
Loy auLxd, Tor ool cupPaivouy dtav xdmotog Yeoulog eumodilel T por 0€UYOoVouEVOU alUaTOC
OTOV EYXEPUNO, XAl TOL ULOEEAYLXA, To oTtolal EPPaVICOVTOL OTAVIOTEQO Xl TEOXUAOVVTAL OTAV
EVOL UUOPORO AYYED OTNV ETLPAVELX TOU EYXEPAAOU OLoEEYVOETOL o TROXUAEL EYXEPIUAIXT
oupopparyla. [25]

YOuQwvo U TO TAYXOOUO EVNUERKTIXO OEATIO Yio To £yxepahixd enelcodlo «Global
Stroke Fact Sheety tou Ilayxoopiov Opyaviopot Tyelac (IIOY) yia to 2022, to eyxepo-
Ax6 emeloddio anotehel v dedtepn awtior Yovdtou, xou Ty Teltn cutlor Yorvdtou xou avamnelag
oe ouvduaouo Tayxoouiwe. O ITOY extyud 6Tl TO TUyXOOUI0 XOGTOC TOU EYXEPIAXOD O-
vépyeton ota $891 Bioexartoppdpla, tocbd tou avuotoyel oto 1.12% tou moyxdopouv AEIL
Ané 1o 1990 €w¢ to 2019, t0 Bdpog Tou eyxePURX0) AUENINHE dEXETE. LUYXEXQWEVA, O
aptduoc TV EYREQPUAMXMY ETELC0d{wV awiinxe xotd 70.0%, ot Yévator mou Tpoxhfnxay
and eyxepouixd avidday oto 43%, xou o emnohacuds Tou eyxepoixol oto 102%. To ye-
YOAUTERO UEPOC TOU Ty XOOUIOU BAEOUC TOU EYXEPIAXO) CUVAVTATAL O YWOEES YUUNAOU xal
Yopunhol-ueoaiou elcodhuotog [26]. H puehétn yia to moyxdouio Bdpoc twv acdeveidhv «Global
Burden of Diseases (GBD)» extwd 6u 101.5 exatoppipre Ldviee dvdpmnol €youy vnooTel
EYXEPUAXO xdmolo o TyUn) 0T w1 TOUS xaL OTL UTEPY0UV TEpLoaOTERa amd 12.2 exatopudplo
TEPLO TATIXG EYHEPAAIXOD xAVE YEOVO, UE 6.5 exaTouuUpleg ETHOIOUE VoVATOUC AOYW EYXEPA-
AxoU. Xe mayxooulo eminedo, €vag oToug TEooeplc avip®dnoug ave Twv 25 etwv Yo utooTel
eyxepalixd ot ddpxeta tne Lo tou [6]. H nhuda etvon évac mopdyovtac mou cupfdilet ot
HEYEAO Bardud 0T TEPLOTATIXG EYXEPUAIXWY ETEICODIMV Xt 6ToUG Yavdtoug and autd [25].
Méhic To 16% Ttou cUVOLOU TWV EYAEPUAXDY ETEIGOBIWY oupfaivouy oe dtoua nhwdag 15-49
€TV, UE 1060616 Vvnootntoc 6%, eved mve and 62% twv eyxe@olix®dy cupPaivouy oe
dropa xdtw Ty 70 €Ty, ye Tococté Vvnotudtntoc 34% [26].

Yy Eupdymn, to eyxepaiind mopauével wla amd tig xOpleg oautleg Yoavdtou xon avamnpelag,
ue g mpofPAédeic var detyvouv 6Tl To Bdpoc Tou eyxepakixol Bev Vo pewwdel TNV emouevn

7 4 e 7 4 r 4 Ié 4 7 7.
oexaetia | petd and auvtrh. ‘Evog onuovtinog mapdyovtag mou cuufBdihel o autd elvon o
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awEavopuevos apriuoc MXoUEVey oty Evpdtn, ye tic tpofiédeic va delyvouv abinon 35%
uetogy 2017 %o 2050 [7].

2.2  ArnoxatdoTtacy) eYy%xe@aAixo

To eyxepahixd amotekel nayxdoulo TEOBANU Yl T0 GUG TN LYELOVOUXAC Tepldoldng,
xadwg etvon cuyvo, cofopd, xou mpoxahel avamnplo. XTIC TEPLOCOTEPES YWPES, TO EYXEPUAL-
%6 elvon plo and g wdpleg autieg enixtning avamnpelac twv evniixwy [27]. O neplocdtepol
acVevelc Ye eyxepoind Yo emPBidcouy amd Ty apyixt) acévela, Tedyuo Tou onuaivel OTL 1|
ueyohOtepn emPBdpuvor mpoxakeiton CUVATKC Ao TIC LoXEOTEOVEGUES CUVETELES VLol AUTOUC,
TIC OXOYEVELES TOUG, xou To cUoTnua Lyeiog. O emnolacudc e oxeTllOUEVNC UE TO EYXE-
pahixd emBdpuvone avopéveton vo auéndel tnv endpevn dexoetio [12]. H avdppwon and to
EYXEPOAXO ElvoL CUYVE opYT) xou aTeEANE, OONYWVTAS O PEELXY| 1) TAHEY AMWAELL TNS %ivrn-
oNg, TV XAINUERVAY SpaoTNELOTATOY, TNG YVOONS, X TwV Jellotitwy emxovwyviog [28].
Metad 70-85% twV TE®TWY EYXEPUMXWY ENEIGODIWY cuvodelovtar and nuimAnylo, 1 omola
elvow Tapdhuom Tou emneedlel Hovo TN piot TAeUEd Tou cwuatog. MEeTd TO TEOTO EYXEPIAXO,
nohot ac¥evelc utopépouy and NuiTdpeo, 1 omoia eivon aduvaia ¥y aduvauio xivnong otn uia
TAeLpd Tou odUaToc. 6 ufves UETE To eYxEPald, wovo to 60% Twv atdumy ye nuirdpeon
TOU YEEWLOVTOL EVBOVOGOXOUELIXT| AMOXATAC TACT €Y 0LV EMITUYEL AELToURY T avelapTtnoio ot
amhéc Spaotnpdtntee tne xadnuepvic Lwnc [29].

H anoxatdotoaon tou eyxegoiixol Pocileton 0To YeEYOVOS OTL 0 avip®Tvog eYXEPANOSG
elvol TAAGTIXOC %O TUPUUEVEL TAACTIXOC UETA TO EYXEQUAXO.  AUTH 1 TAACTIXOTNTA TOU
EYXEPIAOU ELVOEL TNV AVIDLOPYAVKCT) TOU (PAOOY, O OTOlOG YE TN CEWPd TOU EMITEETEL O
EVOANAXTIXEC TEPLOYEC TOU EYXEQPAAOU Var avahdBouv Ti¢ Aettoupyieg Tou ydvovTal Adyw Tou
eyxepahxo0. H amoxatdotacn tou eyxe@aiinol cuvidng axohoudel wior xuxhxr| dladixacto,
Tou TepthopPdver (1) allohAdynom, yiol ToV TpoodLopLorG Xl TNV TOGOTIXOTONOT) TWY oVOLY XY
Tou aoevole, (2) xadoplopd TV OTOYWY, VLol VoL 0ploEL PEAALOTIXOUS Xat EQPIXTONE OTHYOUG
yio Behtiwon, (3) napéuPoon, yia va Bondrioet otny enitevin twv oty wy, (4) etavailohdynon,
Yior TV aZlOAGYNOT TS TPOGB0U OE GYEDT UE TOUC CUUPWYNUEVOLC oTdyouc [12, 27].

2.2.1 3Zupfatiny] aAmoxaTACTAON

H oupBotin xvntiny| anoxatdotaot yiveta péow guoxoiepanciag, epyolepanelag, pe-
YOB0U ATOXAEIGUOD, XA, TUO TEOCPATI, HIVNTIXNAG ATEXOVIOTG.

H nopadooionr} guotxotepaneia Pociletor oty apy?| Tt oL TOAATAES emavolfdeEs TG
{Brog xtvnome Bondolv otny avdxtnon twv xvnuxdy dedotitwy [30]. O aoxfoeic unopolv va
YwELoTOLY oe TadnTxoV £0poUC XIVNONS XL EVERYNTIXES aoxNoElS dplpwonc-Tpoc-dotpwan.
Y1ic aoxfoelg madnTixod ebpoug xivnong, o uotolepancuthc xivel Sldpopeg aplpwoel Tardn-
TIXd o€ 6ho To €VUpOC xivNoTc Toug Yl Vo amoTeédeL TN cUomao. XTI EVERYNTIXES AOXNOE
dodpwong-rpog dpdpwan, o actevic xivel evepyd TNV dedpwon), EeEXVMVTIS UE ATAES XVACELS
xou ot ouvéyela doxaudlovtoc olvietes [28].

H epyolepaneio €yel 0toy0 vor SleuxollVeL xou Vo BEATIOCEL TOV XIVNTIXO EAEYYO TOU O-

o¥evolg, HOTE VAL UEYLOTOTOLACEL TNV IXAVOTNTO TOU ATOPOU VoL avohaBAvVeL T1) ppovTido Tou
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£0UTO) TOU X0 TI OLUAXES TOU EPYACIES, VO TOU OLOAEEL CTEATNYIXES Yia T1) OloyElplor Twv
YVWOTIXWY, AVTIANTTIXOV, X0l CUUTERLPORIXMY UAAXYOY TTIoU OYeTi{ovTon YE TO EYXEPUAIXO,
X0l VO TPOETOWAOEL TO OTUTL XAl TO EQYACLUXO TEQIBAAAOV Yo TNV emioTtpogr Tou. OL gpyo-
Yepaneutég ouvepydlovtan Ue Tov acVevr Yo va xadopicouv To avTtixTunto Tou eYXEPUAX0D
OTNY EXTEAECT] TWV XOUNUERLVAOY EQYACLMDY X0 VOL AVATTUEOUV EVaL TROYEOUUA EC TIAOUEVO OTNV
VX TNON TWV AMAUTOVUEVODY JEELOTATWY Yiol GUUHETOYY oTny xodmuepwi Lwn [31].

H pédodoc tou amoxheiopol mepthopfdvel cuyxpdtnorn tou Alyotepo mpoclBeBAnuévou
dxpou yio 10 90% TV wpHY Ypriyopone xou emavalauBavouevr, Sounuévn, eviatixt| Yepanei
0710 TEPLEoOTERO TROGPERANUEVD dxpo [32, 33].

Qot600, oL aolevelc ue coPapéc avamnpleg dev BladéTouy TIC EAAYIOTES XIVNTIXES IXO-
voTNTES oL ebvan amapadTnTeS Yior vou efval xatdAhnhot yior cuufotixy amoxatdoTtaon. Autd
amoutel TV avalfnon wog véag napéuBacne anoxatdotaong [14]. H vontxd e€doxnon pe
Hop@Y| TN xwvnTIXg ameoviong €xet Yewpniel and xoupd g oTpaTnyX Yoo TNV evioyuon
e avdxTnone e xvntxic hettovpyiog YeTd to eyxeqaiixd [34]. ‘Eyouv yiver onuovtixée
TPOOTIGIELES YLal TOV EVIOTIOUS TWV VEURIXMY UNYAVICUOY TN xivnuixic anewxévione [16]. H
XMoo e oTNV amoxatdo toor eyxegaiixol Basiletal aTo yeyovog ot 1) vontixn e€doxnon ue
XUVNTIXO TIEPLEYOUEVO EUTAEXEL TEQLOYES TOU EYXEPIAOU Tou efvar LTEVDVUVES Yo TNV XVNTIXN
extéleon [35]. Ipdyportt, Ta euprarta delyvouv 6Tt 1 vonuxy| amemdion temv XVACEDY 001
Yel 01N GTEATOAOYNOT TOU (BLOU VELPWVIXOU XUXADUATOC TTOU OYETICETAL UE TNV TEAYUATIXN

xtvnon [14].

2.2.2 Avaduopeveg TEOCEYYIOEL AMOXATACTAONG BACIOUEVEG OTNV
teyvoloyia

Ov AET éyouv avadelytel we €va TOAG uTocyOuevo gpyoleio amoxatdoTaone Tne Xi-
vnunic Aettovpyiog [14]. H yeAon toug Boaoileton oty apyh The XWNTXAS omemoviong, Ue
TNV TEoc VXN avadpaoms xAeteToO Bpdyou, N omola eVioy el TIC TAACTIXEC AhAAYES TOU EYXE-
pdhou [16]. Ot AET mpwtoepgaviotnxay tn dexaetio tou 1970 we utootneixtixy teyvoloyia
[36], eve, Zexwdviac otic opyéc TN dexaetioe tou 2000, €youv doxaoTel Yol EQUPUOYES
ATOXATAC TAOTG EYHEPAUAIXOU ETMELCOB{OU, EWOIXA Yot AoVEVELS Ue COBUPES VEVPOUUIXES OloTa-
payéc [37]. Ou epeuvntéc dpytoav mpdogota vo meopatiloviar pe 1o ouvduaoud AEY ue

ELXOVIXT] TIEALY U TIXOTITOL XAl UTTLXY| oVADEAOT).

2.2.3 Ewovix IMpaypatixdétnta

Ou Pfurtscheller et al. [38] mpaypoatonoinoay pla and Tic TEMTES HEAETEC CUCTNUETOY,
XATE TNV OTOlol XIAEGAY EVVEX UYLEIC CUUUETEYOVTES VoL ONULOURYHCOLY XIVNTIXES ELXOVES XA~
Pne xan Extoomng BaxTOAOL TOEATNEMOVTAS EVaL EXOVIXG YEpL Xou EVay TEPLO TREPOUEVO X0P0, Ue
xenomn xdoxag emovixnc mpaypotixotnag. Ioapatienoav 6tu ov anocuyypoviopol Twv dAga
XL XEVTELXOL BriTar puIU®Y TOU EYXEPIAOL HTAV LoYLEOTEPOL UE TO exovixd Yépt. Ou Ba-
dia et al. [39] yerétnpav éva cuvbuaoud AET-eovixfc mporypatixdtnTog, Tou cUVEDEE To
eoVix6 clonuo Touy LY anoxatdotaong «Rehabilitation Gaming System» ye AET. O
OUUPETEYOVTES avoryolTilay ITTEUEVES OQAIPES GTO EXOVIXG TERUBEANOV EXTEAWVTAS XIVNTIXES

AmEXOVION TV YeELOY Toug. TloupdTl oL cuuueTE oVTES avEpEpay OTL T EXOVIXE YEQLa TV
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dLoxoho va eleyyloly, Ta TeplocOTER dTodo andlaucay To melpapa. Ou Picchiori et al.
[16] xdheoav 28 aclevelc e eyxepahxd Yo vo alohoYHOOLY TN BuvatdTNnTo SNuLovEYiog Ulag
AET vy anoxoatdotoon eyxegaiinod mou Yo Bacileton otny xwvntixr anewxovixn. To otol-
YELO TNS EWMOVIXAC TEAUYUITIXOTNTIC EVOWUATOUNXE 6TO cUCTNHA TEOBIAAOVTOC EVOL EIXOVIXO
YEQL AV OE €VoL GEVIOVL TOU XAAUTITE ToL yépla Twv aotevay. O actevic umopoloe vo eEAEY-
el To EmoViXo YEpl Ue xvnTixy amexovior. Ot acdevelc mou cuPeTel oy G aUTH TN MEAETY
EUPAVIoAY BEATIWUEVT] AELTOURYLXY) ATOXATACTAOT) O GUYXELoN Ue acVevel Tou EAafay uévo
ouuPoatinr) Yepaneio. Avépepay OTL To GLCTAUA HTOY ATUUTNTLXO, TAUEAYOVTAS TOL Yol UTOEOo-
Uoe va Bektiwoel TNy tpooxdAAnor otn Yepancia. Ov Achanccaray et al. mpaypatonoinoov
o oxOun LEAETN o xS xou Extoom doxtOAoU, oL 1) amddooT TN TEOBAedNg elye eyt
ot axpBeta 77%, @tévovtog péyiotn axplBeta 89%. Mia oepd yeletwy yenouonolnoe to
eunopnd cLo TN TecoveriX xon UEAETNOE TNV AMOTEAEOUATIXOTNTA TOU OTNV AMOXATAC TUoT
eyxepoixol, Eextvovtag to 2018. To xowod {InTodUevo auTHOY TRV UEAETOV HTAV OL GUUUE-
TEYOVTES VO TRAYUATOTOGOLY XIVNTIXTY anewdvion poytodag xdudng tou xoprol. Ou Cho et
al. [40] perétnoay ) Aettoupyxn amoxotdotoon entd acVevdy, 1 onolo tapouciace onuavTL-
% Peltionon, yeyohltepn and Ty ehdytota xhvixd onuavtixr Swopopd. Ot Miao et al. [41]
enione mapathpnooay BeATiwoTn NG AELTOLRYIXAC ATOXATACTACTC UE TO GUCTNUA «recoveriXy

CUYXEITIXA PE TNV Tapadoactoxy| Vepameia.

2.2.4 Arntxr avddpaoT

Oplouéveg peréteg €youy TPOcYATKS afloAoyNoel TNV Tiavy) Yenor anTxng ovadeaong
oty anoxatdotacy eyxegahxol e yenon AEY. Ou Fleury et al. [22] dnAdvouv 6ti 10
xheloyo Tou aonTixoxvnTxo) Bedyou Ue yerion anTixig avddpaong Uropel va tponmdroel
TOUC UNYOVIOUOUC TAACTIXOTNTOG TOU EYXEPIAOL. AuTd xohoTd TNV omTixy avddeaoT) To-
O onuavTind epyoleio yiol eQapROYES XvTIXAC anoxatdotaone. Ipdypatt, ToAAég yehéteg
vnootne(louv auth ™ dhhwon. Ou Vourvopoulos et al. [18] ypnowonoinoov to clotnua
«REINVENT» cuumhne®dvovTds T0 U YEWRLoTARLA YELROS T OOl TOREYOUY ATTLXT ovAdEa-
on péow dovhcenyv. Tnv B ypowd, ot Vourvopoulos et al. [42] dielfyoryoy yior hotixn
UEAETT o€ aoVEVEIC UE YPOVIO EYXEPUNLXO, YPTOWOTOIWVTAS TNV (Bior BLdTalr), ohhd auTh T
popd pe xdoxa eovixnc meaypatxdTnTog. Kou ol 800 ueléteg avégepoy augnuévo opéin
Y10 TOUG TEQLGGOTERD ABUVOUOUS AGVEVELS, Ol OTOlOL EUPAVICOY CNUAVTIXT| ATOXATAC TUCT TNG
XVNTIXAC TOUS Agltoupylag yenotwomolovtog oautd tor cucthuatoe AET-eiovinic npaypati-
xo6tntoc. Ot Wang et al. [43] 8hhwoay 6t 1 anddoon tov AET Behtidddnxe onuavtixd petd
N TEoc VXN AmTIXAG AVABEACTC.

Ou neplocdtepec AET moapoxohovdolv tny eyxeoixy| SpaoTneloTnTa YeNoHIOTOWWVTAS
HETL, ydpwc oto yoaunid x60T0g, TN QopntoTnTa, TNV LPMAY Yeovixh oavdAuor, xoi TN un
emeufatixdTnTd Tou [44, 36]. LAUATH TOU UTOPOUY VoL XATOYPAPOUY TOUTOY POV UE TOL ORUTA

Tou eyxepdhou eivar evoeTixd ta ofjpato HKI, ®IIIY, xan avamvorg.
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2.3 HAiextpoguololoyixd oot

2.3.1 H\extpoeyxeparoypdpnua (HEIL)

To HEI eivon ol VEUROTELXOVIO TIXT| TEYVIXT) TTOL UETEA T ORAC TNELOTNTA TOU EYXEPIAOU
amd To eninedo Tou TEWwToU TNg xepoAhc. Mixpol, yetahhixol aodntrpes mou ovoudlovton
NAEXTEOOLOL TOTOVETOUVTOL GTO TELYWTO TNG XEPUARC YL Vor AdBOUV Tol NAEXTEIXE CTLATO TOU
Topdyovton and tov eyxépolo [45]. To nhexteddiar aviyveouv uxpooxomixd nhexteixd @op-
Tiot Tou TEOXVTTOLY U TN BEPUC TNELOTNTA TWY EYXEPUAXWY XUTTApwY [46]. Luyxexpiuéva,
TOL EYHEPOAXY HVTTUEA ETUXOVWVOUY Y ETOULOTOLWVTAS NAEXTELXES WOELS Xo EVOL EVEQYH OAT)
TNV R, OXOUT Xl XATE TN SLIEXELX TOU UTVOU. AUTEC OL NAEXTEIXES WOELS ALy VEDOVTOL XOTA
™ Odpxeta tou HEL xou epgoviCovioar we xupoatiotée yeouuée [47]. To nhextpddio tonode-
TouvTon cuvniéotepa Ye Bdom to cuotnua 10-20, ye ta niexteodo C3 xow C4 vo elvon tor o
ONUOVTLXGL YLOL TNV XIVATIXT ATOXATAC TUOT), AOYw TN TOTOVETNONE TOUG TTAVE UTO TOV XIVNTIXO
@proto. To HET ymoget va yenowonomdel yia tn 8idyveon xon tny nopoxohoinor tAndoeac
XATAC TACEWY OV ETNEEALOLY TOV EYXEPAND, OTWS ETUATPLA, GYHOUS TOU EYAEPIAOU, EYKEPA-
x| BAGBY omd tpaupatioyd, SLEoeon), EYXEQPUATION (PAEYUOVH TOU EYXEPIAOL), SLoToporyéc

ToU UTVOL, OTwe LTVIXY dmvota xou vapxolnbia, dvoa, xat optopéves Puyioel [45, 47].

2.3.2 Hiextpoxapdioypdpnua (HKT)

To HKT elvan wior amhr, cuvrdioyévr, xou ovedduvn e€€TaoT mou Umopel Vo yYenoylomolrn-
Vel yia Tov €heyyo ToU xoEdlaxo) PUILOY XaL TNC NAEXTEXAC DPACTNELOTNTAS TNG XUEOLAC.
AwoOntipec cUVOEBEUEVOL UE TO BEQUA YENOLLOTOLOUVTAL YIol TNV OVEYVEUGT TWV NAEXTEIXWY
onudtwy mou mapdyovton and TNy xopedd xdde gopd mou ytund [48, 49]. To HKI eivou
€VOL ATOTEAEOUATIXG xai U1 EMEUPatind epyahelo yio SLdpopeg Brotatpinée epapuoYEg, OTee 1
HETENOM TOU Xx0EdLK00 EUUUOY, 1 €ETaoT TOU PLILOY TV XAUEBLAXWY TOAUWOY, 1) BIdYVWoT)
XOPOLOKY OVWUOALDY, 1) avary veeton cuvouonudrtwy, x.o. [50]. To HKT' napéyer mAndopa
TIANPOPORLY X0 OL EPELYNTES TO YPNOWOTOLOLY 0C Loy Vo Tixo epyoheio amd TiC apyég Tou
200u awdvar [51]. Kdde xopdlaxde modpde amoteheiton and to obunhoxa Q, PRT, xou T. Ta
Yopaxtnelo Tixd Tou cuumAéypatog Q-PRS-T evéc orjuatoc HKIM avtiotoryolv ot Véoel,
TIC OLAPEXELES, TOL TTAGLTY), XOU TOL OYLATOL TWV XUPATOVY 1} TV EXTEOTWY HEod 6To onjua. Tumixd,
éva ofjuor HKT' nopovoidler mévte peydheg extponée, ta xouoata Q, P, R, S, T, xon ulo puxer
extpont|, T0 x0ua U. Okeg oL exTpOTEC AVTIOTOLYOUV GE CUYXEXPUEVES PACELS TOU XOQEOLXOU
x0xhou [50].

Koapdiaxdg puinog xou LeTABANTOTNTA Xxoediaxol puIoD

Q¢ xapdlaxde puduodg optleton o apriudc Twv R xopupnv tou epgavilovta oe évo HKT
o€ Oudpxeta evog Aemtol. O xopdtaxdg puiudg petpléton oe yTOToug avd Aenté. To ypovixd
didotnua avdueoa o dvo dadoyxéc R xopugéc ovoudletar RR didotnua.

To HKI ebvan éva un otatind orjua. Ou dradoyxol xapdtaxol xixAol 6ev €youy tnv (Bl
Ypovixh didpxeta, Tpoxahdvtac dtoxupdvoele petadd twv dtadoyxwy RR Sotnudtwy [52].

H Metofantotnta Kopdioxol Puluold aviimpoownelel auth Tnv ypeovixy| Slaxiuavor Uetol

47



TOV BLUBOYIXDV KAEBLAXDY TOALOY.

2.3.3 ®PwronAnduopoypapio (PIIT)

H xuyatopopen @III', yvwo Tt %ot k¢ XUUATOULoe@Y| TOU TaAdixol 0€0UETEOL, elvol uLo amd
TIC oUYVOTEP EPPAVICOUEVES XAVIXES xuPaTopop@éc [53]. Elvon pior amhh xan yapnhot x6otoug
OTTIXY] TEYVIXY| TOU UTOREL VoL oVLY VEVGEL OANXYES TOU OYXOU TOU AlUATOC OF ULXPOYYELIXO
eninedo [54]. H xupatopoppr) T, dnwe eygpaviletar 6o olyypovo mohuxd oliuetpo, elvor
Lot EVIOYUMEVT Xt EEAUPETING PLATEORLOUEVY] UETENOT TNE AMOPEOYPNONG PWTOC ave TOV YEOVO
omo TOV TOTUXO LOTO, Xou (VoL TO AMOTEAEOUN ULOG TOAUTAOXNG XL Oyl axOUY XATUVONTAC
OANAETOPAOTE PETAEY TOU XAEBLAY YELIXOU, TOU AVATVEUGTIXOU, X0l TOU UTOVOUOU VEURLXOU
ovothuatog [53]. H OIIT anoteheiton and pa nakuixr @uotohoyixy xupatopoppr) AC mou
amodeldeToL o ahhay€g oTOV Y0 TOL aluatog Ye xdie xapdlaxd Tohud. YTreptideton oe pia
apyd petoforhoyevn DC cuviotwon, tne omolog ot cuyvoTNTES amodidovton aTny avamvor, T

SpaoTNELOTNTO TOL cuPTA)NTXO VELRPIXOL cuosTAUATOSC, Xou T1 Veppoptiuton [54].

IMaApixog puIndg xow ReTaBANTOTNTA TaAUixol pLuIROD

O IModpxdg Pududc etvon €vag dhhog 1pémog U€TENONG TOU dELiU0) TWV XUEOLIXWY TOUAIWY
ave AemTo. AVl vor UETEAUE TIC XOPUPES TV Y TUTWYV NS xoedlds omwe oto HKT, o moAuixdg
ELUUOC EXPEACEL TIC OYXOUETPXES OLUPORES XATA TNV XUXAOPORIA TOU AUUITOC, X0 CUYXEXQL-
UEVOL TOV apldud TV GUCTOAXMY XOPUP®Y ToU BnuioupyolvTon Aoyw auinuévne mieons tou
AUUATOS AVEL AETLTO.

Avtiotowya, n MetoAntotnta Hohuixod Puduot eivon évag dhhog TpdToC var exppdcouye

4 7’ 7, 7
TIC SLOXUUAVOELS HETAEY TV XOEBLAXMY XOXAWV.

2.4  Awgopd ancOnthpwy Hhextpoxapdioypagpruatoc (HKT)
xot PwtonAnduouoypapios (PIIT)

O %opdloxde puuog xou 0 TaAUXOS PUIOE elvon BUO TEOTOL UEAETNE TOL (Blou (pouvouévou,
NG CUYVOTNTAC TOV TOAUMY TNG XUEOLAC oL TWV OLUXUUAVOEDY TOUG, UECE OLUPORETIXWY
ameovioTix@v teyvxay. To HKI' petpd touc maigolc tng xopedids dUesH, XaTorypdpovTag
T nhexteuxd ofuata tng xopowds. H I yetpd dSwapopéc otny mieorn tou alyatog. H por
afyatog augdveton TayOToTd, OAAL Oyl dUEcWS, OTIC QAEBES, TIC apTNElEC, Xou To CLUOPOEA
oyyelor HETE TN GLOTOAY TNE XxoEdWC. T'V autd 1 xupatouopr tng PIIIN dev evduypouuileTo
ue to HKT', ahhd to axoloudel ye wxpr| xaduotépnon.

2.5 Avanvon

H ovomvor etvon pioe Cwtind| guotohoynt| diepyaoio otoug {wvtavois opyoviopous. H Slo-
Ouxaota Tng avomvorc tepthauBdver Ty elomvon aépa Tou epEyel 0EUYOVO GTOUG TVEDUOVEC,
omou Aopfdvel ywpeo avtolhoryh) Twv agplnv ouydvou xal Slogediouv Tou dvipaxa, xal TNV
exmvor] dlo&etdlou Tou dvipoxa otov agpa péow TN LOTNG 1 Tou otépatoc. H dadixacio auth

and TNV EWOTVON €mC TNV exVoY| ovopdleton xOxhoc avomvoric [55]. Avamveuotixde pudude
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elvon 0 oprdudg avamvony ovd Aento. O QUOLOAOYIXOC AVATVEUG TGS pUIOC Yo Evay EVAAL-
xa o€ npepio etvon petagd 12 xou 18 avoamvody avd Aento. Evoe puduodg xdtw twv 12 1 dve
TOV 25 avamvooy To AETTO %atd TNy Neeplo utopel vo arotehel cUUTTOU xdToLag UToXEluE-
vne aovévetog [56]. O avanveustxde pudude eivan évac onuavtixdc deixtne tne uyelag evog

ATOUOL, Xo TopaxoloLVElToL xaTd T SlevEpyela XAy aZlohoyfoewy [57].
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Kegpdhowo

Medooohoyio

Yy ey TG Topaypdpou TERLYEAPOVTOL TU ONUOYQRUPIXE TWV GUUUETEYOVIWY XL 1|
TeLpoorTixy) Stadixacta e€orywyhc Ty dedouévev. To dedopéva e&hydnocav and toug Batista
et al [5] oto Instituto Superior Tecnico (IST) tou Universidade de Lisboa (ULisboa). Ou
uédodol Tou YENCHIOTOLAUNXAY YId TNV AVIAUGCT] TKV BEQOUEVKY TERLY PApOVTAL BIEE0BIXE OTIC

EMOUEVES TORAYEAUPOUC.

3.1 Anpoypapixd XUUUETEYOVIWY

O ouvohixog apriuog Twv cugpeTeyovTny ftav 21. Teeic and autole cupeTelyay oTnv
mAoTxr) UeAETN. 201600, wor TEYVIXT ducAeltoupyia xatéoTeede T dedouéva 5V0 GUUE-
TEYOVIWY, UE AMOTEAEOUA VoL amoUelvouy Ta Bedouéva 19 cuuueteyoviwy. Ot GUUPETEYOVTES
elyav péon nhixdo 24.79 €1, pe Tumix anoxhor 3.54 €tn. O vedtepog elye TNV nAda Twv
21 etdy, evd 0 ynpaudtepog Twy 36 etidv. 68% Twv ouuueTteydVTLY ATav apoevixd, xat 32%
InAuxd. 16% etyav amogottrioel and to hoxewo, 32% xoteiyav Bachelor’s Degree, 42% Meta-
mtuytaxd, xou 11% Abdaxtopixd. O ouypetéyoviec xhidnxay va Paduoroyicouy tny npdteen
eumetpion toug o AET xou exovixdy nparypatixdtnta ond 1o 1 (xoddhov) énc 10 5 (apxeth).
To anoteréopata Hrav 1.36, ye tumxny andxhon 0.67, 6cov agopd ot AET, xou 1.73, ue
Tumr) amdxhon 0.65, 660V apopd TNV etxoviny| TeayuaTxoTnTa. EmnAéov, Aoyw tng @uong
TOU ELXOVIXOU €pYOU, UERIXOL CUUUETEYOVTES EpWTHUMXOY YId TNV TEOTERY EUNELRlO TOUC 0TIV

xwrniacio. Touvkdylotov 5 elyav xdmota, evéd ToukdyloTov 4 dev elyo xaddrou.

3.2 Ileipapotixny Adtadn

3.2.1 IIewpopatixég cuvinxeg

Kotd tn Sudipxelar Tou melpduatog, ol GUUUETEYOVTES INTAUNXE VoL TR0y UUTOTIOLGOUY XIVT)-
T ameovion xwrnhactag Ye éva xourni oTo xdie yépl, UTO €EL BLUPOPETIXES TELRUUAUTIXES
ouvdixec. Téooepic ouvdrixee (MIMO, MIMOHP, MIMOVR, MIMOVRHP) yenotuonoto-
Voav 1o eovixd mepBdhhov «NeuRowy [23], to onoio anodidet ypopind 800 exovind yépta
oe onuxy ywvio tpdtou mpoconov. Ot dhkeg dVo cuviixec (ME, MI) yenowwonotoboay
10 povtého avotpooddtnone «BCI-Grazy [58]. H ouvifixn tne xwvnuxrc extéheone (ME)

arotéhece T cuvinxn eréyyou. Ot cuvifxes, yall ue To axpeVOULd Toug, elvor oL eENg:
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1. ME: 'Evag otavpdc otadeponoinong xou BéAn xateviuvong epgaviCoviav o uadpo
QOVTO UE€ok oVoVNE xan xadodNYoLoAY TOUG CUUUETEYOVTEG XOTA T1) OLEXELN TOU TEL-

eduotog, BAlovTds Toug Vo Y TUToLY Ta Ody TUAL Toug oTo TEaméll avdhoya.

2. MI: H tumxr ouvifxn exnoddeuong xivnTixng aneixovions, Ue €va otaupd oTadepono-
inong xou BéAn xoatediuvong oe Yadpo POvTo Tou xoodNYOUCAY TOUG GUUUETEYOVTES

XATE TN OLEPHELL TOU TELOGUATOC.

3. MIMO: Xuvifixn exmtaldeuong xvnTXnAg AMEOVIONG UE YPHOT TOU EXOVIXO0) TEEL-
Bdrrovtoc «NeuRowy, ue éva otoupd otadepomoinone xou Bérn xateduvong mou e-
TUXOAOTITOVTAY 0TO TERUSAANOV EXOVIXAC TEAYUATIXOTNTOC, TO OTolo EPQavlOToY UECH

096vng.

4. MIMOHP: Xuvixn exntaldeuonc xvnTixi g ameovions Ue Tr YeHoT TOU EXOVIXOU
repBdihovtog «<NeuRowy, ye otoupd otadepornoinong xan BEAn xatebduvong mou emi-
XAOTTOVTOY 0TO TERYBAANOV ELXOVIXAC TEAYUATIXOTNTAS, TO OTolo eu@aviloTay UEcH
00ovne. To yeploTARLL YEPLOV TOREYOY ATTIXT AVATEOPOBOTNOT HECL SOVNTIXAC Ol

€Yeporg.

5. MIMOVR: Euviixn exnoldcuone xvnuxhc aneixovions Pe Tn ¥erorn Tou , Pe éva
otawpd otadeponoinone xou BEAN xatedhYuvong Tou EMXUAUTTIOVTAY OTO TEPBAAAOY €l
XOVIXAC TEAYUATIXOTNTAS, TO OT0{0 eu@avilOTay UECW XAOKAUS ELXOVIXAC TEAYHATIXOTN

ToC.

6. MIMOVRHP: Xuvirixn exntaldeucng xvnTxnig anemovions e Tn YeNoT ToU ELXOVL-
%00 mepBdrhovtoc «NeuRowy, e éva otowpd otodeponolnong xou BEAN xatebuvong
TOU ETUXUAOTITOVTAL GTO TEPUSHANOV EXOVIXTC TEAYUATIXOTNTAC, TO 0Tolo TEoPBdAleToL
HECW HAOKAS EWOVIXAC TRoYUaTiXOTNTOG. Tol yelplo ThpLa YEPLWOY TOREl oy AmTLxY| ovo-

TEOPOBOTNOT| UE TN LOPPT| dOVNTIXAC DLEYEROTS.

H oepd teov cuvinrmy Atav €vag oyedlacpog EVIOE TOU UTOXEWEVOL, UE TUYalo GELRd Yia
AAE CUUUETEYOVTA, EAXYLOTOTOWMVTOS ETOL TUYOV AotvldvouseS ETLORAOELS TTOU TEOXAUAOVYVTAY

amo TIC TEONYOVUEVES CUVITXES.

3.2.2 Ilewpopotixy] didtody

To chpoata Tou eyxepdhouv e&yinoay pe tn yerion xanélov HEI' 32 niextpodiwy, cuvde-
depévou pe aovpuato evioyut HEL, ye ocuyvotnta devypatorndloc 500 derypdtomy avd deute-
polento. To xoamého nepieAdufave evepynTixd NAexTEodLa Ue 0TOY0 TN BedTiwon tng avoroyiag
YopUPBou-cruatog. Ta nhexteddia elyav ywpeixy| xatavour clugwva ue to cbotnua 10-20.

Yrpoato HKT', @IIT, xou avanvorc e€rydnoay tautdypova wg Bonintixd.

To HKI' anoxtidnxe ye t ypron 2 xuxdody nAexteodinwy xdtw and Ti¢ xAedeg Twv
CUUMETEYOVTIWY %ol TO NAEXTEOOW0 Yelwong oto oTtépvo toug. To nAextpddio cuvEEdInXay ue
Tov eVioyuTH péow tne Ponintinic Yopag.

To ofuo @I e&nydn yenowonouwviag ontixd acintipa doxTOAOU, GTOV UPIGTERO OE-
. O awodntrpac cuvdédnxe enione otn Lordntins Yopa Tou eVioyUTY.
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Ta chuata avanvorc ueteriinxay Ye T yehorn Lovne wEtenone avamvoric TontoleTnuévng
xdtw and to othidog, exel 6mou o Vwpaxag e&éyel teplocdtepo. H Ldvn yetétpene Ti¢ ava-
TIVEUC TIXEC XUWVAOELS OE NAEXTEIXY GHUATOL.

H omtnd| avatpogodotnon mapacyéinxe elte péow oloévng, eite yéow xdoxag exovinic
mpoypatxotntoc. H oddvn yenowonomiinxe otic ouviixec ME, MI, MIMO, xow MIMOHP,
eve 1 xdoxa otic ouvirixec MIMOVR, MIMOVRHP. H antixy avédpaon 669nxe oTic cuV-
¥xec MIMOHP, MIMOVRHP.

3.3 Aoywouxd avdAuorng SedoUEVWLY

To 5edouéva avohdinxay ue yerion tou MATLAB R2023a, ue ) Bofdeia tng cpyolelo-
Ofxnc EEGLAB [59], xou tov enextdoedyv tne HEPLAB [60], BrainBeats [61]. Emmiéov,
yenotponoidnay ot PiBhodfxec ppe-beats!, ECG-Deli [62], BioSigKit [63].

3.4 2XTATIOTIXT] AVAALCT)

Adyw tou pixeol apriuol Ty detypdtwy, and 10 éwe 19 cuyuetéyovteg avdhoya TV GUV-
0, yenowonotfoaue tov éheyyo Kruskal-Wallis [64], o onolog anotelel to pn-nopopetond
l0odlvopo TN avdiuone dtoxdpavone (ANOVA), dote vo anogavlolue yio oTatioTind onr
HOVTIXES DLAPORES HETAED TV oUVINXWY, uE 6plo onuaciog to 0.05.

Ye MEQIMTOOELC OToU 1) UNndeviny| undvecoT anoppl@inxe, YEEWOTNXE ULl UETUYEVECTERT
(post hoc) avdhuon, v v onolo yenotponotfoaue tov éheyyo Dunn’s [65], xodoe etvon

auTtog oL cLVHYWS axolovlel Tov éleyyo Kruskal-Wallis.

3.5 Enefepyacia twv onudtwy

3.5.1 H\extpoeyxeparoypdypnua (HEI)

H avdhvon twv onudtwy HET' otdyeve otny e€aywyn Tne 1oybog Twv {wviy cuyVOTHTWY
0éhta (1 - 4 Hz), 9fta (4 - 8 Hz), dhga (8 - 12 Hz), BAta (13 - 30 Hz), xou youniA yduua
(30 - 40 Hz)

I v enegepyaoio Twv onudtov HET, unoderyuatoypagriooye to ofuata and 500 de-
fypota oe 125 Belyyato avd BEUTEPOAETTO, TOU HAG ETMITEETEL VO AVOADGOUUE GUYVOTNTES
éwc 62.5 Hz. 'Emeita @uitpdpape to ofjuata ye {wvonepatod @iktpo petold 1 Hz xou 40
Hz. Ou pndvteg ouyvothitwy mou Jéhope vor avokboouue dtatneridnxay petd to (wvonepatd
pihtpdpiopa.  Xenowwomotooue Ty emhoyry Artifact Subspace Reconstruction yio vo ova-
XATUAOXEVACOUPE TEOBANUOTIXG BEBOUEVOL ot XVl avTl Var Tat opote€coule €€ OAOXATIOU.
Yto xavdhior auTd EQopuooaue T UEYod0 Tng TopeuBoAnc, uéow g emhoyhc interpolate. Ou
0OXUES YWEIOTNXAY OE EMOYEC TWV 5 BEUTEQOAETTWY TELY XoU UETA TOU GUVIHAHATOS EXXiVNONGC
(cue). Xpnowonooaue Ttic emhoyéc Independent Component Analysis (ICA) xau Inde-
pendent Component Labeling (ICLabel) :ote v BloywploOUUE Ta EYXEQPOUMXE GHUOTA OTIG

OLdPOEA CUVIC TWOES TOUC XAl VoL ATOPEIPOVUE TIC GUVIGTOGCES TOU GUELWINXaY WS ogUoluof,

"https://ppg-beats.readthedocs.io/en/latest /
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woee,  V6puPoc, ue BeBoudtnta dver tou 90%. H goopatind tuxvdtnta toyboc oV onudteny

HET petd ty enelepyooio goiveton otnv Ewdva (Figure) 3.1

ME M

Power (u?Hz)
=

Power (W2Hz)

0 . =
delta  theta  alpha beta lower gamma delta  theta  alpha beta lower gamma
Hz Hz

MIMOVR

Power (W2Hz)

Figure 3.1. H gaouatnikn tukvétnta woyvos twy onudtwy HEL petd tny enebepyaotia.

Avohboope ta ofpata HKI yopilovtog tov eyxégoaro oe 5 neployée, tov Metwmaio Aod
(x6xxvo), tov Kevtpind @hotd (nepihapBdver toug Kivqtixd (npdowvo) xou Lwpotoucdntixd
(umhe) @hotd), tov Beeypotind AoBéd (yardlio), tov Iviaxd AoBé (uwB), xo tov Kpotagpund
AoBo (moptoxoi), obugwva pe v Ewéva (Figure) 3.2.
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Figure 3.2. O1 neproyés tov eykepddov. [1]

3.5.2 Hiextpoxopdioypedpnua (HKI')

H enelepyacia v onudtwv HKID otéyeve oty eloywyr| Tou xoapdioxol puduod ot
e peToPBANTOTNTAC Tou. Emhélaue yio Ty eCoywyr| TV mapamdve vo evionicoupe Ty R

xoput Tou Q-PRS-T cupmidxou xdlde ytimou. Apyixd agopécoue tov G6puo youniomy
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CUYVOTATOVY TOU UTHEYE AOYW TAUREUPORGY avamvorc, NAEXTEX0) QopTiou NAEXTEOBIWY, Xou
xivnone. ‘Eneita guktpdpaye to ofuata ye {wvomepatd gihteo tOnou «Butterworthy petald
1 Hz xon 40 Hz. Télog, agorpéoaue v ooniextowxt| yYoouur and xdde orua HKI'. T'a
TOV EVTIOTUOMO TWV XOPUPMY, Yenoorojoope tov akyéprduo Pan-Tompkins [66]. Téhoc,
eENEYEQUE AVAAUTIXG TNV EVPECT) TV XORUPKDY Xalk OLopUOCAUE TUY OV TopoAelPels 1 avaxpifeieg
oe xde ofua Eeywpeotd. H enelepyacio xou 1 edpeon twv xopupdyv twv onudtwy HKI

paivovton oty Ewéva (Figure) 3.3.

3.5.3 ®PwronAnduoupoypapio (PIIT)

H ene€epyaocio twv onudtwy PIIT eiye oxond tnv e€aywyr| Tou mokuxol puiuod xou Tng
HETOBANTOTNTAC Tou. AUTO €YIVE UE TOV EVIOTIOUO TNG CUCTOAXNG X0pu@rc xdde maAUoL.
Pultpdpaue o opota pe Lwvorepatd giiteo uetald 0.5 Hz xou 8 Hz, xou yia Tov eviomous
TWV XOPUPMY Ypnotponothoaue tov olyoptduo IMS [67]. EréyZoue avohvtxd tnv edpeon
TV X0pLPAY xat dtopliaooue Tuydy mapaheldelc 1 avaxpifeiec oe xdde ofua Eeywperotd. H
eneZepyaoio xou 1 eVPEST TV X0PLYPGY TwV onudtwy PIIT puivovta oty Ewxéva (Figure)
3.4

3.5.4 Avanvor

H enegepyooio twv onudtwy avanvonis elye oxond tny ebpeon tou puduod avamvorc (On-
AodY) Tou apLipol avamvowy avd Aentd) ot xdie cuviixn. Adyw tne tonodétnong tne Lodvng
%4t omo to othdog, Tou odnyel o mopeuBoiéc Yoplou amd TNV xuEdld xou Toug WUES, To
ofuota avamvorc tepietyay apxetod Yopufo. T'a tnv anoudxpeuvor tou YoplfBou giktedpaue To
ofuara pe Lovorepatd giltpo uetold twv cuyvotitwy 0.1 Hz xo 0.5 Hz (tou avtiototyoly
oe 6 éw¢ 30 xopupéc avd kentd). ‘Eneita Véooue TV eAdyto T ando toom UETHED TWV XOPUPKOY
TOUAGYIOTOV 2 BEUTEQOAETTA, (OTE OE MEQLTTWOELS evanopeivavtog Yoplfou o alydpriuoc va
ottneel TNV udmAdTEEN xopLEPT Hovo. Téhoc, EAEYEAUE AVUAUTIXG TNV EVRECT] TWV XORPUPEY
xau Slopdwooue Tuyov mapakeidels 1 avaxpifeiec o xde ofjua Eeyweiotd. H enelepyooio xon

1 €0PECT TWY XOPUPWY TWY oNudTwy avanvois gaivovtor otnv Ewdva (Figure) 3.5
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Figure 3.3. H eneepyacia kai n efpeon twy kopupdy twv onudtwy HKI'.
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Kegdiowo

AvdAluorn ATOTEAECUATOYV

4.1 Hiextpoesyxegporoypdpnuo (HET)

4.1.1 H enidpacn xd¥e cuvIN%ANG STNY oYL TV LOVOY GUYVOTHTOYV
TOU EYXEPAAOL

Metwniaiog AoBog

o déAta: Ou ouvidrixec MI (Ap = 59.3 %, A = +5.0 %), MIMOHP (Ay = 56.1 %, A
= +1.8 %, xou MIMO (Ay = 55.7 %, A = +1.4 %) napouvciacoy uPnhdtepo déhta
TEPLEYOUEVO GLYXEITXE UE TN ouvdrixn ME, eve ot cuviixec MIMOVRHP (A = 50.8
%, A =-3.5 %) xoo MIMOVR (Ap = 504 %, A =-3.9 %) younhétepo. Ot cuviixec
TEOLGIACAY OTATIOTIXA oNUavTIXES Blaopéc ue p < 0.05. Ou oTtatiotxd onuavTixég
dlapopég mopatneinxoy uetald twv cuvinxodv ME-MIMOVRHP, MI-MIMO, MI-
MIMOHP.

o Ita O ouviixec MIMO (Ap= 24.3 %, A = +2.1 %), MIMOHP (Ap = 24.3 %,
A =+21%), MIMOVR (Ap= 232 %, A = +1.0 %), xao MIMOVRHP (Ap = 22.7
%, A = +0.6 %) napouciacoy LPNAGTERO VT TEPLEYOUEVO CUYXEITIXA UE T1 ouVOTiXn
ME (Ap = 22.2 %), eve> ou cuviinxn MI (Ap = 21.7 %, A = -0.5 %) younhotepo.
Ot cuvifixec mapouciocay oTatloTixd onuavTixés dlapopéc e p < 0.05. Ou otatioTind

onuavTeég dlapopég mapatneRinxay uetald twv cuvinxwy MI-MIMOVRHP.

o dhga: H ouvdixn ME (Ap = 14.9 %) nopovoiace v udmhétepo dhga tepteybuevo,
oxohouvdolpevn and Tic ouviiixec MIMOVRHP (Ap = 14.3 %, A =-0.7 %), MIMOVR
(Ap =141 %, A = -0.8 %), MI (A = 12.6 %, A = -2.4 %), MIMOHP (Ay = 11.8
%, A =-3.2 %), xou MIMO (Au = 11.5 %, A = -3.4 %). Ot cuviixeg tapouciacay
CTATIOTXE U1 oNavTIXéS dlagopés pe p = 0.076.

o BATa: Ou ouvirixec MIMOVRHP (Ap = 8.1 %, A = 2.1 %) xav MIMOVR (Ap =
7.7 %, A = +1.7 %) napouciocoy udmhétepo Prita nepleydpevo and Tt ouviixn ME
(Ap = 6.0 %), eved oL ouvidixec MIMO (Ay = 5.6 %, A = -0.4 %), MIMOHP (Au
=5.0%, A =-1.0%), xau MI (Ap = 4.5 %, A =-1.5 %) yaunhétepo. Ov cuviiixeg

TEOVGTACUY GTATIOTING U1 ONUAVTIXES Olopopég e p = 0.115.
o yopniéc yappo: Otouvvidixec MIMOVR (Apy = 4.6 %, A = +2.0 %), MIMOVRHP
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(Ap = 4.0 %, A = +2.0 %), MIMO (Ap = 2.9 %, A = +0.3 %), xo. MIMOHP (Ay =
2.8 %, A +0.2 %) napouciocav uPnhdtepo yduua tepieydpevo and t ouviixn ME (Au
= 2.6 %), evd ot ouvixn MI (Ap = 2.0 %, A = -0.5 %) younhétepo. Ou cuvifixeg

TEOVGTACOY GTATIOTIXG U1 oNuavTiXéS Sopopéc e p = 0.220.

Kevteuxog $Aorodg

e 5éhta O ouvixec MIMOHP (Ay = 472 %, A = +2.7%), MIMO (Au = 46.1%,
A = +1.7 %), MI (Au = 45.4%, A = +1.0 %), xaoo. MIMOVRHP (Ap = 45.3 %,
A = +0.9 %) napovsciacoy vhniétepo déhta Tepleyduevo and T cuviixn ME (Au
= 44.4%), evéd ot ouvdrixn MIMOVR (Au = 42.7%, A = -1.7 %) yaunhétepo. O

ouviixeg Tapouciaoay GTATIOTIXG Ur onuavTxés Swupopéc ue p = 0.076.

e Ota: H ouvdrixn MIMOVR (Ap = 23.0 %, A = +0.1%) napousiace uhnidtepo
Ot mepleyouevo and ) ouvdixn ME (Ap = 22.9 %), evéd ot ouviixee MIMOHP
(Au = 22.8%, A = -0.1%), MIMO (Ap = 22.6%, A = -0.4%), MI (Ay = 21.2 %,
A =-1.7%), xoo. MIMOVRHP (Ap = 21.1%, A = -1.8%) younhétepo. Ov cuviixec

TEOVGTACOY CTATIOTIXG U1 oNuavTXéS Oapopéc ue p = 0.086.

e dhgpo: H ouviriun MI (Auy = 20.8 %, A = +0.4 %) nopovciace vhniétepo dhpa
nepleydpevo and ) ouvidixn ME (Ap = 20.4 %), evé) o ouvirfixec MIMOVR (Ap
=199 %, A =-0.5 %), MIMOVRHP (Ap = 184 %, A = -1.9 %), MIMO (Ap =
17.8 %, A = -2.6 %), xow MIMOHP (Ap = 17.1 %, A = -3.3 %) younhétepo. O
cLVIeS ToPOLGIACHY G TATIO TIXE ONUAVTIXES Blapopéc pe p < 0.05. Ot oTatio Tnd on-
povTixég dlapopéc mapatneiinxay yetald twv cuvinxov ME-MIMO, ME-MIMOHP,
ME-MIMOVR, ME-MIMOVRHP, MI-MIMO, MI-MIMOHP, MI-MIMOVRHP.

e BAta: O ouvdixec MIMOVRHP (Ap = 104 %, A = +1.6 %), MIMOVR (Ap =
9.8 %, A = 40.9 %), MIMO (Au = 9.2 %, A = 40.3 %), xae MI (Au = 8.9 %,
A = 4+0.1 %) mopovciacav uhnidtepo Prta nepeyduevo and t cuvixn ME (Au
= 8.8 %), evdd 1 ouvdfixn MIMOHP (Ap = 8.7 %, A = -0.1 %) youn\dtepo. Ou
ouvinxeg Tapouciaoay oTATIOTIXG oNUaVTIXES Olapopéc e p < 0.05. O otatioTnd
onuavTIXég Blapopés mapatnerinxay uetall twv cuvinxey ME-MIMOHP, MI-MIMO,
MI-MIMOHP.

o younhéc yappa: Oouviixec MIMOVRHP (Au=4.7%, A = +1.3 %), MIMOVR
(Ay = 4.7 %, A = +1.3 %), MIMOHP (Ay = 4.1 %, A = +0.7%), xeu MI (Ay =
3.6 %, A = +0.2 %) nopovaiacay udnidtepo yauua tepieyduevo and tn cuviixn ME
(Au = 3.4 %). Ov cuvifixeg mapouciocay CTUTIOTIXG U1 CNUUVTIXES DLoPopéS UE P =
0.437.

Beeypatixdg AoBog

e 5éhtau Ououviixec MIMOHP (Ay =53.9 %, A = +8.7%), MIMO (Au = 53.2%, A
= +8.0%), MI (A = 50.7%, A = +5.5%), MIMOVR (Au = 49.9 %, A = +4.7 %), %o
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MIMOVRHP (Ap = 48.2 %, A = 4+3.1%) napouciacay upnrdtepo déATa nEpLE OUEVO
and ™ ouvdixn ME (Au = 45.2 %). Ov cuvivixec topovciacay oTtatiotind onuavTiés
olapopég pe p < 0.05. Ot otatioTind onuavTixég Sopopéc Topatneritnxoy ueTald Ty
ouvinrwyv MI-MIMOVRHP.

o Ita: O ouvdrixec MIMOVRHP (Ap = 23.2 %, A = +4.7 %), MIMOVR (Ap =
22.3 %, A = +3.8%), MIMO (Ap = 21.7 %, A = 3.2 %), xoo« MIMOHP (Ay = 204
%, A = +1.9 %) napoucioocay vhnhdtepo Vta tepieyduevo and tn cuviixn ME (Ap
= 18.5 %), eved n ouvdfpen MI (Ap = 18.2 %, A = -0.3 %) younhoétepo. Ot cuvivixeg

TOEOVGTACAY CTATIOTING 1) ONUAVTIXES Olopopég ue p = 0.375.

o dApo: H ouvixn ME (Au = 24.3 %) napousiooce to uhnhdtepo dhga nepleyouevo,
axohoudolpevn and tic ouvdrixec MI (Au = 20.2 %, A = -4.1 %), MIMOVRHP (Au
= 16.5 %, A = -7.7 %), MIMOVR (Ay = 164 %, A = -7.9 %), MIMOHP (Au
=156 %, A = -8.7 %), xav MIMO (Ay = 153 %, A = -9.0 %). Ot cuviixec
ToEoVGiacay oTATIOTIXG oNuovTiXéS dtaopég ue p < 0.05. Ou otatiotnd onuavTixég
drapopéc mapatneUnxay Yetall twv cuvinxoy ME-MIMO, ME-MIMOVRHP.

o BAta: H ouvdriun ME (Ap = 9.9 %) napousiace to udpniétepo Brita nepteyduevo,
oaxohoudoluevn amd Tic ouvirxee MI (Auy = 8.7 %, A = -1.3 %), MIMOVRHP (Au
= 84 %, A -1.5 %), MIMOVR (Ay = 7.9 %, A = -2.0 %), MIMOHP (Ay = 7.2
%, A =-2.7 %), xoo MIMO (Ap = 6.9 %, A =-3.0 %). Ov cuvdrixec napovciacoy
CTATIOTXG U1 ONUavVTIXES Blaopég pe p = 0.068.

o younhéc yduppor: Ououvdinec MIMOVRHP (Au=3.6 %, A =+1.5 %), MIMOVR
(Au =35 %, A = 1.4 %), MIMO (Ap = 2.9 %, A = +0.7 %), MIMOHP (Ap = 2.9
%, A = 40.7 %), xaw MI (Ap = 2.3 %, A = +0.2 %) nopovciacay udmidtepo yduua
nepteyopevo and ) ouviixn ME (Ap = 2.1 %). Ot cuvifixe napousiacoy oTatioTind
un onuovTixég oapopéc we p = 0.999.

Iviaxég AoBog

e déhta Ot ouviixec MIMO (Ap = 51.8 %, A = +6.4%), MIMOHP (Ap = 51.5%, A
= +6.0%), MI (Ap = 48.4%, A = +2.9%), xoo MIMOVR (Ay = 46.5 %, A = +1.0%)
nopouaiacay uhnhdtepo BéATa tepieyduevo and tn cuvirixn ME (Au = 45.5 %), eved
n ouvirxn MIMOVRHP (Au = 43.9 %, A = -1.6 %) younkétepo. O cuvidrxeg
TOEOLGTOCAY OTATIOTIXG oNUavTIXES Blaopéc ue p < 0.05. Ou oTtatiotxd onuavTixég
drapopés mapatneidnxay uetald twv cuvinxody ME-MIMOVRHP, MI-MIMOVRHP.

e Oftou Ot cuviixec MIMOVRHP (Ap = 26.7 %, A = 4+8.1%), MIMOVR (Au =
25.0 %, A = +6.4%), MIMO (Auy = 23.3%, A = +4.7%), MIMOHP (Ap = 23.1
%, A = +4.5%), xou MI (Ap = 20.1 %, A = +1.6%) napouciocay ufmidtepo Hta
nepteyopevo and tn ouvirixn ME (Ap = 18.6 %). Ot cuvifixec mopouciacay otatioTind

onuovTég dlapopéc ve p < 0.05. O oTaTioTind onuavTnég dlapopés mopatnehin oy
petagd Twv ouvinxey ME-MIMOVRHP.
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o dAgpo: H ouvdriun ME (Ap = 23.6 %) noapouciooe uhnhdtepo dhpa mepleyOUeVo,
axolovdoluevn and g ouviixec MI (Au = 19.7 %, A = -3.9 %), MIMOVRHP (Ap
= 17.7%, A =-6.0 %), MIMOVR (Ap = 17.6 %, A = -5.9 %), MIMOHP (Ap = 15.8
%, A =-78 %), xoo MIMO (Ap = 15.5 %, A = -8.2 %). Ot cuvdixec topovciacoy
OTATIOTIXG. ONUaVTIXES Blapopég Ye p < 0.05. Ta dedoyéva Bev Atav emapxr| MOTE Vo

amopovolue UETAZ) TOWDY GUVIMXWY UTHEYOY Ol GTATIGTIXS OTUAVTIXES SLOPOREC.

e BAto H ouvdixn ME (Au = 9.9 %) nopousioce to udmhétepo Brita nepleyduevo,
oxohoudoluevn and tic ouvdrixes MI (Ap = 9.2 %, A = -1.6), MIMOVRHP (Ap =
8.3 %, A = -1.6 %), MIMOVR (Ay = 7.3 %, A = -2.6 %), MIMOHP (Ay = 6.8
%, A =-3.1 %), xu MIMO (Ap = 6.5 %, A =-3.4 %). Ov cuviixec topovaciacoy
oTaTIoTIXd onuavTnég dagopéc pe p < 0.05. To dedopéva dev fTav emapxy|) WOTE Vo

anogoviolue PETAED TOLOY CUVINUOY UTARY Y OL OTATIGTIXA OTUAVTIXES DLpOREC.

o yopunhég yappa: Ououviixec MIMOVRHP (Ay=3.5%, A =+1.0 %), MIMOVR
(Ap =35%, A =1.0%), MIMO (Au = 2.9 %, A = +0.5 %), MIMOHP (Auy = 2.9
%, A = 40.5 %), xu MI (Ap = 2.5 %, A = +0.1 %) nopovciacay udpmidtepo yduuo
nepteyopevo and tn ouvidixn ME (Au = 2.4 %). Ot cuvifixec napovoiacay otatioTixd

un onuovTixég olaupopéc ue p = 0.341.

Kpotagpuxds Aofoég

e 5éhta: Ou ouvirixec MIMOHP (Ap = 52.8 %, A = +2.5 %), MIMO (Au = 51.7
%, A =+1.3 %), xou MI (Ap = 51.4 %, A = +1.0 %) napouciacay udnrdtepo dérta
nepteyopevo and ) ouviixn ME (Ay = 50.4 %), evdd ot ouvidixec MIMOVR (Ay =
49.1 %, A = -1.3 %) xoo« MIMOVRHP (Ay = 46.8 %, A = -3.5 %) younidétepo. Ou

ouviixeg TapOLUGIHCOY CTUTIOTIXG YT oNUavVTIXES Sopopéc e p = 0.228.

e Oftou O ouviixec MIMO (Ap = 24.1 %, A = 40.3 %) xoo MIMOVRHP (Ap =
24.0 %, A = 0.2 %) napovoiacay uhnidtepo VHta Tepteyduevo and ) cuvirixn ME
(Ap = 23.8 %). H ouvidrixn MI (Ap = 23.8 %) nopousiooce o dlo 0¥ ta tepeyduevo
pe ™ ME. Ou ouvdixec MIMOHP (Au = 23.7 %, A = -0.1 %) xoo MIMOVR (Ap
=227 %, A = -1.1 %) napovciocav yaunhétepo Mta tepieydpevo and t ME. O
cuVirxeg Tapouciacay CTATIOTIXG YT oNUaVTIXES Oapopés ue p = 0.308.

e dhpa: H ouvidixn ME (Au = 14.6 %) mopouociace 10 uPmA6TERO GAQOL TEPLEYOUEVO,
axohoutoluevn and Tic cuvifixec MIMOVRHP (Ap = 14.3 %, A =-0.3 %), MIMOVR
(Ap = 14.0 %, A = -0.6 %), MI (Ap = 13.1 %, A = -1.6 %), MIMO (Ay = 12.2 %,
A =-24 %), xoo MIMOHP(Ap = 12.1 %, A = -2.6 %). O cuvivixec tapouciacay
OTATIOTIXG OoNUoVTIXES Blapopég Ye p < 0.05. Ta dedoyéva Bev ftav emapxr| MOTE Vo

amo@aviolue UETOEY TOWDY GUVITXWY UTHEYAY Ol CTATIOTIXG OTUAVTIXES OLOPORES.

e BATa: O cuviixec MIMOVRHP (Ap =9.2 %, A = +1.3 %), MIMOVR (Ap = 8.3
%, A = +04 %), xar MIMO (Ap = 8.0 %, A = 4+0.1 %) nopousiocav vynidtepo
Brta mepteyouevo and ) ouvdpe ME (Ap = 7.9 %). H ocuvdipm MI (Ap = 7.9 %)
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nopovciace o Blo Yt mepieyduevo ye v ME. H cuvdixn MIMOHP (Ap = 7.4
%, A =-0.5 %) napouciooce younidtepo Brta mepteydpevo and t ME. Ot cuviixeg

TOEOVGTACUY GTATIOTING U1 ONUAVTIXES Olopope ue p = 0.133.

o younhéc yéppo: Otouvifixec MIMOVR (Ap=5.9%, A =+2.7%), MIMOVRHP
(Ap =5.7%, A =424 %), MIMO (Ap = 4.0 %, A = +0.7 %), MIMOHP (Ap =
3.9 %, A = +40.6 %), xou MI (Ap = 3.9 %, A = +0.6 %) nopovciacoy vniéTECO
Yéppo nepleydpevo and ) ME (Au = 3.2 %). Ou cuvifixec mopovoiacay otatiotixd

un onuoavtixég dlapopéc ue p = 0.079.

4.2 Hiextpoxapdioypdynuo (HKI)

4.2.1 H enidpaocn xddc cuvinxng cTov %xUedlaxd pLIKO

H ouvdrinn ME roapouciooce tov devtepo uhnidtepo xapdioxd pudud (Au = 68.39 ytinot
avd hentd, ETE = 12.67). H MIMOHP #tav n pévn e udgmhotepo péco xopdaxd pudud
oné ™ ME (Ap = 69.84 ytimol avd Aentd, ETE = 14.49, A = +2.12 %). Ou undhoinec
Téo0eplc oLVIES, oL omoleg Tapousiacay PEGOUE xoEdLIXOUE PUIHOUE YoUNAOTEROUG U 1)
ME, xatatdocovto pe @iivovoo oepd we e€hc: MI (Au = 66.46 ytinol avd hentd, ETE =
13.55, A = -2.82 %), MIMOVR (Ap = 66.06 ytinol avd Aentd, ETE = 13.14, A = -3.40
%), MIMOVRHP (Ap = 65.24 ytomot avd hentd, ETE = 13.42; A = -4.60 %), MIMO (Ap
= 64.55 ytonot avéd Aentd, ETE = 13.91, A = -5.61 %)

H otatiotinn avdhuon Twv anoTeAeoudtwy €6eiie OTL oL BLapopéc HETAEY TV cUVINHXGY

elvol oTATIOTXE U onuavTxég, e p = 0.8965.

4.2.2 H enidpacr xdde cuvIRxng oTny RETABANTOTYTA TOL XAEDLA-
x00 puIUoL

e SDNN: H cuvixn ME (Au = 87.3 ms napousiace to upnrétepo SDNN, axohoudo-
Opevn and tic MI (Ay = 78.7 ms, A = -9.8 % ), MIMOVRHP (Ap = 77.5 ms, A
=-11.2% ), MIMO (Ap = 72.4 ms, A = -17.0% ), MIMOHP (Ap = 72.0 ms, A =
-17.5% ), xoo MIMOVR, (Ap = 70.1 ms, A =-19.7% ).

H otatiotin avdhuon €6eile 6Tl ot Blapopés UeTal TwvV cuVINXOY eival Un onuavTixég,
ue p = 0.881.

e RMSSD: H cuvidixn ME (Au = 72.9 ms) napouvciace to udpmidtepo RMSSD, oxo-
houdovuevn and tic MIMOVR (Ap = 64.2 ms, A = -11.9% ), MIMOVR (Ap = 59.3
ms, A =-18.6% ), MI (Ap = 58.9 pc, A =-19.2% ), MIMOVR (Ap = 58.8 ms, A =
-19.3% ), xou MIMO (Ap = 58.4 ms, A =-19.9% ).

H otatiotin avdhuon €6eile 6Tl ot Blapopés UETaLD TwV cuVINXOY eival Un oNUaVTIXES,
ue p = 0.9046.

e pNN50: H ocuvirixn MIMOVR (Au = 35.4 %, A = +25.4%) napouciooce uhnidtepo
pNN50: ané tnv ME (Ap = 28.2 %), evér oo MIMOVR (Ap = 27.2 %, A = -3.6% ),
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MI (Au = 27.1 %, A = -3.9%), MIMO (Au = 26.8 %, A = -4.9%), avd MIMOVR
(A =25.1 %, A =-11.1%) younhoétepo.

H otatiotin avdiuon €6eile 6Tt oL Slapopéc HETAEY TV CUVINXMY Vol U1 ONUOVTIXES,
ue p = 0.789.

4.3 dPwroninduopoypapio (PIIT)

4.3.1 H enidpaocr xdde cuvinxng ctov naAuixd puIUo

Ov ouvidixec MI (Apy = 70.22, ETE = 12.42, A = 4+2.12 %) xou« MIMOHP (Ap = 69.87
nopol avd hentd, ETE = 12.42, A = +1.87 %) nopouciocay upnrotepo péoo toluxd pudud
omd N ouviun eréyyov ME (Au = 68.59 modpol avd hentd, ETE= 12.87). Ot cuvirixec
MIMOVR (Ap = 68.56 nahyol avd Aentéd, ETE = 13.96, A = -0.04 %), MIMO (Ap = 66.72
nopol avé Aent6d, ETE = 13.56, A = -2.73 %), xoo MIMOVRHP (Ap = 66.52 ool avd
Aent6, ETE = 13.19, A = -3.02 %) noapouciocav younhétepo uéoo nahuxd pudud and
ouvirxn eréyyou ME.

H otatiotiny avdiuor €deie 6Tt ot Slopopég PETAE) TV cUVINX®Y Eival GTATIOTIXG U1

onuovtixég, e p = 0.9029.

4.3.2 H enidpaon xdde cuvInxng otn RETABANTOTNTA TOU TAAULLXOUV
pvYuov

Kotd tn dudpxela tneg epyaociog e&hyaue and ta ofjpata PIIIN toug Bloug delxteg mou
e&fyope xou and to ofpato HKT, o omolol dtav e€dyovtar and orjuata PIII ovoudlovton
oelxTeg PETABANTOTNTOC TohUixoU puOU.

H avdhvon tne yetafPAntotnrac mohuixol puduol, k»oTéc0o, eUnodicTNxE AOYW TEYVIXWY
OUOXOALOY TOU Uag avdyxacay vo anopplouue Ta dedouéva tng cuvirune ME twv dewctov
SDNN xou RMSSD. Iapétt tor amoteréopota Tng YETABANTOTNTAS Tohutxol puduol dev mo-
couotdlovton, Wi alyxetor petolh HKI xou ®IIIN eunepiéycton o enduevn napdypapo.

4.4 YApato Avanvong

4.4.1 H enidpaocr xdde cuvinxrng ctov pLUKLS AVATTVONG

H ouvihxn ME, nou ebvar 1 ouviixn ehéyyou, topoucioce tov yaunidtepo puiud ovo-
mvorc (Ap = 17.84 avoanvoéc avd Aentéd, ETE = 3.80). O undhoinec ouviixee, pe giivouca
oelpd tou puduol avarnvorg, eivon we e€hc: MIMOVR (Ap = 20.01 avanvoée avd Aentd, ETE
= 5.64, A = +12.16 %), MIMOVRHP (Ap = 19.40 avanvoéc avd hentd, ETE = 5.29, A =
+8.74 %), MI (Au = 19.29 avanvoéc avd Aentod, ETE = 543, A = +8.13 %), MIMO (Ap
= 19.14 avonvoéc ava hentd, ETE = 5.16, A = +7.29 %), MIMOHP (Ay = 18.67 avonvoéc
avéd hentd, ETE = 4.56, A = +5.64 %).

H ototiotinh avdiluon Twv amoTteheoUdtomy €5ele OTL oL SLopopéc UETAEY TwV cLVITX®Y

elvon oTATIOTXNG U onuavTxég, e p = 0.6495.
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ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
%A | +029% | +5.66 % | +3.36 % | +0.04 % | +3.78 % +1.96 %
p 0.8597 0.9417 0.9533 0.9757 0.8837 0.8243

Table 4.1. Eni toi5 exaté dapopd petad kapdiaxol kar maApixod pvduod kai p-values twy
OTATIOTIKWY OUYKPIoEWY.

4.5 XlOyxpion petald Hiextpoxapdioypapruatog (HKTY)
xo PwTtonAnduopoyeapiog (PIII)
4.6 Kopdiaxdg pududg xouw ITarpixdg puduog
Yrov Ilivaxo 4.1 BAénovpe v enl toig exatd Slapopd YeToED Xoedloaxol xal TUAUXOU

euduol xa o p - value Tng oTaToTIXC avdAuoS Yo xdde cuvI.

4.7  MeTaBAnToTnTa xapdlaxol pLIUOU xol UETABANTOTN-

Tat ToApLxoL LYoV

4.7.1 SDNN

Yrov Ilivaxa 4.2 Brénovye tnv enl toig exatd Sopopd Tou SDNN petold HKI xon @IIT

xaL To p - value Tng oTaToTIXAC AVIALONC Yot xGUE GUVITXT.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
% A - | -8.72% | -1.73% 0.96% -7.00% -8.02%
p - 0.4829 | 0.5987 0.9301 0.6476 0.5606

Table 4.2. Eni toi5 exaté owpopd petald tov deiktn SDNN kar p-values twv otatiotikay

OUYKploEWY.

4.7.2 RMSSD

Yrov Iivoxa 4.3 Brénoupe v enl Tolg exatd dapopd Tou RMSSD yetol) HKT xou OIIT

xaL To p - value Tng oTATIOTIXAC avdALONC Yot xde cuVITn.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
% A | - | -12.21% | -12.56% -3.29% -4.01% 2.77%
p - 0.2542 0.4472 0.8608 0.6258 0.8353

Table 4.3. Eni toi§ exato owapopd peta&d tov deiktn RMSSD kar p-values twv otatiotikay

OVYKploEWY.

4.7.3 pNN50

Yrov Ilivaxo 4.4 Brénovpe tny enl Tolg exatod Swpopd Tou pPNNS0 petadd HKI xou PIIT

xaL To p - value Tng oTATIOTIXAC avdALOTC Yot xdUe GuVITX.
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ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
% A | +47.27% | +4.61% | -9.78% | +6.78% | -5.11% -7.01%
p 0.1659 0.6931 | 0.9534 0.7925 0.8789 0.7711

Table 4.4. Eni tois exato dapopd peta&d tov deiktn pNNSH0 kar p-values Twy otatiotikdy

ovykpioewy.
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Kegpdhowo

> ulHTNon ATOTEAECUATWY

5.1 H enidpaocrn xdde cuvInxng ctov eyxEpalo

5.1.1 IIwg ennpedlouy oL BLapopeTiXEg cLVINRXES TNV LWoYL TwY Jw-
VoV ouyvottwy tov Hiextpoeyxegpaloypapruatoc (HETL);

O cuVIfxES XIVNTIXTC ATEXOVIOTE TapouGiocay To LPNAOTERO BEATA TIEPLEYOUEVO GE OAES
TIc MepLoy€g Tou eyxepdiou. H adinon tng dpaotneldtntag Twv 6EATA xUUATKY Exel cuvdelel
ME TNV emoywyh TAaoTixoTnTOC Xotd TN Sidpxeta eypriyopone [68]. To yeyovoc 6t 1 déhta
OPAC TNELOTNTA EIVOL YUPAXTNELO TIXT TV XATACTACEWY U1 CLVEDNoNS Oetyvel OTL 1 adinot
TNG XATA TN OLIEXELN VONTIXWY EQYACLOY avVAUOTEAEL OAeg TIC TEPUBUANOVTIXESC TapEUPorES
mou unopel vo epmodicouv Ty extéleon twv gpyactdy avtov [69]. H ME xat ot cuviixeg
EXOVIXTC TEAYMATIXOTNTAC ToEOoLGiacay YoaunAoTepo déATa mepteyduevo. Ou cuvifxeg euxo-
VXS TROYUATIXOTNTOC ToEouGlacay To UPNAOTERO YUUO TIEPLEYOUEVO GE OAEC TIC TEPLOYES
Tou eyxepdhov. H Spactnpidtnto yduuo cuvdéeton Ye TNy enclepyacio TANROQOELOY, OTWS 1|
VLY VEPLOT) aloUNTNELOXOY (Xt ETOUEVES, OTTIXWY) epetoudtewy, xadig xou Ue enclepyaoia
udmidtepou Tepieyouévou tanpogopety [70]. H emxovind xonmhaoia dev mapéyet uévo ontind
epedioyata, ahhd xon amTixn avddpact otny nepintwon tng cuvirxne MIMOVRHP. To épyo
ouT6 omontel emiong Ui oeled and oTddla enegepyaciag, OMWS 0 OYEBUOUOS, 1) EXTEREDT), Xol
1 SLOPVWOT TOV XWACEWY, 1 EVOWUITWOT TV epeNOUATWY, XAl 1) EVOOUITOON TNS OVATEO-
podotnone mou mopeyetor. H ouvihixn MIMOVRHP cuyxexpuuévo evomuatdvel xon amtixn
avadpaoT, 1 onolo unopel vor aLERCEL TN VONTIXTY TROCTAUELN Xl TNV EVERYOTOINGT TOU EYXE-
@pdrou. Autd To otddla emelepyaciog anuuTody TN GUUUETOYT Xon TNV oOAANAET{BpaoT OAwY
TWV TEPLOY WY ToL eyxepdhov. 'Etot, Bydlel vonua or cuvIXES EOVIXAC TEAYHATIXOTNTAC,
xan eWdwd 1 MIMOVRHP, va evepyomnowoly dheg Tic meployéc Tou eyxepdiov. Autd To amo-
Téleoya ouppoVvel pe o eupfuata Twy Batista et al [5], 6t n ouvdixn MIMOVRHP odnyet
OTNV LOYUROTERT] XU TAELPIXOTERT) EVERYOTONGT) TOU EYXEPAAOL. LyeTnd Ye o xOuota Brita,
BAEmouUE OTL Ol GUVITIXES EXOVIXTC TREAYHATIXOTNTAS XATEYOLY TO LUPNAOTERO TEPLEYOUEVO
OTNV EVEPYOTOMON Tou PeTwTaioU, XEVTEXOU, xat iaxol hoBol. And Tic cuvifxes exovi-
NS TEAYHATIXOTNTAS, TNV TewTLd oty Brita evepyonoinon xatetye n MIMOVRHP, yeyovog
mou evioy el TNy umddeon OTL 1 Tpocxn anTixg avddpacng odnYel ot LoYUEOTERT EVER-
yonoinon tou eyxepdhou. H Spactnotdtnto Brta cUVBEETOL UE TIC XATACTACELS ECTIAOUEVNC

eCwtepixric Tpoooyhc xat avEnuévne eypryopone [70]. H ouvdixn ME noapouciooe v un-
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Aotepn evepyonoinon oty dhga Cwvn. H udmidtepn dhga evepyonoinomn etvor evoeTiny Tng
YOUNAOTEENC VELPOY VWO TiXTG TpooTdletag Tou emBdiheton and éva épyo [T1]. Autd ouppw-
vel ye v ewacio yog oyetind ue tov Yaunio pudud avamvoric tne cuvirixng ME, o onolog

amodoUNXE oTN YUUNAT vonTixy tpoondleta Tou amatTel.

5.2 H ernildpaorn xdde cuvInxung otnv xoedLd

5.2.1 Ilwg ennpedfouy oL BLALPOPETIXES CUVUNKES TOV XAEBLAXO PLU-
wOo;

H ouvirxn MIMOVR rnogouciace tov unhotepo yéco xapdioxd puiud. H ocuvihxn
ME napouacioce tov deltepo udmhotepo péco xapdioaxd puiud, axoloudoluevn amd TiC ouV-
Wxec MI, MIMOHP, MIMOVRHP, xaw MIMO, o ¢gdivovoa celpd. Ot Biapopég UeTag) Twv
SLVINUOY XEIINXAY OC CTATIOTIXA U1 ONUOVTIXES, EVK 0 xoEdlaxdg pLUUOS XUUEVINXE o
QUOLONOYWXES TWES O OAeg Tic ouvifxec. Av mpoonodolooue var eENyHOOUUE TIC BLOPORES
oTOV %0EdL6 PLIUS BAcEL TOU ToEAYOVTA TOU &YYOUS TOU SLUTUTOCUUE CTNY TERITTWOT] TOU
euduol avamvorg, Yo avauévoue 1 ouviixn ME va mopoucidoel tov yoaunAdTtepo xopdloxd
eLluod amd Ohec T dhAec cuvifxec. (2oTdoo, TUPOTL UEAETES €youv Bellel OTL To dy)yOog
au&dvel Tov xapdloaxd pudud [72, 73], 1 BBkoypapia endve oto Yéua dev eivor xodoplo Tixy.
‘ANhec Yehéteg onUeEL®VOLY OTL 0 PGS dAAXY NS TOU XoEdloaxol pUIHOD amtd UN-ory YW TXES
OE Ay YWTES XaTaoTdoELS elvan otadepds yior xdde dtouo [74], xou 6Tt 1 avtidpoon oto Qu-
YOMOYIXO QYOS EVOL UTOXEWEVIXY, UE ATOUA XUANC QUOLXNC XATAGTUONS Vo ToEOUGLELOUv
UxeoTERT aLENOT %0EdLX0U ELIUOY LG oy YWTIXEC CUVITXEC OE GYEOT UE TA ATOHO YO-
unhétepne puofc xotdotaone [75]. Xe xdde mepintwon, to dyyog €xet aviixtuto otny
xopdlaxn} SpaoTnptdTnTa xon auEdver tov xapdloxd pudud [73]. Toavtdypove, n cuvifxn ME
elvon 1 povn owpatxd amartnTixr cuviixn. H cwpatixr Spac tnptdtnto auidvel Tov xoedloxd
evdud [76]. Aev umdpyel TpdTOC Vo TocOTIXOTOWCOUE TNV alENnan Tou xapdloxol puduoD

AOY ) QY YOUG XAl CWUATIXASC DEAUC TNELOTNTAC.

5.2.2 Ilwg ennpedlouv oL JSLAPOopETIXEG CUVUNXES TNV UETABANTOTY-
ToL TOL %xaEdLaxoL pLYUOU;

H cuviixn ME napousiace toug udmidtepouc SDNN xow RMSSD &eixtec. H petofSin-
TOTNTAL TOL XoEdLIXoL ELIUOY G TNEiletal oe ToANOUE ToEdYOVTES, B0 and TOUG OTOIOUS UG
amaey ooV TNV ToEOVUCA UEAETY - 1) CWUATIXY Spao TNELOTNTH awEdveL TNV PETOBANTOTNTA
oL XopEdLoxol puduoy [77, 78|, evd to dyyoc tn pewdvel [79, 78]. Autol ot 800 Topdyovteg
e&nyolv vyl 1 ME cuvixn fede npdtn otoug deixteg SDNN xou RMSSD, xadcde Aoy
7 TO TEQIGCOTEQT] AMOUTNTIXY| CWHUATXE XU 1) AYOTERO amonTnTixY| TVEupaTXd cuvirxr. [
Tov (810 Aoyo ol undhoineg cuvifxes Peloxovion yaunhotepa o auTolg Toug BLO BEIXTEC.
Bdoel autwv Yo avapévope n ME va €yer tny npwtid xou otov deixtn pNN50, xdt mou dev
oy Vet xodog €pyeton dedtepn énerta and tny cuviixn MIMOVRHP. O 6eixtng pNNS50 eivon
EVOEXTIXOG TNG DPAC TNELOTNTAS TOU TORACUUTAUNTIXOU VEURPIXO) GUG TAUATOS OE GYEOT UE TN
dpao tneLdTnta Tou cupnadnTixol [80]. Eva uhnid oxop pNN50 onuaiver unhf yetoBAntdn-

Tol %0000 pLUIUOY XAl TILO YOANEO GOUA, EVE TO YAUNAOTEQO OXOP GLVOEETAL UE x0VpooN N
7
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Gyyoc [81]. H eZfiynon nou divoupe yio tny debtepn Véon tne ME otov deixtn pNN50 eivon
TO QUG TNEO 6plo TwVv 50 ms, To onolo elvor TOAL euaicinTo ot uixpooxomixd Addn aviyveuong
v N xopugay, elte n aviyveuor yiveton and tov alyderiuo, eite yewpoxivnta. To yeyovog
ot ME cuvifxn ebvan 1 mo YopuPddng, Aoyw tne couoatixic xivnong, xoadotd tny aviyveu-
oY) TWV XOPUYPWY ETLEETY| OE TETOLN UXPOOKOTUXE GPIAUATI, TOU WO TOCO elvan xadoploTixd

Y00 TO GUYXEXPWEVO OElXTY).

5.2.3 Ilwg ennpedfouy oL BLAPORETIXES CLUVUINXES TOV TAAULXO pLU-
®o;

Ov ouviixec MI xou MIMOHP nopouvciocay upnidtepo noiuxd puduod and v ME, e-
vy ot ouvirixec MIMOVR, MIMO, xou MIMOVRHP younhétego. Ou dopopég uetald twv
cLVINXOY xpldnxay oTaTloTxd un onpovtixés. H culloylotinn eneiynong tTng Qouvouevixnc
TUYUOTNTAC OTN CELEA TWV TOAXOY PLIUGY axoloudel auTr Tou xapdlaxod puduo, dedo-
uévou 6Tt xou oL 800 deixtee (xopdlande xon TaAixoe puOS) TEpLYEdpouv To (Blo pouviuevo,

ONAABT| TN CLUYVOTNTA TOL YTOTOU TNG XAEOLAC.

5.3 Tatl xdde cuvInxn €xel vPnAdTepo pLIUSO avanvo-

g and to ME;

Berxape 6t 1 ME ouvifixn nopouciace tov younhdtepo puéco puiud avamvorng, TapoT
elvor M o amanTA TN CLUATXE LYVITXN. Ol CUVIAXES EXOVIXAC TEAYUATIXOTNTAS TOQOU-
olaocav toug udmidtepoug puluolg avamvorc, axohlouvdolueveg and tic MI ocuvirxec. H
ouvirxn MIMOHP noapouciace tov dedtepo yauniotepo puiud avamvoric. Ot dlopopéc pe-
g0 TV cLYINXGY Xxpldnxay K¢ oTatioTnd un onuovtxés. H Bihoypapio oyetind ye tov
eLIUS aVaTVOTC TNV ATOXUTAGTUOY EYXEQUAMXOU UE yenon deuetvar avimoaextr. (261600,
TOMEC €PEUVES €YOUV TEUYUATOTOINVEL OYETIXG UE TOL YONTIXY CUUTTGUATO Tou oyeTi{ovtal
WE TN xenhon véou teyvoloywol eEomhiouoy, ‘Eyet anoderydel 611 1 yeron véou eEonhiouo
TeoXoAel AOENCT TV VONTIXOY CUUTTOUETOV, Xou Wlodtepa Tou dyyous [82, 83]. Autd woylel
Wiadtepa ot yeron véou tatpxol eZomhiopol [84, 85]. Ouudpacte bt 1 peyolhtepn uepida
TOV CUPPETEYOVTWY OEV Ely oy TEOTERT| EUTELR(O OE BEUXAL ELXOVIXT) TEAYUATIXOTNTA, ETOUEVOS
o egomhioudg unopel vo Yewpniel véoc yia autolc. Emmiéov, 1o dyyoc auvidvel tov pudud
avamvoric [86], evd to Yuyoloyxd dyyog Tou tpoxaheiton amd T Yeron VEou tatexol eE0TAL-
opoy avZdvel aodnTd tov pudud avarvorc [87]. ‘Etot, xatolfyoupe oto 4Tt 0 AGYog yio Tov
omolo OAeg ol cuviTixec Tapovaiacay UPNAGTEpo PLUUO avanvorg and Ty ME cuvirxn eivon
To vonTxod xat Yuyohoyixd dyyog mou dnutovpyeltar Aoyw tne yenone véou eEomhiopot. H
ouvirxn ME ebvou 1 uévn xotd tnv onola oL GUUPETEYOVTES AElTOLEYODY UE TEOTO TOA) XOVTL-
Vo oty xadnuepv Toug oY, YEYOVOS Tou THovOY UELWMVEL TO VONTIXO PORTO TOL omatTeLTaL

amd TNV LYY, TUEOTL ANAUTEL TO LPNAOTERO CLUATIXG POETO.
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5.4 H elaywyr TV 8exTOV UETABANTOTNTAC TAAULXOU
evYpov

‘Onwe avapépinxe oe TeoNyolUeEVn EVOTNTA 1] EE0YWYT TWV OEXTOY PETUBANTOTNTAS TOA-
ol puduol amd to oot I Atay avemtuyhc AoYw dVo mapaydviwy. Ilpdtov, ta
oedouévo ME ané ta orjuata SIII Aoy Arydtepa, Aoyw tng amdpeudne BeBOUEVKDY TOU TUPOU-
oo tnxe oto xepdhono «Medodoroyiay. Aehtepov, o aodntrpac I rav mo evaicintog
otov VopuPo xivnong, xadwe anoutolos GUVEYY| ETUPT UE TO OEpUA TOU BElXTN xoTd T1) OLde-
XELNL TOU TELRAUITOS, YEYOVOS oL xatéctnoe to dedouéva ME onuovtind mo YopuBwdn and
To avtioTtotya 6edopéva HKT'. Autol ot 800 mapdyovteg anodelydnxav xadopictixol yior Tnv
eCoywy” twv dextev SDNN xou RMSSD ané to oruato ME, xadde ou ahyodpripor aduvo-
Tovoav vo aviioTaduloovy TNy mocodTnTa YopUBou Twv dedouévwy. H otatiotind avdiuon
€delle onuovTixy dlapopd PETHE) Twv ouvinxwy, ye p = 0.0385 yia to deixtn SDNN xou
p = 0.0084 v to deixty RMSSD. H cuvinxn mou mpoxaholoe T OTATIOTIXG ONUOVTIXES
otapopéc ftay 1 ouvirinn eréyyou, 1 ME.

5.5 Ilog ocuyxpiveton 1 PwtonAnduoupoypapio (PIIT) pe
to Hiextpoxapdioypdypnua (HKI') ot puétenon tou

xoeodloxoL PLYUOU;

To ®III" xar to HI'K nocotixonotody 1o (810 gouvouevo - 1o YO Tne xoeolds - Yenot-
HOTIOLOVTOC BlapopETIX00E Ao UNTARES, TO UeV OmTixd, To Be nhextpole. H olbyxplon puetold
TV 000 elvon onuoavTin Yo Ty topodoa gpyacta, xadog to HKI anatel tplo nhextpddia
ouvolxd (800 oTic xheldec xou Evar 610 YopuNAdTERO dxpo Tou oTépvou) v 1 PIIT ubvo évay
aoUnTAea BoxTOAOU, YEYOVOS TOU TNV Xoo T8 BoAMXOTERT Yol YPHOELS EXTOC TOU EpY AT TNRlou
X0l TLO TROGLTY YOl XWVNTEG EPUOUOYEC.

H otoatiotns| avdluon xopdlonod xon tahixol puduol pog €6eile 6t 1 PIII elvon apxetd
a&tomoty yio vo avtixataothoel To HKI' og egapuoyéc mou amoutody @opntdtnta xou euxohio
ot xerfon.

H otatiotin avdiuon yetaBAntdtntoc xapdlaxol xou mahdixol puduod pog €6eile OTL 1|
OIIT elvon apxetd o€LOMOTH OTNY ECAYWOYT TWV BEXTWY UETUBANTOTNTAS OTIC cLVITXES oL
0ev amoutovoay xivno.

Qotéoo, 1 aduvopia Tne va egdyet Toug deixteg petofintotnrog and tn ouvdrixn ME (Aoyw
e evatonoioc otov H6puPo tne xivnong) Selyver ot 1 PIIT Bev mpémet vor yenotwonoteito
0€ XATAGTAOELS OTIOU 1) cwUaTix xivnon elvon amapadtnTy, EXTOC av lvon EYYUNUEVT 1) GUVEY NS

enapy| Tou aoUNTE UE TO BEpUL.
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Kegdiowo m

Y IVUTEQACUAT

O otoyoL authc Tne epyaciag NToy Vo eEETAGEL EQY UTHPYOLY OLPORES OTAL YUCLONOYIXG.
OYaTol UETOEY TRV BLOPORETIXWY SLYVITX®Y, xarddC xou Var eEnyHoeL AUTES TIC BLPORES - EQV U-
Tdpyouvy - pe Bdon tny teeyovca BiBAoyeapia. H eyxepauint| evepyomoinomn uehetidnxe péow
TV oNUATOVY nhextpoeyxepoloypapiuatoc (HET), cuyxpivovtac tny evépyeto 1ov ouvinxay
o€ OLUPOPETIXEC LOVES CUYVOTHTWY X0 OTO BLUPORETIXA €T TOU yxepdiou. Ot cuviixeg
VTG ATEOVIOTG amoOElyInxe OTL YEVIXG EVEQYOTIOLOUV EYXEPUAIXY CYUATA YOUUNAOTERWY
OLYVOTATOY, WBXd oTn LwVn cLUYVOTATWY BEATA, Tol OTolol GUVBEOVTAL UE TNV TAUC TIXOTNTA
TOU EYXEPAAOU X0 TNV 0VOC TOAT) TERIBAUANOVTIXGDY TUREUBOAGY XATE TNV EXTEAEST) LS VONTL-
¢ epyaoiog. Ou cUVIAXES EOVIXAC TEUYUATIXOTNTOC, ATO TNV GAAT), TEOXAAECHUY AUENUEVT
EYXEQONXT| EVEQYOTOINGT O OAEC TG TEPLOYES TOU £YXEPAROL OTIC LWVEC GUYVOTHTOVY PBrita
X YU, %34Tt ToL LTTOBEXVOEL LMY EVERYOTOINGT TOU EYXEPAAOL XAl UEYUAUTERO TEQLE-
Youevo Thnpogoptwy. H cuviinn xvnuxhc extéleong npoxdiece auinuévr evepyomoinom ot
VN cLYVOTATWY dAQAL, UTOBEWVLOVTAS YOoUNAY| VEUROY VWO TiXY TeooTddeio o€ GUYXELOT UE
Tic untdhoineg cuviixeg. H avdhuon tou xapdlool puipol PEGL TV ONUATWY NAEXTEOXIE-
doypagpruatog (HKI') xau tou moduixol puduod péow twy onudtwy gwtonhnucuoypapiog
(PIIT") Bev €dwoe cuP ATOTENEGUATA YLOL TOV AVTIXTUTIO TOV BLUPOPETIXMDV SUVITXMY, XaddS
ONEC Ol GUVITXES EVOWUATWYOLY TURAYOVTES TIOU - GUUGWVA UE TN BiSAloypapio - cupfdhhouv
oty ad&nom tou xapdioxol/takuxol puduol. H abyxeion yetald tou xapdiaxol puduol xo
Tou Aol puduol €6eile ot 1 PIIIN Yo pmopolioe vo elvon pior a€LOTO TN EVORNOXTIXT
ANoon ot pétenon tou xapedtaxol puiuol. H avdiuorn tng petofintotntog xapdlaxod puduold
péow tov onudtev HKI €deile 6t 1 ouvinium xivntinnic extéleong nopousioce to udmiote-
eo oxop ctoug deixtec SDNN xow RMSSD, xdtt mou anoddinxe otnv texunetouévn adinon
e peToPBAntoTnToC Xapdlool pudpol Aoyw @uoxrc dpactnetdtntoc. To yeyovog 6Tl o
GAAeC cUVITXES TaEOLGTAGAY YAUNAGTERT METABANTOTNTA X0E0LX0U PUTUOV amd TNV XVTIXT
extéheon eEnyinxe and 800 ToEdYOVTES: TN COUNTIXT aBEAVELY TV UTONOLTLY GUVITX®Y,
xou To aUENUEVO dyyog Tou poxaioly. 2otdco, 1 cuvihixn MIMOVRHP, n onola cuvdu-
GlEL EOVIXT| TEUYUATIXOTNTO UE amTXr) avddpaon, elye vPnidtepo oxop oto delxtn pNN50
amo TNV XWVNTLXY EXTEAEDT), BLaQOEd 1) oTolol AMOBOUNXE OE YPOVIXEC UTENEIES OTNY aviyVEUOT
TOV XOPUPROY TWV ONUATWY xvnuxhc extéheone. H avdiuon tng uetaBAntodtTnrag mohixol
eLduol Péow Twv onudtwy PIII Arav avemtuyhc, eloutiog e andppudng SedOUEVRV TwV
oLVINUOVY xvNTXC ExTéAeanc Aoyw YopUBou. H axdrouvdn otatiotiny odyxplon yetadl tne

HETOBANTOTNTOG TaAUxo) xou xapdloxol puduol €dee 6t 1 PIII umopel va elvon pior all-
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omotn evorlhatxr) Tou HKI' oe ouvifixeg mou dev nepthapfdvouy copatiny 5pao TneldtnTa.
H avemituyfc e€aywyn uetoAntotnag modpxod puBUo) Twv cuVINXGY XWVNTXTG EXTENEDTG
¢deiée oL 1 PIII" unopel va yenowonoteiton wg evahhox T oTic GLUVINXES oL TEPLAUUBEvoLY
CWUATIXY BEAC TNELOTNTA UOVO EPOGOV UTOREL Vo BLUaQUO TEL GUVEY TS ETOPT| UE To dEpua. Me
Bdon to ofoTo avVamVORC Ko TNV AVEAUGT] TOU pUOIOU aVATVOTC, SLITO TWOOUE OTL OAEC Ol
ouvirxeg napovaiolay ad&non tou puiuod avamvoric oe GOYXELOTN UE TNV XWVNTIXT EXTEAEDT),
lopopd 1 omolar xpldnxe otatioTnd achuavtn. Auth n abénon anoddinxe otny uPnioteen
TIVEUUOLTIXY] TPOOTIIELL TTIOU oL TELTOL OO TIC UTOAOLTES GUVITAXES, xS Xl GTO Ay 0g ToU
Tpoxokeiton amd TN yEHo™ VEOU ECOTAMOHOL. BuUTEpUoUATIXG, eldope 6Tl OAEC oL GUVITXES
EVOEYETOL VoL €Vl TILO oy Y WTIXES Yior ToUg aoVevelc amd TNy ouvIXn XVNTIXAS EXTENEOTC,
Omwg Qavnxe and To LIS avamYVorg xaL T1 UETUBANTOTN T XaEdLoxol taAuol. Tautdypova,
OAeC oL CLYVITKES AMAUTOUY TIEPLOCOTERT) VELROY VWG TIXT| TEOOTIIEL GE OYECT) UE TNV XV TIXT
exTéAEOT), ETE OTIC YOUNAES CLUYVOTNTES TAUC TIXOTNTAS TOU EYXEPIAOL, EITE OTIC LYNAGTERES
oLy VOTNTES PETAdooNS Xau eneepyaociog TAnpogopldy. H cuviixn mou Yewpolue tnv teplo-
COTEQU UTOGYOUEVT YO MEANOVTIXG TPWTOXOAAY amoxatdoTaong He Bdorn To anoTeAéouaTa
ne mapovcac epyactog etvar 1 cuVITHN CUVBLUGHOU EXOVIXNC TIEOYUOTIXOTNTOC XAl OTTIXAC
avadpaonse «<MIMOVRHP», xadog npoc@épet 1oyvpdtepr eyxegalxy) evepyomoinoy, ydelc

OTO GUYOLACUO EXOVIXHC TEUYUATIXOTNTOC YO ATTIXNG oVABEAUOTS.
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Part

Assesment of Electrophysiological Responses
of an Embodied Brain-Computer Interface

training task in a Virtual Reality Environment
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Glossary of Terms and Abbreviations

ANOVA Analysis Of Variance.

BCI Brain-Computer Interface.

CIMT Constraint-Induced Movement Therapy.

DALYs Disability-Adjusted Life-Years.

ECG Electrocardiography.
EEG Electroencephalography.

ERDs Event-Related Desynchronizations.

HMD Head-Mounted Display.
HR Heart Rate.

HRV Heart Rate Variability.
IQR Interquartile range.
KW Kruskal-Wallis.

LIs Lateralization Indices.

Mdn Median.

MI Motor Imagery.

OT Occupational Therapy.

PPG Photoplethysmography.
PR Pulse Rate.
PRV Pulse Rate Variability.

PT Physical Therapy.

RRI RR Interval.
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SNR Signal to Noise Ratio.

VR Virtual Reality.
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Chapter

Introduction

Stroke is one of the leading causes of global mortality, and a condition that contributes
majorly to disability [6]. Estimations show that with current approaches, the burden of
stroke will not decrease within the next decade or beyond [7]. The World Health Orga-
nization (WHO) defines stroke as “a syndrome of rapidly developing clinical signs of focal
or global disturbance of cerebral function, with symptoms lasting 24 hours or longer or
leading to death, with no apparent cause other than of vascular origin” [8]. Stroke is a
condition where the blood supply to the brain is disrupted, resulting in oxygen starvation,
brain damage, and loss of function [8]. Most stroke patients will manage to survive the
initial illness. Thus, the greatest health effect is usually caused by stroke’s long-term con-
sequences, for patients, their families, and the healthcare system. Common stroke-induced
impairments include speech, language, swallowing, vision, sensation, and cognition. The
most widely recognized impairment caused by stroke, though, is motor impairment, which
restricts function in muscle movement or mobility [12|. Therefore, the majority of efforts
in post-stroke rehabilitation are targeted at motor function restoration, with a growing
demand for better and more efficient rehabilitative interventions.

Brain-Computer Interface (BCI) systems have emerged as a promising tool for motor
function restoration [14]. A BCI, also referred to as a Brain Machine Interface (BMI), is a
hardware-software communications system that allows humans to interact with their en-
vironment, without using their peripheral nerves and muscles, but through control signals
generated from electrical brain activity [15]. Thus, BCI systems are suitable even for stroke
survivors with severe motor impairments, as they require no movement of their affected
limbs. BClIs decode the patient’s intentions to move their affected limb by monitoring their
brain’s electrical activity and then use these decoded intentions to provide sensory-motor
feedback in various forms, such as haptic or visual feedback [14]. Studies have shown that
by bridging the stroke-induced gap between motor intention and sensory response of ac-
tual motor movement, BCI-based rehabilitative interventions could accomplish functional
recovery of the affected limbs.

It has been reported that modulation of Electroencephalography (EEG) in a closed loop
can promote plastic changes in the brain [16]. Motor Imagery (MI)-based BCIs, where the
subject imagines the movement of their limbs, have been documented to promote recovery
from brain lesions, particularly in stroke patients [3], by converting MI into real events,

using, for example, a lower-limb exoskeleton [17], or a virtual avatar [16, 18]. However,
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the interfaces may not provide feedback engaging enough to reach the full potential of
closed-loop modulation. This problem can be easily managed with Virtual Reality (VR).

VR technology compliments BCI rehabilitation by enabling patients to interact with
highly engaging virtual environments, increasing their sense of immersion, embodiment,
and proprioceptive feedback while performing MI, and their adherence to the rehabilita-
tion protocol. Patients can interact with these virtual environments using many devices,
such as screens, Head-Mounted Display (HMD)s, video-capture systems, data gloves, hand
controllers, etc. This way, VR technology has the capability of creating a motivating en-
vironment, where the intensity of practice and productive feedback may be employed to
reach individualized, highly successful rehabilitative interventions [19], which provide supe-
rior recovery when combined with conventional therapy [20]. The reason for the improved
treatment results is that, the combination of MI and VR can directly train the central
nervous system [21], by providing embodied feedback and offering tasks engaging enough
to increase patients’ adherence to the treatment.

Some studies have also assessed the potential use of haptic feedback in stroke rehabili-
tation [22]|. The idea behind using haptics in stroke rehabilitation is that, in collaboration
with BCIs and VR, a non-muscular channel that connects the patient’s motor intention -
through MI - and the avatar’s limbs is created. The patient is then allowed to interact with
the avatar in a closed loop, while receiving visual and haptic feedback, thus increasing the
embodiment of the task.

In [5], different BCI-VR configurations were tested to find the one that leads to the
strongest, most lateralized brain activation. Based on the analysis of EEG signals, specifi-
cally of the alpha and beta Event-Related Desynchronizations (ERDs) and Lateralization
Indices (LIs), it was shown that the use of the “NeuRow” VR environment |23], paired with
haptic feedback, led to significantly stronger brain activation, which was comparable to
actual motor execution. The auxiliary signals acquired, specifically Electrocardiography
(ECG), Photoplethysmography (PPG), and respiration, were not analyzed in this study.

A search of the literature on the employment of BCIs for stroke rehabilitation shows
an equivalent absence of studies considering different physiological signals, apart from the
EEG. This leads to uncertainty when dealing with real patients, as we can not predict the
impact of each BCI training paradigm on the whole human body and perform personalized
stroke rehabilitation protocols. This is a crucial shortcoming when considering the nature
of stroke; A stroke, regardless of whether it is ischemic or hemorrhagic, can be caused by
a plethora of lifestyle factors, such as being overweight or obese, being physically inactive,
cigarette smoking, etc., and medical factors, such as high blood pressure, high cholesterol,
diabetes, etc., thus making each case of stroke unique, and requiring from us to consider

it as such.

7.1 Thesis objectives

The questions that arise and will be addressed in this thesis are the following two:
1) How do physiological signals (EEG, ECG, PPG, and respiration) vary across different

experimental conditions?
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2) What are the underlying factors, as discussed in the literature, that account for the

observed variations in these physiological signals across different experimental conditions?

7.2 Thesis outline

This thesis is split into six chapters, including the current one, Introduction. The fol-
lowing chapter, Background, provides more information about stroke, stroke rehabilitation,
and the use of restorative BCIs. The experimental design and the subsequent data analy-
sis are described in the third chapter, Methods. The fourth chapter, Results, contains the
results found in accordance with the objectives of this thesis and a comparison between
the capabilities of ECG and PPG signals. In the fifth chapter, Discussion, the results
of the data analysis are discussed, based on the existing literature on the subject. The
Conclusions chapter contains the conclusions derived from the discussion of the study’s
results and the addressing of the thesis objectives. Appendix A contains EEG topograph-
ical plots that were not shown in the Results. Appendix B contains the tables from the
statistical analysis of the EEG signals. Appendix C contains the statistical tables from the
comparison between ECG and PPG.
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Chapter [a

Background

8.1 Stroke

A stroke, also known as a transient ischemic attack or cerebrovascular accident, happens
when the blood flow to the brain is blocked. This prevents the brain from getting oxygen
and nutrients from the blood. Without adequate oxygen and nutrients, brain cells begin
to die within minutes [24]. Strokes are divided into two types, ischemic and hemorrhagic.
Ischemic strokes are the most common and they occur when a blood clot blocks the flow
of oxygenated blood to the brain. Hemorrhagic strokes are less common and occur when

a blood vessel inside the skull bursts and bleeds into and around the brain [25].

According to the World Stroke Organization’s (WSO’s) Global Stroke Fact Sheet of
2022, stroke is the second-leading cause of death, and the third-leading cause of death
and disability combined (as expressed by Disability-Adjusted Life-Years (DALYSs) lost) in
the world. The WSO estimates the global cost of stroke being over US$891 billion, which
amounts to 1.12% of the global Gross Domestic Product (GDP). From 1990 to 2019, the
burden of stroke increased substantially, with a 70.0% increase in stroke incidents, 43%
deaths resulting from stroke, 102.0% prevalent strokes, and 143.0% DALYs. The majority
of the global stroke burden (86.0% of deaths and 89.0% of DALYS) is found in lower-income
and lower-middle-income countries [26]. The Global Burden of Diseases (GBD) estimates
that 101.5 million currently living people have suffered a stroke at some point in their lives
and that there are over 12.2 million stroke incidents each year, with 6.5 million people
dying from stroke annually. Globally, one in four people over the age of 25 will suffer
a stroke in their lifetime [6]. Age is a factor contributing highly to stroke incidents and
deaths [25], with only 16% of all strokes occurring in people 15-49 years of age, with a 6%
mortality rate, and over 62% of all strokes occurring in people under 70 years of age with
a 34% mortality rate [26].

In Europe, stroke remains one of the leading causes of death and disability, with pro-
jections showing that the burden of stroke will not decrease in the next decade or beyond.
An important factor contributing to this is the rising number of older people in Europe,

with projections showing an increase in older people of 35% between 2017 and 2050 [7].
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Figure 8.1. Age- and sex-adjusted stroke mortality rates per 100000 [2]

8.2 Stroke recovery and rehabilitation

Stroke is a global healthcare concern that is common, serious, and disabling. In most
countries, stroke is one of the main causes of acquired adult disability [27]. Most patients
with stroke will survive the initial illness, meaning that the greatest burden is usually
caused by the long-term consequences for them, their families, and the healthcare system.
The prevalence of stroke-related burden is expected to increase over the next decade [12].
The recovery from stroke is often slow and incomplete, leading to partial or complete loss
of motion, activities of daily living, cognition, and communication skills [28]. Between
70-85% of first strokes are accompanied by hemiplegia, which is paralysis that affects only
one side of the body. After the first stroke, a lot of patients suffer from hemiparesis, which
is weakness or inability to move on one side of the body. Six months after stroke, only
60% of people with hemiparesis who need inpatient rehabilitation have achieved functional

independence in simple activities of daily living [29].

Stroke rehabilitation is based on the fact that the human brain is plastic, and remains
plastic after the stroke. This plasticity fosters the reorganization of the cortex, which
allows alternate brain regions to take over the functions lost due to the stroke. Stroke
rehabilitation typically follows a cyclical process, involving (1) assessment, to identify and
quantify the patient’s needs; (2) goal setting, to define realistic and attainable goals for
improvement; (3) intervention, to assist in the achievement of goals; (4) reassessment, to

assess progress against agreed goals [12, 27|.
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Conventional rehabilitation

Conventional motor rehabilitation is done through Physical Therapy (PT), Occupa-
tional Therapy (OT), Constraint-Induced Movement Therapy (CIMT), and, more recently,
Motor Imagery (MI).

Traditional PT is based on the principle that multiple repetitions of the same movement
help in motor re-learning [30]. Exercises can be divided into passive range of motion
and active joint-by-joint exercises. In the passive range of motion exercises, the physical
therapist moves various joints passively through their entire range of motion to prevent
contracture. In the active joint-by-joint exercises, the patient moves their joint actively,
starting with simple movements and subsequently trying more complex ones [28].

OT works to facilitate and improve motor control, to maximize the person’s ability
to undertake their own personal self-care and domestic tasks, to help the patient learn
strategies to manage the cognitive, perceptual, and behavioral changes associated with the
stroke, and to prepare the home and work environment for the patient’s return. Occupa-
tional therapists work collaboratively with the patient to establish the impact of stroke
on the performance of daily tasks and to develop a goal-focused program to regain the
required skills for participation in daily life [31].

CIMT includes restraint of the less affected limb for 90% of the waking hours, and
repetitive, structured, intensive therapy in the more affected limb, as well as application
of a package of behavioral techniques that transfer clinical setting gains to the real world
[32, 33].

However, patients with severe impairments do not possess the minimum movement
capabilities necessary to be eligible for conventional rehabilitation like OT or CIMT. This
necessitates the search for novel rehabilitative interventions [14]. Mental practice in the
form of MI has long been considered a strategy to enhance post-stroke motor recovery
[34]. Significant efforts have been made to identify the neural mechanisms of MI [16].
The concept behind using MI for stroke rehabilitation is that mental practice with motor
content engages areas of the brain that are accountable for motor execution [35]. Indeed,
findings show that imagination of motor movements results in the recruitment of the same

neuronal circuit associated with the actual movement [14].

Emerging technology-based rehabilitation approaches

BClIs have emerged as a promising rehabilitative tool for motor function recovery [14].
Their use is based on the MI principle, with the addition of closed-loop feedback, which
promotes the brain’s plastic changes [16]. BCIs first appeared in the 1970s as assistive
technology [36] in, for example, word-processing programs for people with locked-syndrome
[88]. Beginning in the early 2000s, BCIs have been tested for stroke rehabilitation applica-
tions, specifically for patients with severe neuromuscular disorders [37]. Researchers have
recently started experimenting with combining BCIs with VR and haptics.

An overview of a BCI system is shown in Figure 8.2. Generally, the work of a BCI can

be divided into five stages:
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Figure 8.2. Overview of a BCI system [3].

1. Acquiring the brain’s physiological signals.
2. Processing these signals.
3. Extracting features.

4. Building machine-learning models that predict the user’s motor intent and create a
non-muscular channel to communicate and manipulate computer-controlled external

devices.

5. Allowing the patient to interact with those external devices.

Virtual Reality

Pfurtscheller et al. [38] performed one of the earliest BCI-VR systems investigations,
where they recruited nine healthy subjects to perform MI of finger flexion and extension
while observing a virtual hand and a rotating cube, using an HMD. They noticed that the
alpha and central beta rhythms desynchronization was stronger with the virtual hand than
with the cube. Badia et al. [39] investigated a BCI-VR system that connected the VR Re-
habilitation Gaming System [89] with a BCI. The subjects would intercept flying spheres
inside the VR environment by performing MI of their hands. Although the subjects re-
ported that the avatar’s arms were hard to control, most subjects enjoyed the experiment,
rendering MI attainable for a BCI-VR rehabilitation system. Picchiori et al. [16] recruited
28 stroke patients to assess the attainability of an MI-based BCI system for stroke reha-
bilitation. The VR component was integrated by projecting a virtual hand onto a sheet
covering the patient’s hands. The patient could control the virtual hand through MI. The
patients who participated in this study showed improved functional recovery compared to
patients who only received conventional therapy. The subjects reported that the system

was demanding, a factor that could improve their engagement in the task. Achanccaray et
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al. [90] conducted another study on the flexion and extension of a virtual arm, where the
prediction performance had a minimum accuracy of 77%, reaching the maximum of 89% in
the online phase. A series of studies using the commercial system recoveriX and studying
its effectiveness in stroke rehabilitation started in 2018. The common task of those studies
was to perform MI of wrist dorsiflexion. Cho et al. [40] studied the functional recovery of
seven patients, which presented a significant increase, higher than the minimal clinically
important difference. Miao et al. [41] also reported increased functional recovery with

recoveriX than with sole traditional therapy.

Haptic feedback

Some studies have recently assessed the potential use of haptics as a tool in BCI stroke
rehabilitation. Fleury et al. [22] state that, for MI tasks, closing the sensorimotor loop
through haptic feedback can promote plasticity mechanisms, thus making haptic feedback
highly relevant for motor rehabilitation applications. Indeed, many studies support this
statement. Vourvopoulos et al. [18] used the REINVENT system and complemented it
with hand controllers providing vibrotactile stimulation. In the same year, Vourvopoulos
et al. [42] conducted a pilot study in chronic stroke patients using the same setup, but this
time featuring an HMD and hand controllers. Both studies reported increased benefits for
the more debilitated patients who showed important motor function recovery using these
BCI-VR systems. Wang et al. [43] found that BCI performance was significantly improved
after the use of haptic feedback.

Most BCI systems monitor brain activity using EEG, thanks to its low cost, portability,
high temporal resolution, and non-invasiveness [44, 36]. Other modalities that can be
used for brain activity monitoring in BCIs are electrocorticography (ECoG), functional
Magnetic Resonance Imaging (fMRI), and Magnetoencephalography (MEG). However, the
equipment required to use these modalities is expensive compared to EEG’s selection of
low-cost systems. Electrophysiological signals that can be recorded concurrently with the

brain signals are ECG, PPG, and respiration.

8.3 Electrophysiological signals

8.3.1 Electroencephalography (EEG)

An electroencephalogram — also called EEG — is a neuroimaging technique that mea-
sures the brain’s electrical activity from a scalp level. During the acquisition, small, metal
sensors called electrodes are attached to the scalp to pick up the electrical signals produced
by the brain [45]. The electrodes detect tiny electrical charges that result from the brain
cells’ activity [46]. Specifically, brain cells communicate using electrical impulses actively,
even during sleep. These electrical impulses are detected during the EEG and show up as
wavy lines on the recording [47]. The electrodes are most commonly placed in the 10-20
system, with electrodes C3 and C4 being the most important for motor rehabilitation, due
to their placement over the primary motor cortex. The 10-20 electrode placement can be

seen in Figure 8.3
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Figure 8.3. The 10-20 electrode placement system (Public domain, via Wikimedia Com-
mons).

EEG can be used to diagnose and monitor many conditions affecting the brain. Its
main use is to detect epilepsy, a brain condition that causes repeated seizures [48]. When
epilepsy is present, seizure activity will appear on the EEG recording as rapid spiking
waves [46]. Apart from epilepsy, an EEG can be used to diagnose or investigate brain
tumors, brain damage from head injury, concussion, encephalitis (brain inflammation),
sleep disorders such as sleep apnea and narcolepsy, dementia, and certain psychoses, among
others [45, 47]. An EEG can also be used in stroke patients, as people with lesions may
have abnormally slow EEG waves, depending on the size and location of the brain lesion
[46].

8.3.2 Electrocardiography (ECG)

An electrocardiogram — also called ECG or EKG — is a simple, common, and painless
test that can be used to check one’s heart’s rhythm and electrical activity. Sensors attached
to the skin detect the electrical signals produced by one’s heart each time it beats [48, 49].
The ECG is an effective and non-invasive tool for various biomedical applications, such as
measuring the heart rate, examining the rhythm of heartbeats, diagnosing heart abnor-
malities, recognizing emotions, etc [50]. The ECG trace contains a wealth of information
and researchers have used ECG data as a diagnostic tool since the early 20th century [51].
The trace of each heartbeat consists of three complexes, P, QRS, and T. These complexes
are defined by the fiducial that is the peak of each complex [51]. The P-QRS-T complex
features for an ECG signal correspond to the locations, durations, amplitudes, and shapes
of waves or deflections inside the signal. Typically, an ECG signal has five major deflec-
tions, the Q, P, R, S, and T waves, plus a minor deflection, the U wave, all corresponding
to specific phases in the cardiac cycle [50].

A heartbeat is the physical contraction of the heart muscle. The heartbeat begins with
firing the Sinoatrial (SA) node, the heart’s dominant pacemaker. The P wave represents

the depolarization wave spreading from the sinus node throughout the atria [91]. The Q,
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R, and S waves indicate a single event, hence they are considered the QRS complex. The
QRS complex is caused by currents generated when the ventricles depolarize before their
contraction. The T wave represents ventricular repolarization, whereby the cardiac muscle
is prepared for the next cycle of the ECG. Repolarization does not mirror polarization due
to the time lag between the atrial and the ventricular contraction forced by the atrioven-
tricular node [51]. Finally, the U wave is a small deflection immediately following the T

wave [50].

Heart Rate (HR) and Heart Rate Variability (HRV)

One’s Heart Rate (HR) is defined as the number of R peaks appearing in the ECG signal
in a minute, and is measured in beats per minute, where the word beats is synonymous in

this context to R peaks. The time interval between two successive R peaks of the ECG
signal is called the RR Interval (RRI).

The HR is a non-stationary signal. Consecutive cardiac cycles do not have the same
time duration, causing a fluctuation between consecutive RRIs [52]. The term HRV signifies
that the duration of the cardiac cycles is not constant and represents the variation over
time of the period between consecutive heartbeats, namely, variation in RRIs [92]. HRV

metrics quantify the variation over time of RRIs [52].

8.3.3 Photoplethysmography (PPG)

The Photoplethysmographic (PPG) waveform, also known as the pulse oximeter wave-
form, is one of the most commonly displayed clinical waveforms [53]|. It’s a simple and
low-cost optical technique that can detect blood volume changes in the microvascular bed
of tissue [54]. The sensor detects pulses through a light-emitting diode [93]. The waveform,
as displayed on the modern pulse oximeter, is an amplified and highly filtered measurement
of light absorption by the local tissue over time, and is the result of a complex, and not
yet well understood, interaction between the cardiovascular, respiratory, and autonomic
systems [53]. The PPG waveform consists of a pulsatile AC physiological waveform at-
tributed to cardiac synchronous changes in the blood volume with each heartbeat. It is
superimposed on a slowly varying DC baseline with lower frequency components attributed

to respiration, sympathetic nervous system activity, and thermoregulation [54].

Pulse Rate (PR) and Pulse Rate Variability (PRV)

The PR is another way of measuring the number of heartbeats per minute. Instead
of counting the peaks of the heartbeats like the ECG, the PR measures the volumetric
differences during blood circulation, specifically by the number of systolic peaks caused by

increased blood pressure, in a minute.

Likewise, the PRV is another way of measuring the fluctuations of the heart cycles.
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Figure 8.4. The temporal difference between the ECG and the PPG waveforms [4].

8.3.4 ECG vs PPG sensoring

The HR and the PR are two ways of studying the same phenomenon, i.e. the beating
frequency of the heart and its fluctuations, through different sensing techniques. The ECG
measures the heartbeats directly by measuring the heart’s electrical signals. The PPG
measures the blood pressure changes. The blood flow volume increases rapidly, but not
instantly, in the veins, the arteries, and the capillaries after the heart’s contraction. Thus,
the PPG waveform is not aligned with the ECG, but follows it. Figure 8.4 shows the

difference between the two waveforms.

8.3.5 Respiration

Breathing is a vital physiological task in living organisms. The process of respiration
results in air containing oxygen being inhaled into the lungs, where gas exchange between
oxygen and carbon dioxide occurs, and carbon dioxide being exhaled into the air through
the nose or mouth. The entire process from inhalation to exhalation is known as the
breathing or respiration cycle [55]. Respiration rate is the number of breaths per minute.
The normal respiration rate for an adult at rest is 12 to 18 breaths per minute, with a
rate of under 12 or over 25 breaths per minute while resting potentially being a sign of an
underlying health condition [56]. Respiration rate is an important indicator of a person’s

health, and thus it is monitored when performing clinical evaluations [57].
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Chapter m

Methods

This chapter begins by describing the subject demographics in the study and the ex-
perimental procedure for the data acquisition. The data were acquired by Batista et al. [5]
at the Instituto Superior Tecnico (IST) of Universidade de Lisboa (ULisboa). The meth-
ods that were employed for the analysis of the data are described thoroughly in the next
paragraphs.

9.1 Participant demographics

The total number of participants recruited for the study is 21. Three took part in
pilot studies and were labeled from P01 to P03. The 18 remaining subjects were labeled
from S01 to S18. However, a hardware malfunction corrupted the data of subjects S10 and
S11, impending their analysis. As a result, the data analysis included 19 subjects in total.
The subjects had a mean age of 24.79 years, with a standard deviation of 3.54 years, with
the youngest participant being 21 and the oldest 36 years old. 68% of the participants
were male and 32% female. Out of the 21 subjects, 16% had only attended high school,
32% had a bachelor’s degree, 42% a master’s degree, and 11% a doctorate. As far as prior
experience with BCIs and VR is concerned, subjects S06 up to S18 were asked to rate their
experience from 1 (nonexistent) to 5 (plenty). The mean scores were 1.36, with a standard
deviation of 0.67, for prior experience with BClIs, and 1.73, with a standard deviation of
0.65, for VR. In addition, due to the nature of the MI task, some subjects(starting with
S06) were asked if they had any rowing experience. At least five subjects had some, while

at least four had none.

9.2 Experimental Procedure

9.2.1 Conditions

During the experiment, the subjects were asked to perform MI of a bimanual rowing
task with a paddle on each hand, under six different experimental conditions. Four of
these conditions (MIMO, MIMOHP, MIMOVR, MIMOVRHP) used the “NeuRow” [23]
VR environment, which renders a set of virtual arms from a first-person perspective. The
other two conditions (ME, MI) used the “BCI-Graz” paradigm [58] abstract feedback, one
while having the subjects perform MI and the other while having the subjects perform
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motor execution of the desired task. The motor execution condition (ME) acted as the

control condition. The conditions, as well as their acronyms, are as follows:

1. ME: A fixation cross and directional arrows displayed on a black background through
a monitor guided the subjects through the experiment by having them tap their
fingers on the table accordingly.

2. MI: The standard MI training, with a fixation cross and directional arrows on a

black background guiding the subjects through the experiment.

3. MIMO: A MI training paradigm using “NeuRow”, with a fixation cross and direc-

tional arrows overlaid on the VR environment displayed through a monitor.

4. MIMOHP: A MI training paradigm using “NeuRow”, with a fixation cross and
directional arrows overlaid on the VR environment displayed through a monitor.

Hand controllers also provided haptic feedback through vibrotactile stimulation.

5. MIMOVR: A MI training paradigm using “NeuRow”, with a fixation cross and
directional arrows overlaid on the VR environment, which was displayed through a
VR HMD

6. MIMOVRHP: A motor-imagery training paradigm using “NeuRow”, with a fixation
cross and directional arrows overlaid on the VR environment, which was displayed
through a VR HMD. Hand controllers provided haptic feedback through vibrotactile

stimulation.

The condition order was a within-subject design, in a randomized order for each subject,

thus minimizing any result-skewing latent effects caused by preceding conditions.

9.2.2 Setup

The brain’s electrical signals were extracted using a 32-channel EEG cap (antiCAP;
Brain Products GmbH, Gilching, Germany) paired with a wireless EEG amplifier (LiveAmp;
Brain Products GmbH, Gilching, Germany), with a sampling rate of 500 Hz. The cap in-
cluded active electrodes to improve the Signal to Noise Ratio (SNR) and the electrodes
were spatially distributed using the 10-20 system.

ECG, PPG, and Respiration signals were simultaneously acquired as auxiliary signals.

The ECG was acquired by placing two electrodes under each subject’s collarbones and
the ground electrode on the lower end of its sternum. The electrodes were standard disc
electrodes connected to the EEG amplifier’s auxiliary port.

The PPG was measured using a finger-clip sensor (Blood Pulse Sensor; Brain Products
GmbH, Gilching, Germany) on the left index finger. The sensor records the pulse wave
by sending infrared (IR) light through the finger and recording the light emitted by the
oxygenated hemoglobin with a photodiode on the opposite side. The finger-clip sensor and
its amplifier box connect to the EEG amplifier via an auxiliary port.

The respiration was measured using a respiration belt (Respiration Belt; Brain Prod-

ucts GmbH, Gilching, Germany) placed under the chest, where the rib cage is the most
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prominent. The belt measures the respiratory movements and converts them to electrical
voltage. It consists of an elastic belt with a pouch, a pneumatic sensor, a transducer, and

a cable for connection to the EEG amplifiers’ auxiliary ports.

Visual feedback was provided through a monitor, or a VR headset. A monitor was
used in the ME, MI, MIMO, and MIMOHP conditions, while a VR headset (Oculus Rift
CV1; Reality Labs, formerly Facebook, Inc., CA, USA) was used in the MIMOVR and MI-
MOVRHP conditions. Haptic feedback was provided using Oculus Rift’s hand controllers.

The experimental setup is shown in Figure 9.1

9.3 Data Analysis Software

The data were analyzed in MATLAB R2023a (The MathWorks, Inc., Natick, MA,
USA), installed on Microsoft Windows 11 Home Edition, on a 64-bit PC. Part of the
analysis was conducted using the FEGLAB toolbox (Swartz Center for Computational
Neuroscience, San Diego, CA, USA) [59], and two of its plug-ins, HEPLAB [60], and
BrainBeats [61]. Additionally, the ppg-beats ! library [94] was used extensively for EEG
peaks’ detection. The ECG-Deli [62] toolbox was used for ECG filtering, and the BioSigKit
[63] toolbox for ECG peak detection. All signals were preprocessed and analyzed in the
MATLAB environment. The analysis of each signal is separately presented in the following

chapters.

"https://ppg-beats.readthedocs.io/en/latest /
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9.4 Statistical Analysis

Due to the size of the sample group being small, ranging from 10 to 19 subjects de-
pending on the condition, we used the Kruskal-Wallis (KW) test [64], which is the non-
parametric equivalent of the one-way Analysis Of Variance (ANOVA), to determine sta-
tistically significant differences between conditions, for a significance level of 0.05 (p <
0.05).

Whenever the null hypothesis was rejected, meaning that the samples from some con-
ditions presented statistically significant differences, a post hoc analysis was required. For
the post-hoc analysis, we used Dunn’s test [65] for pairwise comparisons, as it is the one

that typically follows the KW test due to the same ranks’ computation.

9.5 Electroencephalography (EEG) Signals

The analysis of the EEG signals was concentrated on extracting the band power of the
delta (1 - 4 Hz), theta (4 - 8 Hz), alpha (8 - 12 Hz), beta (13 - 30 Hz) and lower gamma
(30 - 40 Hz) frequency bands in each condition.

9.5.1 Data preprocessing

The locations of the electrodes were mapped using the standard 10-20 provided by the
EEGLAB toolbox. We downsampled the EEG signals from 500 Hz to 125 Hz, to reduce
the size of the datasets without losing valuable information, since a reduction to 125 Hz
means, according to the Nyquist theorem, that frequencies up to 62.5 Hz can be analyzed.
After downsampling, we filtered the data with an FIR band pass filter with a low cutoff
frequency of 1 Hz and a high cutoff frequency of 40 Hz. Thus, all frequency bands that we
wanted to analyze were preserved after filtering. Then, we used EEGLAB’s tools to detect
bad data and channels and performed Artifact Subspace Reconstruction to reconstruct the
detected bad data instead of removing it. We interpolated the channels that were flagged
as bad. The trials were epoched between five seconds before the arrow cue (baseline), and
five seconds after (MI trial).

We used EEGLAB’s ICA and ICLabel functions to perform independent component
analysis of the signals. The signals were first decomposed into several components, and
then those components were labeled. We removed the components labeled as eye, muscle,
or noise, with a confidence percentage of over 90%. Trials that presented any artifacts
after the implementation of the preprocessing pipeline, were manually removed from the
analysis.

The power spectral density in each experimental condition averaged across all subjects
after preprocessing the data is shown in Figure 9.2.

We analyzed the EEG data separately, depending on the brain region from which they
were extracted. The brain’s functional regions, alongside their corresponding electrode
locations with respect to the EEG sensor cap, are presented in Figure 9.3. We used 32

electrodes instead of 64, so we blended the motor and sensory cortices into one, the Central
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Cortex. The electrodes that constitute each brain region, as well as each region’s name,

are as follows:

1. Frontal Lobe: Fpl, Fp2, F3, F4, Fz, F7, F8.

2. Central Cortex: C3, Cz, C4, Fcl, Fe2, Fcb, Fc6, Cpl, Cp2, Cps, Cpb.

3. Parietal Lobe: P3, P4, Pz, P7, PS.

4. Occipital Lobe: 01, Oz, O2.

5. Temporal Lobe: T7, T8, T10, FT9, FT10, Tp9.

9.6 Electrocardiography (ECG) Signals

The analysis of the ECG signals was concentrated on determining the Heart Rate (HR)
and the Heart Rate Variability (HRV) of each subject in each condition. The HRV metrics

that were extracted are the following:

1. SDNN: The standard deviation of successive NN-intervals, expressed in ms.

2. RMSSD: The root-mean-square of the standard deviation of successive NN-intervals,

expressed in ms.

3. pNN50: The probability of the time difference between successive NN-intervals

exceeding 50 ms. It is expressed as a probability (0 - 1) or a percentage (0 - 100%).

The term NN-intervals refers to the normal RRIs, which are the RRIs after processing

of the data.
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Figure 9.3. The brain’s functional regions and their corresponding location with respect
to the EEG sensor cap. [1]

The ECG signals were acquired with a sampling frequency of 500 Hz. To extract the
HR and the HRV we had to identify the Q-PRS-T of each heartbeat, specifically each R
peak. The pipeline that we used to achieve the extraction of the R peaks is presented
below. For demonstration purposes, we display the application of this pipeline on S08’s
MI run from 80 to 84 seconds, in Figures 9.4 As seen in Figure 9.4a, the Q-PRS-T complex

is unidentifiable without proper filtering, due to the amount of noise present in the signal.

9.6.1 Filtering

We filtered the baseline wander of each signal using the ECG-Deli toolbox. The func-
tion ECG_ Baseline_ Removal uses median filters with overlapping windows to filter the
baseline wander. A window is first used to calculate the local median, and this value is
placed in the center of the window. The next window is chosen so that the two windows
are partially overlapping. Then, the next median is calculated in the same fashion. Finally,
the values obtained are interpolated to create a baseline estimation with the same length
as the original signal. We used a window size of 1 sec and an overlapping percentage of 50

% respectively. The ECG signal after baseline removal is displayed inn Figure 9.4b,

The second step was using a Band Pass filter. We used the function ECG_ High -
Low Filter from the ECG-Deli toolbox. This function uses a Fourier-based algorithm to
linearly filter a signal with cut-off frequencies and filter type defined by the user. After
trying different filters, we chose a Butterworth with a low cutoff frequency of 1 Hz and a
high cutoff frequency of 40 Hz. Figure 9.4c shows the signal after band-pass filtering.

As a final step, we used the function Isoline Correction to remove the offset of the
electrical isoline of the ECG. The function estimates the isoline by finding the most frequent
amplitude of the amplitude distribution and then removes it. The isoline-corrected signal

is shown in Figure 9.4d.
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Figure 9.4. Peak detection on S08’s MI run from 80 to 84 seconds.
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9.6.2 Peak Detection

After filtering the signal to remove unwanted noise and make the Q-PRS-T complex
identifiable, we used the pan_tompkin function distributed with the BioSigKit toolbox,
to detect the R wave of each heartbeat. The function uses the Pan-Tompkins algorithm
[66], which applies another Band Pass filter to the already filtered signal, between 5 - 15
Hz, to increase the SNR and maximize the QRS complex contribution. Then, it applies a
derivative filter to provide information about the QRS slope. Finally, the filtered signal is
squared, and a moving average filter is used to provide information about the duration of
the QRS complex. The peak detection of the Pan-Tompkins algorithm is shown in Figure
9.4e.

To ensure the validity of the peak detection we observed each signal’s detected peaks

in the HEPLAB interface and manually corrected any misidentifications.

9.6.3 Data rejection

Some signals could not be properly analyzed due to artifacts. Subjects S04’s and S18’s
runs across all conditions, S07’s ME, and S12’s MIMOVR runs had to be excluded, as the
noise contamination was so evident, that even manually detecting the QRS complexes was

impossible.

9.7 Photoplethysmography (PPG) Signals

The analysis of the PPG signals was concentrated on determining the Pulse Rate (PR)
and the Pulse Rate Variability (PRV) of each subject in each condition. The PRV metrics
are the same as the HRV ones.

The PPG signals were acquired with a sampling frequency of 500 Hz. To extract the
PR, we had to identify the systolic peak of each heartbeat. The pipeline that we used
to extract these peaks is described below. For demonstration purposes, we display the
application of this pipeline on S08’s MI run from 80.5 to 85 seconds, in Figures 9.5.

As we can observe in Figure 9.5a, the PPG signal needs to be properly filtered for its
features, namely its systolic and diastolic peaks and its dicrotic notch, to be visible and
identifiable.

9.7.1 Filtering

We filtered the PPG signals with a first-order FIR band pass filter with a low cutoff
frequency of 0.5 Hz and a high cutoff frequency of 8 Hz, using the standard FIR filter
provided with the EEGLAB toolbox. This filter was enough to clean any unwanted noise

from the PPG signals while giving prominence to its features, as shown in Figure 9.5b

9.7.2 Peak Detection

We used the ims_beat detector function of the ppg-beats library to detect the sys-
tolic peaks. The function uses the Incremental Merge Segmentation (IMS) algorithm,
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Figure 9.5. Peak detection on S08’s MI run from 80.5 to 85 seconds.
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described in [67], to detect the systolic peaks of each PPG signal. The IMS algorithm
is a time-domain algorithm that extracts morphological features from the PPG signal as
line segments and classifies them as pulses or artifacts using adaptive thresholds. The
algorithm is efficient in pulse identification thanks to the morphological shape of the PPG
pulse components, which allows them to be characterized by consecutive lines. Segments
are identified and compared, with mismatching segments indicating potential artifacts.
Figure 9.5¢ shows the peak detection using the IMS algorithm.

To ensure the validity of the peak detection we observed each signal’s detected peaks

in the HEPLAB interface and manually corrected any misidentifications.

9.7.3 Data rejection

S07’s and S14’s ME runs and S09’s MIMOVRHP run had to be excluded from the

analysis due to the level of noise in the signals.

9.8 Respiration Signals

The analysis of the respiration signals was concentrated in determining the respiration
rate of each subject in each condition. The respiration rate is an important indicator of
cardiovascular demand. Thus, comparing the subjects’ respiration rates between different
conditions could indicate differences between the cardiovascular demands of each condition.

The respiration rate is the number of breaths a person takes per minute. As the
experimental procedure lasted more than a minute, a mean respiration rate was determined
for each subject in each condition. The algorithm that was used to determine the mean

respiration rate for each subject in each condition is described below:

9.8.1 Respiration Signals Processing

The respiration signals were acquired with a sampling rate of 500 Hz. The signals were
contaminated with too much noise, due to the respiratory band being placed under the
chest, thus interfering with muscle and heart noise. Numerous true peaks were uniden-
tifiable from MATLAB’s findpeaks function, while false peaks were identified as true, as

shown in 9.6a

9.8.2 Filtering

To clean the signal from noise and detect only the true peaks, an FIR bandpass filter
with a low cutoff frequency of 0.1 Hz, and a high cutoff frequency of 0.5 Hz was used. The
filter that we used is the one that is included in the EEGLAB interface. The reasoning
behind the choice of the specific filter parameters is the following:

The normal respiration rate for a healthy adult at rest is 12 to 20 breaths per minute.
A respiration rate under 10 or over 25 breaths per minute while resting is considered
abnormal, indicating a possible underlying health condition. While exercising, on the other
hand, the respiration rate has to increase for the lungs to cope with the extra cardiovascular

demand, up to 40 to 60 breaths per minute.
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Although the subjects were seemingly resting, we had to consider the possible additional
cardiovascular demands due to the tasks’ physical or mental toll. Taking all into account,
we chose to filter the respiration signals between 0.1 Hz and 0.5 Hz, frequencies that
correspond to respiration rates between 6 and 30 breaths per minute, allowing for an extra
margin at the upper end of the spectrum, for cases where increased cardiovascular demand
is possible to be observed. At the same time, the filter’s frequency band is narrow enough
to remove unwanted noise from other physiological signals, e.g. heart and muscles. Most

of the false peaks are discarded after filtering as shown in 9.6b.

9.8.3 Minimum Peak Distance

Another measure taken to make the peak detection more accurate and avoid the de-
tection of remaining false peaks was to set the findpeaks’ minimum distance between two
consecutive peaks to be at least 2 seconds. The benefit of this choice is that, in parts of the
signal where false peaks are detected close to true ones, only the highest peak is identified
as being true and the false peaks are discarded. Observing the peak detection in 9.6¢, we
can see that only the true peaks are detected.

To ensure the validity of the peak detection we observed each signal’s detected peaks

in the HEPLAB interface and manually corrected any misidentifications.
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Chapter

Results

10.1 Electroencephalography (EEG) Signals

10.1.1 The impact of each condition on the Band Power

In this section, we present the contribution of each frequency band to the total power of
each brain region in each condition. As stated previously we divided into five areas, Frontal
Lobe, Central Cortex, Parietal Lobe, Occipital Lobe, and Temporal Lobe (shown in Figure
9.3). The frequency bands we wanted to analyze are delta (1 - 4 Hz), theta (4 - 8 Hz),
alpha (8 - 12 Hz), beta (13 - 30 Hz), and lower gamma (30 - 40 Hz). The contributions are
presented in radar plots, for easier comparison between conditions. Topographical plots
of the power of each frequency band in each condition are included in Appendix A. We
used the KW test for each brain region and each frequency band to compare the different
conditions, thus obtaining 5 (no. of brain regions) * 5 (no. of frequency bands) = 25 KW
tables. We used Dunn’s test for the post-hoc statistical analysis where KW presented p
< 0.05, to determine which conditions were significantly different. The KW and Dunn’s
tables are included in Appendix B. B

Frontal Lobe

The contribution (as a percentage) of each frequency band to the total power of each
condition in the frontal lobe is presented in Figure 10.1a. The percentage difference between
each condition and ME of the contribution of each frequency band to the total power is

shown in Figure 10.1b.

e delta: MI (Mdn = 59.3 %, diff = +5.0 %), MIMOHP (Mdn = 56.1 %, diff = 1.8
%), and MIMO (Mdn = 55.7 %, diff = 1.4 %) presented higher delta content than
ME (Mdn = 54.3 %), while MIMOVRHP (Mdn = 50.8 %, diff = -3.5 %) and MI-
MOVR (Mdn = 50.4 %, diff = -3.9 %) presented lower delta content than ME. The
conditions presented statistically significant differences with p < 0.05. The statis-
tically significant differences were observed between ME-MIMOVRHP, MI-MIMO,
and MI-MIMOHP.

e theta: MIMO(Mdn— 24.3 %, diff — +2.1 %), MIMOHP (Mdn — 24.3 %, diff —
+2.1 %), MIMOVR (Mdn= 23.2 %, diff = +1.0 %), and MIMOVRHP (Mdn —
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22.7 %, diff = +0.6 %) presented higher theta content than ME (Mdn = 22.2 %),
while MI (Mdn = 21.7 %, diff = -0.5 %) presented lower delta content than ME.
The conditions presented statistically significant differences with p < 0.05. The
statistically significant differences were observed between MI-MIMOVRHP.

e alpha: ME (Mdn = 14.9 %) presented the highest alpha content, followed by MI-
MOVRHP (Mdn = 14.3 %, diff = -0.7 %), MIMOVR (Mdn — 14.1 %, diff — -0.8
%), MI (Mdn — 12.6 %, diff = -2.4 %), MIMOHP (Mdn — 11.8 %, diff — -3.2 %),
and MIMO (Mdn = 11.5 %, diff = -3.4 %). The conditions presented statistically
non-significant differences with p = 0.076.

e beta: MIMOVRHP (Mdn = 8.1 %, diff = 2.1 %), and MIMOVR (Mdn = 7.7 %, diff
= +1.7 %) presented higher beta content than ME (Mdn = 6.0 %). MIMO (Mdn =
5.6 %, diff = -0.4 %), MIMOHP (Mdn = 5.0 %, diff = -1.0 %), and MI (Mdn = 4.5
%, diff = -1.5 %) presented lower beta content than ME. The conditions presented
statistically non-significant differences with p = 0.115.

e low gamma: MIMOVR (Mdn = 4.6 %, diff = +2.0 %), MIMOVRHP (Mdn = 4.0
%, diff — +2.0 %), MIMO (Mdn = 2.9 %, diff = +0.3 %), and MIMOHP (Mdn —
2.8 %, diff +0.2 %) presented higher low gamma content than ME (Mdn = 2.6 %),
while MI (Mdn = 2.0 %, diff = -0.5 %) presented lower low gamma content than ME.

The conditions presented statistically non-significant differences with p = 0.220.

e —

—e—Mi MIMO
59.3% MIMO 5.0% —e— MIMOHP
—e— MIMOHP —e— MIMOVR
—e—MIMOVR MIMOVRHP
MIMOVRHP

Low
74.3% 0% 2.2%

(a) Contribution of each frequency band to the (b) Percentage difference between each condition
total power of each condition. and ME of the contribution of each frequency
band to the total power.

Figure 10.1. Percentage of contribution and percentage differences in the Frontal Lobe.

Central Cortex

The percentage of contribution of each frequency band to the total power of each

condition in the central cortex is presented in Figure 10.2a. The percentage difference
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between each condition and ME of the contribution of each frequency band to the total

power is shown in Figure 10.2b.

e delta: MIMOHP (Mdn = 47.2 %, diff= +2.7%), MIMO (Mdn = 46.1%, diff= +1.7
%), MI (Mdn = 45.4%, diff= +1.0 %), and MIMOVRHP (Mdn = 45.3 %, diff=
+0.9 %). presented higher delta content than ME (Mdn = 44.4%), while MIMOVR
(Mdn = 42.7%, diff= -1.7 %) presented lower delta content than ME. The conditions

presented statistically non-significant differences with p = 0.076.

e theta: MIMOVR (Mdn = 23.0 %, diff= +0.1%) presented higher delta content than
ME (Mdn = 22.9 %), while MIMOHP (Mdn = 22.8%, diff= -0.1%), MIMO (Mdn —
22.6%, diff= -0.4%), MI (Mdn = 21.2 %, diff= -1.7%), and MIMOVRHP (Mdn —
21.1%, diff= -1.8%) present lower theta content than ME. The conditions presented
statistically non-significant differences with p = 0.086.

e alpha: MI (Mdn = 20.8 %, diff= +0.4 %) presented higher delta content than ME
(Mdn = 20.4 %), while MIMOVR (Mdn = 19.9 %, diff=-0.5 %), MIMOVRHP (Mdn
= 18.4 %, diff=-1.9 %), MIMO (Mdn = 17.8 %, diff=-2.6 %), and MIMOHP (Mdn
= 17.1 %, diff= -3.3 %) presented lower delta content than ME. The conditions
presented statistically significant differences with p < 0.05. The statistically signif-
icant differences were observed between ME-MIMO, ME-MIMOHP, ME-MIMOVR,
ME-MIMOVRHP, MI-MIMO, MI-MIMOHP, and MI-MIMOVRHP.

e beta: MIMOVRHP (Mdn — 10.4 %, diff— +1.6 %), MIMOVR (Mdn — 9.8 %, diff—
10.9 %), MIMO (Mdn = 9.2 %, diff= 0.3 %), and MI (Mdn — 8.9 %, diff= 0.1
%) presented higher beta content than ME (Mdn = 8.8 %), while MIMOHP (Mdn
= 8.7 %, diff= -0.1 %) presented lower beta content than ME. The conditions pre-
sented statistically significant differences with p < 0.05. The statistically significant
differences were observed between ME-MIMOHP, MI-MIMO, and MI-MIMOHP.

e low gamma: MIMOVRHP (Mdn = 4.7 %, diff= +1.3 %), MIMOVR (Mdn = 4.7
%, diffi= 1.3 %), MIMOHP (Mdn — 4.1 %, diffi= 10.7%), and MI (Mdn — 3.6 %,
diff= +0.2 %) presented higher low gamma content than ME (Mdn = 3.4 %). The

conditions presented statistically non-significant differences with p = 0.437.

Parietal Lobe

The percentage of contribution of each frequency band to the total power of each
experimental condition is presented in Figure 10.3a. The percentage difference between
each condition and ME of the contribution of each frequency band to the total power is

shown in Figure 10.3b.

o delta: MIMOHP (Mdn = 53.9 %, diff= 18.7%), MIMO (Mdn = 53.2%, diff=
18.0%), MI (Mdn = 50.7%, diff= +5.5%), MIMOVR (Mdn = 49.9 %, diffi= +4.7 %),
and MIMOVRHP (Mdn = 48.2 %, diff= +3.1%) presented higher delta content than
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Figure 10.2. Percentage of contribution and percentage differences in the Central Lobe.

ME (Mdn = 45.2 %). The conditions presented statistically significant differences
with p < 0.05. The statistically significant differences were observed between MI-
MIMOVRHP.

o theta: MIMOVRHP (Mdn = 23.2 %, diff = +4.7 %), MIMOVR (Mdn = 22.3 %,
diff= +3.8%), MIMO (Mdn = 21.7 %, diff = 3.2 %), and MIMOHP (Mdn = 20.4
%, diff = +1.9 %) presented higher theta content than ME (Mdn = 18.5 %), while
MI (Mdn = 18.2 %, diff = -0.3 %) presented lower theta content than ME. The

conditions presented statistically non-significant differences with p = 0.375.

e alpha: ME (Mdn = 24.3 %) presented the highest alpha content, followed by MI
(Mdn = 20.2 %, diff = -4.1 %), MIMOVRHP (Mdn = 16.5 %, diff= -7.7 %), MI-
MOVR (Mdn = 164 %, diff = -7.9 %), MIMOHP (Mdn = 15.6 %, diff= -8.7 %),
and MIMO (Mdn = 15.3 %, diff = -9.0 %). The conditions presented statistically
significant differences with p < 0.05. The statistically significant differences were

observed between ME-MIMO and ME-MIMOVRHP.

e beta: ME (Mdn = 9.9 %) presented the highest beta content, followed by MI (Mdn
= 8.7 %, diff =-1.3 %), MIMOVRHP (Mdn = 8.4 %, diff -1.5 %), MIMOVR (Mdn =
7.9 %, diff = -2.0 %), MIMOHP (Mdn = 7.2 %, diff = -2.7 %), and MIMO (Mdn = 6.9
%, diff = -3.0 %). The conditions presented statistically non-significant differences
with p = 0.068.

e low gamma: MIMOVRHP (Mdn = 3.6 %, diff = +1.5 %), MIMOVR (Mdn = 3.5
%, diff = 1.4 %), MIMO (Mdn = 2.9 %, diff = +0.7 %), MIMOHP (Mdn = 2.9
%, diff = +0.7 %), and MI (Mdn = 2.3 %, diff = +0.2 %) presented higher low
gamma content than ME (Mdn = 2.1 %). The conditions presented statistically

104



non-significant differences with p = 0.999.
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Figure 10.3. Percentage of contribution and percentage differences in the Parietal Lobe.

Occipital Lobe

The percentage of contribution of each frequency band to the total power of each
experimental condition is presented in Figure 10.4a. The percentage difference between
each condition and ME of the contribution of each frequency band to the total power is

shown in Figure 10.4b.

e delta: MIMO (Mdn = 51.8 %, diff= +6.4%), MIMOHP (Mdn = 51.5%, diff=
+6.0%), MI (Mdn = 48.4%, diff= +2.9%), and MIMOVR (Mdn = 46.5 %, diff=
+1.0%) presented higher delta content than ME (Mdn = 45.5 %), while MIMOVRHP
(Mdn = 43.9 %, diff = -1.6 %) presented lower delta content than ME. The conditions
presented statistically significant differences with p < 0.05. The statistically signifi-
cant differences were observed between ME-MIMOVRHP and MI-MIMOVRHP.

e theta: MIMOVRHP (Mdn = 26.7 %, diff= 48.1%), MIMOVR (Mdn = 25.0%, diff=
+6.4%), MIMO (Mdn = 23.3%, diff= +4.7%), MIMOHP (Mdn = 23.1 %, diff=
+4.5%), and MI (Mdn = 20.1%, diff= +1.6%) presented higher theta content than
ME (Mdn = 18.6 %). The conditions presented statistically significant differences

with p < 0.05. The statistically significant differences were observed between ME-
MIMOVRHP.

e alpha: ME (Mdn = 23.6 %) presented the highest alpha content followed by MI
(Mdn = 19.7 %, diff = -3.9 %), MIMOVRHP (Mdn = 17.7 %, diff = -6.0 %),
MIMOVR (Mdn = 17.6%, diff = -5.9 %), MIMOHP (Mdn = 15.8 %, diff — -7.8 %),
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and MIMO (Mdn = 15.5 %, diff = -8.2 %). The conditions presented statistically
significant differences with p < 0.05. There were not enough data to determine where

the statistically significant differences came from.

beta: ME (Mdn = 9.9 %) presented the highest beta content, followed by MI (Mdn
=9.2 %, diff =-1.6 %), MIMOVRHP (Mdn = 8.3 %, diff =-1.6 %), MIMOVR (Mdn
= 7.3%, diff = -2.6 %), MIMOHP (Mdn = 6.8 %, diff = -3.1 %), and MIMO (Mdn
= 6.5 %, diff= -3.4 %). The conditions presented statistically significant differences
with p < 0.05. There were not enough data to determine where the statistically

significant differences came from.

low gamma: MIMOVRHP (Mdn = 3.5 %, diff = +1.0 %), MIMOVR (Mdn = 3.5
%, diff = 1.0 %), MIMO (Mdn = 2.9 %, diff = +0.5 %), MIMOHP (Mdn = 2.9
%, diff = +0.5 %), and MI (Mdn = 2.5 %, diff = +0.1 %) presented higher low
gamma content than ME (Mdn = 2.4 %). The conditions presented statistically

non-significant differences with p = 0.341.
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Figure 10.4. Percentage of contribution and percentage differences in the Occipital Lobe.

Temporal Lobe

The percentage of contribution of each frequency band to the total power of each

experimental condition is presented in Figure 10.5a. The percentage difference between

each condition and ME of the contribution of each frequency band to the total power is

shown in Figure 10.5b.

e delta: MIMOHP (Mdn = 52.8 %, diff = +2.5 %), MIMO (Mdn = 51.7 %, diff =

+1.3 %), and MI (Mdn = 51.4 %, diff = +1.0 %) presented higher delta content
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than ME (Mdn = 50.4 %), while MIMOVR (Mdn = 49.1 %, diff = -1.3 %) and
MIMOVRHP (Mdn = 46.8 %, diff = -3.5 %) presented lower delta content than ME.

The conditions presented statistically non-significant differences with p = 0.228.

theta: MIMO (Mdn — 24.1 %, diff — +0.3 %) and MIMOVRHP (Mdn — 24.0 %,
diff = 0.2 %) presented higher theta content than ME (Mdn = 23.8 %). MI (Mdn =
23.8 %) presented the same theta content as ME. MIMOHP (Mdn = 23.7 %, diff =
-0.1 %) and MIMOVR, (Mdn = 22.7 %, diff = -1.1 %) presented lower theta content
than ME. The conditions presented statistically non-significant differences with p =

0.308.

alpha: ME presented the highest alpha content (Mdn = 14.6 %), followed by MI-
MOVRHP (Mdn — 14.3 %, diff — -0.3 %), MIMOVR (Mdn — 14.0 %, diff — -0.6
%), MI (Mdn = 13.1 %, diff = -1.6 %), MIMO (Mdn = 12.2 %, diff = -2.4 %), and
MIMOHP (Mdn = 12.1 %, diff = -2.6 %). The conditions presented statistically sig-
nificant differences with p < 0.05. There were not enough data to determine where

the statistically significant differences came from.

beta: MIMOVRHP (Mdn — 9.2 %, diff = +1.3 %), MIMOVR (Mdn — 8.3 %, diff
= +0.4 %), and MIMO (Mdn = 8.0 %, diff = +0.1 %) presented higher beta content
than ME (Mdn = 7.9 %). MI (Mdn = 7.9 %) presented the same beta content as
ME. MIMOHP (Mdn = 7.4 %, diff = -0.5 %) presented lower beta content than ME.

The conditions presented statistically non-significant differences with p = 0.133.

low gamma: MIMOVR (Mdn = 5.9 %, diff = +2.7 %), MIMOVRHP (Mdn = 5.7
%, diff = +2.4 %), MIMO (Mdn = 4.0 %, diff = +0.7 %), MIMOHP (Mdn = 3.9
%, diff = +0.6 %), and MI (Mdn = 3.9 %, diff = +0.6 %) presented higher low
gamma content than ME (Mdn = 3.2 %). The conditions presented statistically
non-significant differences with p = 0.079.

10.2 Electrocardiography (ECG) Signals

10.2.1 The impact of each condition on the Heart Rate (HR)

In this section, we present the impact of each condition on the HR. The box plots of

the HR in the different experimental conditions are presented in Figure 10.6. The Mdn

and IQR values of each condition, and the percentage difference between each condition
and ME are shown in Table 10.1.

MIMOHP (Mdn = 69.84 bpm, iqr = 14.49, diff = +2.12 %) presented a higher Mdn

HR than ME (Mdn = 68.39 bpm, iqr = 12.67). MI (Mdn = 66.46, iqr = 13.55, diff =
-2.82 %), MIMOVR (Mdn = 66.06 bpm, iqr = 13.14, diff = -3.40 %), MIMOVRHP (Mdn
= 65.24 bpm, iqr = 13.42, diff = -4.60 %), and MIMO (Mdn = 64.55 bpm, iqr = 13.91,
diff = -5.61 %) presented lower Mdn HRs than ME.
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Figure 10.5. Percentage of contribution and percentage differences in the Temporal Lobe.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
Median 68.39 | 66.46 | 64.55 69.84 66.06 65.24
IQR 12.67 | 13.55 13.91 13.14 14.49 13.42
% diff. to ME -2.82% | -5.61% | -3.40% +2.12% -4.60%

Table 10.1. The HR’s Mdn and IQR values in each condition and the percentage difference
to MFE.

Statistical analysis

The conditions presented statistically non-significant differences, with p = 0.8965, as
shown in the KW Table 10.2

Source SS dF MS Chi-sq | Prob>Chi-sq
Groups | 1298.1 | 5 | 259.611 | 1.64 0.8965
Error | 74749.9 | 91 | 821.428
Total 76048 | 96

Table 10.2. KW table of the HR’s statistical analysis

10.2.2 The impact of each condition on the Heart Rate Variability (HRV)

The metrics of the HRV are presented in Figure 10.7a, alongside the Mdn HR and the
Mdn NN interval for each condition. The percentage difference between each condition
and ME for each HRV metric, HR, and NN interval are presented in Figure 10.7b

e SDNN ME (Mdn = 87.3 ms) presented the highest SDNN, followed by MI (Mdn
= 78.7 ms, diff =-9.8 % ), MIMOVRHP (Mdn = 77.5 ms, diff = -11.2% ), MIMO
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Figure 10.6. HR in each condition.

(Mdn = 72.4 ms, diff = -17.0% ), MIMOHP (Mdn = 72.0 ms, diff = -17.5% ), and
MIMOVR (Mdn = 70.1 ms, diff = -19.7% ).

¢ RMSSD ME (Mdn = 72.9 ms) presented the highest RMSSD, followed by MI-
MOVRHP (Mdn = 64.2 ms, diff = -11.9% ), MIMOHP (Mdn — 59.3 ms, diff —
-18.6% ), MI (Mdn = 58.9 ms, diff = -19.2% ), MIMOVR (Mdn = 58.8 ms, diff =
119.3% ), and MIMO (Mdn = 58.4 ms, diff — -19.9% ).

e pNN50 MIMOVRHP (Mdn = 35.4 %, diff = +25.4%) presented higher pNN50 than
ME (Mdn = 28.2 %), while MIMOVR (Mdn = 27.2 %, diff = -3.6% ), MI (Mdn —
27.1 %, diff = -3.9%), MIMO (Mdn = 26.8 %, diff = -4.9%), and MIMOHP (Mdn —
25.1 %, diff = -11.1%) presented lower pNN50 than ME.

Statistical analysis

The results from the statistical analysis of the HRV metrics are presented in the fol-

lowing paragraphs.

e SDNN:
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Figure 10.7

The KW test concluded a p-value of 0.881, as shown in Table 10.3, meaning that no
statistically significant difference is observed between the subjects’ SDNN between

the different experimental conditions.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 1396.1 | 5 | 279.21 1.76 0.881

Error | 74651.9 | 91 | 820.351
Total 76048 | 96

Table 10.3. KW table of the SDNN’s statistical analysis. The null hypothesis is true with
ap = 0.881.

e RMSSD:

The KW test concluded a p-value of 0.9046, as shown in Table 10.4, meaning that no
statistically significant difference is observed between the subjects’ RMSSD between

the different experimental conditions.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 1245.1 5 |249.028 | 1.57 0.9046

Error | 74802.9 | 91 | 822.009
Total 76048 | 96

Table 10.4. KW table of the RMSSD’s statistical analysis. The null hypothesis is true
with a p = 0.9046.

e pNN50:
The KW test concluded a p-value of 0.7891 as shown in Table 10.5, meaning that no

statistically significant difference is observed between the subjects’ SDNN between
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the different experimental conditions.

Source SS dF MS Chi-sq | ProbChi-sq

Groups | 1913.8 | 5 | 382.769 | 2.42 0.7891
Error | 74134.2 | 91 | 814.661
Total 76048 | 96

Table 10.5. KW table of the pNN50’s statistical analysis. The null hypothesis is true with
ap = 0.9046.

10.3 Photoplethysmography (PPG) Signals

10.3.1 The impact of each condition on the Pulse Rate (PR)

In this section, we present the impact of each condition on the PR. The box plots of
the PR in the different experimental conditions are presented in Figure 10.8. The Mdn
and IQR values of each condition, and the percentage difference between each condition
and ME are shown in Table 10.6.

MI (Mdn = 70.22 bpm, iqr = 12.42, diff = 12.12 %) and MIMOHP (Mdn — 69.87
bpm, iqr = 12.14, diff = +1.87 %) presented higher Mdn PR than ME (Mdn = 68.59 bpm,
iqr = 12.87), while MIMOVR (Mdn = 68.56 bpm, iqr = 13.96, diff = -0.04 %), MIMO
(Mdn = 66.72 bpm, iqr = 13.56, diff = -2.73 %), and MIMOVRHP (Mdn = 66.52 bpm,
iqr = 13.19, diff = -3.02 %) presented lower Mdn pulse rate than ME.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
Median 68.59 | 70.22 66.72 69.87 68.56 66.52
IQR 12.87 | 12.42 13.56 12.14 13.96 13.19
diff to ME +212% | 2713 % | +1.8T % -0.04% -3.02%

Table 10.6. The PR’s Mdn and IQR values in each condition and the percentage difference
to MFE.

Statistical Analysis

The conditions presented statistically non-significant differences, with p = 0.9029, as
shown in the KW Table 10.7.

Source SS dF MS Chi-sq | ProbChi-sq

Groups | 1556.2 ) 311.25 1.59 0.9029
Error | 103410.3 | 102 | 1013.83
Total | 104966.5 | 107

Table 10.7. KW table of the PR’s statistical analysis
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Figure 10.8. PR in each condition

10.3.2 Pulse Rate Variability (PRV) metrics extraction from the Pho-
toplethysmography (PPG) signals

During the study, we extracted the same variability metrics from the PPG signals that
we extracted from the ECG signals, SDNN, RMSSD, and pNN50. These are called PRV
metrics when extracted from the PPG signals.

However, the analysis of the PRV was impeded due to some technical difficulties that
forced us to reject the ME data from SDNN and RMSSD. The problems that led to this
decision are described in 11.4. Although the PRV results are not presented, a comparison
between the HRV and PRV metrics (excluding the ME condition from SDNN and RMSSD)

is presented in a following section.

10.4 Respiration Signals

10.4.1 The impact of each condition on Respiration rate

In this section, we present the impact of each condition on the respiration rate. The
box plots of the respiration rate in the different conditions are presented in Figure 10.9.
The Mdn and IQR values of each condition, and the percentage difference between each
condition and ME are shown in Table 10.8.
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MIMOVR (Mdn = 20.01 breaths per minute, iqr = 5.64, diff = +12.16 %), MI-
MOVRHP (Mdn = 19.40 breaths per minute, iqr = 5.29, diff = +8.74 %), MI (Mdn
= 19.29 breaths per minute, iqr = 5.43, diff = +8.13 %), MIMO (Mdn = 19.14 breaths per
minute, iqr = 5.16, diff = +7.29 %), and MIMOHP (Mdn = 18.67 breaths per minute, iqr
= 4.56, diff = +5.64 %) presented higher Mdn respiration rates than ME (Mdn = 17.84
breaths per minute, iqr = 3.80).

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
Median 17.84 | 19.29 19.14 18.67 20.01 19.40
IQR 3.80 | 5.43 5.16 4.56 0.64 5.29
% diff. to ME +8.13% | +7.29% | +5.64% +12.16% | +8.714%

Table 10.8. The respiration rate’s Mdn and IQR values in each condition and the per-
centage difference to ME.
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Figure 10.9. Respiration rate in each condition.

Statistical Analysis

The conditions presented statistically non-significant differences, with p = 0.6495, as
shown in the KW Table 10.9.
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Source SS dF MS Chi-sq | ProbChi-sq

Groups | 3386.8 5 677.36 3.33 0.6495
Error | 107520.2 | 104 | 1033.85
Total 110907 | 109

Table 10.9. KW table of the respiration rate’s statistical analysis

10.5 Comparison between Electrocardiography (ECG) and
Photoplethysmography (PPG)

In this section, we present a comparison between the ECG and PPG capabilities. We
first compare the HR and PR, and then the HRV and PRV metrics. The complete KW
tables of the comparison between ECG and PPG are included in Appendix C

10.5.1 Heart Rate (HR) versus Pulse Rate (PR)

In Table 10.10 we see the percentage difference between the HR and PR and the p-value

of the KW statistical analysis in each condition.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
% diff | +0.29 % | +5.66 % | +3.36 % | +0.04 % | +3.78 % +1.96 %
p 0.8597 0.9417 0.9533 0.9757 0.8837 0.8243

Table 10.10. Percentage difference between HR and PR and p-values of the KW statistical
analysis.

10.5.2 Heart Rate Variability (HRV) versus Pulse Rate Variability (PRV)

SDNN

The actual and percentage differences between HRV’s and PRV’s SDNN metric are
shown in Table 10.11 The ME condition is not displayed for the PPG signal.

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
ECG || 87.29 | 78.71 72.45 71.99 70.11 77.52
PPG || - 71.85 71.20 72.68 65.20 71.30
diff. - -6.86 -1.25 0.69 -4.91 -6.22
% diff || - -8.72% | -1.73% | 0.96% -7.00% -8.02%
p - 0.4829 | 0.5987 | 0.9301 0.6476 0.5606

Table 10.11. Actual and percentage difference between HRV’s and PRV’s SDNN metrics
and p-values of the KW statistical analysis.

RMSSD

The actual and percentage differences between HRV’s and PRV’s RMSSD metric are
shown in Table 10.12. The ME condition is not displayed for the PPG signal.

114



ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
ECG || 72.90 | 58.89 58.38 99.32 58.81 64.25
PPG || - 51.70 51.05 o7.37 56.45 66.03
diff. - -7.19 -7.33 -1.95 -2.36 1.78
% diff || - -12.21% | -12.56% | -3.29% -4.01% 2.77%
p - 0.2542 0.4472 0.8608 0.6258 0.8353

Table 10.12. Actual and percentage difference between HRV’s and PRV’s RMSSD metrics

and p-values of the KW statistical analysis.

pPNIN50

The actual and percentage differences between HRV’s and PRV’s

shown in Table 10.13

ME MI MIMO | MIMOHP | MIMOVR | MIMOVRHP
ECG || 28.20 27.10 26.80 25.06 27.20 35.36
PPG 41.53 28.35 24.18 26.76 25.81 32.88
diff. 13.33 1.25 -2.62 1.70 -1.39 -2.48
% diff || +47.27% | +4.61% | -9.78% | +6.78% -5.11% -7.01%
p 0.1659 0.6931 | 0.9534 | 0.7925 0.8789 0.7711

Table 10.13. Actual and percentage difference between HRV’s and PRV’s pNN50 metrics

and p-values of the KW statistical analysis.
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Chapter

Discussion

In the following paragraphs, we discuss the results of each signal, starting with the
effect of the different conditions on the brain, and proceeding to the impact on the heart

and respiration.

11.1 The effect of the different conditions on the brain

11.1.1 How do the different conditions affect the power of different EEG
bands?

The MI conditions, ie. MI, MIMO, and MIMOHP presented the highest delta content
across every brain region. The delta wave activity increase has been connected to plas-
ticity induction during awakeness [68|, which is exactly what MI is trying to accomplish.
The fact that delta activity is characteristic of non-consciousness states strongly indicates
that the increase of delta activity during mental tasks inhibits all the environmental in-
terferences that may impede the performance of the task [69], which also explains why MI
increases the delta wave activity in all brain regions. ME and the VR conditions had lower
delta content. The VR conditions, MIMOVR and MIMOVRHP, on the other hand, pre-
sented the highest gamma activity in all brain regions. The gamma activity is connected
with information processing, such as recognition of sensory (and thus, visual and haptic)
stimuli, as well as with higher information content [70]. The bimanual rowing task in the
VR environment offers not only visual stimuli, but also haptic feedback in the case of MI-
MOVRHP. The task requires a number of processing stages, such as planning, execution,
and correction of movements, integration of the stimuli, and integration of the feedback
provided. MIMOVRHP specifically also incorporates haptic feedback, which may increase
mental effort and activation of the brain. These processing stages require the involvement
and interaction of all the brain areas. Thus, it makes sense for the VR conditions, and
especially MIMOVRHP, to activate all parts of the brain. This result also agrees with the
findings of Batista et. al [5], that MIMOVRHP led to the strongest and most lateralized
brain activation. Looking at the beta waves, we can see that the VR conditions are also
on the top spots in Frontal, Central, and Temporal lobe activation, with ME overpowering
it only in the Parietal and Occipital lobes. Of the VR conditions, the top place in beta
activation was held by MIMOVRHP, strengthening the assumption that the addition of

117



haptic feedback leads to stronger brain activation. Beta activity is connected to the states
of focused external attention and increased alertness [70]. ME presented the highest alpha
activation in all the brain regions but one. It is documented that higher alpha activation
is indicative of lower neurocognitive effort imposed by a task [71]. This agrees with our
speculation regarding the low respiration rate of the ME, which was attributed to the low
mental effort of the ME task.

11.2 The effect of the different conditions on the heart

11.2.1 Heart Rate (HR)

ME presented the second-highest Mdn HR being only preceded by MIMOHP. The other
four conditions showed lower Mdn HRs than ME, in the following order: MI, MIMOVR,
MIMOVRHP, MIMO. The statistical analysis showed no statistically significant differences
between conditions, while the HR stayed in the normal range in all the conditions. If we
were to base our explanation on the stress factor that was previously explained, we would
expect all the experimental conditions to present higher Mdn HRs than ME. While this is
partially true, and stress tasks have been shown to increase HR [72, 73], the bibliography
on the subject is not decisive, as others have noted that the rate of change of HR from
non-stress tasks to stress tasks was stable for each individual [74], and that the response to
psychological stress is subjective, with high-fitness subjects showing a smaller HR increase
in response to stress compared to low-fit subjects [75|. In either case, worry does have
an impact on cardiac activity, and does increase the HR [73]. At the same time, ME is
the only physically demanding condition. Physical activity increases HR [76]. There is, of
course, no way of quantifying the difference between the increase in HR due to physical
activity and mental stress, which contributes to the randomness of the order of the HRs

between conditions.

11.2.2 Heart Rate Variability (HRV)

ME had the highest SDNN and RMSSD metrics out of all the other conditions. HRV
depends on many factors, two of which are important for us in the context of this study -
physical activity has been shown to increase HRV |77, 78|, while stress has been shown to
decrease HRV [79, 78]. Those factors explain why ME had the highest SDNN and RMSSD
metrics, being the most physically demanding and the least mentally stressful condition,
and why all the other conditions had lower SDNN and RMSSD scores. As for the pNN50
metric, ME had the second highest, coming behind MIMOVRHP. The pNN50 score is
an indicator of parasympathetic system activity relative to sympathetic nervous system
activity [80]. A high pNN50 score equals high HRV and a more relaxed body, while a
lower score is connected to tiredness or over-stress [81]. We would expect ME to present
the highest pNN50 metric. However, as the pNN50 depends only on the strict bound of
50 ms, it is highly susceptible to minuscule peak detection errors by the algorithm or by

manual detection. As the ME is significantly noisier due to the actual movement, the peak
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detection could display such errors, which could explain why the ME condition was second
to MIMOVRHP.

11.2.3 Pulse Rate (PR)

MI and MIMOHP presented higher Mdn PRs than ME, while MIMOVR’s, MIMO’s,
and MIMOVRHP’s Mdn PRs were lower than ME. No statistically significant differences
were observed, while the PR stayed in the normal range during all the conditions. The
explanation for the PR is the same as for the HR, as both measures quantify the same

thing, ie the beating of the heart.

11.3 The effect of the different conditions on the respiration

11.3.1 Why is the respiration rate higher than ME in every condition?

ME presented the lowest Mdn respiration rate despite being the most physically de-
manding task. The VR conditions, namely MIMOVR, and MIMOVRHP, presented the
highest respiration rate, followed by the MI conditions, MI and MIMO. The haptic feedback
condition, MIMOHP, showed the least respiration rate increase from ME. The differences
between all conditions were statistically significant. Considering the existent literature
on the subject of respiration rate in VR, we found only one article comparing the respi-
ration rate between the play of a traditional video game versus a VR one, and showing
a statistically significant increase in the VR game [95]. This could explain why the VR
conditions presented the highest respiration rate out of all the other conditions. Literature
on respiration rate in BCI stroke rehabilitation is non-existent. A lot of studies have been
conducted about the mental symptoms that are associated with the use of new technical
equipment. It has been proven that using new technical equipment causes an increase in
mental symptoms, particularly stress [82, 83|. This is especially true when dealing with
medical equipment [84, 85|, such as the equipment we used in BCI stroke rehabilitation.
As written in the participant demographics paragraph, most subjects had no previous ex-
perience with BCI systems, and limited experience with VR. It has also been proven that
stress can increase respiration rate [86], as stress leads to longer expiration and shorter
pause times in the respiratory cycles. Psychological stress, which is the stress caused by
new technical equipment, was found to cause a significant increase in respiration rate [87].
Thus, we assume that all conditions could present an increased Mdn respiration rate com-
pared to ME due to the mental toll of using the study’s equipment for participating in the
tasks. ME is the only condition where the subjects’ movements are closer to their everyday
movements, which could require no mental effort from the participants, despite being the
only physically demanding condition. The other conditions, however, require the subjects
to use equipment that most of them have never used in their everyday life - while at the

same time participating in tasks that they have never participated in before, such as MI.
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11.4 The extraction of the Pulse Rate Variability (PRV) met-

rics

As mentioned in the previous chapter the extraction of the PRV metrics from the
PPG signals was unsuccessful due to two factors. Firstly, the ME data from the PPG
signals were less, due to the data rejection presented in paragraph 9.7.3. Secondly, the
PPG sensor was more sensitive to movement noise, as it required constant skin contact
with the subject’s index finger during the experiment, making the ME data substantially
noisier than the respective ECG data. These two factors proved to be a problem for
the SDNN and RMSSD metrics extraction from the ME signals, as the algorithms could
not compensate for the amount of noise in the data. The KW test for the SDNN and
RMSSD metrics showed statistically significant differences between the conditions, with a
p = 0.0385 for the SDNN, and p = 0.0084 for the RMSSD. The subsequent Dunn’s test
concluded that the ME data presented a statistically significant difference, so we had to

reject them from the analysis.

11.5 How does Photoplethysmography (PPG) compare to
Electrocardiography (ECG)?

As ECG and PPG quantify the same physical phenomenon - the beating of the heart
- using different sensing techniques - electrical versus optical - a comparison between the
ECG and PPG results is important in this study. The importance of this comparison
lies in the fact that ECG requires three electrodes in total (two electrodes placed in the
collarbones and the ground electrode placed in the lower end of the sternum) to extract
the heart’s signal. In contrast, PPG requires just a finger-clip optical sensor, which makes
it more convenient for use outside of the lab, and more suitable for mobile - and home -
applications.

The statistical analysis between HR and PR showed that PPG is reliable enough to
replace ECG in applications that require mobility and ease of use.

The statistical analysis between the HRV and PRV metrics also showed the reliabil-
ity of the PPG in extracting the SDNN, RMSSD, and pNN50 metrics from the non-ME
conditions reliably.

However, its failure in extracting the PRV metrics from ME (due to its movement noise
sensitivity) shows that PPG should not be used in situations that require body movement

unless constant skin contact can be guaranteed.
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Chapter

Conclussions

The objectives of this thesis were to examine whether there are differences in physiolog-
ical signals between the different conditions and to explain those differences - if any - based
on current literature. The brain activation was studied using the Electroencephalography
(EEG) data, by comparing the band powers of the different conditions in the different brain
regions. The Motor Imagery (MI) conditions were generally shown to incorporate lower
brain waves, especially delta, which are connected to plasticity induction during awakeness
and inhibition of environmental interferences during the performance of a mental task. The
Virtual Reality (VR) conditions presented increased brain activation in all brain regions in
the gamma and beta frequencies, indicating strong brain activation and higher information
content. ME had the highest alpha content, indicating low neurocognitive effort compared
to the other conditions. The analysis of the Heart Rate (HR) through the Electrocar-
diography (ECG) signals, and the Pulse Rate (PR) through the Photoplethysmography
(PPG) signals, was not decisive on the impact of the different conditions, as all conditions
incorporated factors that according to the bibliography contribute to the increase of the
HR and PR. A comparison between the HR and the PR showed that PPG could be a
reliable alternative to HR measuring. The analysis of the Heart Rate Variability (HRV)
using the ECG signals showed that ME had the highest HRV SDNN and RMSSD metrics,
which was attributed to the documented increase of the HRV in physical activity. The fact
that the other conditions had lower HRV than ME was explained by the physical inactivity
and the increased mental effort required by non-ME conditions. However, MIMOVRHP
had a higher pNN50 metric than ME, which was attributed to temporal imperfections in
the peak detection. The analysis of the Pulse Rate Variability (PRV) through the PPG
signals was unsuccessful, due to the rejection of noisy ME data. The subsequent statistical
comparison between HRV and PRV showed that PPG can reliably replace the ECG in
non-ME conditions’ PRV extraction. The faulty ME PRV extraction indicates that the
PPG should be used in conditions requiring body movement only if constant skin con-
tact can be guaranteed. The analysis of the respiration rate showed that all conditions
presented a respiration rate increase compared to ME, though not statistically significant.
This increase was attributed to the higher mental effort required by the non-ME conditions
and the psychological stress induced by the use of new equipment. In conclusion, we saw
that all conditions might be more mentally demanding for the patients than ME, as seen

by the respiration rate increase and the HRV decrease. At the same time, all conditions

121



required more neurocognitive effort, either in the low, plasticity-inducing frequencies (MI
conditions) or in the high -information processing- frequencies (VR conditions). The con-
dition that we consider the most promising for future rehabilitation protocols based on the
results of this study is MIMOVRHP, as it provides increased brain activation thanks to
the combination of VR and haptics.

122



Appendices

123






Appendix

Electroencephalography (EEG) topographical plots

The topographical plots of the band power of each frequency band in each condition
are presented in Figure A.1. The percentage difference topographical plots between each

condition and ME are presented in Figure A.2.
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Appendix E

Electroencephalography (EEG) statistical analysis

The complete KW and Dunn’s tables from the statistical analysis of the EEG signals

for each brain region and each frequency band.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 4073.928 | 5 | 814.786 | 27.069 5.530e-05
Error | 2096.571 | 36 | 58.238

Total | 6170.500 | 41

Table B.1. KW table of the Frontal Lobe’s delta frequency band statistical analysis.

Comparison Q-value Critical Q Comment
2-6 4.4660 2.9278 "Reject HO’
2-5 3.7689 2.9278 'Reject HO’
2-3 2.3528 2.9278 "Fail to reject HO’
2-4 No comparison made 2.9278 "Accept HO’
2-1 No comparison made 2.9278 "Accept HO’
1-6 3.2678 2.9278 "Reject HO’
1-5 2.5707 2.9278 "Fail to reject HO’
1-3 No comparison made 2.9278 "Accept HO’
1-4 No comparison made 2.9278 "Accept HO?
4-6 2.5925 2.9278 "Fail to reject HO’
4-5 No comparison made 2.9278 "Accept HO’
4-3 No comparison made 2.9278 "Accept HO’
3-6 2.1132 2.9278 "Fail to reject HO’
3-5 No comparison made 2.9278 "Accept HO’
5-6 0.6971 2.9278 "Fail to reject HO’

Table B.2. Dunn’s table of the Frontal Lobe’s delta frequency band post-hoc

analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 2235.643 | 5 | 447.128 | 14.854 0.011
Error | 3934.86 | 36 | 109.301

Total | 6170.500 | 41

statistical

Table B.3. KW table of the Frontal Lobe’s theta frequency band statistical analysis.
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Comparison Q-value Critical Q Comment
2-6 3.0500 2.9278 "'Reject HO’
2-5 2.5271 2.9278 "Fail to reject HO’
2-3 No comparison made 2.9278 "Accept HO’
2-4 No comparison made 2.9278 "Accept HO’
2-1 No comparison made 2.9278 "Accept HO’
1-6 2.7232 2.9278 "Fail to reject HO’
1-5 No comparison made 2.9278 "Accept HO’
1-3 No comparison made 2.9278 "Accept HO’
1-4 No comparison made 2.9278 "Accept HO?
4-6 No comparison made 2.9278 "Fail to reject HO’
4-5 No comparison made 2.9278 "Accept HO?
4-3 No comparison made 2.9278 "Accept HO’
3-6 1.1111 2.9278 "Fail to reject HO’

Table B.4. Dunn’s table of the Frontal Lobe’s theta frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 1501.357 | 5 | 300.271 | 9.975 0.076

Error | 4669.142 | 36 | 129.698
Total | 6170.500 | 41

Table B.5. KW table of the Frontal Lobe’s alpha frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 1334.214 | 5 | 266.842 | 8.865 0.115

Error | 4836.285 | 36 | 134.341
Total | 6170.500 | 41

Table B.6. KW table of the Frontal Lobe’s beta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 1053.928 | 5 | 210.785 | 7.002 0.220

Error | 5116.571 | 36 | 142.126
Total | 6170.500 | 41

Table B.7. KW table of the Frontal Lobe’s low gamma frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 3675.227 | 5 | 735.045 | 9.973 0.076

Error | 20277.272 | 60 | 337.954
Total | 23952.500 | 65

Table B.8. KW table of the Central Cortex’s delta frequency band statistical analysis.
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Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 3554.500 | 5 | 710.900 | 9.645 0.086

Error 20398 60 | 339.966
Total | 23952.500 | 65

Table B.9. KW table of the Central Cortex’s theta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 12860.500 | 5 | 2572.100 | 34.899 1.576e-06

Error 11092 60 | 184.866
Total | 23952.500 | 65

Table B.10. KW table of the Central Cortex’s alpha frequency band statistical analysis.

Comparison Q-value Critical Q Comment
1-3 4.2093 2.9278 'Reject HO’
1-6 3.8317 2.9278 'Reject HO’
1-4 3.6540 2.9278 "Reject HO’
1-5 2.9321 2.9278 "Reject HO’
1-2 0.2666 2.9278 "Fail to reject HO’
2-3 3.9427 2.9278 'Reject HO’
2-6 3.5651 2.9278 'Reject HO’
2-4 3.3874 2.9278 'Reject HO’
2-5 2.6655 2.9278 "Fail to reject HO’
5-3 1.2772 2.9278 "Fail to reject HO’
5-6 No comparison made 2.9278 "Accept HO’
5-4 No comparison made 2.9278 "Accept HO’
4-3 0.5553 2.9278 "Fail to reject HO’

Table B.11. Dunn’s table of the Central Lobe’s alpha frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 6836.136 | 5 | 1367.227 | 18.551 0.002

Error | 17116.363 | 60 | 285.272
Total | 23952.500 | 65

Table B.12. KW table of the Central Cortex’s beta frequency band statistical analysis.
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Comparison Q-value Critical Q Comment
2-4 3.4096 2.9278 "'Reject HO’
2-3 3.0542 2.9278 "'Reject HO’
2-6 2.1324 2.9278 "Fail to reject HO’
2-5 No comparison made 2.9278 "Accept HO’
2-1 No comparison made 2.9278 "Accept HO’
1-4 2.9321 2.9278 "Reject HO’
1-3 2.5767 2.9278 "Fail to reject HO’
1-6 No comparison made 2.9278 "Accept HO’
1-5 No comparison made 2.9278 "Accept HO’
5-4 1.7215 2.9278 "Fail to reject HO’
5-3 No comparison made 2.9278 "Accept HO?
5-6 No comparison made 2.9278 "Accept HO?
6-4 1.2772 2.9278 "Fail to reject HO’

Table B.13. Dunn’s table of the Central Lobe’s beta frequency band post-hoc

statistical

analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq

Groups | 1780.863 | 5 | 356.173 | 4.833 0.437

Error | 22171.636 | 60 | 369.527

Total | 23952.500 | 65
Table B.14. KW table of the Central Cortex’s low gamma frequency band statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 1115.900 | 5 | 223.180 | 14.399 0.013
Error | 1131.600 | 24 | 47.150

Total | 2247.500 | 29

Table B.15. KW table of the Parietal Lobe’s delta frequency band statistical analysis.

Comparison Q-value Critical Q Comment
2-6 3.0892 2.9278 "Reject HO’
2-5 2.2989 2.9278 "Fail to reject HO’
2-3 No comparison made 2.9278 "Accept HO’
2-4 No comparison made 2.9278 "Accept HO’
2-1 No comparison made 2.9278 "Accept HO’
1-6 2.9096 2.9278 "Fail to reject HO’
1-5 No comparison made 2.9278 "Accept HO?
1-3 No comparison made 2.9278 "Accept HO’
1-4 No comparison made 2.9278 "Accept HO’
4-6 2.0116 2.9278 "Fail to reject HO’
4-5 No comparison made 2.9278 "Accept HO’
4-3 No comparison made 2.9278 "Accept HO’
3-6 1.6524 2.9278 "Fail to reject HO’

Table B.16. Dunn’s table of the Parietal Lobe’s delta frequency band post-hoc

analysis.
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Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 414.300 | 5 | 82.860 | 5.346 0.375

Error | 1833.200 | 24 | 76.383
Total | 2247.500 | 29

Table B.17. KW table of the Parietal Lobe’s theta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 1541.900 | 5 | 308.380 | 19.895 0.001

Error | 705.600 | 24 | 29.400
Total | 2247.500 | 29

Table B.18. KW table of the Parietal Lobe’s alpha frequency band statistical analysis.

Comparison Q-value Critical Q Comment
1-6 3.4125 2.9278 "Reject HO’
1-3 3.0892 2.9278 "Reject HO’
1-5 2.9096 2.9278 "Fail to reject HO’
1-4 No comparison made 2.9278 "Accept HO?
1-2 No comparison made 2.9278 "Accept HO’
2-6 2.7300 2.9278 "Fail to reject HO’
2-3 No comparison made 2.9278 "Accept HO’
2-5 No comparison made 2.9278 "Accept HO’
2-4 No comparison made 2.9278 "Accept HO’
4-6 0.8980 2.9278 "Fail to reject HO’
4-3 No comparison made 2.9278 "Accept HO’
4-5 No comparison made 2.9278 "Accept HO’
5-6 0.5029 2.9278 Fail to reject Ho

Table B.19. Dunn’s table of the Parietal Lobe’s alpha frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 795.100 | 5 | 159.020 | 10.259 0.068

Error | 1452.400 | 24 | 60.517
Total | 2247.500 | 29

Table B.20. KW table of the Parietal Lobe’s beta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq

Groups | 12.300 5 | 2460 | 0.159 0.999
Error | 2235.200 | 24 | 93.133
Total | 2247.500 | 29

Table B.21. KW table of the Parietal Lobe’s low gamma frequency band statistical anal-
YS1S.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 445.833 | 5 | 89.167 | 15.643 0.008

Error 38.667 | 12 | 3.222
Total | 484.500 | 17

Table B.22. KW table of the Occipital Lobe’s delta frequency band statistical analysis.
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Comparison Q-value Critical Q Comment
2-6 3.1353 2.9278 "'Reject HO’
2-5 2.4471 2.9278 "Fail to reject HO’
2-3 No comparison made 2.9278 "Accept HO?
2-4 No comparison made 2.9278 "Accept HO?
2-1 No comparison made 2.9278 "Accept HO’
1-6 3.0589 2.9278 "'Reject HO’
1-5 2.3706 2.9278 "Fail to reject HO’
1-3 No comparison made 2.9278 "Accept HO’
1-4 No comparison made 2.9278 "Accept HO’
4-6 1.7589 2.9278 "Fail to reject HO’
4-5 No comparison made 2.9278 "Accept HO?
4-3 No comparison made 2.9278 "Accept HO?
3-6 1.6824 2.9278 "Fail to reject HO’

Table B.23. Dunn’s table of the Occipital Lobe’s delta frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 356.500 | 5 | 71.300 | 12.509 0.028

Error | 128.000 | 12 | 10.667
Total | 484.500 | 17

Table B.24. KW table of the Occipital Lobe’s theta frequency band statistical analysis.

Comparison Q-value Critical Q Comment
1-6 2.9824 2.9278 "Reject HO’
1-3 2.1412 2.9278 "Fail to reject HO’
1-4 No comparison made 2.9278 "Accept HO’
1-5 No comparison made 2.9278 "Accept HO’
1-2 No comparison made 2.9278 "Accept HO’
2-6 2.6765 2.9278 "Fail to reject HO’
2-3 No comparison made 2.9278 "Accept HO?
2-4 No comparison made 2.9278 "Accept HO?
2-5 No comparison made 2.9278 "Accept HO’
5-6 1.5294 2.9278 "Fail to reject HO’
5-3 No comparison made 2.9278 "Accept HO’
5-4 No comparison made 2.9278 "Accept HO’
4-6 1.3765 2.9278 "Fail to reject HO’

Table B.25. Dunn’s table of the Occipital Lobe’s theta frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 389.167 | 5 | 77.833 | 13.655 0.018

Error 95.333 | 12 | 7.944
Total | 484.500 | 17

Table B.26. KW table of the Occipital Lobe’s alpha frequency band statistical analysis.
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Comparison Q-value Critical Q Comment
1-3 2.9059 2.9278 "Fail to reject HO’
1-6 No comparison made 2.9278 "Accept HO’
1-4 No comparison made 2.9278 "Accept HO?
1-5 No comparison made 2.9278 "Accept HO?
1-2 No comparison made 2.9278 "Accept HO’
2-3 2.2177 2.9278 "Fail to reject HO’
2-6 No comparison made 2.9278 "Accept HO’
2-4 No comparison made 2.9278 "Accept HO’
2-5 No comparison made 2.9278 "Accept HO’
5-3 1.2236 2.9278 "Fail to reject HO’
5-6 No comparison made 2.9278 "Accept HO?
5-4 No comparison made 2.9278 "Accept HO?
4-3 0.6118 2.9278 "Fail to reject HO’

Table B.27. Dunn’s table of the Occipital Lobe’s alpha frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 378.500 | 5 | 75.700 | 13.281 0.021

Error | 106.000 | 12 | 8.833
Total | 484.500 | 17

Table B.28. KW table of the Occipital Lobe’s beta frequency band statistical analysis.

Comparison Q-value Critical Q Comment
1-3 2.9059 2.9278 "Fail to reject HO’
1-4 No comparison made 2.9278 "Accept HO?
1-6 No comparison made 2.9278 "Accept HO’
1-5 No comparison made 2.9278 "Accept HO’
1-2 No comparison made 2.9278 "Accept HO’
2-3 2.2177 2.9278 "Fail to reject HO’
2-4 No comparison made 2.9278 "Accept HO’
2-6 No comparison made 2.9278 "Accept HO’
2-5 No comparison made 2.9278 "Accept HO’
5-3 0.9177 2.9278 "Fail to reject HO’
5-4 No comparison made 2.9278 "Accept HO?
5-6 No comparison made 2.9278 "Accept HO’
6-3 0.9177 2.9278 "Fail to reject HO’

Table B.29. Dunn’s table of the Occipital Lobe’s beta frequency band post-hoc statistical
analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 161.167 | 5 | 32.233 | 5.655 0.341

Error | 323.333 | 12 | 26.944
Total | 484.500 | 17

Table B.30. KW table of the Occipital Lobe’s low gamma frequency band statistical
analysis.
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Table B.31.

Table B.32.

Table B.33. KW table of the Temporal Lobe’s alpha frequency band statistical analysis.

Table B.34. Dunn’s table of the Temporal Lobe’s alpha frequency band post-hoc statistical

analysis.

Table B.35. KW table of the Temporal Lobe’s beta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 766.333 | 5 | 153.267 | 6.904 0.228
Error | 3118.667 | 30 | 103.955

Total | 3885.000 | 35

KW table of the Temporal Lobe’s delta frequency band statistical analysis.

Source SS dF MS Chi-sq | Prob> Chi-sq

Groups | 664.333 | 5 | 132.867 | 5.985 0.308

Error | 3220.667 | 30 | 107.355

Total 3885 35

KW table of the Temporal Lobe’s theta frequency band statistical analysis.
Source SS dF MS Chi-sq | Prob> Chi-sq

Groups | 1464.333 | 5 | 292.867 | 13.192 0.022

Error | 2420.667 | 30 | 80.689

Total 3885 35

Comparison Q-value Critical Q Comment
1-3 2.7674 2.9278 "Fail to reject HO’
1-4 No comparison made 2.9278 "Accept HO?
1-6 No comparison made 2.9278 "Accept HO?
1-5 No comparison made 2.9278 "Accept HO’
1-2 No comparison made 2.9278 "Accept HO’
2-3 2.0550 2.9278 "Fail to reject HO’
2-4 No comparison made 2.9278 "Accept HO’
2-6 No comparison made 2.9278 "Accept HO’
2-5 No comparison made 2.9278 "Accept HO’
o-3 0.6576 2.9278 "Fail to reject HO’
5-4 No comparison made 2.9278 "Accept HO?
5-6 No comparison made 2.9278 "Accept HO?
6-3 0.3288 2.9278 "Fail to reject HO’

Source SS dF MS Chi-sq | Prob> Chi-sq
Groups | 938.000 | 5 | 187.600 | 8.450 0.133
Error 2947 30 | 98.233

Total 3885 35

Source SS dF MS Chi-sq | Prob> Chi-sq

Groups | 1095.333 | 5 | 219.067 | 9.868 0.079

Error | 2789.667 | 30 | 92.989

Total 3885 35
Table B.36. KW table of the Temporal Lobe’s low gamma frequency band statistical
analysis.
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Appendix

Electrocardiography (ECG) and Photoplethysmogra-
phy (PPG) statistical comparison

The complete KW tables from the statistical comparison between ECG and PPG are

presented in this appendix.

Heart Rate (HR) vs Pulse Rate (PR)

The difference between HR and PR is statistically non-significant in all conditions. ME
presented a p = 0.8597, as shown in Table C.1, MI presented a p = 0.9417, as shown in
Table C.2, MIMO presented a p = 0.9533, as shown in Table C.3, MIMOHP presented a
p = 0.9757, as shown in Table C.4, MIMOVR presented a p = 0.8837, as shown in Table
C.5, and MIMOVRHP presented a p = 0.8243, as shown in Table C.6.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 0.889 1 0.8889 0.03 0.8597

Error | 483.111 | 16 | 30.1944
Total 484 17

Table C.1. KW table of the statistical analysis of HR vs PR in ME.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 0.66 1 0.66 0.01 0.9417

Error | 4562.34 | 36 | 126.732
Total 4563 37

Table C.2. KW table of the statistical analysis of HR vs PR in MI.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 0.42 1 0.422 0 0.9533

Error | 4562.08 | 36 | 126.724
Total 4562.5 | 37

Table C.3. KW table of the statistical analysis of HR vs PR in MIMO.
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Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 0.11 1 0.109 0 0.9757
Error | 4212.89 | 35 | 120.368

Total 4213 36

Table C.4. KW table of the statistical analysis of HR vs PR in MIMOHP.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 2.64 1 2.639 0.02 0.8837
Error | 4563.86 | 36 | 126.774

Total 4566.5 | 37

Table C.5. KW table of the statistical analysis of HR vs PR in MIMOVR.

Source SS dF MS Chi-sq | ProbChi-sq
Groups 5.46 1 5.461 0.05 0.8243
Error | 3874.04 | 34 | 113.942
Total 3879.5 | 35

Table C.6. KW table of the statistical analysis of HR vs PR in MIMOVRHP.

Heart Rate Variability (HRV) vs Pulse Rate Variability (PRV)

For the SDNN and RMSSD metrics, only the non-ME conditions are compared, due
to the impeded analysis of the PRV of the ME condition. For the pNN50 metric, all

conditions are compared.

SDNN

The difference between HRV and PRV in the SDNN metric is statistically non-significant
in all conditions. MI presented a p = 0.4829, as shown in Table C.7, MIMO presented a p
= (0.5987, as shown in Table C.8, MIMOHP presented a p = 0.9301, as shown in Table C.9,
MIMOVR presented a p = 0.6476, as shown in Table C.10, and MIMOVRHP presented a
p = 0.5606, as shown in Table C.11.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 60.8 1 60.8 0.49 0.4829
Error | 4508.7 | 36 | 125.242

Total | 4569.5 | 37

Table C.7. KW table of the statistical comparison of SDNN in MI.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 34.2 1 34.2 0.28 0.5987
Error | 4535.3 | 36 | 125.981

Total | 4569.5 | 37
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Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 0.95 1 0.95 0.01 0.9301
Error | 4568.55 | 36 | 126.904

Total | 4569.5 | 37

Table C.9. KW table of the statistical comparison of SDNN in MIMOHP.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 24.49 1 24.485 0.21 0.6476
Error | 4193.51 | 35 | 119.815

Total 4218 36

Table C.10. KW table of the statistical comparison of SDNN in MIMOVR.

Source SS dF MS Chi-sq | ProbChi-sq
Groups | 26.25 1 26.25 0.34 0.5606
Error | 2221.25 | 28 | 79.3304
Total 2247.5 | 29

Table C.11. KW table of the statistical comparison of SDNN in MIMOVRHP.

RMSSD

The difference between HRV and PRV in the RMSSD metric is statistically non-
significant in all conditions. MI presented a p = 0.2542, as shown in Table C.12, MIMO
presented a p = 0.4472, as shown in Table C.8, MIMOHP presented a p = 0.8608, as shown
in Table C.9, MIMOVR presented a p = 0.6258, as shown in Table C.10, and MIMOVRHP
presented a p = 0.8353, as shown in Table C.11.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 160.55 1 160.55 1.3 0.2542
Error | 4408.95 | 36 | 122.471

Total | 4569.5 | 37

Table C.12. KW table of the statistical comparison of RMSSD in MI.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 71.36 1 | 71.356 0.58 0.4472
Error | 4498.14 | 36 | 124.948

Total | 4569.5 | 37

Table C.13. KW table of the statistical comparison of RMSSD in MIMO.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 3.8 1 3.8 0.03 0.8608
Error | 4565.7 | 36 | 126.825

Total | 4569.5 | 37
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Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 27.86 1 27.859 0.24 0.6258

Error | 4190.14 | 35 | 119.718
Total 4218 36

Table C.15. KW table of the statistical comparison of RMSSD in MIMOVR.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 3.35 1 3.3482 0.04 0.8353

Error | 2244.15 | 28 | 80.1483
Total 2247.5 | 29

Table C.16. KW table of the statistical comparison of RMSSD in MIMOVRHP.

pNN50

The difference between HRV and PRV in the pNN50 metric is statistically non-significant
in all conditions. ME presented a p = 0.1659, as shown in Table C.1, MI presented a p =
0.6931, as shown in Table C.2, MIMO presented a p = 0.9534, as shown in Table C.3, MI-
MOHP presented a p = 0.7925, as shown in Table C.4, MIMOVR presented a p = 0.8789,
as shown in Table C.5, and MIMOVRHP presented a p = 0.7711, as shown in Table C.6.

Source | SS | dF MS Chi-sq | Prob > Chi-sq
Groups | 96 1 96 1.92 0.1659

Error | 1054 | 22 | 47.9091
Total | 1150 | 23

Table C.17. KW table of the statistical comparison of pNN50 in ME.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups | 19.24 1 19.238 0.16 0.6931

Error | 4549.76 | 36 | 126.382
Total 4569 37

Table C.18. KW table of the statistical comparison of pNN50 in MI.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 0.42 1 0.422 0 0.9534

Error | 4569.08 | 36 | 126.919
Total 4569.5 | 37

Table C.19. KW table of the statistical comparison of pNN50 in MIMO.
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Source SS dF MS Chi-sq

Groups 8.55 1 8.55 0.07
Error | 4560.95 | 36 | 126.693
Total | 4569.5 | 37

Prob > Chi-sq
0.7925

Table C.20. KW table of the statistical comparison of pNN50 in MIMOHP.

Source SS dF MS Chi-sq | Prob > Chi-sq
Groups 2.72 1 2.721 0.02 0.8789

Error | 4215.28 | 35 | 120.437
Total 4218 36

Table C.21. KW table of the statistical comparison of pNN50 in MIMOVR.

Source SS dF MS Chi-sq

Groups 6.56 1 6.5625 0.08
Error | 2240.94 | 28 | 80.0335
Total 22475 | 29

Prob > Chi-sq
0.7711

Table C.22. KW table of the statistical comparison of pNN50 in MIMOVRHP.
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