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Abstract

Reorgani zation of functional hubs 1 n

Yi meng Wang

Re s tsitmag e f un c tReosnoanl a nMaeg -hl ddRailgei nigsn yaa snovre br ai n
technique that me-da ®wvmrsBuviedtyii oan ald tk @/ at mytc itnfiovné ¢ y h
Bl oc©xdy gleenvrdpendent (BOLD) signal of remote bra

temporally. Using variety of methodol ogies su
sparse dictiond&dnytlee &Nreri svjog kKrs®@d RtSMNegst ent |y f o
connect ome. Functional hubs denote the brain

whereas connector hubsnesperckatdympmrirec atci et e
i's based o1y @pupltesheds megdrdshctleag ya n@d lylsad o f
hubneSsPsSARK) , which estismébtyesotumeé i mgnde¢thiceonmaimbleu
to each bByi ac ywixreil g escitmuol et nacriedpdiadV BIg,r afmunct i o
connedtFi@yuirtiyng sl eep <canl nalasdod ibte oinn v ef sutnicgt a toenda.

been commonly applied to find potenti al bi oma
Therefore, in the first gshoadiyoondal|l tbegr eébasiaen
nap after tot al sl eep deprivation and its as:s
algorithm called Hierarchical Segregation | nd:¢

As a resul tni fweanoumrdrsieggati on between funct
wor king memory per fnortrhan ce caofntde rs t suldgge po.f t hi s
di fferent patterns of functionglTLEYHnNfabr gahe :z
epil(eplsBy applying similar methods used 1in th

exclusive functional hub Taol tec rmdri wshke ebeopt,h fium c
segregation during a wholteweneing hcto gsnliete pv ea npde riftc
further investigated. In TLE and FLE, furthe

structures will be of interest, -samrdimiadhtoud ero
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Chapter 1Introduction

Ast he most i,nhbheuimbantaacrcoa wmtns f otrheenleo gty Z@¥%safmpt
the ,baadyitobgmp @8 e of totabBubepdneweipinhatl acti vit
by exsteir malextpittar s3.s 5 %hmmhacinner gy cowliulmpti da, r es
contribbeednbyi nsdiics cblrdas endt giocym enrae b ya § Rao o vl e &
Mi nt un, 2006; Zh,anwgh ks ipheoireeth Irees eZa& BGm) ne t he br
Funct Moagma®e s enbnage ng h(adMRd he rr esgpalt u tailddtno coat npearr €
functional | maglf hagrusne cghurei cpwpepsor nenr bpat oachves
deep sbtrrauicnt uraeg nwiatshiovuet f MRd c @ chdrig.ect |l y measur es
measuring the dlucw utad modyyn emiok efd by Roeisoteilnegc t r
state fMRdgr(ves as a power ful modal,i whetr® aesx pl
participant i's instructetdhda os,daimmedatmi¢Billmeadh d s
Oxygleenvzdpendentsi(gh@dqui red egiutamgmiger nBYy t ask
cal culating the Pearsohi merceoloxtee é¢imetey fma tcti err
functional connetchradvirteys ecnatns bteh eh st seanspgoe dgil Wos | mMi
A variety ofhamet hboedeont opgri oeppoessetd gat e functi onal
sedbdsed connzpgti nvcidmpabmaent analysis (PCA), [
anal ysi swdllICAds @abust emeatngondls@m@mh sAelhtehmodygrhg us i
di fferentfestmebbeddet wohlas CBE8NsWwibteh as penaiit faito e &
wecoensi sbantd| fyeucihnawdmaud tt o de ,tnheet svoa k, 1§ ®MMOY
or aheenti amo we vseoaek o f those aforementioned
shortcomings suchdafsi mietguiinoinmfgofa i prt ieo trelset ( RC
assumpatitome sof ol dastpoa rgseen esraalitees betmifl | i,peamassympti o
ohomverbleapvee PANRS NG vdaatti aviemeihh o d crail-ltl aesdend@ p g s i s

of Re lhiuabbnlees sk b(aSsPeAR Ko)n s par sevadi cteicemd,vlyi dé&aren i
identifies conmescspomshbbe fepgi omdyeroew wioir kg cC1
number of RSNs i nwhbiilvne dt hien opeeaacehh avirobisd@atset hoef

pr eviioyHdeee et. al ., 2018)

Functi onal <connecnma cwimntgya nsiodndites mienn e e e mab b d 0
structure, which consistangé ¢ cambdbo gobgmadg etsi e S
bet wee(QWathtesn & St3waglat ar gids®iaBtf ifoncliyentf amd r e

| oweaet@adslequar spgci fic Isauccahl absr girrelrieginbaoty s en
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al Biogeaffyi ci en-t et @ds lelgiuglyanra gr onfi zdit fi foenr ent neur c
suclcoanpmetxor coomaikn atgi afecca asridoi nhs oyft bhéies ma | |
worl do sB$unct uoral(defeigntedieald y eine o ne ®iftdbesai n
regi onsstwintch dinat omyanathudncp h ysiad(d e gnytneegdr ealb y o n
synchr olme tzwtereaosne b r)aiTro nroeng i cernfFs naclt.i,onlad9 4s)egr e g ¢
i ntegappe@adni fferentbrbhewelnsetwbrk structure, f i
or gani z dlderin diom o fcioommaldltheme xt ent of segaleatgegt i on
across differharst dpaeemt s & eodt g hednet hncti onal
(FCRBoly et al ., 2012,;sulg.geiEnadrofganssed iedn all .s e qrC
dur homgapiyseove ment ( NRIEM) ocdtrgepgwaeldd Nul Caos s et
202 Ho)wewvwerd ferent segryegtattimnbeaexglroised bet we
stages.

Al t hough -warelbbdfiasinma lulpt oevdeidgh eff comephefkorfmati on
pr oceismsitnlgpe hedlttelryatbroani mf ismdipcoatesntt n aéd hprre bir
neurologib,cahedieansasd cepatbhol bgiacal rggabdbhnstr ad
o f brarkh deswapt iFor ceaxmbmpase emal hub naiws rhuupbt i o
emer gleendsceen Wbywmd gvthewmp studying restingthstate

mesi al tempor al ulsoSRRAREKh e B e p$ yHao(wielvipiOlle8 ) e mer gi |
| iterasdaxpleakheadr ed functamdailt £ oolhidoidrk Bviotreel e v e
i nvestiiseatuiiared f eof depf Rewyeary dtypael ., 2022)

Thereforéehe context we eRisesndMadt eheThepitswoat i
cont:eadhe network segregati osa nadc rsd sesetpthesfafhegrbegn t
brai fbtahned net worirk apisireswttiid nibti dpfeoe@ealug resi st e
epillepa)guanti fieadlt mestdrgornekg @ toialkdeee bgl compar i ng
wakeful nesasn,d NNRREHNBH mgbsl e assessing the inter:
segregation ad¢wmginperybbeddmhge dNREM2 and NREM3 s
compared because they are the most commonl vy i
st uldiyh) we stgwdiipedeotmpar ceononeofor hulusirmegormrgasnii:
state fMRI datianémponr pht liTel)s sfdrpainttéegpls yl F(lbEe epi |
We are providing preliminary results for this

It ht BesiGhapmtheéenr ot@humpeescidncc i pyoblsaviRd wfivhdl es

pr es e rstt @rtghaeaotf meitehod @lomgii@er ed un o tceomankelczte vi t

usi ng.ChBRE @r ma&niusnc rpirpetpb@ar ap u joclhuircraetnitdny wuntcher r
2



caut mods expected t o bweh iscuhbsndi etstgerdil bsehsbiretrlayr c hi c e
of functionadurhbNREM sledeywa&ktsat oént heMo tfaumlcyt,i o
Dr . Kangj bsoh alreded rashéd a utt hios .4 ¢t yad ys ma ni mtcrl awwddecst i o
met hodol ogy, pr ekdiend wpatw donp roeff arcees udletsscr i bi ng t
bet ween Drysebfapaapr &l i mamasyg St pd@oonth:ect or hul
reorganization in frontal |l obeheggubdepsesgwamnidon
epil epsy, methodol ogy, paededt atuosssnpagpt ied e imy
resChaoapt erc sthihdee er al | otohticddetsdlisomi t ati on of our |
and possidfloa diurteucrtehanreasreeaa.ch i n



Chapter 2 State of art of functional connectivity

21Re s tsithagt e f MRI

2. Blbod Oxygen Level Dependent signal detecte
FMRhmeasur es br ati hBeOd Ot issswgimnylhwiwahs i nvented i n t
Dr . Seiji Ogawa (ahhue tDire |l ,Ke2n0 OKdiw o A®@Q aaw am veats | & le .
i maging met hod, f MRI indirectly tmeamadyersamiea |
respohs&heunan Whialien.t wo di ffererxi Btndstaefapheéeimn
oxygenated hemog!l obiawnd( ktiehoex y ge ndniteenda gimemo gl ob
paramagnetic. The magnet i ct hfeirdeléde tdei cstt®ad® Daison c ¢
signal . Whenneewnaart i tvhh érye iins o h bdeepnaafno@ cod n & threp tbhir aan
i n thewhbtUlUr om&r ensesaer by rcapr bt accegr elbbrbabl dafd ow
bl ood .vood suenpu etnli ¢ yr at i odedr edddbe /i bt wel hear by
a chiamigBeOLD signal .

A typical f MRI acquisition scans the huwWiman br
par ameter named Repetition Time (TR) piud sehe
sequsanpcpel i ed to the samd shidceabés thlee btr iame
acqui.Aiotnivemf MBahcaglu i lsdast itame resol utiofpi bae T R=2
samplfriequéescyr oummdhi@mebl|Htzkabcacred e MBtkheadt ar t s scann
mul tiple sl i cachsaweailnea neeéosuail iy iN-@NGTBRELGO D Hz)
(Smitha et Al t o RPN i8negnpor al s Frewbe h abhiosre of
el ectrophyfsMibld biggybert i al resol utlipoedegmttpant o 2
el ectrophysiol ogy oanidstsipeerc i fau gt isan et tfeiddo mhadlg i & gt
evémom deep brainwastwvedtyure non

At a-EKMRiIppl i es a seri(ees. o.f, ewit eu ala ktoors tahuediibtaa rtyi cs
and uses geneg(r@uM)l iaredrs tmotdiest 0 c lad d @ @eeagmeoenrsi ¢
that show signifi csxmotmpdiicot ilveasteiroccusstisopggrdiym g gti anls
the ctenalamat or regiodsrt agkRISFH v ea,c ttBavysptiadgne
al di scovered that e v etnh ewistphoonutta naemoyu smaostl corw hoesh
tiseries () CoO:rd@slliaf atlh.ose20sOele)d voxels stildl
with easilgopodrgggruul|l at edt invdiutrgomoatle abcr ai n  r(eBy.i ons
Bi swal et al ., 1995Si Bc e Bt h éBnsstwdath ee oe-fi fiVMBR 1Y) i, (nrgls® 9
been introdpaed, ] awpnesntéersutchteed to | i e stild]l i nsi
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opened and fixed on a crosd afyorawakest anaseddi
S p e ctihfoituegiht haguwtl myn ge x t Ar rBaOtL Ditseeswielsl t hen be ac
Technicall ys,t attleed ArMRdt iinsg me wakal le,fa adeffaéesdke d

cond.Ntoinen jsalma FsMRI r ac ghuaieslisto obneere xpp pirmeterd ihte®i ¢
neurantailvi ty during ot hemnbs & hmsxs 8&a tReas ,c hd wec, h 2¢

2. Or Rgismp omft asnlecowu so s oif $IMRtlIi ons

The ort lggépro nd fan esws |dleadevca e e MIRulsbibragn rqgsuest i oned
t he past Wwhweot hdeerc atslheas t ree BtOILEDg isg igmatbefdl unati wnd tyi on
oft he under |l ybngogeheaotonmabapai Qi yaitsbenep hysi ol ogi
proscge ssucédspisr at ory aatd ltiagltde resf?irthgquéninc st udi es

t hcoontamohaphpsi ol 0g0 ctadHz MR lo esteis@&&isr n et al ., 2
Cordes etotahle.r, fs@20Oudddi )eeshat t he brain regi-ons th
f MRI  ar e al siobrhaigrhi (9Bny eBiastweadl et al ., .11t9 9h5a;s S a

beee monstthraatt etdhe temporally -tMdRIFrednre efupeguadd
anat owmhictad pmmathtiveelp s ey et Aaddi t jidrhdae®bh) g or ys oaner t e x
have domumabat wefeMRIr gamdpao wer | oc al fi,elwhigdt ers
an electrophysitdlad g ithcead o mid asachimhi weguosy c t prl @aders
extracelnaednmarnapracmst, adf f,er2i0MB ) mor e evidence
r-§ MRI signal s.

Usi nigMRA< qui sition with high temporal foesdl ut i
that the frequency ¢ omphbaauednittso r@fn dtvhmes usdreedt orr ¢ ¢
i ndeed fdidhesenotf thedardkrgsptmathed | eaThdal . | :
cortical vseaddioan & gyi brefs MRSt @ wtah &0 nl, HehirlseMRIh e
sigobhasrt er,gndesreea mr o s@po mtarti Wibdiegrdd qu em@ye ® . 1 Hz ,
0.1~QamdHz0. At cdDr Hzngly, with approprsg attehef MR
i nfl akenpbysprodssegd-dRIs aogeaedulrted

2. T MRl preprocessing
To mini af pe e tnhiartfilomerdc e of t he pohry BfeMR o gti icmad
seraesvarietyhave sinag a wtelgiaaddeest thief spati ot empor al (
of theeftbeggegdbros,piwhailt & Innatdt er , tohre nv arsecnuol vaer
the | uctumdomon heatddMRI nA et gptcalof epamalag é MRI
preproicelsesi Mgur oi magi ng)(Breadll yexi =t KNditl A K &N I2AMFIa )
preprocessweangcdmrnoil boexed fori niChaptsetribrtld & apdree s en
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physi ol ogicadl goomistel€® R MA@ARr eof i ¢Gn ructured no
spati al | ndependehn(tPeCd mpa me.nét®© RAIILIAy si2sB0&rn aut
process that utili zes spatial I ndependent Con
compohemwths si odroiggicrmdody naosvse nsetnstgsaby at héocatio
ot hdecomi pagwgsi ol ogi{cealebproca@agsgiawhif {tehveeha i me@ccke of
f MRI ,mamd external -rresmiitrartiomrgy a fhSyidreirndd a(rda ft oa vNal i
aaot hrercently devel oped fmM&méavp ICA pd(@ecevseslionpge dp iipne
BernbbhatWds considered f oChadapmtebis@ApuU gperbee€Ant e d
FI XI gofdfirtohmm FSL to remove phycsdmndogE&mriast e noetses
2022; Griffant-Khet sal dj .Seobnied || .isphaeld@didu)rtehen r e mo
the average of wgltdhbalheBOL Dexnirguim®&lgh esanobe mode
vascular nuisahrhog seitgabl ,ag0w@6t|l Fransson, 200

Asi de from physiological denoi sing, a typical
ti mtogr @€ ot icompanmaead et r meegrdeinfcfes bet ween each s
motion cospafcit-abhy Diyeo | atge d | rwed leuvmer & ebroidg i d
transf otremapadroglas dppdrsd ftid t @ eainndgnrde mdve gheghby
di stuirbhamecegi stration between f MRI and indivVvic
a templ ate -spaek Vvhiotmbligsoammp t r aanmsdfpart maatl i tsomo ot h
i ncreaset-oadhidsSNRgnGrkadi entcadi seotrtomncan al so b

magaraevai ( AbVvieci ch. et al ., 2006)

2.A2nal yBuscobional connectivity and connector h
Functionali £ odefeicsitealtiidsyt it dieedt weoa r etlovaad irveeayti ed nss

t he moatalcul ated with Peabeo mewsmvrerrealgaetdi d nTMRcl 0 e
ser(ifesrt sen et al ., 1989 ;buk. oJ.heFrpiasntacoe vetn ¢ a lk
nonpar aamebhodes baneiadse kdlmoi seaux et al ., 2006
2006; Sal vad,oarsu mima rail z(ezdh 2MY 5% RaMobht ecothman)y
functi onali sc ocnanl eccutlfaliRidy ubsu ta gFa@ fyazaendab es ar i ety o
as wel Idursiuasghk asN eregt. hfeulnecstsi,on al c aclocnunmieacthei dv & 6 ¥

free ifsMRlherrsand | eaansdlggyltiosvd de cahegqodbthwy or dis
parti,ciwiathnttsatBi eesyaocnqdi 8i. 6 BonBi swal et al .,

2017 hwhol eflimaitnonal ceomheat ipvwnedssat Npyat e®@meani st e
across diffeeegltpdodpsaigmestt amgs t he pfaun etrinen alr ec

i ntrinsic AfingéFpninnteat oafl .t he2 0l bdinfF@»x n&r aRa
met hodol ogi es used to investigatemdiomtegonnaesct
6



hypotdreisiesnh #a seaed onnawchiyipvoitfhyeesmaby d ateam) met hc

i ncl bdiitngnot ilndmepgendetnot eaompygses (I CA), hier
principal compoN&nvi annal,g ss paal r(sPeC 2cBodds gl asru cvha |
decomposi tainan fuUSVYD) OoBeatl hlgahham eaatt al . , 2020; N

When | ookkemmeati vi ty mat fii.xhef c b h(aeLcemchrograea rbd ad tr
201L2)graph theory tic qutale abilpoavred fgllohalolef fi ci
strucHearet al ., 201520RObhi Wavt&. &p &t ne®gatz, 1

2. Be édlda sfewdn c td ocomnad csttiuvdii teys

Seddhsed functi omapi ngsconmreet ovi ttyhe mossti npepul
resear chtearse d anagglstt rnenwssriccma ¢ t i fvrao fh BIrRESB . B. Bi swal
al ., 1997, Cordes et .Tahle. ,r ed QG ;mp P iy tsannioghéeie o a |

strai ghitrnftoeerwparredt at i tomewmf ersaswnkmns agéda setiu dsye e d
(Buckner 280 Minnicteimatlt,shyear! b tadweegi om of iintreg ewsitr gc
whi ch itshiemaemegiTbe seed region can either be de
e. @. ,study ai miamags saotci at ndnndet ween functiona
anat omi cal abnotrhma ppoicasmpmsglanduaeliyBidtatt au aest t
201L2)or can be chosen nsl gdtheeRAobil vyaised woadgicbn
anot her stwultga ddketseirgna osfeed i s chosen, the Pea
then be calcul ated betcweuerns et hoef a vhe esa gseegle db M Rekgr
v 0 X(eotre g)io ® nw hhodd reaAnn e x ampled dsfed f uncti onal conne
be fioBhdu-LBN®net hel es d,i sanm voafb vdaa@edsd met hod i s
requires an a priori choice of adseodnpielzad e,

comparison of results across different studie:

Figefisgn exampl &basfeda fsuenect i onal( Coamdreec teitvialy. ,
Adapted from Figur.e ABicscf t@Ger besaieat raelgi 20G0 t ha
i n fdMRIi n¢g ias tteenBmlgowsastkhe areas that exhibit s
sewedx(ellotaatt et he gr eienn tchres srsehsatiifn8gR I of the same



2.2.CAnd RSNs

Independent compona&nmorae all gmwo tsreifi(eleCrhge tyhsod i n f
necti iBteyc kamtamdci ees al . , 2005; Cal houn et al
a et ,alllagva-@ ®i06 émma rsyg eonferoalnect i vi tays swimph o wtn
n den Heuvel & CHuldsitofmp oRBels,ethteisdh)diRle thir me n
o several g fhatti aelx ha dsnp @ inmeaadtigneunm ence from ¢
ckner & Vamidretnest, hre2e0tWi¥gl e functional ohcti vi
er al spatial |l y Hi gtepen dreeastuelntosihgioeheedipsg ¢ e d

oss di ff e(rBeanmo ilsCeAa usxt.hedtp eable.r, azlvCatnt)age of |
s0 be fuarptphiciead | f ¢ aanfyd o co®yM@pwskh b at are co-ntri bu
ur onalHosweuvapoess. bl e di s adviahaasgeed ionrc | suidmeisl arh
ssrtequire an a pgrhreoamberde 6 f nictoanmpdo naeehs tisiamaltair @ n
gorithm to define the numbéBeokmaompeaement s,
di t hreaami ng of t he i ndespseunad € nyta t chognupiloangednrt sst a
al,ywih®ereas cegamenmodtelcyh rmaynwdlg osti ht ahtenme¢ o mp a r
mponents imagesmpt{@dthaxnigst®& Rai evinlita hme2n@ludmi ng an
ght Dbley bs wmbsjeadc t. Moet jiumMgaomemnhant | vy, | CA aims to
overl apping tsipat i rdveemavoir hksmaichdepbrdedstor &1
i s ,ndaditi n abhleeortydd, handleed wekeme evaernk dahough some ¢
spatial overl ap idroeessteixgattedand has been

< € —+ 09 O S

— 0 o W > < © O
-

30 ®®3 SO~ T~ "0
— 0o S a—c o

Several-stratse i mgt wwoirtkihss t$iR®dNis 3ghla vmea ppse en consi st e
across diddeommads iHftM®Ini o€¢( aPsi magry sensory net
sensori motor wiednvedirwiemakp d i thamr Y bHiegthpeord &r s econdze
net wor ks that | aanipkagrrtait cel Ipdaet €eo simma b | aBagksi uncgh parso c ¢
Def aul t Mo d&MNNee¢ wec kt ioved woo tktart & kebn t ir ckne mtert avo

attenti on snaeltiweoryekesd aared oweoty &0 caks weclolr tsawsbalor t i c al
connections including thalamus subcortical ne
cerebéeFbxm& Raichl e, 2007 ; AnZheaxigmpdl eRall@ hulset,r :
ommonly f oundi RiSA\vsh iwg tP{eSIBCA h et @mi.t h 2681093 |

&omponents | CA on the BrainMap dataset, wh i
ctivation maps col bacteedd f MRdmsda udariset y noft htee
n resdtaitregddgiRilred from 36 healthy individual s
omponents from BrainMapr-$fNRIletadees ecsosmegpdo nweinttls R
pati al Evenetaltipnh. 10 c drviRd n ewetrse ffrooum d3 6wi rt sh
orrelation wi t(hSnmrtah neMBb pa 14.b,> @2aBIIN sson thief | e d
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sebdsed meThod, eextt raalcpg cesdt etrhieositnBgeiNs t er i or ci n¢
corP€Xr egi onsasnd sxdd act edsiammgdenl opr BMNBRCRaIl cC
as s(eZehdosu et.l ateye220l@pl y, rtehsossiem gaef voa rékose madri e n e
with rleipgf duecviebn dwiftyler enti emse e o d d |OMNyi essemaerdc hi c a
cl ust(evranngd)en Heuvel & lsl stediflf aaf®@ o R SINreOnla@m t i f
theOMgussa eRSAb. | hHebxtBedhe ai n rtevgir kn <t |dogseset |hye r

anghoswnchirmniynftumati@enal wictominrecelaimé yRnded e s s,

sync hbreatmniye e n R SeNxsi, sctoiomogu n abseattweoenn DMN and atten
(Fox et al ., 2A08it Fpwafssmpch e &OOrb )f ouanRISNi t hi n
(Vincent ,dte sablietiJmeg® ® 0 8 h a(rZahcatnegr i & eRlai ovthliee,h 20 1 O
attent hpeors shiidbelrear chy organi zation of brain func

Fi ga2fen exampl e of RSRMNisa sfeodu nnidettuhsth@.gcsol nGsA s t e nbtyl ya pfpd uyni dn gR ¢
a2@&component lo@A daantaal byassidsr waii thh aZ296 "1t es8t mgpsf MMRH B8i me
Adapted fr oSmiFtihg uerte alll i PRKAgt2@09, 2009)

However, a fundament al Il i mi t ateinocne obfe tIw@Ae ni sn ett
The brain i s a compl ex organ wi t h mul tiple
reconfigurationsl|l ofi $hpotespiaaihby elkalkehénging
bet ween RSNs in | CA. 8PARKposna the whbkee baact
model ling the dependency between net wor ks. SP
and Chapter 3.

2. hirarchical clustering

The af or eéiameemtairacrme ¢ adf ofrugnacnti izmraanlo nree ti morelst i gat

by adj usatismugne thber of Apmpdfafeenthtst. hiesd hi er ar chi
9



cl usthkeireirnagrcd huisdcami rbgll a-tmi vgn and requires no &
which wusvually starts from basic parcell ation
repeatedly cwiutsh etre mmo tpealy ef&Slaarvl aadroirt. pettt h ea,l end 20
thi shogener ht esamclkiec alf ds fdferepat, beivedhebwot ks
hypotfhreesed smet hioddeornRANgN d oe x p I-loervee | muflunict i onal C
organi(zkdliloens et al ., 2010a)

Some ot her st bckiilegp o tdfleresepal e andotti f y  tihnet efgu mct tiioa
and segregaddaniownmeamo g iscealapianmgeresfsul t ook nawnexpl
subet wof k RSNs aovo ¢ rhd iemmecBhe loyt heetr al . | 2012, N . E
However, hierarchical clustemiomgeal agpweg&lsl y
making the statistical assempipiacmnm at hsathinh@e per
exi soenmerddtiwdrekeneeghasnbeahTpomae Yeo. et al

2. Zphrse coding algorithms
Nonet Jae Iseesrsipeas sef codibrag eal gar ietahlmesaa sy ng t ec hn

have ddewal oped inanfdunecsg édnal connectwhviicchy bhsa nud
overl|l apping of hlkeé wopltsshHDeypapstewadidDe st ousreeduce
di mensionali-sgroésf dRd4d sumearrirekbathenj)néertihsri

i n POGAsummatrbirzaed nwhcoolnenrsgc Wo vs t gy patt t ®ppl yROAQG5PV
extaasterhiiess aofchi €¢8hhoet wblrlk br.e,g u2l0aElrbir)na tnigo wa s

app!l iexd din€cf er riCta mMp®Ns et al ., .2 Ol Sh;e aXpipdKuelti easl
SVDo extr(alcdg eRtSNasl . | 2018; Lee et al ., 2011,
l gbal, 2017;, Xvhd ceht iasl .a, lgkendi )ad li zsetde rfiomrgn tolfat

spatially overl appi ndattomeg rtelsat neex pgkibeorre tehsatli
particularly found sparse coding algorithm ou
machine | eafXdiiengetanall., 2017)

Signi ftihgmartdeys e d anal ydiivdbnefs sr alnidhachtlwerkka spairug
i n brain functionaleved onpexd |idwha gyu & EP@RREKD a ct

over |l appusnigiS;RBKNa { Lweel let .lalpp KiS2Z®1 G solve a ge
l i nearwhmadeldstbeap d6 MBleri emei nto severallhespar s
specioffi cSRARK i s that it coumtvsoltvleaed n unmbeerc ho fb
whiilre the meanti me odfefi emgomnhviodRSEpatiinaleamap v
provi dirgnteapy Eetrsg.ai nl vy, SAPrAiRKe n smeat hdsadtoat h a't
assumption of Extmnangeeast vaafn t YPARKr e ghuciloruedsér r els @ o | d
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assumasi on Gr aplat Tmeagrhmy ,biaansd tihte haenmedill & sa etalra t
Il ssues thatot ticeonr roetd eag 8 dbinmlehteh ordwll tl it s adietf y ned
fol liofwsA and B have high correlations as wel/l
correlated even i f t helyerceofmeer e,r oan odtidf carech tf R
based on pairwise corréheaet ipoobiwedllloif meranrl ibtey .s e
way to handle this iIissue is by partial correl
(Marrelec et al., 2006a, 2007, 2008a)

SPARKesed iCh alpoamiicth 3 p taenwdi 4 | be oeal @hbhaptadre d3

Howewest spar se <aoroea hlye aacgooncpal tihcya ime dlhit milme ic h
applicationf rboghbhbheacdkgrohheds .

2. Lraph theory

Graph theory icshaa asztggeran @ utaiglacdo hfweerotr igwaintiomat i on
the whol e( e aetn adlevel 2015; Rubinov &, Swhi i,

al so focus on i dent iviGriampdgh avheerolrayp piemg ecscemn esc th
asnodarsd functionadualohmerctboavicgef(dbeaet wakn t wo
nodesommse cotri oendsg e sl of tseor, caal cul ati ng ctoled f Peaesai
bet ween any posaintylwmoae®snbofm at { @ owledl!l, e rigaga iom ,

predefined thresthiohe oo hhe dhteiovaptipphthaeeatwbiox e br |
functi onal( ocro néoael ol heedd,t otpheepnr e sent ed as a topol o

Graph theory st udseevse chaalhemtaitl wibtsyp hepwbhete br ai
T Asmabt,] dwhiathy pies of om@ad wioz &tsiscervetr aand bdaanse

communi ties ac drenve e hagadg nbeyc t i olne cdlenmwea(eWaitet s &

StrogatEZhe 1®®083lldo model aaf al ie ghefnitv dihregdsh eof f un
synchronfabgeWwR&Nset .Asl .0,p poGEMoOot bdd smat wor k,

theory, regul ar net wornlkse ddenwtoe ka whtelhgee | seaanceh a-
number of Aeguleart i meatswan lalcd telr g e edic igft ieaii enrgt s a
high path lIleoaglt hef whoisency i s hidm madtd ngdloaing |
net wiogy kgenerated by randomly disturbing the
organi zation whi c hr acnognet rae@ cntsi oan sl obtet wfe e hom@ mo't
network i s character-dcaefdf ibcyi ebnottsh a nodw |colw spaetrh
efficiency is high but dwocéaldoehfi wioehkcy iinstka
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advant ages emft itowmece da fneertevo r k , i's characterized
|l ength, therefore highly efficient both | ocal

Il n graph t Wedrn yt,ehdh whissgadabreaes) deexnosieb ess@mrt e.@tli on s

Among ,tplmeomi nci al hub refel ®vdteoracaacsonbheb hoéebens

to brain regions that partlimcigradehithhe oty raredl
be i denhighedlebyedc i gbntbredlwieteynwneresgltenrnt gahvegy

cent r(aRoiyteyr etDeaglr.e,e 2Z0e2n2)r al ity simply implies

node. Bet weenneseisoove mtarnayl itti ymespiu Bas t goi hv gb rdaderh osdheo r

bet weretphwoe motosef t he ove(rPaelrlezn e wodaEkmgpe n v e2d0t16r)
centrali &sh equ arptairftea nncoed ewsd ntnheectt ed t ointsh efagi ven
guantifying how many nodes or regions are fAcc
met hodol ogy me Rt iZjoudaendt iHfeni essermkteéronof RSWexebnnec
Since the decomposition of It hoenlsyi gnnavlolivne ecaocnht

theedaur se of a small / spaas ehfukbwnngkesrd 0o fn eR VNS Kk
Ther gf o pegxehlisbhiitgihhhegr b fkeaslst e ds t o dhes bso i merotl ovr

| ox@g stcaonntcreu ni cat i o8( lbeed weete.nalRSN 2016)

Participation coefficients is another measure
(Power et which20%83pnl so s-hmbhRa&sttioc it haet inent hood
guantify the contribution of a nodebs edges t
or brain regions) has | ow participation coef
contribution t oa tnhoed ec chnansu nhiitgihe sp.arltfi ci pati on
node has maximum contribution to different cl
coefficient i ndicates this node tendsictioenhe &
i ndicates a connector hub.

Despitea@lfdleali npgefr Bfpuenccttcigoemeaelcth @ me@hor t comi ngs ¢
theory are &ltshcerohvoiachust heamut yii ss2e2.mgmaplone
t heory matelpmdighaes Issonpt hent hr e sthtoHed caqmddetdi vi ty
although a <darvengtmet eslthiitmate the o@mridatath
vari ahbaidledary pr{ @posieer .StPARKn ,t RO 1dFr)ergeam aheand,
priori def i nanafofreesrbsf ait hhesbowar d rbeepcraeusseen toaft ii
sparse dictionary | earning algorithm

12



2. FBunctional daonsmegcetpi vi ty

S| eelpl ows tinmhy s¢ a@ad bainldiotgmn tilggenercalaryact eri zed L
arousall osvt ateeact i on t @n deexdtuecrenda | musstchl nea ha cectainv i
mo ni t obleedc tbryo mMyEMGRa@rhryi et Maln. t oldild @&l) eba taii Mg & ly
usiEngectroend &klGal, ogreamr al sl eep rshpyetchhnnksotvpagt
| ofwr equenseafy mawmrda hdmediefaitdly ed nse usruccrha la se vsd rete p
andcokmpten be recordtead @amar axrteeapager sl etepal .,
systematic | udgmearnuesa rad Inyofootlidmdy&Aomnfegrrs IcABsegpd e my
of Sl eep(AM8MMacniunad f or the Scoring,ofacSloeempnan
which sl eep can beeyatvegnemit z e(dR EIM) t-roa pagagpi da n d
movement ( NREAMIM sINBRHEHM J)s|l eep saxatae ddepdreep ca
categorized iIintNRENMEWML, NRDERMEAMA on di fferent cl
el ectrophwsit dbadthge deepest NRiEdr il reeipe HE BBGrec e
studiuggested the association between NREM sl
mat ur ati on( Konfo ogphieltdamesln. h r aXi0faliglglianrgd . Fae hc ail onal2(
i maging usi ngi mfurnarta d nap e ctdraar st0 pa@i) .( ffAdibiR S )
utilized in sleep studies to understagdithee.i
funcHowever, functional imaging studies of sl e
recording steempopBBiitgre ® quif NIl R BEMREEG i mul t ane
acquisition and addihtniioqrueaels preprocessing

The EEG recording willcobipeprotedst onbbeEsmanuoall
scor i ng AvaSnVy, a. B2s0 0d7e)s cArcihbaerdy (aiAeitaraya et EBG. sh@wd
di fferent char alNREMIt agiecicss MRENMIL ,f fARlrephid2 Hmg nd o
di sappears and TFrhHezt)a abpapneda rosf; HEWG NRIEM2, t he «ct

( 15 Hz ) -caonnupel&e xwaves wi | | appear with Theta wa\y
Kcompl exes still exist but -DHZ;t da nb aNrRE Mif, BDEG t
of frequency <2Hz wil!l be dominnainlt!| uvasntdr alt a voen
chaemaicstics i n NREM <li ggai38.ertoavne vEeleG f colutnadi nierd  f
simultanfedRIs &&E@qGui si ti on is | argely contaminat

i ncl urdadnigengt artefact sroa(sdy ib adtl. Gasla.ob,ic @l @driEeg r @ ma
duet e | arge voltage amplitude ispAulked by ahlry
Al t hough because its high rtehper oadvuecriabgiel iaryt,efiac
appr.ach he ot her hand, ballistocar diheardimacnoi
process, is |l ess unreproducible and require I
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recently published papedrifvem beamgwe® mipon Qr ®p®@\k
ballistocardiogram, Stesod¥ dl bea pléesgeame:t dasias &

Electroencephalogram (EEG) showing typical brain waves of sleep and wakefulness
wakefulness (relaxed state)

M M A\
U I " A ‘. ML U Mt/ e 4 244 A W "MM'_ H ]‘i”wl r\? f\HlA \ .,“ i ’-"‘*.’;“"‘J' “‘

1
Vv ‘J,w”, ””;” | ViYW w' A"‘%' |t' J'uJ ,k:, ‘”' ‘“l |

theta waves (4-7 Hz)

stage 1
VWV VMW / Wi /%\V\NMW’ A, A A VAW

K-complex
sleep spindle (11-15 Hz)

stage 2

slow waves (0.5-2.0 Hz)
stage 3 (slow-wave sleep)

© 2013 Encyclopzaedia Britannica, Inc.

FigeBellustration of EEG characteristic MBEM3 shagwmkef
Adapted from a webpPpagwWwea(BbYlyeetaudlhor e2i0d3)
https://www. britannica.com/science/sleep#ref 38758

Simultan€d ®MR$¢ BEGuwidsi tiitonpossi ble to assess fu

sl eep. Cross et al recently found signiafi cant
recovery nap quantified Db(yN.f ukh.c tGroonsasl Uectl rugslt telr e
same metric FCR, Boly et al found significant
comparing to wakef ul rest ,i eenscpee chiBablWwpyr &tn aMi.s,u
The topic of investigating the association bet

di scu€bseaedtiBmwhere we applied SPARK to investig
sl eep.
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2. Munctional connectivity in epilepsy

As mentioned in peapbotlsdeonugft dieverda re sksr dghiinghl y
effilotghhtoband yc.aHolwe vtere di sadv anwoargled ootfihsf stnhaal
connectorr ehguibcedBresse ms i t i ve t o, nteluemnla¢ adiimeatse
functional n.eént weopr ik neaptstoyid @ danl mMa@d n t & gggemmre dtnor hu
r e gisouncst, hhmisppocgarpuwusdi ng to oveAadolwimatemartkurdei s
repoaltteedr ed functional Beettinadt i vi2t0W 9i;n Leri led p s
al ., 2021; Royer et al ., 202 2; . Rwayietresetetalalr.e,)
and summari zed emsega&rmdinmd iscomaler and structur al
common epi,bhbeapsy oy pfeMRILandteluedcturaph MRl ol ogi ca
(Royer etAsal suygraAt2ed myt Roryley e¢a tahe, atypic
undertsheandnder igyeinreg ageingbméetvob kmaps may al so
bi omar le@rn $-redplseypgdi ti ve di sruption and psedictdi
(Royer efThalass@oO®ig22i on between functional con
di scussedi nohrOMdauxctteneher @ we apply SPAREKnasfg
the hub redrldgamindatFiLd&n 1 n

Evidencéd eos mslpomgd c al failures raises concerns
t he most e R aviRtl i vree veeaarles. hi ghl y abr gueniwoea Kk ss pa
subj(eFcotxs & Rai, chwhe ch2@0?2) often( Cerngtgamli g ealt i al
Lee et ..alWher2ddadl8)t he reorgani zationspédepkend c

functional net work properties drHe leitkelly nt o20)
addition, structural connectivity analyzed us
matter pat hways, whi ¢ch ad ugcgoensntesc talvtidgryatiino ne poi
candidate biomar ker f(oAl itzhae eo. sttlsnuarltgh ,icsa2l O BoSutt ¢
will focus our investigation on the analysis o

hubs arasdéfanedregions exhibiting denser <cor
ot heBs!|l | more & .SELommse,ct200%Nubs are the- key r
net work connectriangeg ddmrmaqthi olnosn gan dn teengsruirtiyn d
(Heuvel & Spdempporadllobe Epilepsy (TLE) and
two typical cated&€uil daakbuf aeale tUs@inlgé pSePg RKY)

al .,, 28a1lé6aepw methodol ogy proposed by -bMRI gr ou|j
alterations of functional connectbee hatbsahaye
When comparing TLE and FLE, ot herorgkrso u pisn vrod pvc
notably specific subc(ouittivcaarlovEo,nenttecg bk tvii ¢ 9 0 ia)
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specific reorganization of cECampasreat aglathwa@]

In concldbBapmnerwied i nt r ocdeupcte do ft hfeu nccotni on a l conn
i ntroduceof hadreg gneatheodol ogi es used t o i nvest
Functi onal connectivity can also be a power f

di scoverinigoms aiim dil 4 eaad.
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Chapter 31 Study 1: Hierarchical segregation of functional brain networks at

NREM sleep and attention function

Ti tHieer archi cal segregation of functional br a
func@tPwml i cparte poanr aitni on)

Aut hor s: Kangj oo Lee+, Yi meng Wang+, Nat han
FIl orence B. Pomares, Aurore A. Perrault, Al ex

Danvgu, Christophe Grova
(+:-ficrost authors)

3.Plref ace

Thiwdyti s based on a dataset of 20 healthy par
t heaok -hatouorner ecovery nap whil-seebeesg $Sbhasnedt &
acquired by Aude ddggueduntn@oheonr Maatedhis d.
Dr. Christophié@i@novhvahdbBeg papers have been
this study focusing on r(eNs.eaQrcohs si nette raels.t,s 2b0y2 1
al ., j2i0 24t &I T he 2p0r2els)ent study specially focus
NREM sl eep and its association with cognitive
close coll aboration bEheepmne £ na daamtggldp ofi rLoene oan
projects in Dr. Kangjoo Leebds PhD dissertati ot
bet ween us cacth&Not@birg, i section 3.7 wildl not
publishing paper, eéuits ofndry dlnar iutdye do fi nmyt hwo rt k.
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32Abstract

cline in cognitive performance is usually ¢
wher er anpoind eye movement ( NREM) sl eep may pl ay

cipher complex patterns oft heemtker comme ¢tiiommn b
during sleep. We hypothesize that patterns of
alter at cNoRBEpM mgedeetfpa | nes s .

Using a sparse dictionary | earningdbasadi adn alu
regions | ocated at the intersection of- spat.i
hubness, which is the number of overl apping
changesasisnochwlt ed net wor k a@r gnaenw zmdti roins,, twlee p
segregation index -{WHBAEss usdthigmdthed ratt i tohe® fv &kx
l evel

We f ounddnien woe&sesegregation occurring during

resting state, mainly within the visual, def ¢
net work, we also found further segr egédtuicdhin i n¢
patterns were associated with the amount of wc
sl eep deprivati omdepd@hédemnmntbsehaedesstane HSI pr

information to those esti mat ewhiushi nigs tewre dlug
guanti fying net woaBka yseesgiraeng aftri aoome woarske.d Tohne cor r
two measures is inhomogeneous ooeresdpen cdiohrae e X
dor sal attention nemunbtaiket ddi svetdedgepobdbvidaes
segredathN®mBM sl eep and a role of network segr e
sl eep and attention function.

Keywor dsapindneye movement sl eep,atftMRIt,i ol eep depri va
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3. I13ntroducti on

The role of sleep in human cognitionteocanr deks
variations in brain actiwiapi-dacepwasntdi fNREM)nt:
stages ar e usunag | ys p odnetfainneeodu s u shir ai n waves
el ectroencephal ography (EEG) i i Behey absemate,
Spindles are transient oscillations thate most
Gennaro & Ferrara, 2M0B; arSd esugqgestead atl o , p 1D
memory consolida(Davgaatd sl Eep2d@@pesty NREM st
is related to( Mdresipalhlo metoesta laaslj,s,2d0BD&d & gNgeor i z e d

occurrence of sl ow waves on scalp EEG. Using
functional magnetic resonance i maging (f MRI),
the measur emeoxydoeadehende miod( BOLD) signal , d
stages or conditions (few review). Such studi
synchronized to sl ow wave(sDaadagt ievw i tay .Go<nZD @82r)i
potenlteasalofrosl eep in cognitive functions, exnp
sl eep deprivation (SD) can be wuseful to stud

functional orga@NzaE.i o@Gro®od e¢thealbr ai 2021)

Mappiagnbfunctions to the brain can be facil
organi zations @a<apeaet nenngscrald &. Inkeeagvgpea ks can be

measuring functional connectivity bteat.weSeav ebrraa
resting state networks patterns have( Smeietnh ceotn
al .,, 2@068)eas during NREM sl eep, resting stat

reorgani zatitowe s ealp eancde! §nPeloiwp rkt dIndeez2lQl EEG/
sl eep studies have r edpeocrrteeads ef su ndcutriionnga |Is | ceoenpn ewci
net wWoHokr ovit z aemtd dlet we2®009%9he dedbauvbt amdgdenatndc
Haars et al ., 2012; S8 madgemisegtyalscal BOEE)G and
activation of the pr-emovasrveegransevakiedl bmaag
associated with propagations of wkrkereasal darcitn
sl eep, such an evoked response d{(Mappemrad mb
2005)Decreaseorhi thhl amanectivity during NREM:
cor tcioaali cal conneNREMI $(ySepebporrintagk ed e eegt u gagle.s,t i 2n(g
systematic reorganization of brain networks a:
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I ntegration within and between brain networ ks

cognition, awbdsereasndewoerk integration (hlaese bee:
et al ., 2022; T. T. Liu & Fal abhepcoruera, s e2 002f0 ;c oTrat
functional connectivwawye halvee b e NRoEold3r mabnkde m4 ) It
2010)Brain regions exhibiting sever al connecti
graph theory, whedeascsemeebawember of hubs i
when comparing to wakeful ness, and following

(Spoor maker. dltsialg. ,a 2meltlIr)ic derived from infor
hi er dr csheigcraegati on of br ai n -neettwworrkkss ¢i Bctiog of enseli ¢

al . ,, 20y 2measunl hgdt hansebi onal( Malru stl erci reg radt.
2008bFCR was &estimated as t hehi antestawolr &tswevwehne
compared with the integration between these

bet weethwor k i ntegnatwonkandt egt ai non. They re
motor, vi sual , def auetutmowe , cadmtrisa@all and esal DI
NREM sl eep when compared to wakeful ness, sug
during NRBMI gyl edp Rlecen20¥2) by me-dsseidnf MRCRad
nor mal sl eephtandf atoeal aSh, gour group report
foll owing SD which is associated wi(tNn @&Et.t eCirtoist
et al ., TROR4) studi es, however, did notiostudy
during different NREM sl eep stages (e.g., NRE|

We aim at quantifying and asgédesiviox ebbfrraders on aitl

resting state fMRI, while aiming at evaluating
beore. We hypothesize that meh woedki 0 mgd etgh att i pa
i n sltepteerdent changes in functional brain inte
mai ntenance or | oss of coegpnidteipvrei vpaetrifoonr.mances

Analyzing hubs of brain network from connecto

regions, I's actually biasedulyy emulotfi cmeltIwior &kar
from the whole brailhear altheR@0Dl2vestendled teaad .
complex structures reliably at the single sub
s p arbsaisteyd anal ylsh usb noefs sr g |SiPaARIKeE based ok spar s
hubnessaumbet hef overl apping networks in each
identify reorgani Zdteieoret cafaldh yn Gikr@) e phiyl eapdsuyl t s
|l evel s pfearewsal ., 2022)
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I n the presend tsa uidryy e smei gpatogporsesting state n
and NREM3 sl eep stagebBoumemaapr édl-liogvhing SR, win
comparison to wakef ul restitm&&8PASRKtmetalfddert moe
over |l aptpwaoagk nstructures and hubs from indiuvi
contribution of this work is to propose and Vv:
segregation index (HSI), t o g u alkahtui bf nye snse tewsotrikm:
across two spatial resolutions. The HSI util i z
in the€oegx®in hierarchy at the (Bamg titmal .| n 20
Cross et, aolur, p2Oo2plo)setpHEEd eavtel t ey sltewer(i . e. ,
hierarchy, I .e., at thesovaolxeleVvelvwedt, i dam ucsf pmre

when compared to other approaches such as FCI
hirarchy of WBaly eé¢twawdbr ks 2012; N. E. Cross et

3. Rlesul t s

We recruited 20 volunteers according tONour ir
E. Cross :etpaarlt.i,ci2plaznlt)s were aged between 18 t
For each subject, we obhagkeedidryd EE£Gd If WRe d dait r
mi nhute resting state f MRI scami hot eowesgi ngr st
scan duvrhiorug tnhaegp 1 nsi de t he osfeBnpkeirghlaifgltred i
boxeBiug 1 AB3During the night of SD, to ensure t
i nvestigator accompanied the subject Sanedepof f e
st adgersi ng t heweree omar ke dh alpymienxuteer tE EGud & thae BWOr |
the nap after SD. Subsequentl vy, f MRI segment s

was selected and trimmed to 5 min. We consi d
anal ysi s: resting state &MRér dabvoemmabtaleed, fit
NREM2 af tneirghwhoSDe, and 12 subjemitghtdu$D.ngWiN RERM
a total duration of 36 N 13.4 minutes (mean a
and 10.8 N 8.8 (fiug elBB8s The NKREM3 number of ti
exhibiting 5 minutes or more of sequential ti
segments for NREM2 and OFiQug RICIB. 8Fsagmbyt sonher
5mi he f MRI run was selected for each state pe

Met h)odsSPARK met hod was applied on those sel e
organi zat inminsutien revanc hwibt hin a specific sl eep s
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Session 2 (or 1)

Networks . . Example) 3550 voxels in an ROI
Voxels in the whole brain

(s)

<

Subject-specific
Dictionary (D) kfe;a =4

15 brain networks

Sparse coefficient matrix (X)

=

HSl; NaN o315 1 1.5

Regional k

-

__i ROI
voxels
O networks

FigBit®mnul t aneous EEG/ f MRilc a asf(td#)taeesr wvisswvofgi $taudy desi gn,
study desi gaNasECr 65 o6 sheatrethilcailp.ant2sOt2hli)e et edméeés: t hAehbhhbtu

evaluate their eligibility (good sl eepers), foll owed b
with either session 1 or 2. I'n the moden NG AfoMR |10 wsi cnagn sa
are acquired while the subjects either pebdok mandrMET:c

Mackworth clock test) or rest while watcriigihgt-asdri (x&ti o
s| eep)t,s suunbdjeerdneemsti thyi gkhE G/ f MRI acqui sition while first

and rest for 5 minutes. Next, subjects were provided a
performing agai nand er essatmef darhr%® emitraistkess after this reco\
hi ghlighted in orange (i magi n@BNdadatad) danmdthlome of b NR&EWMI20
NREM3 sl eep ( NZ)oudurniarpg itnhsed deerad hemMBhwbh &lbe md (e@)c h i nd

Tot al number of time windows (segments) (eDPuashkrobultdooage.
the gl obal net work scal e, i.e., the toitwilduwmalmbleev @If. nTel
number of functional mmétnwdrek 9 ,ndé s/tiidmatled MRdr resanc tusi ng
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brain Bt atsads .mat i olnewdl )t (haen dverwé®llk-bmbness from the indi)\
cefficient matrix (N netwWorkbBebYornwoanel ap khuslkeregstsS Pa&iR Kt n
regi onG)l é&hel me(@an and sta-hdkbtibdessawi oiied fi tnteelg e evop rkes
The hierarchiircdad x s(elgSle)g aitd omomput ed fkdhnnuwbamaecshks wax aelesa® st

at thd erveedi mamdl eavelt hel moxlkeis toy example, voxel 5 that
exhibits the | owestr aHSlonv aolruéd e(sis. es.e,grneograet iionnt eangi t hi n t h
Functional net work hubs reconfigure during NRI

We first assessed using SPARK i f the gl obal n
estimated for each analyaedo$MRbrasegmenat esvaw

(Achard et al ., 2012; To do s$o0uwé& &pplaheodutrhe?2
in (Lee et al NI MG clin), to estimate N from 1
net wor kwshoilne tbhreai n i n individuals was preser Ve

standard deviation) for resting state after a
N 2.4 duringFiNgRIEIMB. 3sllreetphd s ubseqlueonutr ahnyapl oyt shee
that topological patterns of network integrat
even i f the gl obal net work scale N was preser
each state per subjmatjionkhaekddbEstbersl omahedes
(Q: the number of networks overlapping kn this
hubness at tCrte trheeginounmbleerv eolf (net wor ks overl app
SPARIKe c o mp oFsiigturtd®n. 3(

To estimate klhebmeesgsi,onwd evemsi dered nine | ar
modi fi ed verr sfi omctofolnhd maast | Yaeso ebdo mlmilned 2wWiltlipb)
addi tional net wor k sandaetfa miecda | u sli anbge I(aiRuat gol ngaA Aettd) a
2020)t he subcortical network (babBasedanghbcant
regions (basal gBkhngut R Tahnodmacse rYeeloe lelt u-Mhdl z. ¢,y e2r0 1 1
et al. ,TrR®&O0A@HNH gfiunnmdt iYema l l i mbic network was |
and amygdal ae from the AAL atl as. Esti mating
net wor ks, Wei nfcoruenads etdh aitn t he vi suatomtegp @amise ta
regions during NREM2 sl eep whEinguewi@ammpBoet et oow
corr e<c.tCex) . Our results are in agreement with
dependent chlaemgkelsbneas g eqguroenntgi W aett atd e al . | 202

We then assessed how patterns of O)ybmwesud dv alau

across vigilance states, as a measure of intec
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(WR), the JgQowuer avebjagets was found high in
association, somatbmpeé-28, amd agireeamenar evas h( o
estimat-l akbubmrlelbese et al.SucROpa&ttenns8)were fou
subjects slept -nngtta8be(parfmetr atphodFegeaste, 3FD
2B. When comparing NREM2 relative tkhwarkedul

I n parts orbitofrontal -assbotexat Sgebubsciahltyhev
posterior cingulate cortmxar ali gohwr wse,r efoed il fuom, n
orbitofront al cortex, i nsul a, ol factory <corte

caudate and vestampl e s tpreiramfud ME(vb, woctoersrte,ct ed f
di scovearnyuR®t.8,Surprisindkhwpbnesesfobrd t hat ease
regions during NREM3 sheepBiwh&® comMRared2t) o W

t hat sleep stage specific changes in overl ap
dirsitbuti on. Noteé wtolm&t i méteweean i on measured from
SPARK framework should be interpreted differ

network int-egyeatappioff nenhworksaplusisghbBPARI
be observed at one o$calhe metrwo rrke i roartsdteafmitth:
boundaries. See our discussion for detail s.
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Sagittal View

Figa2agl t ered pfautntcetrinosnaof net wor k overl|l apApacGoosspdiavkeeng
v 0 X e | k-hluebvneels Q) maepds i(mat ed from wakef ul resting (WR), NRE
(B)tst ati st i cs Qrbaept weoemp asrtiantge s :N3N2> WRWR m(i tdalp )&) , ™ > N2 (
usi ng atmpd e permutation tests with 10,000 permutations.

Hi erarchical segregation of brain networks dul

Our extension of SPARKbwassuatdtwo bBeBEeramathic
|l evel and at a regional l evel, within nine ne
of network segregation. Tsoe qarsesgatsed f-nmt wegé& oar
we def QY rt eeacihs iviokett he 4+ atkibedubokssedtom a r e
which tibhel v@x)s,| (t d evkbaxuebin®% B (ug el HB.

"O“Y"() 'i‘g)N J 'i‘Q
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Therefore, a high HSI value reflectR thloatwhi flté
t he Wwboexleolngs t o, i's larger than the number of
al so reflects that thisneviowo&)ksmb(yt biet i bebongs
syst em-d(etfhien eplR) ertelgpatoni nvol ves more subnetworks
bet ween -nentowweer kssubi s | ow, suggesting more segre
the regkRnNn/An éhtiwgdhr HSI valewge onnud qehotmd gweintehitry of
the other hand, a | ow &Il owmaglsu & or ed dsfeicnteednt r{egh

RN that involves a similarQ. nuteer, ofa nh ®twwddrSK s
wi t hriengi on homogeneity, reflecting | arge i nt e
region/RnedH®%br ks equal or | arger than 1, becau:
should involve an reqtuadr by tlmamgetrhenumbmrelbberofof
particular voxel. The particular feature of t
is that it can be estimated at the voxed l eve
total number of R regions considered (here ni.

we estimated gr &khpbaessagaedméaPps ofhl ues by ave
subjects in each voxel

| Fiug e3A3 we are presgat HSd ograpsp eaveéemated UuUS.i
wakeful resting state, NREM2 sl eep and NREMS3

we found increased network aeadragdtaiuon imodee
(permutation t es.tQhiugER Bc orSrpeecctidd cal |l vy, regio
net work segregation during NREM2 sleep includ
occipital superior, l eft fusiform gyri, super
posterior cingulate, and medi al superior front

and somat omotor network did not show any chang
sl eep stH3es WRB. On the ot her utaaln dn e trweogri ko nssh
decreases in HSWRy)yal Oest i&2o0th&B hand, during

resting state, we found decreased network segr
striatum, rect us,t emedicaalu doartbei,t opfurtoannteanl, croirg ht
cortex, parahippocampal gyrus and hippocampus

in HSI values during NREM3 sleep (N3 > WR > N
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Fi g@3lel t epraetdt er ns of functional network s@yr&&gaeatipoaveaecasng
HSI maps estimated from wakef ul resting 8ftatet ({ 3WR) ¢ s NR&
comparing HSI between states: N2 > WRs@mpper, pd3 mat WR I (On
10,000 peqmuit@uw i ons,

More network segregation during NREM sl eep v
perfoemahter SD.

We next i nvestigated whether the observed fun
were associated with the | evel of cognitive p:
et al ., the cogniti veprpievraftoironma nwcaes asfitgenri ftioctaanlt
to the cognitive perfor maMm.c eE.afQGreas saA éntoaarad, ol
hour recovery nap, the cognitive performance
still the | evel of performancgeN.r eEmaiQrso slso we tc o
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Therefore, we want teegpegitiocoal durcogpahe &

to the segregation during WR wil/ be associ at
comparing to the performance after a nor mal r
nor mal nsghi nasfarbaach subject.

To assess cogniti vbeacpker fMOTmaanncde AdINUTr itnags kNs r e al
WR period or following the recovery nap after
and the accuracyorarsedther opepacrendsa.geTofassess i f
associated with networ kwisegrhklatmeas Wruag s nwe rsd
each region R ODY0D) eaWdh camgieder dd 9 regions R,
Yo7 functional networks in addition to basal g
We therefore olatvaeird@#Omwaheesepgeonsubject in e
state diffeaeacaea@¥hvalempasonwemeuttéeaenf ar each
Y 0°Yo) .

Our goal was to study i f t hedepewadse nanyc hasg
‘OYOvalues and the scores assessing individue
accuracy (%) . -ddpemdieamtti ¢ yamgeast ein networ k se
di fference Yi OY®$l beaweesnn (NREM sl eep (N2 or N3
after nor mal sleep (WR) together with the ave
bet wesé&n ctoanpl et ed during the recovery nap and t
al | 9 regions R and all s pbg .e@q)s Yo @Y Ddaeonadin d  a
the diff-baekceashkh per f ormmgn caensd i bgehtt weaeonn dp asiton s
precisely, increase network segregation assoc
was negatively corriel a®hdmwiFtidy €483 ka nadc cpuorsaictyi
correl atedi wigthh m8anf eug &y B ( More specifically,

performances was cYo fOfY®ldautreidn gwi NFhE M2n,c riena steh e r ¢
to the dorsal attenti on - ea twlomked,32)s. difminleadr |
i ncreases in network segregation during NREM
accuriacy® tf§f mtv Fiug e4) 3 and positively ciorrel at
™ N T18ip Fiug e4F)3. We found a sV¥YmONY®@r nadshaec idaotrisc
attention areas during NREM3 when conmpagred to
3-4G-H) . Otnh edro rtshad attention network region, we
bet ween HSI and té&hakkpeéernfskr mamd ®s mhorc el

Given the fabtathatevak waslukt ¥, OYalviail uest d @e
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all Bsragdoall subjects, dhaked asrk &dBLDO EISgt iwen
ameého@nal ysis to obtain a more robust stati st
di ffeX &fYéOeof average HSI val uesbawikt htians ke apcehr froe
scores, we performed a bootstrap resampling a
aver aQ¥Ovalues for each region R by Meé¢lhedtsi)ng
We then correl aY@dYewahueassaimphedorrespondi ne
therefore ensuring that averaging HIS values
corresponding 1,000 corr&henamal coieiditchend $s d
t hYe 'O°Y'O ( NWR) Fiiuy e4 A nRliug e BBsing the proposed boo
the median icor relcaotmpount e d¥ D&tOweaelnu etshef rom t he
cerebr al C 0 rbtaecxk wiatshk tpheer fNr-tna®@se ( aqeadl aey piva

n T p)oc, whereas thei medioanmpud @ndr éled twieem t hes
the | atenciy wamsdipl) 64 Wheanl yzing the same asso
bootstrap appO¥®dh ofmoreatche r egiYoiOYOepPNaARYt el vy,
from the dorsal attentionbaeck woa&k waer fasrsmana
i ™ L @) Mrt) and with theOl@dtZernc®toalt.

We did not find@dananyze fnfgedthewlesrsorce ati on of t h
‘OYOand task performances using this bootstra,

Ot her than the thask parstkgr wandhavef aNso applie
for ANT task and MCT task. Il n ANT task, usi
Yy "O°YO ( NWR) from the dorsal attehtitdre metcwo ralke
i ™ 1T () mgtt)t, but its | atency showed no s
t h¥ "O°YO ( NWR) from the frontoparietal net wor k
i ™ L () mMtt)phbut the accuracy showed no si
MCT task, we did not find significant associ af
Overall ,sogdéemttsumotre net work segregation duri
as ascadowiitat efurtihap taedkceerposmance, when con
The dorsal attention networ k sheeehmesv itoor gll arye laa t
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Fi gB4det work segregation duringgNREBDsIeepsabtentadwivol
of BlEck task performance after theArecagvengQr¥a@pvafsol | owi
comput ed tahvee raggd enlg HS | values across Rth&limexelkyg-i baboweg
defined using7thenmbidohakdn¥eéwor k at IYa®)YOvasalesdgad maltiea
as the diDivOvehoesi bENM welene NRst age -r(eN2t eod Nt3gt ea n(dWRve.l I Tt

with the difference in task performance measured duri n
the recoveryningbpbt aSbe¢(swhoteiApt B,,pBwset Rpaupl)l.e dl nt oggreatphhe r r
regions and all subject, and each dark grey dot represete
triangles are therefore 9 ti mesC,t hDe,en@gcnhbHedra rokf gsruebyj edcotts
the dorsal attention region only from an individual. F
confidence interval,O¢@anthabettabébwathmet Peasrseodlnadtsi olni ne
coef fpwdlennd .was c aFttcewslta toendtfhioes ntohdee ladj usted coefficient
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Rel ationship between the HSI and FCR

unctional Clustering Ratio (FCR) is defined .
he integration between subsys(®amsr ebecgenadal
OO0O8badapted (iBolBoleyt aeadr.a $ sZ 0¢lt2 ).l Cr oss Aat al
ncrease Iin FCR indicates that subsystems bec
ndi cating more segred@¢®8oil gnewi &hrions s ika& 2 gilv.e f o
erfordanceg WR, SD and after the recovery n
ntegration/ segregation of the té@aBk EMRCr dsis i ¢
021)0ur objective instead was t o NRWE/WM sstliegeapt eo |
the recovery naps measured with HSI associates:s
HSI and FCR have different assumptions about

HSI generates a whol ®atbhiran nmasreRiag ggaBanvam | igu & € R
generates a single value for a network of inte
with cognitive performance. Therefore, we wan
overl ap andfhew tbewyach ot her. More specifica
FCR separately for each sl eep stage (N2 and N.
after a normal night (WR) wusing oulruaptreeds emGR fa

- N O~ T

N T T

two different l evel: (i) how functional conn
net woQokys, (and (ii) how brain functions on the
net woQokKYs) .( More det ail of the cdvepgwtoadtdeon heh

compared the resulting FCRcoril &6 NMeapse tchoempHaS|e di
to the mean FCR of the WO ewasordcemma ddad FIC® gtit
within each Yeo7 regions.

For each individual subject, we averaged the
brai@YQ) . For comparison purposes, subcortica
not part ofOOt pear$ehdatedh considered for FC
considered. Abr ai m esO¥®awgaes h 210087 during rest
foll owing notnad 2 sdwereipng 2NR&BME7 stdeepng 2NRBM3 s
2.30.58 when combining NREM2g 2nA8. NBIEWR ss [0e 6B s
°0.12 at resting state af t°edr. OrBoramalN2s|(ew d camxd
t ep<t0,. 05Y0. D. &3 N3 80 ekpwhamdc ®mii3ned P\ND.aONd N3
Fiug e5B. On the whole cortex | evel, we have f ol
FCR were on a similar trend wheFnugcebB asrhionwge da c
significant differences between stages.
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For the other analyses, we pooled together de
compare the FCR estimaDeV¥ ft orOfCeeeni matrge hert
of t7hoseegi ons R. We first averaged the HSI val
compared the FCR and HSI valwues collected fro
state and focusing on the methotdnil og.i cAl bootr
approach was employed to obtain robuavesaageéi s
HSI and -tbeekregCBN to prevent ar eeiteemtiimho md ge
when averaging HSIsvaThesbowvtestlapgetragegmp we

session of evalwuating association between HSI
repl i catOY&Onweroef gener at ed. The choertrneB@av mtdne c o
eacht shtoroap sQY0O wgaasteda hen calcul ated (see Met h
reveal ed the presence of three-FGRoapsoofategh
the cerebrugles@Bor Bemaipnl y exhibiting significar
and FOOR°P8 <4Q. 05) mainly included the regions
net wor k, and default -model asYtrweGrderutpi rnogm ntoh es i X
corret=@2atd1m.nM4Q . 05) included the ventral attent:i
net wor ky i ©clbuged reporting rmnl. 6G.g0N2i)f iwiatnht ac otre
to show negative correlation pracwpyease erbi bded
the | argest correlations, w€ CRhasssetudit ednmbo
net works: somatomotor, dor s &liugads 8B)n tA noonn ga ntdh odse
three, the dor eexlhi &ttt et itdhre A eatrwersk correl at|
suggesting similar patterns of segregations a
we observed that network segregation estimat e

largely associ at-keac ki dtht ermtainagreFsitugi ®R Nper f or manc

Together, our results demonstrate that the rel
over the cerebral cortex, whil ealt md tramgti ome lna
supporting an association of functional brain
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A B » D  Somatomotor Dorsal Attention Default Mode
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r

F i g 8- @omparison between two measure of network segregation: the hierarchical segregation index
(HSI) and the functional clustering ratio (FCR), pooling together results from the three states (WR, N2,
N3). (A) Network segregation estimated using HSI, as the batweerk-hubness measured at the regiand
voxeklevels. "O°YO is the average of voxétvel HSI values estimated over the whole cerebral cortex. For
comparison purposes, subcortical and mesial temporal structures that are not part of teelS0hzaatellation
were not considered. Wilcoxon rank sum test appfie,05. 8) Network segregation of whole cerebral cortex
into seven large networks estimated usi@g Y. Each data point inA) and B) indicates a subjectCj
Distribution of thecorrelation coefficients between0"Y"'O and"O6 "Yobtained using a bootstrap approach.
Results from all seven cortical regions defined using the 7eetwork atlas were concatenated (resulting in a
total of 7,000 data points). We identified thgmeups of data from this histogram (dotted gray lines at local
minimar=0.02 and 0.23). Group mainly included regions of the somatomotor, dorsal attention and default
mode networks, representing 42.94% of total data points in the histogram and suggesting significant correlation
between HSI and FCR metrics. Group exhibiting weak or no correlatiobetween HIS and FCR mainly
included the ventral attention network, limbic and frontoparietal networks (42.26%). Grauginly includes

the visual network (15.41%) and suggested-significant negative correlations. The distributionpefalues
computedfor each correlation coefficient is presented for each group in the boxes. Red vertical dotted lines
indicater) T8t u(D) The correlations between"O"Y'O and"O0 "Yfor the somatomotor, dorsal attention and
default mode networks are further illuged. Yellow triangles ind) indicate "O"Y'O, the average of HSI
values of each regioR (y-axis) and théO0 "Walues obtained from the regior-gxis), while each yellow
triangle corresponds to one state (WR, N2, N3) of one subject. Theeemhd shadow area indicates the linear
regression models fitted to these data. The corresponding correlation coeffigjgatalue and 95% confidence
intervals are then presented shown. The distribution of correlation coefficientsvahees obtaied from the
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ad-hocbhootstrap analysis are presenteddhdnd §).

Reorgani zation of net work overlap patterns wi
NREM sl eep

Taking advantage of SPARK unique abiliiatydt o ni
each hub, we finally investigated the actual
attention network and how such patterns were |
wakef ul resting state OWR)y.siWe faopgpltiheed dsourcshald
since this network exhibited the most rel evar

cognitive tafkugmeeér3)a8r nfaon cdeos s(o, we coll ected 1
i nvol ved in dorsal attention estimated at the
|l ess than 10% of volume overl ap wii/h athesdavreg
excl adedd not collected to reduce artifactual
converted to absolute values to avoid any aml
normali zed to exhibit values betweednt® ame& 5.
di stribution of network overlap, without taki
i nformation about antagonistic network relati
estimating by SPARKt asgatealtuoivegl|l apf ivi thet he
clustered the coll ect-meanefctaesuketedgmapgousit
of clusters was determined ebkp Ltbm@smedi ami cf rie
acyvL subjects. Net work maps belonging to each
Fiug e6s3hows the main clusters of functional n
whereas the <clusters 1/ 2/ 3/ 4 wereomaheall yspan
similarity across states. During wakef ul res

consistently over |l ap Fwugt dA)3.h el hteo ovsed |ladtatr s@thit 0 0 1
net wor k amnod rietl sa treequd edt efoar kl twer e found merged w

addition, we also found three sensory networ
attention area: the visual (cluster 1), somat
net wor kgs . NRCEUM isnl eep, we found three clusters i
NREM2 sl eep and three ot hEBiugebd ABst Ass Fliugwen ngn N
3-6B, spati al patterns of clusters loalWB 8t wges
(cludtgr @®¢ cl uistper TP, while there i s more
net works involved in dorsal atteintyg oni@gegi on
clusiep 2m@1) . The spatial patterns of cluste
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comparing N2 tio y N3m{galnids ¢ e r d:) . I n cluster 2
overl ap between the default mode and doidsal at
connectivity in the posterior cingul ate cort e
recovered during NREM3 sl eep. These results il
during N2 comparing to WR, whs |whdnr sbse tnvee emo r N3
and between N2 and N3. On the other hand, we
connectivity in the motor and auditory areas
rested state afntoetr dnuorrimmagl NsREeMe ps |beuetp , suggest
functional processes in the dorsal attention
connectivity during sl eep. I ndeed, our resul't
reorgtainorz during NREM2 and NREM3 sl eep stages.
A Resting State B8 O_mu - NREM 2 N2 NREM 3 |N3 B
ROI = — — &
Dorsal Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster Cluster % ‘e _
Attention 1 2 3 4 1 2 3 1 2 3 % 2 '3‘6-025 03

o~ 1- 0.07 -0.01 -0.11

21234

WR clusters

§ 5 02 o0s [ R

Z 79 2 3 a4

WR clusters

2

EQAU_IS(].ZS

|72}

o~ 1 -004 -0.04

21 2 3

N3 clusters

Fi g@6Reorgani zed patterns of network overlaps within th
compared to wakd€AulThree dtoirmsal stagtte.nti on-7afeactwwaendkf naet

atlas. IndividualesunmbatedalbsnagwB8PAKRKweNet wor ks esti ma
with the dorsal attention region were collected from a
cluster in ordefevel i debwbfikndnhiprs gtoByieagSlpraggiadn .co(rr el at i

the greoeep network clusters overlapping with the dorsal
those estimated during NREM2 (N2) or N RsERVIBw n( Nf30 r stl heee pf
clusters estimated for WR state and three clusters esti
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3.6l scussion and Concl usi ons

I n this study, we investigated whether and ho
wi t hi @aign bnet wor ks integration would reorgani z:
onteour recovery neagd gfthal ISDwi ngn a owmpalra son t o w
nor mal sl eep.

We hypothesized that hub -meetgr bnisnt @gtapaohlil sef

a rol edememsdeante changes in functional brain i
guestions, we applied our proposed and valid
overl apping net whrsk fgtomudtnudriees daarmd hesting st
decomposition approach which is not requiring

Graph Theory to charact rLieze elir ail.n ,r 90tlién g 29Dtl

To quantmafty csywetevor k integration and segrega
proposing a new metric in this study, the Hie]
t he rlahtuibon eosfs as s e slseevde |a tavnbdkled treekghheotna ki ng adva
unique ability of SPARK to estimate hubs at t
same Fiugnel) @ First, in this study we are repol
across themuht mmddhb!| andrtices, ifLaegreemant ,w
2018, , 2688yesting reliability of SPARK -met hod
specific reorganization of connector hwhk occ!t
scal e, i . e., the total number of networks est
(Fiug e2) 3

Our analysis using our newly proposed HIS met
was associated withimsobneewawok& weghiegathenyv
and association cortex areas, when comparing t
showed increased integrRiugel) 3f NemwNREM2 eigo e§JR
NREM sl ekep, wnohab the dorsal attention -region
back working memory task performances obtai nect
when compared Fting ed)o3 mA@ur nolgdh e r (ceap esnliya@ m gaensc ei nl ¢
HSI were overal/l i n agreement with finding u
segregation proposed wiBdliyw d@thealB.ayexs0lan; fN.ank
This correspondence betweerpotubewhwn @ameassskeBRg(g
within specific cortical regions, whilst the
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attenti ofmiugned) o Akmdére comprehensive anad ysi s
|l evel networkeinhbawi war ehevdolrapl attention n
t hese fFiugdeb)n3gQ@ui( results provide evidence that

occurs during NREM sl eep and i mpacts cognitiyv
Thassociation toeugtgtesatsi onr f mpthodol ogya usi ng
promising metric to quantify hierarchical net:
We found preservation of gl obal net work scal e
i ndividuals using SPARK. Il t i sr weop prho arcehnetsi owh ¢
tot al number of decomposition networks is def
gl obal network scale from the data, wusing min
et (Ake et . alDuy BWDBEI scal es were simishtat ewi t |
(WR, N2 and N3) and were also in agreement wit

absence of consci ou(sAcelsar du setn§a @i lapzh0 Pah)eveyv at
net work scale was also found wi t hsiinz eh elailntkheyd yaor
|l evel s even within wakEelfad etesalinn,gt IBQA2Jet uudsyi,n ¢

actually applied to rexttiimgnadt gptag cfeNMRIlatd atna sucs
or 368 <cortical and subcortical parcel s. Toge
gl obal net work scale across d-ianfde nleenvtell v iagniallayns
esti mat PARKsmaegh&dol ogy.

5

subsequent anal yses, we then demonstrated
reorganized from wakef ul resting state to NRI
preserved for each ikhdbwidnuald easidd wietghiom Vies
decreased in the frontoparietal regions durin
st aFtiey €1 . Thweal,ues decreased in these regions
a pattern of increased segregation in N2 foll
voxel l evel hubne®bveudiimgtgfowmdaversagag st at
within the defaul't mo d e, frontingpae2AB.et aherasfsmr
reproducing our previous find{bgs enh alkal]tBol
During NREM2, when ¢ ompkihrueb nteos swadkeecfruel a sreeds tiinn gp
def aul t niFoidge e2af8,e aw hkdirudbanee s s i ncreased in the

cortices during NREMS3. Toget her, the results

across diffeseagedNREM sl eep
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Howeuvwdékhubness map, the number of o%eubaepPsng

with conventional hubness measures (he®&r aphat!l
2022) ndeed, net wor ks es tki ntaatne dh auvsei nogv eSrPlAaRK & tr
of waelbwn canoni cal resting state netFwuwre& s3 no
IH) Bec alURBSAeRK sbheeuni que feature of estimating w
hub, as opposed to standard Graph Theory metr
specific netwoopRese@Qumenhewc HSI is spoedeéeénae®s:e
bet ween those subject specific networks esti
hi erarchical representation of brain networks

regions/ networksee Eo0oy aggs B RHK 63l nedv-bvliobxkeels s, we
showed that the posterior cingulate cortex (F
net works of default mode network were overl ap
PCC and medi al md eanohhalt ooeteéxlohving the

compoiieeeset. aln, agO6ttBer scenari o, a network
area in the visual cortex and a | arger networ
owel ap in the Vlkhulkmes g exsful2.i nYi rhialveer pattern
have been also observed from the detailed net
region presentFeuy e6)n3 tif sinldaarks (have been sug
i nnovaactwvievatoi on pattern anal ysi s. |l ndeed, p a
SPARK may involve information about intrinsic
An i mportant contri keutdeeowe |l ofp MeShit snoetorrikc itso t
i ntegration/ segregation between and within st
providing voxel l evel mapping of these proper:/

provi de -ahwo deelgiedbn measures of hubdedsned trtiegi:
allowing to define-ldSkbBbdbsnetsisd eckdhthibxmedfs rasgioacn

wi th an wundreeegiyoan ghiveorxaerlc hy. We demon Styri antge d
net wor k segregation for cdepevoaxmrt @mma n gfeosr i
segregation. During NREM2 relative to resting
segregation, in the visualhsFiggppBrBom@at oheanthded:
HSI in regions of the default mode and somat on
when comparing data dur i ngNXNREMER)a.n dH d\VIREEWESr ,s | i¢
area, we foundasae siing nsiefgrceagnat idorencr(edecr ease i n
to N2 , WR2 . > ON3the other hand, during NREM2
decreased network segregation in regions of
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t emponrdals,ubacorti cal structures. These regions,
during NREM3 sleep (N3 > WR > N2).

|l mportantly, we found an association between t
i ndi vidual bwarikraliwmalg t memear yN t ask perfor mances
i ncreased segregation during sl eep, during a

associated with wor s eBaccokg ntiatsikv ew hpeenr & coar meaaniyci emg [
and normali tmiogkt dbdwde finding were found to
attenti omiugned) 8®uk i ndings are in agreement W
for the {Bmé ydatasaeét, 2012; sNggEstCngsshet HSI
tool for studying the neural basiaidfi omagandint iCy
et al ., chHOoYelset wedterPRsil(veeedp t a srke sd\vad reys rmmap tpas
was positively related to changes in task per
i n the i mprovemenaf tienr ttaski merd omama.nces

Al t hough we found overall similar network seg
resting state, using the same dataset usi ng

correspondence between hkeuswacmeasuliFeisy avaes eb |
35 . These findings are not surprising since t|
approaches considered for HSI and FCR:l eklierlst,

syst emoavdde vietls sly st e ms, HS I i's a measddreevedst ir
system, whereas the FCR is a méavelesgstiemat it
to compare the two measur es, i tc wsausmnmaerciezsisnagr ya
val ues wi tlhdwelt hey sutpgopre.r | ndeed, whereas FCR wa
i ntegrations/ segregation when comparing Yeo 1
spati al scale ofatrebaver avge ald8I| tvwvo% et ectgmd wle 1
obtain a metric derived at the same spatial

i nhomogeneous HSI di stribution wageghomyerwgi pg

-7 Q ® O o O

bootstrapg séesamplgynto achieve a robust estim
Second, we did not include the subcortical
hi ppocampi , and amygdalae in our FCR estimat
computation of FCR that requires the number of
poinBsly et. al ., 2012)

The HSI values were estimated wusing SPARK fr
subcortical areas, however, only the HSI v al
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Schaefadrl a0 were consi dered and aveirtahg etdh ewi R QR
values estimated for the same region.

There are also differences between theN.prE.sen
Cross et. &Flior,st202h)e assumed spati-¥éoVieearchy

wi thre tbaseline resolution of Schaeferl100 parce
in Cross et -vMdoHewhidl7e alsrsaeimbl i es ; with the ba:
parcel s) . Second, in Cross eal alusi FECRt avale Me

the whole period of concat enathedirt inmef,r a mecd ua
NREM2 and(NREM3 CrosHered, awe ,amrRdl2yldedni onk g a
segment of NREM2 andr eNsRpEeM3t isvlieeleyp tdoa t naastecths wi t

mi nhutes) of resting state data, to avoid any b
procedures induced by the | ength or amount o f
numbewubpéctss was included in our present stu
criteria for motion parameters, which is a |i:
We also fouassothatred!|l elrpnges in functional c
somamotor | (cluster 2), and somatomotor |1 (c
area. While changes in spatial pattermesstodédcl
state than atr NRiEEMB dtradtmelwed hes s®mad ormeomairned

4 involved a strong functional connectivity i
region onkgtatd wehte after nor mal sl eep but r
decrease ailn procetsises i n the dorsal attention
functional connectivity. The resultsiet wodr &at ¢
i ntegration occur during NREM2 sl eep éromt sak

spati al pattern at NREM 3 similar to the patt
I n conclusion, our results provide converging
NREM2 and NREM3 sl eep stages.
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3. Materials and Met hods

Thi s hsatsudoyeen approved by |l e Comit® central do:
et des Services sociaux (TC6ERpaat BMogursalk ] o@t
and completed in the Sl|leep LaboERFOORM Cemd rien
Concordia University, Montreal, Quebec, Canad:

Participants

We recruited 53 volunteers according to the foc
18 to 30 year s, healthy and goodl st¢teegpeas. e An

afterepelttft assessment of sl eep quality and r
volunteers without MRI compatibility (pregnanc
clip, prosthetic emahvefr mgmaht poosphesmakem i
di sorders such as obstructive sleep apnea, na
as epilepsy, mi graine and stroke; with medic
respinatarsye,d with psychiatric condition such
di sorder; and individuals taking psychotropic
Selected participants were thenlierypollvaddrian o
PERFORM Centre. Af ter t he first ni ght asses
polysomnography monitoring to assess sleep qu
periodic |l eg movements dariRgvel papt aodpantesha
because of several unexpected equi pment i ssue

withdrew before the end of the experim@nt. Thi
years, es2 fwédmalcompleted the whole protocol

Study design

The acquisition protocol for each participant
i Il ustFritedA3 iTrhe first night acquisition was a
mohoring to assess sleep quality and i f parti
participant was considered enliigghitb leex paefrti enmme ntth ew
with an interval of seveni gdhaty swibteht wreemma lh es It en
with tomiaghwh®8De For each participant, the or
randomly assigned to avoid potenti al bias ind

each experimental ofi glat a acgxui sition was perf
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The experiment al protocol for the night with
seven days before the nor mal ni ght acqui siti
movements andi tyghot eessi ¢ that the participar
daily activities. During the nor mal sl eep exp
acquirinag ghtwhtoHG. We used 18 el ec26ygdeemfl ol hte
participant was asked to sleep before midnight
to sleep a minimum of 6 hours during the norm
around 8: 30 AM after afpfaerti, n gveb raecagkufia st s if do ytr h
EEG/ f MRI data during three cognitive tasks an
back task with three | evels (N = 0, 1 and 2;
attention(A&fTwodB masktes) and Mackworth <cl ocl
assessed attention ability. The duration of r
participant was asked not to fall &asssl epepesaemd e
on the screen inside wke gMRIedsaaman®mi cki n aMRIl y,
The experi ment al -nprgohtto cSoDl wfacsr tthhee fwhdloewi ng. T
did not fall asl eep duarni nign vtehset i yhad log it qalyte dw
participant and offered to talk, watch movies
after offering breakfast to the participant,
participants gma ftohmea ddaaqarcikt,i VANTt asnlkds :MCGN f o | |
minute resting state f MRI was acquired with a
then asked to take a nap inside the MRI scant
cotinued acquiring high density EEG/ f MRI dat
participant-miamadt acges$trieng 5state EEG/ f MRI dat a
at fixation cross. Next, particiogamnt s veetasé&s
while continuing acquiriweggbBEGMAf MRlatdami & al F iMR:
Cognitive tasks

First, we -lcaoonksi daslesl, Ni ncluding three difficl
wor kmenmgor y fl @&chec &1 Omoo A 290®@”n) es of English |l ette
on) was presented sequentially on the screen
the | etter presented on the current screen wa:¢
sure not to use -btahcek saanmde floert tteort aN fnoumbNer of n
back task | asted 8 minutes and consisted in a
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by 10 seconds bet weenbackfhb&ak,ab 4 o(kl)2. 2bB eofcdkrse t4
of the block, a cross was presented for 500ms
a duration of 2.5 seconds.

Second, the ANT task was considered to assess
validity, andFaxececut a¥ki, s Q0S|I consi sting in a
t wo presentation boxesheon ehéhscreénwhexh may

five arrows (stimulus) . ulnhcef esdt | avurl 0 wst map pheate)
cuéadll five arrows will i pciomgr tfe mteh enu ®lalirhe dairrre
point tosittlee dopecti on than the other four). T
the direction presented by the middle arrow b
guickly as possible. Prior oboke wppbkbeaappear
participants to predict on which presentation
di fferent cues are presented: valid, i1 nvalid

=]

al |y, to assgsbamsgchaomot boon, we consider
chstein e€b avValuaoeOpbility to watch the el
stained attention. To dloayseor, cai rcclloecsk 2otfh awh i
tices foraeadcbhbapértberchesj] was presented
muli were presented bytitchkei nsge qoufe nat iraeld nvoevret

ir of two vertices hiid et ke viemrmdr ramd oanu tj aarmplse
ock were generated. Participants were instr
ponse to every random jump of the red vert.

O T o < 0O T
- o —~+ 0O C
-~

1
(¢]
(7))

Data acquisition

The si mul tdenresoiutsy hEEGHd § MRt qudiatr@ad wusing a 3T N
channels head coil (Gecnoempht Eberd ht WhEBE) wiatn
256 el ectrodes (Magstim EGI, Eugene, OR, USA)
the amplifieirnd 1r0®t0e )Hzt ¢ atmpd EEG moni tor out si
El ectrocardiography was also collected via 2 N
(Physi obox, Ma gwe isgnht Ee@I )anaA o™l c al i mage was
di nseinon al i nvepsepar erdecbaetry spoil ed gradient
(BRAVO), with inversion time (Tl) = 450 ms, f
voxel resolution = 1 T 1 T 1 mm. TI2kteeifglhr cetdi o

gradi ept arexmoi maging (EPI) sequence with ech
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(TR) =2500 ms, 6l iilp6adngnlae ri x7741 slices, and vV
EEG preprocessing and analysis

We used Braizneri sRPomoAbhwhye (Brain Product s,
preprocessing. The MRI gradientredantiedaatrs edad
detected and corrected ubasngdamebhedagleyaBt ai @
( BrmProduct s, Gil chidreqm,oi Gedma&EmEYG) .si Plmaea s MRva bkt ¢ h
(20 Hz) asmdnpdewn to 250 -rkzd,erfemlcli mwge d ob yt hree | i n
blinks in wake EEG recordings weresrdrmdcCAgd uwii
the MNE Pythobhppactkmge. (op(l Gr/lasmfaoorite/etAdglx.l €& 2n
t hat matched to the signals from electroocul ¢
excluded from t he -nooriisgeidn aHE Gs isginganla.l Twhaiss tdhee n
anal ysis. After preprocessing of EEG data ac
conducted thestsz@es nlgy ovi sd xlepi siciptewdi ®n asPn
based tool box for EEGtvipsudl/ igz d thpudwn hce mi vwe maahnmibk

Two experts segmented EEG data intoslseepratlage
for each segment following to the American Ac:
scoring of sleep and associated events. A det.
study was(NepGroses etmnabl ,, 2RQ2)b; Uji et

f MRI preprocessing

The first resting state f MRI scan was acquir
following a night of normal sl eep.-hdhre secowndr
nap foll owing wisadalaegenisghotr i SI. oHl eEEG segment s
acquired during the nap was used to identify f
subject . Only the EEG segments corresponding
coneriedd for further f MRI analysis. The duratic
ranged b4elt wmiemu tbSe s . To ensure that we analyze
frames per state, we trimmed each tbetinuwetsl
ti meframes were selectedcbdbupmet wWwasruasgef than
(5 min). Therefore, we were not able to select
short duration of the segments.

f MRI draet a&a hweem pr eprocessed used the Neuroi magi
4 4


https://mne.tools/stable/index.html
https://github.com/wonambi-python/wonambi

with the M({BE€l Teol eKiTthle. ,EP20 vHd)umes weaid e cfei r s
timing diffeibomdyesmot$ion mpiagiadmed eBs rpopBattirams)
estimated within and between sessions using ¢t}
coregistration procedure was obtained by maxi:r
usi ng Minct(rCodd eshgfatbwar €1 995; Mi noshi ma €tl al

anatomical MR i mages were pfrAdpbobaghedtusilnc
Zijdenbos.etLiakar BOORBpistration ofl ianelalr iNdMlg
| CB 152 templ at e( Grtabrreeort aexa sca pseprafc@O mMé&éd a-ccount
parameter transformation (3 translations, 3 r
correlation coefficientionseangcbhiragtsacat sohnt v
MNI t em@l ahtemadl .was20t0h6e)n performed by maxi mi zat
with a multiresol uwuinord oirtmérn gt icve refcO®nag gnwas ki |

2016) ndividual coregistration betfwdaeire dn rasvters
after motion correcwieoghtéed voakeumeatominaal ve&
maxi mi zation of the mutual i nformation, consi
rotations) by Minctrace. réEbampl edeaEPh vokeie
mm in the MNI space, by combining a -linear t
transformation from T1 to the MNI template. O
exhibiti nmoteixocnressiive. , showing a frame displ e
scrulfPionvgr et Bhe ,remdidni ng motion artefacts w
using SPARK (see bel ow). Slow time drsfhg wer
di screte cosine basis functions to ensure a

parameters, the average signals from the whit
from dat a. To do so,-bwdyicommsparcamet arhe (53 xt ma
rotations) and their square, before applying

variance of these twelve parameters, to extrac
(Lund et. aHach 2fOMRBI) run in the MNI space was

Gaussian Dbl urri ngwikdetrn el alwfi tnha x6i nmum.f uSelver al r
there was too much motion, notably wheevdmor e

by scrubbing. Finally, we selected a set of ci

per state) for each subject.

As a result, we considered the following dat a:

data obtained afkredml 14 esulejde tWR)w after nor mal

18 subjects during NREM2 and fromi Bt s6EDj edmn

subjects, we were able to select data from t h
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Brain maski rkg aanadasneest wor

From these preprocessed fMRI data, gray matte
t he AAL (tTeznopMaatoey er e.t Tahi.s, mOi2f)i ed AAL t empl e
NI AK ustHngheaopn coregistratis5®&n tteanplt datee ,MNU s ilnQE
coregistration strategy applied for our f MRI
template at a voxel febBeluesohubifom used If odr |
i mages) and then sslfercdmde @ahyp amattiteirp asrotx ed at ¢
AAL mask. This gray matter mask was consi der ¢
estimation of hubsle¥velr anal pseposwe cemgsioder e
of t he oYfeoccantsliasst ent b47aiam dn7¢ etaeonfpklisaptnmeash eYere oe t

2011bYhe Yeo functional atl ases provide parc:¢
functional net works estimated frometNeaahalsys
included visual, somat omotor, dor sal attentio

mode networ-ks, awhasei Yebudedetdwbdbr kst abnt bé t he
Yeo templ ates wer es alewtaimpn eadfwaidt Ha vl cilximesd a moaM N |

152 space. I n addition, to take subcortical
also defined 3 extra regions: (i) basal gang
putamand gl obus pallidus, (ii) the cerebell um
were then merged with7 tthempliarbe .c Tnheetrweofrokr ei,n w
obtained 9 regions of interested RDésswooksnet we
defined basal g aOnagul diaat ea, n dp uctearmeebne, | Ituhma.l amus and
were grouped as the Abasal gangliao ROI. 26 p
Acerebel |l umo or Aver mi€oer eas | @& i nNReOdp p a s a ntph
parahi ppocampal and amygdala was grouped toget
we named it as, filLnicnhbuidcion gn ebtow ohr kcco u tTehseasle &n dR Gsl s
were wused for HS I estimati on. I n addition, t
functional clustering ratio (FCR) met hod to

(Boly et al ., 2012,; wNe ail.dceoCrrcasnss dtasal i he2 Paltrx
using t he0Bcahttcedzalf er , et Thk 13008 Gadt 8 pars , origina
within the MNI | CBM 1°62sbémpi ane waty oxed a hyed odn
of 4 1 %4 oofurd pmmoposed anal ysis.

Esti mation of Hubs of brain network using SPAI
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For each preprocessed f MRI run on which we ap
we estimated the organization of fuksetiaanalhec
voxel | evel( luese ngt SPIARK. 2086 ng26PBARK2A0RAE pah o
temporal activity in fMRI (Y) can be decompos
course characteristicses(poembpionrg|n fsepdatuirals ) mams
n temporal feat wrpesiifda ccalilcad oanasrwld | ESPARKS p &1 ¢
gener al l i near mo d e | (GL M), which represents
wei ghted | i heltreompoorrbailnaf eatures. As thekmain s
is the | evel of sparsity specific to this vo:
among those estimated N networks, are actuall
brain voxels that are i nvodMowrekd>(@lipn enhoarte atrhea no voe
i n ti me lammpdo rstpaanctel.y , SPARK is not only able t
net work associated within one particular voxe
connected/ ionrtkesg.r altheed inmeptilwe ment ati on of SPARK i

Stepnlorder t o -laessweels sr e pnrda dvu cdiubaill i ty of spar s«
actually consists in applying hub estimati on s
using a bootbBasap sesamepdypplToedot s®, ciwectli ast
resampling to t¥We agprdkppeterssteatdadnd & d( dat aset s
di mensi on. For the circular block bootstrap r
selected betwadnnibOuandi ;1@ samples to preser\
BOLD si(®Brdllec et Bobr , e20K 0bYps anmphe ds adnaet as plar
considered for analyzing Y was apliingdl a$parnas
Decompgoon (SVQ)Leal gear ialhma 29ddr se€ 0di8gti onary
providing the estimation of resting state net
The tot al n u nMbaenrd o @aedit fwioa kis&kwet e oé stsipraatsed yf
subject using the mini mum(deecritptailon QMOilBgr i

Step Rhe parall el process of sparse dictionary
gener ated 200t hsee tssp @asfas ma uatteppustns uorfs eN cthiameact er i s
N) and the corresmNbydivhmgeN)spdtiralstmags s¢ at e 1

Step Bo find a spatially reproducible set of

dat asets, weatrtesn amplgihddr spati al cNswpsatt @ rail n g

maps t oNdldesterfsy. The maps were then spatiall:

only retaining most reproducible results at t
47



Step tSitati cally inconsistent el ements with a |
considered as Gaussian noips@. 0a5n)d. rBeentoavuesde bwe
estimate only highly reproduci bl e sneitnwoorukrs aancar
sever al voxels then rkéhaubintesd iars tzlkee oe s tHiomwatvie
necessarily mean that the voxel was hnever inyv
that the correspondinmg syi amal rfecsmulttsatwev @x enlo t-

Step An expert (KL) reviewed all those esti mat
classify and exclude the maps that were stil
remaicmirmg ac, respiratory artifacts or subject

criteria propo(srdi fifnanGrii fdtanali. ,©n2 0alv7e;r algeee, eath
atoms were estimated from SmPARK ocaumho Mg 3&l In os why
di scarded.

Step WBdxeekblubn®sys Was finally estimated by cou

i nvol ved imiugeal&B. vbexeHhni(cal ly, this-zewa® @gaheek
i n each column from the individual splay bBe coe:
number of whole brain v-beeébk)anal ngekpRABRKErsobp
map was obt ai kleuwbrmes aviem aggd nly voxel across suk
Hi erarchi cal Segregation I ndex (HSI)

Using SPARKkhuwmermresss i agg the voxel l evel can i
i nvolved in more thlan Gineerf umltat owal caet wbso
involved in a specific region of interest or
khubness at the region I evel can be also estim
involved in a specific ROI. I n t hkbhsu bcnoenstse xa v, e |
di fferent |l evel s or spati al scal es, to estim

net works within a specifisda mQlayr a@rm &pper waneh stu
estimation using Bayesi &ugfeitEs§mRoMoy ke t( saele. ,d ez (al

To estimaewbheg@pBiug elE)3, voxels belonging to
identified and the corresponding columns in tfF

Thi smaturbi x i Nbtyghmmaef ore i wmhlécates the number of
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to tgheonre&k. Then, we compwbe@] bhecwvohtmagpt bpc«

voxels belonging to this regj{€o)n W tthh arte sspeercet itr

number of voxeg8p.in the region R (

PUEa — p moAa.

When esti mheikBgbn@ysofve considered only the n
within each region, by selecting t-heginemn woao lksm
was i nvoHUvexdpth . Bhijtshrlddsh ol d was empirically c

bet ween the detection power and sensitivity.

To assess if a region R was fnuentomoiroknsa IWi yt hsieng rte
we def (Oiy8Ob rt hlee cahs vtohxee le glite@ wob lobfness f or a regi o
t he Wwboexleoln@s) ,t ot of the corewBplom@) sagé vioxlell ows :

0°YO0 —.

A high HSI value reflects that thei emhumbhtirs oV o)
bel ongs to is | arger than the number of netwo
voxel may be invol®@pd botsevebal ongswebkaefar
region R) t hat inkes) vebemease HBuboetwopal i nte;q
networks is |l ow. Therefor-eegaohighhoéR@bgenaéivey
R, in other wordsmetwbekpresenteedfi subther v
t her efeograet isoeng rb e t-wetewot h®seOs utbhe ot her hand,

this voxel bel ongs to a system R that involve
valwmwe Therefore, a | ow-rkli orna thhyer®mgseuighgteesg rsa twii o
subnet wor ks, reflecting that the function of

region. Our new proposed metric HeRlgioan flueacd o

ntegration/ sedpregat qar, pofofperityg of providing

I n this context, a priori definition of a regi
had to choose a network parcellati odi thrdtwowk&s
estimated by SPARK (N ranging from 9 to 21, n
cortical parcel |l ation scheshe cbytionalegnat wog k
anatomically defined subcofiug @eahdh3. nEowos kEgseual
that wer éQ=edx haitbitthiengvoxel | evel, wOY®0d not es
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Voxwil se bestaeencompari sons

To compare our h(hea.fynd@¥Dare aas usrpégsc bt weeox dli f f er
states (WR, NREM2, NRBW3X)e, tweo psernfpdremepde rvimouxt ealt
takingubjpeetr variability through non pnar amet
i ndi vidual fhwhmeswo nmdapfstf erent brain states A ¢
average huBWes@Dwearlawesal cul ated for st#@Dtes A

val ues i nae®armossusby cexcetls . TAvatse sdte fsitnaetdi satsi cteh ei mo b s e
each voxel as:

Y 0 W
To test i f the observed difference was stati si
per mutations. Fomhehobspemmpsaftrom,twbestates
shuffl ed t o nctloastswof yr anaeomibke,z e d a ch a ¢tne masnidsotnil nyg
selected maps. The difference between two ran:i
Y 0D W .
FinalpVvsal ua was "&fsrtda mad &@adh fwoxel witlhesr dgmpenctt h
nul I di st rviabluutei owna.s Tthhee np nul | data and adjuste

correcti omr.Cc OAr es enpaapr awaes tcal cul at ed -shteattwesetni ctswo
resutisttianng stic mapel wedeusdlegwe ttheemp t he previo
tegt (8.

Functional Clustering Ratio (FCR)

As originally pr o(pMasrerde |beyc Matt haell.& a n2elt0i 8abh)a | Cl
( FCR) i's another metric developed within the
segregation of a | argeynteegwo.r kUsiyrsd emuti mdlo iir
metric to assesdiiomt evg it dftiMaora ed fye it jefite CaRha.i ,s 200 8
as the ratio of the Onhtéegrabheonnweghati pnonbbgstt

Therefore, an increase in FCR indicaeesenhat o:
each other, quantifying the degree of functior
refer the readdarrel dar eed eaBokB o2ld@Y0 8ebl) al ., 201
iy O
OOYTT

Esti mati ng aprCiRloerfiea qauitrieosn of hi er a(rBdliyc aelt satlr.u,c
I n the present stdeyelweocomncsiadlehecdrarfcbyr We
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cerebral cortex as the system atwaés€etheghesvi
sevenmovrean apping functi onal-7 nettlwoos k(| euvsaln g3 )f,i
sevent-eear happing functiohalamleda@blftkma ilsYehgg ettl
2011bkFinally, wehadidr cdeomrded ctalhe a$ | alsi ndeeaf ri nMNI
|l CBM 152 space, as our proposed baseline brair
FCR for hierarchydyODowbecthar BECRaefguires t ha
poesd problem where the number of parcels (the
ti meframes (the maximum of 120 timeframes of
spatial scal-lee\dlevfedVdrli)e, s memerrceeMeo mpgutnegd i mygi vid
time series across voxels belonging to each o
hierarchical strat Ny [Er oo Detdo ieeis t@Grmatse2 &R2CIR) |
dat a.

Thi s-l Eval hcioerrtairccahly al |l owed us to compute FCR
(1) between | evels 4 and 3: the segregation
(06YY, and (2) between | evels 3 vs i2nt ot hsemaslelgerre

s wbet woQokys. (The computation of FCR requires de
and an exact assignmedtevefl swyldyeat.enmsottad |l iyt s v
functional segregati 8h Ohr ammBDingmde ROAIse g ou sairr

SPARK atoms) and FCR (from Yeo7 to Yeol?7). I n
that in FCR, the number of parcels should not
of 3 subjeeds fwer ¢ hesclamal ysi s specifically,

Br abehavi or associations

To assess performance when performing cognit:.i
ni ght, after the recoveryohappyrtwei maassyed. e
bet ween sti muli presenpaeseh, and whkel raspobohese
response. Since the main objective of t he si
connectivity wakdfeulnesgduuramd sl eep, therefore,
anal ysesv oked afsMRI responsddfN, [Ereirossllytrtdapgdosr
study, we quantified the corr el ath eohna voiedrwaele ns co
measur edbafcrkom MCT and ANT 4waslks HSFi vatt ueshavey
within each functi onalOMYG)t,wowhkisc hf owe reea cdhe fsiunbejc
(Yelo networks + two anat bomigaalgl r agiaomns ciemelbed il
nNine -aegl @a@¥O val ues were obtained perstsaubej ec
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di fferenaeerd@¥@gadbnes were then c¥nPydled for
Speci ficallsy,t oousrt ugdojali fwat her e was aiOyOassoci
values and changes scores of individual task
conditions.

Meanwhil e, the average of HSI wvataest wnftbr mati
as wreéepian inffomagemaei swech a bias, instead of
behavior al scores, we applied a bootstrap app
HS{Efron & Tibshlilriasi ,i nicolomgded a resampling proc
replicatGYOnwsalofes for each region R. Fomr exar
Schaeferl100 parcels beloegwogk tB. ofikem,f & hleo
OYOwas generated by m&champl enmnbh0@d mawcels wift
computing the average 8BSD., Fohe eaohr aspdn ciar
coefficvahueabdt ween <HS|Iwemadc daTalsek | rpaese Wl lotrinmagn
correlation coedvfaill uiesntweard r2@PO@s ent ed sepal
demonstrate the relation between the HSI valu
more robustness than si.mply calcul ate the ave]

Comparison between HSI and FCR metric of net w

nal | vy, bot h HSI and FCR are providing meas:!
mi |l ar hierarchical model of brain networks
gregation between subsystems withifo¥ | arg:
timates to the HSI values aveD¥®ed &dr as d otwl
vel of the hierddcwea)] ueleéedmhben eaompgied R t
eraged across voxels DbEY®)n.gihagt albol yt,heussiannge F
l'y investigated the cortical region within t
vestigaltedi mgelaspponcampus, amygdal a, basal

- ®© O u T

o o
QO 5 oS5 < OO »w o

re was needed when interpretating the resul:

I n order to take into account of the varianc

resampling procedurae trepdthtcGY@dwals0o®®d booteach

R. To do so, we used the Schaefer 10& ateltavo ra&mnsd

as used for FCR computa¥i oes$ wos ungphairiciedtsv e géd e

boot sglriapa@¥®@mf 1000 ti mes was generrmptaed edys r

with replacement and computi OOt he havemagesph
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correlation pvaé¢fufei chié&dwide eaanric®d Ye $ mat ed from t he
net wowekr eR caTlceal aéedl ting 1000 cor swall auteisonwea e
represented separately as histogr ams, to demo
region R and task pebtstrmasset hahfer mpbgy moakc:!
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3. Appendicxnt r i bBfuitrisotn aouft hcoor s

It i's I mportant to mentioni mtlhadel t Aber Bt iren w
Kangj oo wheoe i s now aapabéedOnioensi fe)]|l Neww Have
al so supervised by Dr. P@r.pwrvagraaand igm aldutae g¢grda tf a
Neuroscience from McGill Uni vlehrissi tsyt, c dyotitsn eat i
obh previfou®dmst BEesddissseRearigani zati on of Funct.i
Hubs du+Riapg dN&rye Movement ( NREM)( wHllele pbtemfrteefrer
ast hfie or i @gilmaHe samitdginp.al Lee i nvest i gian endhhw he s
studgonnector hub reorganizatiom dDrii migtieaetceod
the devel opment narmeda Hieew amethh a¢d | Segragati on
Sparsadteanal ysi shudfn ersesl |i(aSbiAeRKKRas SPARK met hod
devel oped and validat(eldedeyetDralL.e,e. 20X 6 ,ng2 hksd,

I n ohiginahcbuddg (a) gr-obuwulpneosmpamd sbBB8I o€t orkpa
wakef ul negsasn,d NRREMES ; (b) the association bet we
after recovery nap. .DSdegfnenfsiec amft | s diseawglpeg st & a
regi ehruabln eks s unsiegttheti bi Sk d ddlyo gehre rsa gieomd of i n
for HIS .Metemaeirpnin the meantime, few more s
the same protocol Cc 0 n sTi hdeemr ef,db hien ntefwei datruodgye n a |
col | abwirt@ht i olbeeurt her evaltu#Sdd nmendcdmoeod cdganed
expanded t hwhialnal iysd Ils,adchidnd i maw!| Jati aaxéetuded new
angdxpanded thefi mtesuprteast ati on

3. 8. il arittyheé edwiegamridehle oteuwwd yst udy

(a) The same study ude sfigWRE Evidacsq ud ppltiieoch on  he;
i nvestigate the f MRI characteristic dodimngsth
relation to cogmribt)isvd MRdr fdaart masrede under went t h
procedure by the NIAK toolbox with the same p
anal ysi s of SPARK to caltoa) aBet bratodcespeaoat

di f fer emwhkese sosf &nd HSI i ma nwda kNeREESM Bregr snsu,t adt R EOMi2  t
(d) Both studies investigatgupéeéheeramanacdaitmnmolnt
N-back t asket wotrtkeemida gosny cnhomot or vigil ance task.

3. Th2 differéemwmbubdeeween
(a) hien neownet UBMRITf rseermg memda wa k effoul Il noewsi sn gc awt heogl oer yn
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depriwasi barther excludednoibey/laafsemd hye Ppteodgme n-
at omafoundl armgdédre t han 50 % (asfitnecre rpuanrntii ncg pSafhAtRSK v

to fall asleep during this resting state acqui
state after neocerpmadatnai grhetc owidtehd sdlur i ng t he r ec
sl eep deprivation. Weeesuoclteded|l t abkdf) dRca 8 @ gi
study, i nvase¢effglatyd the asseguiatedonf dbeatnWikene R

regi ehruabln ekslkse n eaw Nsottvadbyl y hr eshol d f or ctaB%ul at i
in this newteamaadl pshed 00% i g Yiath d & ifi hidgen an € w wset udy
nowomparen@d a8l of net wwrkhsagoeébeat a boHeutnihcot di ool noagl y
Clustering Ratio (FCRNaithanl{f@obglsleabadati @0 1\&i
et al ., 2021; Mahrehamrt ieftii @l af, u S2EQOr@gade¢ $ ©INN g
i ntegratiomebedtwkeenasdiwitt wibo kpeachdesuimos, e r obt
I al so i mpsaemphti pg epnrsaacrestbwreeu st compari son bet
FCR. (Hé& hewhsabwdysitinlipgeasoci ati on bet weesn, HSI a
al so consacerafdotdédmenti oned resampling proced:!
t he HSI value theonewR®d uidnfveestlingat ed the as:
di fferenc&®REM alHBl wiakk elNul nesiseoagnnd ttihvee diafsfke rsecn
recovery nap and after a nor mal night a$ sl ee
t he basa@s$itmg, cognitive perfor manalesa ealfaitsreeved | n o |
Howeveéehe iomigi hak atsgdgiation between HSI in
af areecover yimampmtvheasst i gat ed, t her ef otrhee, nwegw hsotuutd
I also pdeopoted oinegwersttii panta l net works mainly i
and the dor sian daitftfeenrte notn aarroeuas a | s.€ @ Jhehse (naewwa k €
st utdye EEG denoising has been improved and tF
consi,dewhadc h all owed more reliabl e tihdee mteiwf isd aitd

3.1.8eMygi |l ed contribution

a) | studied the association bdédtubweaersst lme gsihze
threshol ds. Il n our study, we have separated t
consi st of 7 ROl s (fTrhoormmatsh efe ¥e aad tadd nspul ba2t el 1 a ¢ a
adapted from (Rel AALetWeahlavzte® @ppP)i ed SPARK wh

many rsetsattiengnet wor ks (RSN) are involved in eac
of each netwohubnédadriegtoafal n&d by the number
ieabdbhain ROI. I f the spatial overl|l aps between
tot al number of voxels in the ROI, then this

and vs&dheedetails of the HRQIbntesmpl amab m @RA PK,
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C
i
E

an be found in the fAmat erYeatl si tansdt imelt hnoedesdos i ti
f there was any correlation between the size
or exampl e, ROl's with | arger spati al extents

Al t hough aepamppémtealge t hreshold of x% to avoli

e
d

ffect stild] needs to be validated, while the
o so, | rerun the analysi s ofl drse goiedtwmeele nks O0f% r

One example violin plot of regional k from al

a

-~ S5 0O —+ Cc T O n o 9 T

\Y

re concatenated) categorized and arranged by
i gur.e TAhle Pearsoncicemtre®!| bet wpemoeefi onal k
unctional to t hr eFsihgaulrde A% sdreaogvulry,ed RAXusnhdo ulnd n ¢
oo small nwhi el freaculid ey zpr Bimadgthet mMmesanROIme, X
ot be stiomoc e airtgewoehnhedungdt hphbeessvenfor mati on.
he above factors, o hdvee neevt tsd haelnyd lhmre sthiod
egional k caused by different ROI sizes 1 s m
)] have i ndsitviigdautaeld yani nvsesue of redundant netw
he code of thlee&SPARKabDuwroil @@ k8f)udy 1, Dr. Lee
he current version of the SPARK t oacallbopxaicrosulc
edundant network atoms, where the spatial pat
i peline of SPARK includes: First, it applies
pplies a sparse GLM m®ne staicrhatbeo od se graipe ss aanfp | ®
a-dtmai ven tempor al di cti onarl y slieamenisngyv. e rTahl e cnoe
pati al netawosroklisut eHivneanhdeyg | ust er edt sneegrwoo fk st ha
l ust eredramenowioriksf or magii @m ad miiddeiawdsne mffe atrhna n
rocessit haepdh(aroderde move the estimated backgro
sing 2 testing fMRI dat a, I  have -ffloiupnpde d hbaetf o
aking absolute val uessusnpdtdhteee dpd preiln pet helr hep &
tep of tthenfsliipep ¢ ch e & ddteiewni tcileusst kea e dc oinnstios ttewna
etworks though tkreyrear spian i thde atidmdn @3 anmef tdhe r
i nal net work outputs. To fix this 1ssue, I h
alues of spati al net works before spatial clu

custering. This i nst efaldi pwieldl amakei s uees wheél s

c

onsistent network. Test runs using the updat e

Howe wer  .have also questioned trhte odc ctuhrea cuyp doaft et

P
C

d

i peline. I n SPARKn bpatuak thastCering wildl

onsi stent among different net wor ks, the his

omi nated by Dbackgr ofunidntneoriesset swi(tih. et.h,e tshieg ndaels
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of the distribution. The thresholding of back
the histogram of clustered spati almemet wer lag it
peakt hoef hi tiddmuasmrgth8e aster which, only the

p<0.05 on the histogram wil/ be kept while ¢t
removed as background noi se. Hence, we suspec
val ues bdf oadleusdg patiina, f omeigrmagd | vbe hresogtamg
di stribution will not be staticaldlysdadcecdu raa tset ee
in the SPARK pipeline to manuallyi mither mehet
forcing the mean of the approxi mated nor mal C
threshol ding. The rest of the pipeline was |
i nvestigation mentioBedidpboVertwwenat dbype wWer dn
time to rerun the | arge data cohor tStwidtyh hteh e
redundant networks were finally manually remo

SPARK was tth&tnudayp p2l i ed

Asideajramdabp tbkbasgdurrdfnipadithedr i mtl sondluazvtved t h
maj ority oftaddalsiusmamary of the rede¢s oirbielhgodvc ont
clYsing the SPARK output provided by Dr. Lee wi

t he anal ys thsu bonfe srse gainadn aHIS | k I conducted group
and HSI bet ween WR, NREM2, and WNREMB cotrmgect ib
identified the coordinates and anatomical | abe
i n voxel k or HSI DbFeitgnGeteBn sltCa,qelsD, 1B iFgRimaerdt ed
Fi gB38e

dWith the ®gsi Nadmaem «Cfr oss, who provided the
with the code adaption, | calculated FCR for

from the whole brain to Yeo7 (ITéhwerass, . YferobQeltlYagd 7
Whil e other hierarchi(dalchst reunhcatader. easl 2s0ulchbhe eans tM

YeoYe0ol7 structure was chosen to facilitate th
et (Bbly et al ., 2PQ21)IN.t he.n G@Grseses setd dlh.e, corr
FCR resultdevei opbed Bebfstrap resampling tec
summary of HSI in eaé&hglbain region. |l gener a’
)l assessed the association between HSI and ¢
and after a recovery nap following total sl ¢
mentioned in d) wasFialGshoe appl i ed. Il generated
f) I i gwae «tdi t he different patterns of networKks

di fferent brain stmetams,clluys tepplinygi g radduantetiwo
geneiFataae
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g) | supported the wrmtserygenmndl| tpmar tneanafsc mephod

resampling technique menetainomrmédsiterd))gamend) ,0ne
al | the figures mentioned above.

3.1lettabDled contribution of Dr. Lee

apuring the coll aboration, Dr. Lee, my supery

of fer suggestiomasd guwierpretation of the resu
b)f MRI preprocessing and running tefd ®PFARKatweear

Razavipour. The physiological noi sy atoms and
Lee because of her expertise, while I was get/
was trained, I per f orSARKt laen df MRINnu@id e preonoerad i

noi sy &toamsChiamter 4

cpr. Lee provi déedke twhel ebjsd artdiyv evshti teth @mriegicmals i
from her Ph. D. di ssertation, inclugly ngnad tghe
association of HSI and cognitive performances
dDr . Lee was the original author of SPARK. Dr .
code of -hruebgneosnsalarnkd HSIFEi ¢POGL A,L,eleEkdlgé her at ed
epr. Lee and | both contributed in the manusc:
f Although the majority of the figures were g
i mproved by Dr. Lee.

gpr . Lee and | both contributedreseBntéarpreta
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Chapter 41 Study 2: A preliminary investigation: connector hub reorganization

in frontal lobe epilepsy and temporal lobe epilepsy

4 IIntroducti on

Epil epsy surgery may be considered for 30% of
surgical intervention consists of focal resec:
from where the epiHoemetveereskeszaolteastalestrophy
epil epsy i s @Bart wlooke)idi Beialadeept 0@€&di7c net wor ks
regions producing and @EBamptaglad meig etpidlepti 20 &A7

Therefore, i n this <chapter, we intend to app
descr iCthagptiemon3 ¢ hef t bpnhncti onal connectivity i/
same way and using the same Chiapn.&mc Bihealmotr emp
applied an additional met hodol ogy that quanti
grps, when oc oampcaonetdr thegeonpw metrics defined
(HDI') and hub emergenceal indax (elgt¢gsseoehni maded
was investigated by Lee and o(Abandl ky pltopog
et al ., NDOass8 )nyi,|l ar HDI metric was also consi
reorganization during -twduded({¥edabseéwer|l st o0&
and also to inveseomg@drri Zaitnican oamtal dihfutber ent a
pupi |l |(obreeet rgt .BHe , af2dr2€menti oned network segr
reorganization using HDI/HEI will be compared
and FLE, to investigate if there is any <chara
i hhese two types of epilepsy.

However, it i's worth mentioning that this se
exploratory results availabl e. Ot her than Dr.
with the | abs of abd. DBor BsrBetnkamdscher, who
ontrol, TLE, and FLE wused in this study and s
ataset of controlgsr,owlbkheaemeaef L& we | & r tkeeeeppect
uch analysis by includi.wg mioglkt pal $soucrigp echati d €
ut comewheenh e ya vwariel abl e. Therefore, I n the | ong
earching for possi bl e nebureosismatghiantg cboiuol nda rpkreerd
u

tcomes. Constgumnhypyot besebowgul d be the fol
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reorganizations in epilepsy wild!@ predict the

that i s malt tdyhshbijechs, hub disruption wil|l
brain, resulting a | ocal EN. Resection of a
outcome. b) For an EF | ocated i n eatrsegiharb tdh astr
and emergence will result in a widespread EN
be difficult to be treated by focal resection

The afor ememnern mnleylpdtomgses may be f urhtihsert hsetsu ds
in coll aboration with other Chalptdesndrirlsed Niom ¢
chapter preliminarily compares the functional
when compared to healthy control s.
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4 Met hodol ogy

Thi study was completbed Borcel Babohardon JwWiethi
Rodr i-Qunezes, and Dr, ®BWhoghtvEraocgaoheed and pro
of heal thy <control s, TLE patienteyitndoffFLE M}
preprocessing with an f MRI tool Oxuceaes |l ed Ml C,
Theeal t hy contr ol subjects incl ssdbad cien MRHi o apg
recentl|l y( Ruypyeén saeldmloyr 2®@r2dl)i mi nary analysi s,
SPARK met hodol ogy i ntr odueheud nierd sprkaiveigous HSh a p t
this dotresatata will be available in near futu
submitting this thesis, aiming at completing -

Participants

26 healthy contr oleslitatlelr &ILIEEL epthd ri &lnt sg {1l ladd 2
11 FLE patlieetndraanlfliczddakd éefrtal i zed) wer€@onncousean
patients are sé&x|l am@eabhgby maubhedts demided an:
psychiatric illness. All subjects went through
and running them thftbeghet hamaBSPARIEK1IHBd peY alneof
noi se was done. Subjembear exthimoits nwgataomat/fi ot ot
50% were further excluded from the analysis (
i ndicating their f MRI data were dominated by
movement noixXxde.helahletrtef oc@entrol s, 12 TLE, and
the final analysis.

Data acquisition

The data acquisition took pl ace at t he McCo
Neur ol ogi cal Il nstitute and eHo swiitthh ban n6e¥s i hgad |
al | partici panwei gimtdeed t sotorku o twwefr BIRLI s ef BMIRSI , r dEaWla,
were acquired using-BOWLIDt i magd ngg¢ccéloer at domn a2 D
i sotropic voxel s, TRAR46 PGaGmg, cipahadm were instr
to I ook at a fixed cross and not to sl eep. M
i nformatiweighttekheanhtl DWI (sSRayesr catn ale. f oahal)

f MRdat a preprocessing
The motion corfprasct ifan tenmd nlwparmsd eps were done |
preprocessing pi pelriurces sc &ltldads eNlloQ&> I Dyen Beh @ hlaa
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The | ink -stoourictes capdengi $ h i bBMNola/nmAiMI aCpAl p e . MI CAp

comprehensive multimodal MR I prepr oeved gihnt g dt o
MRI -f MRSl , and DWI , but also several out put r e
f MRI dataonsecutomerakiog DWI data, geodesic d
profile covariance matrices. I n brief, the tyrg
correcteognstrcati on, nor mal i zati on sbpyacreegisspaetri
smoot hing, and at the end, registration to Fr
the analysis of SPARK, since we have more expe
we considered outpufteMRmMotibe obr MECApDpe Aau
the cortical sur fraeceei.s tTeor el &aslol, sweb jfaatss tcao MN
space in the redamddtilbean ofo@pgl2et2ednmt he r est C
Not abhy sowet adapti ons, SPARK coul d al so be arg
spaces aside from MNI and notably along the ¢

present study.

Therefore, the first part o$ WMRh pempviocgstha
Notabl vy, slice timing was skipped because sor
mul tiband acquisition fMRI data because the s
and slice ti misngdiwofuéinde csteoow all esl magi ngMoLabaor ¢
correction within scans was then dELCmwlxi, eads 9OEHI) N |
we l | as distortion correction. A (fWorpdtriiam eal
200was then applied, and the time frames exhib
as confounds (to be edaboblatrerg ¥ Hédoepmesxnig s e
filt@rlldd was applied to re+dXe furmvda rFtBda nft i e @t
2014; -Kaolrisnhnii di weats atlh.en 2a0plpdl)i ed t o i dentify a
signals, in replacement of comwedntoispnalalr ddrmue:

We then manually added steps to complete the p
The second part of f MRI preprocessing by MI CHA
r e caolnl function( Riteem Frteeatluwndiegl@tl@d anat omical
applying the BET (tSnoiltbho,x QedOnNMRY , dat & f MRI d a
voxel s)r ewvpiret &¢eroed t o wkeke gbhoedeamandimmigaTlTl MRI

voxel ssubsaemdient |l y registered and resampl ed a
nonl i near MNIFlo;h2 vt eemipladties i 20 F,LIRAOAL1 X)) om FSL w
affine tr@@Grséwe mat Foachl , 2009; Jenkhns@mod4ad

This 2mm MNI space was then downsampled to 4m
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when compared to our previous studies using
width at half maxi mum (FWHWM)th fmemvwassappbudeed
(Lee et .allmpo2Odaé&jly, the motion outlier con
Afsl _ motion_outlierso) were regressed out fro
i nfl uence of odgmalnls.Aispi ki ngo m

Comparison between scrubbing and despi king

It is worth menti-dnimgnthathasgaef uBSPARKaitsa h
component s. I n Qee petevaloansd Z2A0l1s8bi eéZ0D 1BhHapt er 3
an dadi onal moti on contrpPowearocessdaktiahg @ VR
preprocessing. Scrubbing consists in removing
frame di splacement (FD) | arger tnhsainded lea@eritamai n
al ., 2016HowkWled), in this study, i nstead of sc
technique where a confound of mo tciaolnl eodu tiildi eesrpsi
process. Using itohne_ duwtnlcitd ro¢nd Aff redccnm piee@t iaoln. ,0 u2t0l0i 9

were i dentified as time points with frame dis
I nterquartile Range (I QR) among its distribut:i
used i n boxpl ott irmeep rpeosiennttsa ttihoant. wlohuel d have bee
versus despi ki ng aFiegurreesets ii dediyng halwin heal t |
an exampl e. Our results are suggesting that ¢
deispbi ng would be more aggressive, whil e on su
woul d be more aggressive. Nonet hel ess, whil e
one testing subject and did -hwhkhnmtensi aslh orwerds na
significant differences, and we also found si:
when considering the two approaches. Therefor
which also aligns the convention in MICApipe.

Adaptation of SPARK for f MRI with shorter TR
Af ter f MRI preprocessing, SPARK-hwdsaneaspplmaed ftoo
subject, -hwherees st deenkot es t he number (oLfe en eettw oarlk.
2016, 220)18,he2@2tails of SPARK canChapffAasund in
i ntr odQuocnetdr iibnut iio@hapt Amntoadapted version of
this study to avoid generating reef@iodana RSN
clustering instead of after.

I n addition, to adapt f MRI data analysis of s
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adjust ment s:

(1
s |
p a
i n
Be
Wi
de
a
mu
t h
Ch

(2)

O O o nw T 9 ® —+ 0
QO 5 T O € O S »nw T O

OQJFFH“
-5 -

we
no

) A parameter of SPARKwasal dgjduisaitendd ocsw thhleo clke r
I di wgndowet hat i s used to generate bootstr a
rameter of the block Bootstrap ensure indep
to account f MRI intrinsic automallreyl|l ptopaos é

|l l ecBeltl a¢d et lanl . SPARXKLOa)e chose the Mmost op
thin the rdarxge 26sqgsg (T TYX T<number of ti me
pendencies, as (pBelpltoeseeld.. i ThBe0deocgetwas USU:
smal | extent to ensure robustness. Therefor
|l ti band accelerated f MRI data of this stud
er efroa ewisredow bl oc kh<l é&rbgt hwhtid leb @ 3 @ itagbyf 110 <
apt(efrR=2500ms, where T ranged from 91 to 121

The fMRI time series were downs-amphedst é&mp
arse dictiondVvp. lemrnhegsmwart e Kdi cti onary |

e number of outputs SPARK atnoemiswo(r RSNse)s,t i enag
timated from the data wusing a minimum descr
d evaluated(LeelLete akt. aJ]2@abD8g8wbagtopofibad)t
t ween -agfoiotdnass proedxeilt ycomMonet hel ess, the s
bj entlepends on which scale the researcher i
wnsampling or upsampling the time series be
anglees rnesulting global scale of networks. Th

a si miStaurcdaysctlat @ o wr @grtdei guobatl udiuenber of
nging from 10 to 20 before ma)nuawe rdamwonwsad mppoll
me series of the current study by a factor
erefordubmarges wofallues. 't could have been of
more accuratetakmpgradvaesagetobnmul ti band
the scopeSiomi pbaesmathetduldgs al(deebedn adppl i

i mi ISawudtyaflter applying SPARK on allca&lubnp®iced s

re visually identified and manually removed
i se or noise fr onl Ldeoemienta natb uhesienPsd &anrt | we s ssaulbg
rati o of the numberofofatnooms y> a3 ®@Unswer & oftuarlt h

nctional segregation of TLE and FLE
6 4



The same met h&ds dgpr &msdasematien regi onal k and HS
dataset. The same (¢rhaudwmecsosmpaanrdi sHoSH oufs i vnagx eple r kn
considered.

Hub di sruption and hub emergence in TLE and F
To quantify the phuyp q@rldepatwhoears compegpridde t o h
t wo al gorithms: hub di sruption i ndex ( HDI )

met hodol ogy ori(@Amnmdr d qatndgpld.s,e d2hdely2 )ad alpde d an
et (dlee. et2@1.8, 2022)

Gr oluevel HDI and HEI arleulemrddissshati ibrug i Dy ®©d mparc

(control or patient) to the distribution of hi
following |Iinear regression model

Q H— o

7EEQA ——

® 'O0ffd 000
e«” denotes the averagehkibness in a specific patient group (TLE or FLE) for one voxel in a

selected ROI (e.g., the hippocampusf, denotes the averagehkibness in the control group for
one voxel in the RO denotes the standard deviation (SD)-dfubness in the control group for

one voxel in the ROI. Representifiga s-c 9 or di n-ad csacarnddi mabegsl §orn t

ROI , we obtain a s cat Be fitthg a tstraight ilhehthrodgh theat a p «
aforementioned scatter plot, the sl@weill be defined as HDI, and the intercdpvill be defined
HEI. HDI and HEI can therefore quantify thehkibness alterations/reorganization in the patient
group when compared to the mean distributad k-hubness values within the control group.
Specifically, a negative HDI (slope) suggests the voxels that are hubs in controls are becoming
northub in patients, or their hubness is decreasing in patients, indicating an overall hub disruption
within the ROI. A positive HDI (slope) suggests the hub region in controls is having even higher
k-hubness in patients, indicating more involvement of the ROI with other parts of the brain, i.e.,
i yperconnectivitp . A posi ti ve HEI ( i nhatesrncreup in contiole di c a't
tends to become hub in patients. It is worth mentioning that HEI will not be negative because voxels
will not involve any negative number of netwoirfkee et al., 2018)
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Individuatevel HDI and HEI could also be computed using a similar linear regression model:

@ 00 000
Notably, Q indicates the fubness of one voxel in the ROI for oneginpatient. The resulted
individuaklevel HDI and HE] will instead indicate the extent of hub alterations of one subject
specifically, when compared to the mean of the control group. Subsequently, the distribution of
individuatlevel HDI; and HE] will be compared across groups using violin plots. The individual
level HDI; and HE] of each control subject were also calculated to facilitate the comparison.
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4 RBesul ts

4. 3.1 Network segregation for TLE and FLE pat.
Af ter applying f MRI preprobkbebsesyg, awd &SPPRKe
regi onal k anCh ahbS le unseBtnhgo dt haes same atl as-: The |
hubness mapFiageitAAhdbiwae raeasul ts ofi oanvadurbakgeesds aanrde
showhi gwniDe 4nd the results of RivediaBged HSI ma

We applied the same group comparison method us
3.6 of this thesis). mWNdb Isetgme dn ctame tdhrfdergegmat
hubness val ues. However, we f ehuunbdn essisg nai nioi ncga ngtr
as il luBitga#id ihe number of RSNs involved i
frontoparietahdneeweblk) | DMNwas reduced in TLE
of RSNs involved in | imbic network, frontopar

comparing to HC. No signifidamtnedisf fwdhhreenn c® mpaas
to FleE.alWo found significant diffErguotGs4in |

When compared to controls, TLE patients exhib
caudat e, t hal amus, front al orbitalohobas waltl
decreased network segregation mainly in the d
precuneus. On the other hand, when comparing
with increased net wdrmk tdeg rtehgad tainouns parnidn cmTplLa | rl
reduced segregation in the cerebell um, mesi al
regi Wmen comparing directly TLE and FLE pati
charactsirgmrziefdi dgnt increased functional networ
i ncluding the thalamus, head caudate, pallidur
and also in mTL regions.
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Z=114 Z=121 Z2=125

TLE>HC

Axial View
Sagittal View

FLE>TLE

. HC
I TLE

IFLE 22,52 T

T | i T i i T

Visual Somatomotor Dorsal Attention Ventral Attention Limbic Frontoparietal Default BasalGanglia Cerebellum

Regional K

Figdiagl tered functional net work segregation( AGrdourpegi on.
avervogkedkbdubness -pmampamaéNtomi ¢ per mutation test was al so
signi ffiecraenntc edsi fbet ween group. Therefor e, -ltelveh Urbeksewsist i osf
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not shBgwmup aver ag® alHAimemapg.c Mem mut ati on test was al so
di fferenceauplse tweaieem sEirhgwWCy e Ghoup compari son of HSI betw
groups s hsotwaitnigswihicesth map filtered by p<O0. Ol gcdaddrediviog etl
significannombiafmMegeemaeat ( on tceosrtr,e cpt<edd )0 5betFWbeRen t he t wo
according t ®)Tthlree nea@lno ra nbda rs.t a n(d aerveh udbeveisast idarf nafe dr epgeieomo r
The pairs with significant differenceesstaraep prhdrekde d pwiOt. H
corrected).

4.23 Hub di sruption and hub emergence of TLE an
We appl ileadv eglr coaurpd eivredi WHiDdu aalnd HEI to both pat
can be applied either to the why, ebédaausne otrhio

still in a preliminary stage, we are not pres
choadew ROlIs of interest. Al ROlI's mentioned b
Anat omi cal Label3l)i nagi(eipe I 6 8 o at 3rah(eA AMla2me2 ®)f t hos
the same as the | abel name in AALS3. The defir
Fi gu2e RAOI named At halamuso indicates both the
(We first investigated HDt heEEbamwst hcau8asebca
as il l ubBitgwu®eddiince t heetemalsaamupueshasd te be i

propagation(&dte ®sétmal degpR®ASet,dMarda@tng0adam)d put an
been reported with redu(CckKlduBgadewn mdt taedhm dv @I9ul e
found significant <cl ust eress uilnt-kseuwbecloorttpilc aolf rceagui
put amen indicates an overall hub disruption i
more hub emer geaudlant @écaanu dFaltEe innucl ei, TLE show:
with HC of Betvleli HDilvi(duHablle)v edn dHEIIn d(iivHEIu)a, |l st
di sruption . afRdbeaimgr dreidc @& i s rsuhpotwsgp g nwa s choandi f
with HC.lmft hedDpvet dmam,d s i gnibfeit aweretn dil(fEfHBrhedn cHe
and i HEI J)TbbEt ®Swmprfiosi ngly, the thalamus regi o
i nvestsihgoansesd,] y positive HDI. Notabl vy, as shoy
Figu#e tdhe distribution of thehd hgéeaewusal liys @
di stribution of ot.heTheROdfsar ed, e stphtehea luwaurtd i tnr eer gsi
shoulidhtlee pret ed Wa tSBuewmaecaigams xmdywi&@ t hose fii
| acpowér becsaampel odl owert-osi ggaftRdt isaaghhbk ,t hal ar
and atshrseoci ated SEARKe il mygt ionfg hubs in this st
associated wbBel slkcizuddnsval ied)he aforementioned i
future studiasd mandari fposupgposxe HDI tahred nHB fu dset i |

aspecial hypetritebahamusvriegi ohbiun ThEsand FlbB e
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such a conclusion for the moment and our analy

(2pcondly, wé hehlaesdtit et OMNwi ¢ di e e same ROI s
our previous study of Lee et al, who reported
DMN in mesiall LEEE epataiFoont @ &8 )ROI definition,
definition of pmaplerROIf dxeirtthe ., which inclu
and parahippocampal gyrus usi ngFAdAL-Bandhehees
results of DMN aFegshewk ifmuRdwbdtodf si gni fica
hub emxea gien both TLE and FLE in the mTL regic
clearly in agreement withLe®earetp.ralviotoaud®d4®inmdg Iny
reportihptésmebttdesrupti on and htuubr ee nieorrg eflcke pi ¢
when compared to controls, suggesting remote I
not find any significast disftadeenaeses ghlingfuiricea nD N
A5( Row 3)f we were expecting more participatin
di sruption and emergence in DMN regioohd be T
di stinction between TLE and FLE.

thalamus iHDI iHEI
. HDL=0.22 3 2
A R HEL=0.04 [ o ‘ N
5 ] tiiels | wpi=oor o 7 (] g M
vl O PP S _ 4 / i | R [ y
ey — HEI_=0.3 \/ | | 14 ! I q
TSI s I (% [ | A
z SRCHEN ol A 1°T¢ LI\ A AN 4
HIRE : N L sl oy () O
: D | WS
s/ - l §l | el s / \
15 2 L/ -
0 05 1 15 HC TLE FLE HC TLE FLE
< HC >
OHC
Caudate iHDI iHEI
1.5 HDI =-1.22 4 3
A 1 HEI, =0.58 f
°© - 21 /| vl 2 W]
& s HDI_=-0.9 .\ B I ‘
| HEI_=0.14 Ji y A\ ] |
R 0 0‘ O & | ‘ 6 k | ;I‘ IRl
= 05 why o1 Y /l A5\ 2é\
S 2 ‘ \ 0 ® == @Qe)
15 -4 =
0 05 1 15 HC TLE FLE HC TLE FLE
< HC >
OHC
Putamen iHDI iHEI
15 HD|T=_0_43 ———— 8
A 1 HEI =0.3 4 6
S} .
= s it HDI_=-0.58 T“\ >
i PR HEI_=0.14 , | Y 4
Mg o] SR T & o
N R IRy o7 @®»
2 ST N &S 2 |
3| 05 RN 2 ‘ ‘ 4 L =
5 A . <
i 41 | J g P Y
15 6 2
0 05 1 15 HC TLE FLE HC TLE FLE

Fi gd4R2leDI and HEI of selected subcorticalColewgmmm nls ddrhaatl e
the 4reoep HDI and HEI . <Epubepsy>ofi ndnheaveselhvacnges
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or TLE). <HC> gedhubaness téoer casveelhardl thyesonheoBsandar d

of healthy controls. Statistics of TLE patients are sho
The blue (TLE) and purple (FLE) solidmbideaks. aHPI the bHh
of this line and HEI is the intercept of it. Each bl ue
ROlI. Column 2 and Column 3 are presenting theddrkeribut
blue), TLE (blue), and FLE (purple) patients, denoted
significant differences of i HDI or iHEI values are mar |
Wal | i s ited9gt. dpgpli s wor tahxinse nvtaiso nnontg arhatthea hsrame scal e f

showing the distribution shape better.

mesial temporal lobe iHDI iHEI
15 HDI =-0.72 3

HEI =0.37

HDI_=-0.71 1
HEI =029 11 I
FAnN

; ) Aggn ¢ [ ‘ \ [
: \} " g | N T -
¢ ]

< Epilepsy > — < HC >

-2 1
3 HC TLE FLE HC TLE FLE
Fi gus3eHDI and HEI of TmM&@L miTegiremdthrs aimygldad e , hi ppoca

parahi ppocampal gyrus, as defined accordihiggubethe AAL

(3Minally, we investigated the HDI and HEI i n
significbhere#dlSbetdween groups in the mesi al fr
significant differences betweeprrgooups oot ail HDI
frontal | obe, superior mesial f r(oamsoalnFilignbree ar
44 , all frontal regions | ocated close to the |
agreement with HSI our results with HSI. Notal
hub di sruptionemaeadgsesomet} i one s u h o itshga RnhboErne aitn eTnLt E
Only in the supplementary motor cortex, we fo
i n TLE. NPineudsgli”dds,indicates a generaTLBub di
even whose | esions are not | ocated in the froi
net work disruption in TLE when compared to FLE
regions; however, we desd inmti HDInMi HEIg.ni fi cant
4Aside from the aforementioned regions, we al
bet ween t he TLtEr aannsdv eFrLske itne niphoer a | | obe, and t he

i Il ustFn gtue e Ad ( RoWoh deerndksRaw i) these two reg
a trend to have hub disruption and emergence,
changes.
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controls, TLE and FLE patients, we found signi
onpvyeal ed by HSI, predominantl y jJiame3ubcort
gions. Addi tademrcalelays,edwen ufmbemacdfi nge tveartk sal c
t wor k, l i mbic, frontoparietal ,whDebhibimpdo cer e
althyreoearedslvyal (Ffegiud)iea |47 ikeu sriensggil b B al K i nc
e $d@aalge RSNs are generally |l ess interconnect
me connector hubs are diisriumpt angrteheneElrtE pa reds
unding i n mesi alSndIE (= eree geito aadl dl. |,k e2é0aliBe)a. p 0 Kk

- Q
—

nw —+~ n —+ I S
O O T o o D

ignificantly decreased regional k in epil epsy
that generally in TLE and FLE, there is no ap
RSMN,ut i nsteads_caelxel snteitnwgo rlkasr gnei ght have broken
are |l ess connected with each other. This 1 s ¢
Chaptuesri n3g sl eep data on al |l oluenal tchhya ngwelsj ottt hc
l evel k -laenvdd Lr reggih godmpecno mpdrm wakef ul ness. 't sug:¢

t he Awomdldld macrostructure varaededocenmnectihend
gl obally no meadamdteidv iotry hiymphe®&bhoEmpadnal ddrEt r ol s at

In addition, using BbéiedD(e2@m8edBsSla nadl go miitl mm p
of hub reor gamiigzuaB)é lodne i ent ,TdiEh j(c B O & BRei gautBtea cAh e d
Surprisdmdaisp, dwbr umwtasapechedlLBecause offLt he ¢
sclerosis in TLE, we also f oumd ltveegriyo nssi, misluagrg e
more attention i s nneTelidre dF Lr'kehg ase ghiyspgwtdhhled rdd e ro
i nvestigation. I n caudat e omucbloetih, ThLuEb adnids rFuLpE
emergence was only foondFEBr sihaowed | di ¢ thien ptutl
emergence, which can servé&iagwu2a pglon emeasiadl Dbfiroo
hub di sruption and emergence WwWege4)todrdd gmdrney i
our resul,t whferemsH$In mesial frontal &regarlkeLE

4-1) . I n addition, this result can explain the
because the mesiall Strent alnh &edhompsoppoR042)

Consiidgert he deatubnessonaoi okel -hourb nreesgsi olns kweibtyh tr
be a connectot blomnlga ngear tcioningatii mg -hwhh n ees so nies wmc
|l i kely a provinci al hub partieci pagt itlheev eirnu laktnodc

compl ex hi erarchi cal structure of the brain
provinci al hub are defined relatively instead
HDI and HEI , theeriestuért pr estheodi | de lad tsiov ebl vy, a R
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HElI and negative HDI would i ndi-rcange tcheammu rhiec a
are | osgiamgel cmghnecti on, I n armeo-mméamomtri pma,r ttilte
| @ad communi cation are engaging more with ot he
appeatrhemhjiomity of res«l| t® ¢&h gwSued hd prFatgtueren 4 al
align with the inference wataggéeafleoRSNbheareshb
down and |l ess intercoAoedtadlyn WeéEhawd ¥e&Ei f
of functional connectiv-ievel nusipnd-EB8k| andibmd
HDI / HEI . OQur restuhe si mgan namdadrefssedeati ng ep
instead ohi §bcaghyedntikseiampobrsp domtt e pioalé caut c
by ex awh entthheear get ed | esi on i s a connector hub

Addi tj oweal fppcunmdvent i onal positive HDI especi a
which might indicate hyperconnectivity where
engaging wi t kr aenvgeen cnoonnneepchti hbgnmgewre rr, e s wjlutess td m nt h
Sshould be interpreted with caution, especi all
results found Fing u-8.e t4hfleatl wamar,s g siekee from i ncl
pat iaenmdt scontr ol subjectimmyPAVRK mi g ht he omesed eof tia
rol ehtehfal amus i n epil eptic ifngheet idamrcali onamrrye d tei:
the f MRErt emef roorm stuhbaxltoarmioaclayes Such an approac
compensaseethfe i el attiovoeilsye |(0SMeR) sriagtniad i n t hal
acqui,sistimeret hal amus i s onfer am ethhkela dMR DE met e ND @A ¢
I f supposing the aforementi oned ame aksulr easn dc aHE It

tbd ound, we might specul at er atnhgee tchoanhnaummuisc ahtai so
RSNs, whi cbompensatdédefor decreased cogantive
underlying network thatnies ate osmomnidblpe ofp@amg ag e i
nuclei in the propagation of seizure, terminat
been sugglkest eggetangel i sta et al ., 2015 ;whH € neg
further investigation from the perspective of
as wel | . Overall, although with only preli mi]

connectivity alter ateidon s ointt hfBitE rael,d tFd Ec cmopripeatr
we expect to incl ucdcmgomerearatniad iy BEPARKI grd iukdd mi, |
as wel | as i nvestigating the rate of appearan
the role affamdug fruelneéi t h
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Chapter 5Conclusion

In this thesis, we have introduced tChea pbtaecrk glr o
| ERhaptewe2have introduoédhesevmethodyglpbegi e 8§ €
connectivity and addressed the specificity o
functional net works using SPARK fypyrChmpt epes8i

we found that the visual cortex showed signif
NREM3 ( NREHEBM®R) and the orbitofrontal cort e;
segregation in NREM3 compared to NREM2WanHawal
al so found that more functional segregation d

wor king memory perf dcCrhmgn eee oadfntde ralttheer emda pp.atltrer
segregation predominantalry tihe ¢ hlad @mitlisc Q€ & E2Tu
front al | obe (HC>FLE>TLE), dorafFdIEat eamal mfTio
(FLE>TLE>HC). We have also found fewer networ
frontoparietal, DMN, amdididdroenbhel warmf emendvoh kb
emergence in TLE in Caudat e, mTL, and mesi al
di sruptions in sever al ot herdi BRODupt wenhawnwd aimns
put amen and hubBuempeérgnemdeariyn moher area.

The main methodol ogy used in this thesis, SPAI
in the meantime handles the overl aps between
di fference in febhweeondi ffegeragalNR&M Bt ages a
how recovery nap after sleep deprivation cor
preliminary state, this thesis also found spe
orL HE.

However, this thesis iSnwablyOrhdasp tseefvieBrsatll yl,i niihtea toi
flow | evel mi ght differ in sleep comparing to
resul ts wildl beAbalisedt byn samcal wysif®ctcan be do
model ed and regressesemniues ., framd tthleernd MdRd n d u ontei
afterward and comparing.Stettendégpyl tosirtoesgast
restracehpvodurt o ecovery nap after total sl eep de
ontkour nap, we interrupted the recoveblewof S
caused by the Ainterruptiond mivahti abontiniyhutse
|l ength of time taken to wake up the participa
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or NREM4) was thewplhaep] cwpamtueshi swhenf t hose

cognitive abil ity iaofnt eirswarredg uiMoerde tion vreesvte agla th c
ability systematically, conmlmiSdedypiCHhapheraisaf |
mentioned in the discussion section of Chaptert
toawr more reliable conclusions from group cor
SPARK with dictionary | earning focusing on th
the thalamus and to further i nwrerséntglay esii mwsl tr
EEG is not involved during the fMRI acquisiti

f MRI segment with epileptic spike discharge tl
rest, and such f MRE|l sedgmeht smshbel Hobeowi ng an
Lastly, in the current stage of analysis, the
AAL template, although the AAL templatetis nof
the sulcation patterns do not compl et eDtyh earl i ¢

templ ates can be considered in future investi
I n the future, many possible directions can b
sdy 1, as mentioned in the previous paragraph
of sleep can offer more insights into explori
can potentially | ead to pebffectsiveaad!| adpiwiet lor
or even contribute to advancement in sleep di:
interest is to investigate i f HSI, HDuUr, giodalHE
outcome. gCewmbhnobhher modalities such as the s
met abolic biomarkers wusing positron emission

ant iecdi gptaet of success f orenltoibaelcltyo niye a dwhtioc hs icganni
prseur gi cal assessment .

76



Reference

AASM. (RAOIDM )Scoring Makhmardi ovaem sAcaademyp of Sl eep Medi |
https:// aasemsougt etminsu@ddil ng

Achard, -Mar,t ilne,l oh. , V®rtes, P. E. , Renar d, F., Schen
Bull more, E. T. (2012). Hubs of braintbesecpiadneht
Proceedings of the National Academ@(900f) ,$22 @&an&8 s o0
https://doi.org/10.1073/PNAS. 1208933109/ SUPPL_FI L

Acharya, u. R. , Bhat, S., mauWw.t  J.O.E. Ad& |l Kah,H.J. CH.u:
dynamics measur edafsed & U te@ paHEsdrdogEcEache, R @btr)igdi ni2¢)8
287. https://doi.org/10.1159/000441975

AdDabébagh, Y., Einarson, -9D.,, Moykltvedntoorn, 00., VMwelelnlk g
c. ., Lerch, J., Fombonne, E., Bra&veasasi,ndg. ECvi (498
Aut omated Comprehensive PipelineRdéfoerdmaecomiacralt de

upon by QIr¥E2: Eixgmple screen shots of the CIVET C
of The CIVET PipeEIEEEnadrBamsi,MgBlned mdyi ng

Aertsen, A. M. H. J ., Gerstein, G. L., Ha briebl,atM.o nkK. ,
modul ati on of feff ectoiurenal comnfect iNeiwripspd.y si ol
https://doi.org/10.1152/JN.1989.61.5.900

Al i zadeh, M. , Kozl ows ki , L., Mul | er, J ., Ashraf, N .
(2019) . He miosnpalle rBas eRlegAnal ysi s of Di ffusion Ten

Tractography in Patients with Tempor al ScoibeentHpfiilce
Reports,R0i&®. ohtlt ps:// doi-0 1e®6g8M180. 1038/ s41598

All en, B.oskphs, o., & Turner, R. (2000). A method f
recorded dur i Ne ufrwndadgeRadB.MRIt.t ps: //doi .org/ 10. 10

Bartol omei , F., Lagarde, $Sa, WendGuwne, M., Elc B®miag a
epil eptogenic net wor ks: Cont r iElputl ietped)a, fil ISIEFEFIG a n
https://doi.org/10. 1111/ EPI . 13791

Beckmann, C. F., DelLuca, M., Devisi n,ntles trdetset iénogs me t h |
using independentPhdidmpompeantcadndlryaanisacti ons of th

Sciedgelsa57)yL,010D.01https://doi.org/10.1098/ rstb. 200
Bell ec,-NePt.q, RR.s,a LyttelHt on,& @v a@s, -IBewmedl ib(0200t1sOtar)a. p Mu

stabl e clusterstaten f NIRbt 0 hmaxgle3) , i11B26
https://doi.org/10.1016/J. NEUROI MAGE. 2010.02.082
Bell ec,-NePt.q, RR.s,aOLytC.el tBoremal i, H.,6-l&vEvamhootAtr@p (al
stabl e clusterstaten f NIRbt 0 hmaxgle3) , i11B26
https://doi.org/10.1016/J. NEUROI MAGE. 2010.02.082
Berry, R.,BC, EBamaHdodi ng, S. M. , Brooks, R. , Ll oyd,

AASM Scoring Manual Version 2.2 Updates: New Chap
Sleep Apné&aufealtiof. Clinical $lad e PuMddicaitn @.n: 0FCS

77



Academy of $Sligelelp ,Meld2i5c3i.nehtt ps://doi.org/10.5664/J

Bet hl ehem, R. A. ., Paquola, C., Seidlitz, J., Rona
A. (2020) . Di spersgroandi eht sf uact pe blautrtnd dage | t I
https://doi.org/10.1016/J. NEUROI MAGE. 2020.117299

Bettus, G. , Guedj ;GolBnNny, J&YeuXSouFierComf ortbtaguitton,
Ranj eva, J. P. , BM.rt 02 @0n@ ) ., BPec¢r e&&a sGudy ehas al f MR

epileptogenic networks and chtuwumam | Brtaeir3edl MpecppiBedyDs a
1591. https://doi.org/10.1002/HBM. 20625

Birn, R. M. , Di amond, J.. BA. (S2i G &),. MS-g pAa I,-a & aBgaenddeed
fluctuat i on s-acftriroen tapt ewdr ofnladct NMetut oh&@ gien 711 BVERB 6.
https://doi.org/10.1016/J. NEUROI MAGE. 2006.02. 048

Birn, R. M. , Smit h, M. A., (20083, TheBRes@i Bandent R
temporal dynamics of f MRI signal Nfeluurot|4n@a2gjeo n64 4 el
https://doi.org/10.1016/J. NEUROI MAGE. 2007.11.059

Bi swal , B. B. , Mennes,elM.y,, Zuq, Sni tN,, SGohsel , B®.c,k mk
Buckner, R. L., Col combe, S. , Dogonowski |, A. M. ,
Hy de, J. S. , Kiviniemi, V. J., Ketter, R.ncelLiof S.
human braiPmoteedings. of the National Academy of S
10(700) j4743BVB.4 https://doi.org/10.1073/ pnas. 09118551

Bi swal , B. B., van Kylen, J., & Hyde,BOLDSsi ¢g€48B3)in
state functional NMRNn ecitn vi By, o MmefiBpcsi. n €175
https://doi.orrg49D( 1D9D20 § /s0 &ik)mM4045K.106.5c a ;ad d

Bi swal, B., Zerrin Yetkin, FwuncHawghtlor,onWecM.i,vi& yHyi

of resting humaml abhraarMaMRule.t ing Redhonadnlbcde) ,iSmbIBMedi ci
https://doi.org/10.1002/ MRM. 1910340409

Bol vy, M. Perl barg, V., Marrel ec,r ignd,sa®chavuys, MaM.u,et
Benal i, H. (2012) . Hi erarchi cal clustering of bra
Proceedings of the National Academyo(ub) SebE@BBOEes o
https:// do/iPMbAS./ 11101 1110373109/ SUPPL _FI LE/ PNAS. 2011111

Bordier, c. , Nicolini, c. , & Bifone, A. (2017) . Gr a
net wor ks: Searching f ofrr onnthieer s ptii ma (NeliGHo, eciiddil de
htt/pdso:i/. org/ 10. 3389/ FNINS. 2017.00441/ BI BTEX

Buckner, R. L., & Vincent, J. L. (2007) . Unrest at

Neur o]3nfadg)e, i 10@%1 https://doi.org/10.1016/J. NEUROI M
Bul |l mor e, EQ., (& 0®9mWogr.nsGCompl ex brain networks: graph

functional NaswsteemsRevi ews NeurogsépD8hceild8B.B0I
https://doi.org/10.1038/nrn2575
Cal houn, V. D., Adali, J.,JPeéebDoahnh, 6. mOdthok Pekam

functional MR | data usingHimarpBndedd¢d MppMhiiddent
https://doi.org/10.1002/HBM. 1048
Campos, B. M., Coan, A. C., BelGhriazmninni,, EG., @.e,auliiu,u

78



Ch

& Cendes, F. (2015). White matter abnormalities as
| esiEpnd &SPsli)ali25 https://doi.org/10. 1111/ epi . 1287
ee, M. W. L., )& Ckhwrmoct iVanad. I(nma0gidng of Wor ki ng Me
Depr i vlaotuironna.l of , 2Ndeludr)o,sAcAEEmME eht t ps: // doi . or-g/ 10. 15
04.2004

l'lingnon, A., Maes, F., Del aere, 1995 )VanAetr-onmaaitl ed ,
modal ity image registratPMhRB/8s.ed on information
nstabl e, R. T. , Scheinost, D. , Finn, E. S. , Shen,

Papademetri s, X. (2013)f HRwnetnitormd!| UGe®n rmenat iCwiatl y el
Epi |l Epeytiers ,0,n3Qeuthdltepey // doi . org/ 10. 3389/ FNEUR
rdes, D. , Haught on, V. M. , Arfanaki s, K., Car ew,
Meyerand,O0OWM.. EEr eg2u0e nci es contributing to functio
ir essttiantgeAJ NR.t aAmeri can Jou,RRal) ,dB3@B&ur oradi ol ogy
rdes, D., Haught on, V. M. Arfanakisgl &Ky,, Mendt,
Meyer and, M. E. (2000) . Mapping functionally rela
i magAhNR. American Jou,Rifi®l) ,idfb@ddé&éur oradi ol ogy

x, R. W (1996). AFNI: Softmwai enfadr mamgaleysics ra&rmsd nwa
Computers and B,j2dmBgdile®sl2 Resparthdoi .org/10. 1006/
0Ss s, N . E. , Pomar es, F. B. , Nguyen, A., Perrault,
0. biinn, AYyd, Benal i, -Wu.,, TGrolva,( 20.2,1)& DBana@l tered
segregated brain activity is a mar kePrL Of Bd aod migtyi
1011) , e3001232. https://do32o0rg/10.1371/ JOURNAL.
oss, N., Paquola, C., Pomares, F. B., Perrault, A.
cC., &VDang. T. (2021a). Cortical gradi @etpe nadfent un
changes foll owing ti srf.eNeepur o] Mege,bva 117547.

https://doi.org/10.1016/J. NEUROI MAGE. 2020. 117547

oss, N., Paquola, C., Pomares, F. B., Perrault, A.
cC., &VDang. T. (2021b). Caolr tciocnan e cgtriavdiiteyre traer red far roftbuuns
changes foll owing sl eNeepur 0| Med@e@,bvat ildiv547.

https://doi.org/10.1016/J. NEUROI MAGE. 2020. 117547

uces, R. R. , Royer, J., Her hol z, P., LRriBi-,re®eghb
Pell etier, J. Nel son, M:B,. , D eCkornackhear,, LJ..,, &TaBedrinfh a
Mi capi pe: A Pipeline for Mul ti modal BNe®WRxoivmagi
2022.01. h1rt14H881¥8%o0i .0rg/10.1101/2022.01.31.478189
| h&mel burne, , KL, , CiHapiceski M. , & Gl aze, D. (2002)
frontal and tedmporanball obetbkeil epesynat, 8 dnabéIBRBuUr ops
https://doi.org/10.1017/S1355617702801308

moi seaux, J. A. ,RRoBhbouBasrktsof, F., Scheltens, P.,
F. (2006a). €omsiesnenwor & st iaAergoocsese dhi enagl st hoyf stuhbej eNcatt:
of Sciences of t he Uni t,edl 0(339t) gt eid BB $aBf8 Al
https://doi.org/10. 1073/ PNAS. 0601417103

79



Ef
Ev

Fe

moi seaux, J. S. , Rombout s, S. A. R. B. , Bar khof , F
F. (2006b). Gomsieshentwor &st iaRergoocsese dhi enagl st hoyf msyuhbej eNcatt
of Sciences of t he Uni t,edl 0(339t)at eid BB 5aBf8 Al
https://doi.org/10. 1073/ PNAS. 0601417103

AVQU T. T. , Cartwright, R. D., Mogr ass, M.l ele.p, El I
Encycl opedi a Br i traintnancnai.c aHtQopns/: Sc/iVewmwmc. eB/ S| eep.

AV, T. T., Schabus, M., Desseilles, M., Albouy, G.
V., Vandewal |l e, G. , Carrier, J., Moonen, G. , Bal t e
P. 008&) . Spontaneous neur al actPwvod e diurgsngo fhumae

Academy of Sciences of the, 103 %)ed T1BITBE®R S |
https://doi.org/10.1073/PNAS. 0801819105/ SUPPL_FI LI

Gennaroarh,, M& F2003) . S| flepe s pMadlil ,E(jsh e ,iNRIERO &W S/ i
https://doi.org/10.1053/smrv.2002.0252

Havas, J. A., Pari mal , S., Soon, C. S., & Chee,
net work cormmeorreiayi@amdduri ngNeeso|580a2de ilalsbkd 5per f «
https://doi.org/10.1016/J. NEUROI MAGE. 2011.08.026
Luca, C. J., Adam, A., Woti z, R. , Gi |l more, L. D.
signal sJournal okurophisi ol D6%) , iI1l66 X6
https://doi.org/10.1152/JN.00009. 2006/ ASSET/ | MAGE!
ron, B., & TibBehinanoduRti nCRGO9PHE&sHoOOtstrap
angelista, E. , B®nar, €,,BBopnR®gjsF. J.Cakr 8artRIl p
t halcaomot i ¢ al synchrony pl ayFraonrtadleeg si ,i6(nSENSa,U g D2.g
https://doi.org/10.3389/FNEUR. 2015.00192/BI BTEX
n, J. Mc Candl i ss, B.. ,D.& Phexzal, | ai. J.., (RI0ODOmMbHa u nth
net wiNekis o|2nfa2g)ei4 A9%.1 https://doi.org/10.1016/J. NEUR
ng, L., Mot el ow, J. E. , Ma , Cc. , Bi che, W. Mc Caf f
Dgque, A., & Bl umenfeld, H. (2017) . Seizures and ¢
Divergent Activity PatteThe Joumdnindlf e@ff AN Thdddirmdm
https://doi.org/ 1a.71203/7JNEUROSCI . 1011

rrR., Manconi , M. , Pl azzi, G.-St rBBammii,, 10., &aznuccors
A qguantitative statistical analysis of the subment

and patients with ®RKREMJezrl.reraepl bet a\Sildré p dliR®9ear ch
https://doi . @8¢®/91 2.0DB1 10/036.3113 6X5

inn, E. S., Shen, X., Scheinost, D., Rosenberg, M.
R. T. (2015) . Funct itoinnag : ciodnennetcitfoymen gf iinngdeirvpird una |
conned\taitwirtey .Neur os¢li@&hl)eilB06lh4d h8:tpls: // doi . org/ 10.
nov, V. , Evans, A. Cc. , Botteron, K., Al mhver €geR.,
ageppropriate atl ases f oNeur leddbdid J | ciI3BRABudi e
https://doi.org/10.1016/j.neuroimage. 2010.07.033
nov, V., Evans, A., McKinstry, R., Al ml-appiCopr ikatCel

brainatteesmpFrom bir Neurtoo mddediltoth2zocodhttps: / fdoi . or

80



8119(09%) 70884

Fox, M. D. , & Raichl e, M. E. (2007) . Spontaneous f
magnetic resonMatcer e i mRgv ingws R6e Q,7 8(sWB)i,8i7T 1710.0
https://doi.org/10.1038/ nrn2201

Fox, M. D. , Snyder, A. Z. , Vi ncent , J . L., Corbett a,
brain is intrinsically organized iPwrtoeediyma@aani of 2}
Nati onal Academy of Sciences 0flo22 hle, 19UB8T.2 d S
https://doi.org/10. 1073/ PNAS. 0504136102

Fransson, P. (2005). Spontaneous | ow frequency BOLD

statkeaudte mo d e of brai nHumanctBoai n hy@dla)p, ie relgss. .
https://doi.org/10.1002/HBM. 20113

Friston, K. J. Frith, C. D., Liddl e, P. F., -& Frac
component anal ysaitsa Jesfetlearl geof( FCEETT)e br all Bl ood FIl ow
Jour nnal of t he I nternational Societ¥Blofld4 Gerebr
https://doi.org/10.1038/JCBFM. 1993. 4

Friston, K., Kilner, J.,p&ki Hairpl edfoar htath ¢ 20 0O&ihry sA ol «
10Q8) 870 https://doi.org/10.1016/J.JPHYSPARI S. 200

Functional | maging LaboraSBMy?2 Maonawa) .
https://web.archive.org/web/2017071de21414®f http: /|

Grabner, G. , Janke, A. L., Budge, M. M. , Smith, D. ,
and model based segmentation: an apMedicadli ohmage
Computing aAdsiCotmpdoleont e MV €ECHA I I nternational
Computing ahdsiCotmepd t%¥nPtte iB)e.ntFidotnps: //doi . org/10.10

Gramfort, A. ., Luessi, M. , Larson, E. , Eng.emaBmqgo ks, /
T., Parkkonen, L., & H2m2l2ainen, M:Py(t2Hadmnt i MES ian

Neur os@(i7endcEeC) , 26 7. https://doi.org/10.3389/ FNI NS
Greve, D.,NB, &28BD98rhl Accurate and r obluasdge drraa gni s tnrag
Neur oldnBalg)é7 263 htt ps://doi.org/ 10.1016/J. NEUROI MAGE

Griffanti, L., Douaud, ,G.S, ,-BiAjhdaeobosch, Glassé&wv.an Hle
Fitzgibbon, S., Westphal, R. , Carone, D. , Beckman
f MRI I CA noi se ANemp @od enratg s, 4 128085 .
https://doi.org/10. 12.1638. NEUROI MAGE. 2016. 1
Griffant itKholr.s,hi@al,i si. |, Beckmann, C. F., Auerbach, E
Ebmeier, K. P., Filippini, N., Mackay, C. E., Moel
K. L., & Smd}) h-pblaGedMar¢20hct removal and accel era
resting state net woNé&ur o nang&di ng. B23427 .
https://doi.org/10.1016/J. NEUROI MAGE. 2014.03.034
He, X., Doucet, G. E. , SperlinglucMd, t®mdraano,c oAt c &
connectivity in Eppimpdb@hiDd [(1lo5BY.& phtltepss:y/./ doi . or g/ 1C
Heuvel, M. P. van denCl W& S@rogarsi,z ad.i o(n2 001fl otut eéra Kithmd n

Neuros8iléayreil598BB5 https://doi.ofld/. 2M.11523/ IJNEURO

81



Kl

ney, c. J., Sporns, o. , Cammoun, L., Gigandet, X.,
human -seatendunctional connectbPrveegi fgsomofstrhet N
Academy of Sciences of t he , M0(66t) e d 12 DBIHIDt e s

https://doi.org/10. 1073/ PNAS. 0811168106

rovitz, S. G. , Braun, A. R. , Carr, W. S. , Picchio
Decoupfinbe brainés default Pmodeedenhwsr lofduhiendad
of Sciences of t he Uni t,edl 0(629t)gt eid 1 B Bdf6 Al
https://doi.org/10. 1073/ PNAS. 0901435106

ettel, S. A. (2004) . Lisikalnagg iHearno dMeasni rce sa nalf EBrea
from Functional MR I and Cet edcadnli@2d),tii sl 5d Po
https://doi.org/10.1093/cercor/ bhg1l15

nkinson, M. , Bannister, P. , Bradfypor Mt he&r 8mush, aBc

' inear registration and mot Neuwr ot &R ctidBBAS5 of
https://doi . 8rld/9 Y ®.28) ®1N1a/321053

nkinson, M., & Smith, S. (2001). A gbotbbaraopt i mag:
Medi cal | m&(g2e) JAMWRA.y hitds ps: / / d8Bid.1br( P/ ®.0DBH6/ S1361
vicich, J. Czanner, S. , Gr eve, D., Hal ey, E., wvar
G. , MacFal |, J. ,(FO0G&)h.! , ReBl. isa RielDatl ye yicrAumall t MR I st

gradi elnt neraan ty correction omMephain®@ang , &4nddB.6h u ma r
https://doi.org/10.1016/J. NEUROI MAGE. 2005.09.046

ugBatwn, B., Luo, CJ.,, PPomg, RL.,, H&, Yaa, D.i ,(2019).
connectivity i n BfWiComMteaurl@®llldifey leapitlpspgy.doi-0 I g/ 10. :
13&0 FI GURES/ 3

oop, M. S., de ,Grbot(2®21)R. ,CuwWwr rDaurdti nikdeas about t |
noinapid eye movement sAcetegpp R ae doirati rni odee,(é@%)pome3ndlar w
https://doi.org/10. 1111/ APA. 15485

, N. H. , Nguyen, K. Nomp a& i Ndgouwy eann,a | H.s tHdS VdXf 210I11C834) dv e
source separaltatwoed oA MA tacsdtdit ag-fasdiaf i ¢ Si gnal and

Processing Association Annual S hfrtbrarrdiyZ85f er en
httpoir/g/ddi.. 1109/ APSIPA. 2017.8282196

e, K., Horien, Shero@d@onnddr.,, Ooko@dmuagnd., Scheinos
R. T. (2022). Arousal impacts distributed hubs mo¢
Neruol m25& 119364. https://doi.org/10.1016/J. NEUROI |
e, K., Khoo, H. M. , Fourcade, C., Gotman, J., & G
structured physiological noise afnarl Msdset ng Reabaa
|l maghb®vge@7. https://doi.org/10.1016/J. MRI . 2019.01.
e, K., Khoo, H. M. , Lina, J. M. , Dubeau, F., Gotr

| ateralization of brain reetewoi Nikewsogbma g a2 OPmelBli iad i cte
https://doi.org/10.1016/J.NICL.2018.06.029

e, K., Lina, J. M., Gotman,badsed & rcalowfayd Ces r2adibg
overl apping net wor k structurteNewmno| hd3aiendd3449unct i o

82



https://doi.org/10.1016/J. NEUROI MAGE. 2016.03.049
Lee, K., Tak, S.,-d&iYe,n k.paC.se(l 260LIM )f.orA fdMRla anal ysi s

wi t h MD L clrEBEriTornansacti ons gn30Medimd@B®B . | mag

https://doi.org/10.1109/ TMI . 2010.2097275

Leergaard, T. B. , Hi l getag, C. c. , &l eSwelr nasn a lOy. s i(s2 0ad
connecti Frontiers i n , Ne 6 APRIf lor mat20cls2) , :
https://doi NBrg012. 83894 FXML/ NLM

Lichstein, K. L., Ri edel , B. W. , & Ri chman, S. L. (
The Journal,l@f2 )Prlyclhd lhagwys:// doi . org/ 10.1080/ 0022

Liu, T. T., & FalahpeuEf fHBMst&ORDRRIsVeépyy i,h4d Nd2tosci
https://doi.org/10.3389/FNINS. 2020.00321/BIBTEX

Liu, W, Yue, Q., Tian, Y., Gong, Q. , Zhou, D. , & Wu
periventricrul arhet eredtudamiead eEppiilleeppssyy. , Rle&®®ar ch
https://doi.org/10.1016/J. EPLEPSYRES. 2021.106548

Lund, T. E. , Madsen, K. H. , Sidar owhi tke ,n diusoe W fLMI
model |l ing have an Neuriompreacgt2® )L, 654
https://doi.org/10.1016/J. NEUROI MAGE. 2005.07.005

Marrel ec, G. , Bel l ec, P:l s skarcg i ™. kS .LA . hBReraclfyif aul. H. & [P
Regions, systems, and the brain: hieMadcbkbiatal mmgea
Anal,yg4 4984 https://doi.org/10.12016/J. MEDI A. 2008

Marrel ec, G. , Bel |l ec, P. 5l skmaai niMk,, A.eh®Dufcfyau,S.H. ,B
(2008b). Regions, systems, and the brai Medhicadar cl
| mage AlIngd)yjsti¥B.4 /hait.perd/ 10.1016/J. MEDI A.2008.02.0

Marrel ec, G. , Horwi szacB. M. Ki Benal j, PBLl g&i DPoyon, J.

to enhance structural equatMagqn ertoidce | R engodafd)cfeu nlcma
118111 89. https://doi.org/10.1016/J. MRI . 2007.02.012
Marrelec, G., Krainillsak., MDyf fLeh,®rH.c,y, P@®Il ®g mioryio n,
correlation for functional braiMedrnal|8afadAdei2 RBY i n
https://doi.org/10.1016/J. NEUROI MAGE. 2005.12. 057
Marrelec, G., Krainillsak., MDyf fLedh,®rH.c,y, P®Il ®g mioryio n,
correlation for functional br aliMedurna|8RARei2 XR.BY i n
https://doi.org/10.1016/J. NEUROI MAGE. 2005.12.057

Mar shal |, L., Hel gad-ttir, H. , Mo | | e, M. , & Bor n, J
me moNgyt @7 1191613610t tps: // JREODBr2g7/81 0. 1038/ NAT

Martz2pez, DJji m®nm®nekartTanbal®s., Selway, R. P., Val
The Role of Thalamus Versus Cortex in Epilepsy: E

in Patients Assesseaerul Bbf ermeaetpi oBiradi nJoluir2®dT) .of N ¢
https://doi.org/10.1142/S0129065717500101
Massimini, M. , Ferrarell i, F. ., Huber, R. , Esser, S.
effective connectiSei ey Nedw r iYog,k 30(98NEe 44 ) j2 2 2.2 8
https://doi.org/10. 1126/ SCIENCE. 1117256

83



Mi noshi ma, S. , Berger, K., Lee, K., & Mintun, M. (1
centering of 3D fJuwnucrtniadn aolf bN\r@aBiBng airintafy@edsi .c i n e

Moussa, M. N. , Steen, M. R. , Laurienti, P. J. & H
Re s tSitmg e f MRI Connectemé& , DNt 8 ) 44428.
https://doi.org/10. 1371/ JOURNAL. PONE. 0044428

Ngo, H. V. vBgrm™Marl.ine&zM°ITlL e, -Moop28tBmul Audobhoo¥ t

oscillation &ehba7oBo3e)s/5m&Anbo hytps://doi.org/10.1016/
Nguyen, H. M. , Chen, J. & Gl over,s ®.f (f2uOn2c2t)i.o nhNd r phh
Net wor kg EEE Transacti onsMedi omal BEmgi MR ering
https://doi.org/10. 1109/ TBME. 2022.3162606
Nir, Y. , Mu k a me |l , R. , Dinstein, I-SagiPr,i viHna,n, KiEp e r vH
Andel md&n , Neufeld, M. Y. , Kr amer, u. , Ari el i, A,

correlations of sl ow spontaneous neur omMalt uf euct L
Neurostilencigl1080 https://doi.org/10.1038/ NN. 2177
Og awa, S. , Lee, T. M. , Kay, A. R. , & Tank, D. W. (1
dependent on bRrooae eodxiynggesn ad fi otnh e N a8t {i 204n)a,il9 &BABBa8d e my

https://doi.org/10. 1073/ PNAS. 87.24.98638

Or UanowskRp1%6) . Nonuni formity correction algorithm
focal plSpnrei nags rafylsusht t ps: / / de0il-B&bEgt/ 10. 1186/ S40064
Perez, c. ., & Ger mon, R. (2016) . Gr:a pAlp pCri ecattii om armd S

Aut omating Open Source | nt ell0289g e nhctet:p sAl/d adiit. oms / fl
1280291006007

Perl barg, V., Bel |l elcss&c, WMntobPoydn, LJ,, P&IleRegniaoi , H
of structured noise in fMRI by Mawthemdtci Reishenmtnicfei
261)i4635https://doi.org/10.1016/J. MRI . 2006.09.042

Pittau, F., Grova, C., Moel |l er, F.,ubabeanal Fcopn&eGb
mesi al t emporEgpli |lé&g@stE) ge plidledp.syht t ps 1/1/6d7ai2.0adlr2g /01304.6141
Power, J. D. , Mitra, A., Laumann, T. o. , Snyder, A.

detectericharaand remove motionNauntolfSdkdg832404. rest |
https://doi.org/10.1016/J. NEUROI MAGE. 2013.08. 048

Power, J. D. , Schd halgaggrgar ,.B.C.L.N. ,Le& sPhet er sen, S. E.
functimnmaét We mirednd ) j8 17yP.8 https://doi.org/ 10. 1016/ J.
Rai chl e, M. E. , & Mintun, M. AAnn(u2a0l 0 6Re. v i Berwg 2daf  whber ukr

4 4976 . https://doi.org/10.1146/ ANNUREV. NEURO. 29. 0
ReuteM., Schmansky, N. J., Rosad,jerd.t D.empd& aRies elslt,i mAa
l ongi tudinal i mage Neurahambhg®ildg) , 1184@2
https://doi.org/10.1016/J. NEUROI MAGE. 2012.02.0814
Rol |l s, E. T. , Huamg, J. ,C.&, JbilnotC. MP. ,(2B®20). Autor
Neuro|2nba6g 816189. https://doi.org/10.1016/J. NEUROI |
Royer, J., Bernhardt, B. C., Larivi re, S., IGleichge
(2022). Epil epsy ampi |bg¥adlina née3t,w ol bsksOupeu b33, 0 hphpn. Wi 5 3e?y &

8 4



Inc. https://doi.org/10.11211/epi . 17171
Royer, J.Cr uRcoedsr,2 gRu.e,z Tavaskol ,LiS. ,Q.LarViowi Dree Wael , R.,
Par kY. ,B.Lowe, A. J. Margul i es, D. , Smal |l wood, J.
Bernhardt, B. c. ., & Royer, J. D. (2021)Bi dRx Open
2021.08.04.454795. https://doi.org/10.21201/2021. 0
Rubinov, M., & Sporns, O. (2010). Complex network m
Neur o|5na3g)e, ilD@®Bt9t ps: // doi .org/ 10. 1016/ J. NEUROI MAGE
Sahoo, D. , SatterthwaiteExfTradtio® dDfaviatei &oshi cCal (
components in humanhabe ahMRpPsi hgdpeésbirgg1l0. 1109/ TM
Saijt &N. (1994) . Si multaneous Noise Suppression and S
Bases and the Minimum Dasetiept Aoal Yengd4(kn Gir iI2t90r A
324. https://do086e B HBMOIILIE6/ B978

Sal iKmior shi di | G. , Douaud, G. , Beckmann, C. F., Gl a:
Automatic denoising of functional MRI data: combi
fusion ofNealrad®fiafgié498s phit/ / doi . org/ 10.1016/J. NEURO

Sal vador, R., Suckling, J., Schwarzbauer ,de&pendde Btul |
functional connecti viRli lionsowhholcal brTaiamsaet wonks o
Bi ol ogi c®Bl6(0B42nces37. https://doi.org/10.1098/ RS~

S&@ mann, P. G., Wehrl e, R. , Hoehn, D., Spoormaker, V.

Devel opment of the brainb6s dted aulldw mRawe hehl vao@ Kkr tf ¢
(New York,,2N9Y),i2D08929https://doi.org/10.12093/ CERC

Schaefer, A., Kong, R. , Go-NdpnHoEmMmeM, , ALadmanBi cRhocCt
T. (2016HhobabeRhati on of the Human Cerebral Cort ex
MRI . Cerebr al Cortex ( New , Yo2 &9) , N3¥Q45 1
https://doi.org/10. 1093/ CERCOR/BHX179

Seghouane, A. K., & Ilgbal, A. (o20Orle7l)at eSde qduaetnat:i aAlp pdiic
dat a andlEffi s.Transactions on 26fhpgei3d@BERAcess
https://doi.org/10. 1109/ TIP.2017.2686014

Smith, S. M. (2002) . Fast Hunbauns t Braauit,nt fhidlad gigl 518g8 a i n
httms:./lofdy/ 10. 1002/ HBM. 10062

Smit h, S. M. , Fox, P. T. , Mil |l er, K. L., Gl ahn, D. C
R. , Laird, A. R., & Beckmann, C. F. (2009). Corre
actiioomtanrd ocesetdi ngs of the National Academy of S«
10631) ,i1B®@%50 https://doi.org/10. 1073/ PNAS. 0905267

Smitha, K. A., Arun, K. M. , Rl emds, PB. G. & KHesdvada

Mul ti band f MRI -sasviang | taach mit@y et fdeare ar easctqiuri g i t i on:
connectivity mappi ng usi Magmgetaiphh RéeeombmBrnidle all mang
https://Hd016b3d gMRD. 2018. 06. 013

Spoormaker, V. 1., Czisth, ( #M6lclaMeq fautngcet R.o,n a8ll Jb?rnaci kne |
nomapid eye movement sl eep: I nsights from combin
resonance i mMAhgiaoagophudakesTransactions of It hendRoyal

85



Engineer i,8691Sxh 28 e3x07.08https://doi.org/10.1098/ RST

Spoormaker, V. ., Schr°ter, M. S. , Gl ei ser , P. M. ,
Czisch, M. (2010) .-SbatV el & pmBernaiiona BN eat woarrkgRed pr d ng H
Eye Movement Jo8reap. of , N8Wr3adlgci enlcleBB 79
https://doi.org/ 16.0L20D3/0JNEUROSCI . 2015

Steriade, M. , Mc Cor mi ¢k, D. A., & Sejnowskiagndl. J.
arouseficbenaca. (N2W2ya BRI B8NE6YAt t ps://doi.org/ 10. 11:

Stretton, J., & Thompson, P. J. (20HR)Il.epfFgwinRad.,e drodke
1. https://doi. RIEG. 2O.1101®/. DOBPLEPSY

Tagliazucchi, E. , von Wegner, F. , Mor zel ewski , A., B
| omgnge temporal dependence in def aulPtr omoedea i anngds ao
t he National iAnedéemyofoft h&éc Uni t P03 &)t ,atlcbBL20HF Am
https://doi.org/10. 1073/ PNAS. 1312848110/ SUPPL _FI LI

Taillard, J., Sagaspe, P. , Berthomier, C., Brandewi n
S., Mi-Epaihahd. A., & PIREIM B eRp ChRTrAR)c.t eMarmstics P
| mpairment i n an AgFngnti €eropul atmonl™Neurol o
https://doi.org/10.3389/FNEUR. 2019.00197

Thomas Yeo, B. T., Krienen, sthkaM.i,, Sepulkcorlel,i nJs.h,e aa, b
Smol |l er, J . W. , Z°Il 1l ei, L., Poli meni, J . R. , Fi sct
the human cerebral cortex estidmatedalbyofinNeunsph:
1063) ,711186835 https://doi.org/10.1152/JN.00338.2011

Thomas Yeo, B. T., Krienen, F. M., Sepulcre, J., Sab
Smol ler, J. W, Z°l|llei, L., Polinlelnbi),. JT.heR.o,r gFainsiczt
the human cerebral cortex estidmatedalbyofinNeunsph:
1063) ,712186835 https://doi.org/10.1152/JN.00338.2011

Tononi , G. , Sporns, o., & Edel mamp | e@.i t ¥: (ébad) ng .

segregation and inted®rattieendi ingst néd mndrevdNas i snatl e i
United St at9elsl 10f, Amde3rdi.cahttps://doi.org/10. 1073/ PN

TzouMaizooy er , N. , Lamaefaiuou ,B.D. Pa@ritwhel | o, F., Etard,
Joliot, M. (2002). Automated anatomical |l abeling
parcell ation of t h-eub M&d¢t NERUrao |renilafigde) e 12 9.3
httepsi: /Jdrg/ 10. 1006/ nimg. 2001.0978

Uuji, M., Cross, N. , Pomares, F. B., Perrawut, TA. TA, ,
& Grova, C.dri2wen ) be®dmaft@ar mi ng technique to atten
el ecepbahofgu mpthiyvon al magnetic resonance i maging

el ectrocardiograpHymanrecBraimgs . Mabd) ngid BD19.3
https://doi.org/10.1002/HBM. 25535

Urchs, S., Armoza, J.-AublborOgau,.n, C.P,. , Be&n Bajldleic;, Y., (2
resolution parcel |l ation o fMNI f u nOpteino n,aRE s ebBr.ecihn
https://doi.org/10. 12688/ mniopenres. 12767. 2

van den Heuvel ,PoM., M., E& Hu2l 0slhOoaf)f. Exploringtahe bra

8 6



f MRI functional Eurcomenaerct i Wietuy.opsy 2Wophibi3ddacol og
https://doi.org/10.1016/j.euroneuro.2010.03.008

van den Heuvel, M. P., %XpHaoatshgffhPobraHn Bsetta@@@OROb
f MRI functi onaHuroomremenc tN evuirtoyp. s(yWohl o.p h2aOr, maltS9d 4do}y.y 8 , P
https://doi.org/10.1016/j.euroneuro.2010.03.008

Vatansever, D., Schr°ter, ™., Mdmapm, R. . 8ubt mmi
Reorganisation of Brain Hubs Sacreons$ $ fAlct REPd)y ftsad:
lill1. https:// do026083580. 1038/ s41598

Vel 2gék (2018). ACan You Hdadi MeedloWw@ootAMPA Reseppbd
Sei zHpieksepsyla)rji3eBR. https:// db59dDrpygd.1®.. 3BV 8/ 1535
Vincent, J. L., Snyder, A. Z.RaFoRkR|eM. MD. E. Sh&nBoakn

Coherent spontaneous actdipwairti et aldemteeimbo s nma t wmfrpk
Neur ophysiég!l, o33 17 https://doi.org/10.1152/JN.0004

Viviani, R., Gr°n, Gopnaé& ppinzeéempal Mc o(md@duematn EBmrmaditns i
Mapp,28d@g) , 1009. https://doi.org/10.1002/HBM. 20074
Vitvarovsg, E., Marelek, R., Fousekscall.e -sasdretdijdedk¢ a|C

functional net warekss:. iTrhef awmdle bbpulttelbemalyzd d|l Z& a mg Ici
https://doi.org/10.1016/J.NICL.2016.12.014

Waites, A. B. , Briell mann, R. S. , Saling, M. M. , Abb
net wor ks ar e dd mpairpadled | d Ae nladdst| ot s YR QY r, 8143335
https://doi.org/10. 1002/ ANA. 20733

Watt s, D. J., & Strogat z, S.-whblrl daomNa@ajwoE€ldi DBt B39 8:
3936684n4244btt ps://doi.org/10.1038/30918

Wod s , R. P., Mazziotta, J-PEA.  Re®giGheraty,onSwiRh ALY®
Journal of Computelr7 ABSHGESt ed Tomography

Woolrich, M. W, Jbabdi, S., Patenaude, B.sorChaN.pell
& Smith, S. M. (2009) . Bayesi amMeamal ya@lge Swp p In)e.ur
https://doi.org/10.1016/J. NEUROI MAGE. 2008. 10. 055

Worsley, K. J., Chen, J. | ., Lerch, J., & esvhamlsdi mMg

correlations and si nRhiillaog s ovpahliucea | d eTor cammpsoascitti ioonns. 0 f
Bi ologic®sBl6(0B45> w2081 8ttps://doi.org/10.1098/ RSTB. .

Xi,e J., Douglas, P. K., Wu, Y. N., Brody, A. L., & Ar
brain net wor ks: An f MRI cchagaifveatmadm i x o hpantios (
independent component anngalayl sgidso u(tlhGm).,o fa nNde usrpoasrcsi ee n
282i84. https://doi.org/10.12016/j.jneumeth. 2017.03

Ye o, B. T. T. , Krienen, F. M. , Chee, M. W. L., & Buc
Functional Connecthievi Hy maNet Cer lede wirlo | @88g e 2 X2 .
https://doi.org/10.1016/J. NEUROI MAGE. 2013.10.046

Zhang, D., & Raichle, M. E. (2N&ltOu)r.e [Riesve ae6(ws ) § n\Ndk Gtr hod
28. https://doi.org/10.1038/ NRNEUROL.2009.198

Z h oYu.,, Mi | ham, M. P. , Lui , Y. W. Mi | es, L., Reaume,

87



De f avinldte Net wor k Di sruption i n REMADI d2&FEya y mad 8 2. I
https://doi.org/10. 1148/ RADI OL. 12120748

Zijdenboghahi ,P.R. ,F& Evans, A. C. ( 2»OMRI. dAatta nfactri cc
trial s: applicat ilomEEt oTrmuwlstaicgli @ ns,2ldairOogMaidtl®BI0 | ma
https://doi.org/10. 1109/ TMI . 2002.806283

Zuo, X. N.X. & XU Ind)t.e Xte srtel i askialtiet iFeMsR1 0o fmeraessutriempe nt s
functional connectomi cs: NesyssemenoneunascBéeowmbe hp
45 110108 . https://doi.org/10.1016/J. NEUBI OREV. 2014.

88



Appendix

10 -
BasalGanglia
VentralAtt
8 Limbic
@ DorsalAtt
“C-’ Frontoparietal
2 6+ Somatomotor
< Visual
= Cerebellum h
®©
Default
-5 4 efau :
g >
= /
2 —
0 | | | / I | I I |
0 500 1000 1500 2000 2500 3000 3500 4000

size of ROI (voxels)

FigulL.eAati onship bet ween -hduibsntersisb uan do nt hoef sriezge onfal R&I s
applied on -hbhbnesgi @t owisol i n i ndicoatrals nane sROIft h&lee v
area of each ROI counted by voxel s. I n -eachdivihatl és, i @a
the relgulomass kof this subject in this ROI

| WR ’ NREM2 ; NREM3

g 0.8 g 0.8 g 0.8

7 [ »

o o] o

X 06 X o6 X 06

" [ [

; ; \,\/\ threshold 6% ;

—_ —_ o, —_ °

S04 Soar 204 threshold 6%

- 3 pe] L

threshold 6% (o)) (@]

= o o

0.2 0.2 0.2
0 : ' : : 0 : : ' 0 : ' :
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

threshold (%) threshold (%) threshold (%)

Figul&€oArel ati obetweé&hi eheugbhnbensasl aknd ROI size and its r
threshohdresting wakefulness (left), NREM2 (middle) ani

89



number of counts

coefficient value
Figu8AnAil lustration of the tpi@pehdbhehogsptbeetdhbreshnol €
before revising the pipelinegobahbheéel bl ye ds osétiadydairwr ent dira
di stribution, although the -axrsef wasbenTthaer ggerdeseuna | htihsett adg

indicates the distribution of the sparse spatial net wo
di stribution with-cobedmeraneeqgaoabhl the bhe with | argest n
ichi cmt=e 0. 05. After the thresholding procedure, the spat
but one outside the two red dash Ilines wildl be kept (p-
HC
T T T T
51.5*
5 ; :
g ]
- i___*_i__“_____i_ i_i__;é___tﬁ;-
E ozt 1§+ | i* . i . R
IIO%%%i%%%%%%l%%§$f$$$%$$g*§
» Q‘"o « ,\\ ,g, J° ,\v "o ,3; q > > © 4 & P Og,bb P PP 0

FigudahaAa distributiispd acfe mema me of al | ti me pdohentgr eoyf al
dash | ine indicates Frame Displacement = 0.5 mm, above
scrubbing. The red crosses arelobtliQRer s wihdemt iafrieed hwi
would be removed using despiking.

90



transverse temporal
1.5 HDI_=-0.

iHDI

4
2 1 HEI =1.12
= HDI_=-0.16 <
T HEI =002 H | o
A ti 0 F t ~ ‘ ;’/ l \
g 0 p /| [y
@ Ry
15 2
0 1 2 3 FLE FLE
<HC >
superior occipital iHEI
1.5 . HDIT=-0.29 05 2
A 4 J¢. HEL=0.51
8 - HDI_=0.09 R
Y ==0.02 ° Eo T
%5. 0 . \t/ Y \
% 0.5 054 |/ L”}/—/‘
< )
v -1
1.5 -1 2
0 1 2 3 HC TLE FLE HC TLE FLE
< HC >
DMN iHDI iHEI
15 HDI =-0.23 1 2
A 1 HEI=0.27 n f
5 s *. HDI_=-0.1505 ks , )\ I
. i HEI=0.17 [ 19 ‘ '\
NME O .. | | /I\
*q 6ol
:i 08 -0.5 \\ / o (\l‘
\ -1 “\
1.5 -1 -1
0 1 2 3 HC TLE FLE HC TLE FLE
<HC >
Fi gubeDA and HEI of the transverse tempor al
(rowlhme .col or and moet iFo@urere the same
FigubdDA and HEI ofl atieghatl i zrd Imefst al TLE
from Figure 2 of Lee et al ., Neur oi magi ng:
b indicates HEI as the intercept

91

Cl

region

ni

cal

of Addapt RO

(ro

o f
2



