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Atlasing white matter pathways using diffusion magnetic resonance imaging (dMRI) : With a focus on human association tracts in the external and extreme capsules

Janice Hau

$DTI$modèle$l'orientation$des$fibres$avec$un$ellipsoïde$qui$réussit$à$capturer$les$orientations$simples$des$ fibres$dans$un$voxel$(deux$premiers$cas,$à$gauche$et$au$centre),$mais$pas$quand$il$y$a$deux$orientations$de$fibres$de$ passage$ (troisième$ cas,$ à$ droite),$ alors$ que$ les$ modèles$ avancés$ tels$ que$ la$ CSD$ est$ capable$ de$ capturer$ correctement$les$trois$cas$(figure$repris$de [START_REF] Farquharson | White) matter) fiber) tractography:) why) we) need) to) move) beyond) DTI[END_REF].

$ ! vii! utilisé$le$pipeline$CSD).$Cela$a$permis$d'actualiser$un$débat$vieux$d'un$siècle$concernant$la$limite$ postérieure$du$FU$et$sa$frontière$avec$le$FOFI$ (Trolard,$1906).$Le$FU$que$nous$avons$observé,$ dont$ la$ forme$ en$ éventail$ fait$ une$ transition$ progressive$ d'une$ forme$ de$ crochet$ vers$ une$ trajectoire$ horizontale,$ $ correspond$ en$ fait$ exactement$ à$ la$ description$ originale$ de$ Dejerine$ (1895)$(schémas$dans$le$figure$IV,$ACB)$et$peut$également$être$vu$dans$la$dissection$emblème$du$ FOFI$de $Curran$(1909),$qui$a$démontré$une$frontière$relativement$claire$entre$le$FOFI$et$FU$au$ niveau$de$la$tige$(Figure$IV,$CCD).$D'autres$études$de$dissection$classiques$ont$également$décrit$ un$FU$qui$dévie$de$la$forme$en$crochet$stricte$ (Gordinier,$1899;$Testut,$1900;$Wernicke,$1908),$ mais$ces$rapports$ont$été$largement$ignorés.$ $ Compte$ tenu$ de$ la$ plus$ vaste$ FU,$ nous$ avons$ appliqué$ une$ méthode$ de$ classification$ automatique$ afin$ de$ subdiviser$ le$ faisceau$ en$ plus$ petits$ sousCcomposants,$ basée$ sur$ les$ emplacements$ et$ les$ orientations$ des$ points$ de$ terminaison$ des$ streamlines.$ Le$ regroupement$ de$ streamlines$ a$ identifié$ cinq$ sousCcomposants,$ dont$ chacun$ présentaient$ des$ profils$ de$ connectivité$anatomiques$distincts$(Figure$V):$C1$relie$les$régions$frontales$dorsoClatérales$avec$ la$ partie$ médiane$ du$ lobe$ temporal,$ C2$ relie$ les$ régions$ ventroClatérales$ et$ C3CC5$ relie$ différentes$ régions$ ventroCmédiale$ frontales$ avec$ le$ lobe$ temporal.$ En$ outre,$ une$ dissection$ postCmortem$ coucheCparCcouche$ du$ FU$ a$ été$ réalisée$ dans$ 4$ hémisphères$ par$ Silvio$ Sarubbo$ (Hôpital$ Saint$ Chiara,$ Trento,$ Italie)$ a$ révélé$ également$ cinq$ couches$ de$ fibres$ au$ niveau$ de$ la$ tige$ du$ FU.$ En$ considérant$ les$ différent$ approches$ et$ les$ principes$ anatomique$ sur$ lesquels$ la$ clusterisation$ de$ streamlines$ (i.e.,$ les$ cinq$ sousCcomposants)$ et$ les$ couches$ de$ dissection$ sont$ fondées,$ certaines$ divergences$ sont$ apparues$ dans$ la$ distribution$ des$ fibres.$ Néanmoins,$ les$ dissections$ ont$ systématiquement$ confirmé$ tous$ les$ territoires$ de$ terminaisons$ identifiés$ par$ sphérique$ déconvolution$ tractographie$ (Figure$ VI).$ Fait$ intéressant,$ le$ récemment$ décrit$ «$ faisceau$de$la$capsule$extrême$»$correspond$exactement$au$sousCcomposant$dorsal$du$FU$et$doit$ ainsi$être$considéré$comme$une$partie$du$FU.$$ $ Nous$ avons$ également$ évalué,$ pour$ la$ première$ fois,$ l'asymétrie$ hémisphérique$ du$ FU$ à$ l'égard$de$ses$sousCcomposants.$Les$études$sur$l'asymétrie$de$FU$sont$nonCconclusives,$certaines$ ayant$trouvé$une$asymétrie$à$gauche$ [START_REF] Kubicki | Uncinate)fasciculus)findingsin)schizophrenia:)a)magnetic)resonance)diffusion)tensor)imaging)study[END_REF][START_REF] Hasan | Development) and) aging) of) the) healthy) human) brain) uncinate) fasciculus) across) the) lifespan) using) diffusion)tensor)tractography[END_REF] ! viii! [START_REF] Highley | Asymmetry)of)the)uncinate)fasciculus:)a)postAmortem)study)of)normal)subjects)and)patients)with) schizophrenia[END_REF]$Rodrigo$et$al.,$2007)$et$d'autres$pas$d'asymétrie$(Thiebaut$de$Schotten$et$ al.,$2011).$Nous$avons$observé$un$sousCcomposant$du$FU$dorsal$latéralisée$à$gauche$et$un$sousC composant$ du$ FU$ ventroCmédiale$ latéralisé$ à$ droite.$ Ces$ résultats$ concilient$ la$ récente$ controverse$sur$l'asymétrie$UF$et$soulignent$l'importance$de$la$considérer$comme$un$faisceau$à$ plusieurs$composants.$$ $

Conclusion and perspectives

Nous$avons$donc$fourni$quelques$élucidation$des$faisceaux$d'association$de$la$E2C2$chez$ l'homme,$ avec$ un$ FOFI$ plus$ vaste,$ un$ FU$ beaucoup$ plus$ vaste$ qui$ comprend$ le$ faisceau$ précédemment$ connu$ sous$ le$ nom$ de$ faisceau$ de$ la$ capsule$ extrême$ (Figure$ VII),$ et$ fourni$ de$ nouvelles$ informations$ relatives$ à$ l'organisation$ interne$ (sousCcomposants$ et$ l'asymétrie)$ de$ ces$faisceaux.$En$outre,$nous$avons$réintroduit$un$paradigme$classique,$l'approche$basée$sur$la$ $ $ Figure$ V.$ Les$ cinq$ sousCcomposants$ du$ FU$ sur$ les$ données$ de$ groupe$ échantillonnées$ à$ 20$ %$ du$ total$ des$ streamlines$ pour$ l'affichage$ visuel$ (à$ gauche)$ et$ de$ leurs$ anatomies$ connexionnelles$ moyennes$ (à$ droite).$ L'épaisseur$des$lignes$est$proportionnelle$au$nombre$de$streamlines$normalisé$moyen$reliant$une$paire$de$régions.$ La$couleur$de$la$ligne$permet$de$distinguer$les$lignes$des$différentes$régions$frontales.$SFG$(rouge),$MFG$(vert),$IFG$ (bleu),$LFOG$(orange),$MFOG$(bleu$clair),$RG$(jaune).$Abréviations$(voir$Figure$III).$ ! 

$

The$ most$ basic$ unit$ of$ the$ white$ matter$ is$ the$ axon.$ It$ is$ a$ long$ branched$ filamentClike$ component$ of$ the$ neuron$ (along$ with$ the$ cell$ body$ or$ soma,$ dendrites$ and$ terminal$ boutons,$ Figure$1)$that$carries$electrical$signals$over$distances$that$can$range$from$0.1mm$to$2m$ [START_REF] Kandel | !Principles!of!neural!science[END_REF].$Electrical$impulses$travel$in$a$single$direction$starting$from$the$dendrites$or$soma,$ down$ through$ the$ axon$ to$ the$ terminal$ boutons$ (called$ dynamic$ polarization).$ At$ the$ axon$ hillock$(the$part$of$the$axon$nearest$to$the$soma),$the$summation$of$impulses$from$transmitting$ neurons$to$a$given$neuron$determines$whether$an$action$potential$(see$below)$will$be$initiated$ and$propagate$along$an$axon.$

In$the$brain,$the$large$majority$of$axons$are$myelinated$(Figure$1)$meaning$that$they$are$ wrapped$ in$ a$ flat$ fatty$ tissue$ called$ the$ myelin$ sheath$ provided$ by$ the$ oligodendrocytes.$ This$ increases$the$rate$of$signal$transmission$by$insulating$the$conducting$axon$and$preventing$the$ electricity$ from$ dissipating$ to$ outside$ sources.$ However,$ the$myelin$ sheath$ is$ not$ continuous$ along$the$axon,$separated$by$~1μm$gaps,$called$the$nodes$of$Ranvier$(Figure $1).$This$allows$the$ electrical$signal$to$jump$from$node$to$node,$regenerating$at$each$node$and$speeding$up$the$rate$ of$ transmission,$ a$ process$ called$ saltatory$ conduction.$ As$ the$ electrical$ impulse$ reaches$ the$ terminal$ boutons$ it$ undergoes$ a$ synapse,$ transmitting$ information$ to$ a$ nearby$ neuron,$ which$ receives$it$through$its$dendrites$or$soma.$$$ $

Synapse

$

The$ synapse$ is$ the$ fundamental$ computational$ unit$ of$ the$ brain.$ It$ is$ the$ process$ of$ transmitting$ information$ from$ a$ preCsynaptic$ neuron$ to$ a$ postCsynaptic$ neuron$ across$ a$ small$ junction,$called$the$synaptic$cleft$(Figure $1).$As$an$electrical$impulse$from$the$soma$travels$to$the$ terminal$ boutons$ of$ the$ preCsynaptic$ cell,$ it$ will$ trigger$ small$ sacs$ called$ vesicles$ within$ the$ terminal$ boutons$ to$ migrate$ towards$ the$ membrane$ of$ the$ preCsynaptic$ cell.$ These$ vesicles,$ containing$ neurotransmitters,$ will$ eventually$ fuse$ with$ the$ membrane$ and$ release$ the$ neurotransmitters$ into$ the$ synaptic$ cleft.$ The$ postCsynaptic$ cell,$ in$ close$ proximity$ with$ its$ tentacleClike$ dendrites,$ contains$ receptors$ that$ can$ selectively$ bind$ with$ only$ certain$ neurotransmitters.$ When$ neurotransmitters$ successfully$ bind$ with$ the$ receptors$ of$ the$ postC synaptic$cell$they$change$the$excitation$in$the$postCsynaptic$cell$and$can$be$either$inhibitory$or$ excitatory.$ If$ the$ net$ excitatory$ change$ is$ sufficiently$ large$ it$ causes$ an$ action$ potential$ in$ the$ postCsynaptic$cell$propagating$the$message.$ $

Action potential

$ Electrical$potential$is$determined$by$the$relative$quantity$of$ions$inside$and$outside$of$the$ cell$ membrane$ that$ move$ across$ the$ membrane$ through$ ion$ channels.$ A$ neuron$ is$ at$ resting$ equilibrium$when$the$potential$charge$across$the$cell$membrane$is$approximately$C70mV,$with$ relatively$ more$ sodium$ ions$ outside$ and$ more$ potassium$ inside$ the$ neuron.$ When$ the$ neuron$ receives$ a$ depolarizing$ current$ across$ the$ membrane$ (caused$ by$ the$ opening$ of$ specific$ ion$ channels),$it$moves$towards$0.$If$it$reaches$the$threshold$of$C55mV$an$action$potential$will$occur$ causing$ an$ explosion$ or$ "spike"$ in$ electrical$ activity$ of$ a$ fixed$ charge.$ An$ action$ potential$ does$ not$occur$if$the$neuron$does$not$reach$the$critical$threshold.$$ ! $ 2.2 General principles of white matter organization !

Complex but ordered

$ The$ white$ matter$ is$ not$ arbitrarily$ arranged$ but$ organized$ following$ some$ general$ principles.$ This$ was$ captured$ in$ some$ of$ its$ earliest$ descriptions.$ The$ first$ anatomists$ who$ performed$gross$dissections$to$study$the$white$matter$were$struck$by$both$the$orderliness$and$ complexity$of$the$fibre$structure.$Thomas$Willis,$in$1672,$stated$that$he$was$"astonished)at)the) innumerable)arrangements)of)nerve)fibres)distributed)in)wonderful)order)into)the)different)parts)of) the)entire)body"$(p.$584,$ [START_REF] Clarke | !The%human%brain%and%spinal%cord:%a%historical%study%illustrated%by% writings% from% antiquity% to% the% twentieth% century! (2nd! rev[END_REF].$Nicolas$Steno,$an$eminent$scholar$of$the$time,$ regarded$the$white$matter$as$"nature's)finest)masterpiece".$Upon$viewing$gross$dissections$of$the$ white$matter,$he$wrote$an$essay$concluding$the$following:$ We) are) assured) that) wherever) in) the) body) there) are) fibres,) they) everywhere) adopt) a) certain) arrangement)among)themselves,)created)more)or)less)according)to)the)functions)for)which)they) are) intended.) If) the) substance) is) everywhere) of) fibres,) as,) in) fact,) it) appears) to) be) in) several) places,) you) must) admit) that) these) fibres) have) been) arranged) with) great) skill,) since) all) the) diversity) of) our) sensation) and) our) movements) depends) upon) this.) We) admire) the) skilful) construction) of) the) fibres) in) each) muscle;) how) much) more) then) ought) we) to) admire) it) in) the) brain,) where) each) of) these) fibres,) confined) in) a) small) space,) functions) without) confusion) and) without)disorder.$ [START_REF] Steno | !Discours!de!Monsieur!Stenon!sur!l'anatomie!du!cerveau[END_REF]$from$Clarke$and$O'Malley,$1996).$ Thus$ although$ the$ white$ matter$ is$ highly$ intricate$ and$ complex,$ it$ has$ a$ general$ organization,$ and$there$lies$the$challenge$in$describing$it.$ $

Fasciculation

$ One$ of$ the$ predominant$ characteristics$ of$ white$ matter$ is$ that$ fibres$ bundle$ together$ to$ form$fascicles$or$tracts.$This$reflects$a$biological$process$called$fasciculation$that$occurs$during$ the$ formation$ of$ axons.$ When$ axons$ develop,$ they$ migrate$ to$ their$ preCdetermined$ targets$ [START_REF] Sperry | ! Effect! of! 180! degree! rotation! of! the! retinal! field! on! visuomotor! coordination[END_REF])$ guided$ by$ growth$ cones,$ during$ which$ they$ undergo$ a$ process$ of$ bundling$ $ Figure$ 1.$ Signal$ transmission$ between$ neurons$ in$ the$ brain.$ Left:$ The$ structure$ of$ a$ typical$ neuron$ including$ its$ soma,$dendrites,$myelinated$axon$and$terminal$boutons,$shown$having$a$synapse$with$another$neuron$(depicted$in$ detail$ on$ the$ right).$ Right:$ A$ synapse,$ triggered$ by$ an$ action$ potential$ in$ the$ preCsynaptic$ cell$ (yellow$ arrow),$ causing$the$vesicles$ to$migrate$ and$showing$ the$ diffusion$ of$ neurotransmitters$ crossing$ the$ synaptic$cleft$ to$bind$ with$the$selective$receptors$and$elicit$a$change$in$excitation$in$the$postCsynaptic$neuron$(yellow$charge).! ! (coming$together$with$other$axons)$and$upon$reaching$their$targets,$debundling$(they$diverge$to$ innervate$their$targets)$ [START_REF] Nornes | ! Temporal! pattern! of! neurogenesis! in! spinal! cord:! cytoarchitecture! and! directed! growth! of! axons.! Proceedings% of% the% National% Academy% of% Sciences%of%the%United%States%of%America[END_REF][START_REF] Kandel | !Principles!of!neural!science[END_REF].$The$mechanisms$and$factors$ that$ contribute$ to$ fasciculation$ include$ chemoattractors$ and$ chemorepellents,$ though$ exactly$ how$ these$ and$ other$ factors$ (e.g.,$ their$ random$ movement)$ cause$ axons$ to$ fasciculate$ is$ not$ known$ [START_REF] Hentschel | ! Models! of! axon! guidance! and! bundling! during! development[END_REF].$ Fasciculation$ has$ been$ reported$ at$ the$ microscopic$ level$ (Schmahmann$ &$ Pandya,$ 2006;[START_REF] Mikula | ! Staining! and! embedding! the! whole! mouse! brain! for! electron!microscopy[END_REF].$ Fasciculation$ can$ also$ be$ seen$ at$ the$ macroscopic$ level$ with$ fibres$ visibly$ coming$ together$ and$ forming$ identifiable$ fibre$ pathways.$ The$pioneers$of$white$matter$anatomy$identified$these$fascicles$that$were$observable$with$the$ naked$ eye$ through$ dissection$ (see$ Figure$ 2).$ Raymond$ de$ Vieussens,$ a$ contemporary$ of$ Willis$ and$ Steno,$ described$ the$ white$ matter$ as$ "composed) of) innumerable) fibrils) connected) together) and)arranged)into)various)fasciculi"$(1684,$as$cited$in $Schmahmann$&$Pandya,$2006).$While$this$ rule$may$not$apply$to$all$fibre$tracts$(some$are$diffuse$and$sheetClike,$e.g.,$the$claustroCcortical$ tract,$thalamoCcortical$tract),$many$are$identifiable$based$on$their$unique$bundle$form$and$thus$ have$a$point$of$convergence$where$all$of$their$fibres$come$together$into$a$compact$bundle.$For$ example,$the$corticoCspinal$tract$while$it$has$a$fanning$configuration$and$disperses$across$a$large$ cortical$area,$all$of$its$fibres$join$together$at$the$cerebellar$peduncles$before$entering$the$spinal$ cord.$Other$bundle$stems$are$visibly$apparent,$for$example$the$arcuate$fasciculus$and$uncinate$ fasciculus$in$Figure$2.$Not$surprisingly,$the$approach$that$dissectionists$introduced$and$continue$ to$use$involves$locating$the$compact$portions$of$bundles$in$order$to$identify$them$as$tracts$and$ describe$ them.$ In$ Chapter$ 4,$ we$ present$ our$ novel$method$ applying$ this$ concept$ of$ a$ compact$ stem$or$bottleneck$to$segment$tracts$in$tractography$datasets.$Although$only$a$general$rule$(that$ has$ exceptions),$ the$ concept$ of$ fasciculation$ or$ bundling$ remains$ a$ central$ assumption$ in$ the$ definition$of$many$tracts.$This$applies$to$both$longCrange$and$short$UCshaped$fibres.$Aside$from$ an$ organizational$ advantage,$ with$ fibre$ groupings$ having$ generally$ homologous$ trajectories,$ origins$and$terminations,$the$reason$why$tracts$fasciculate$together$is$not$known.$ $

Other principles

$ Other$ general$ principles$ of$ organization$ have$ been$ identified.$ Schmahmann$ and$ Pandya$ observed,$ in$ macaques,$ a$ typical$ arrangement$ in$ how$ efferent$ connections$ from$ the$ cortex$ $ Figure$ 2.$ Photograph$ from$ gross$ dissection,$ lateral$ view$ of$ left$ hemisphere$ revealing$ the$ complex$ but$ ordered$ structure$of$the$white$matter$forming$fasciculi.$The$stems$or$core$areas$of$the$uncinate$fasciculus$(UF)$and$arcuate$ fasciculus$(AF)$are$circled.$Plate$6,$modified$from$Ludwig$&$Klingler,$1956.$ $ ! emanate$from$the$gyri$to$reach$their$terminations$(Fig.$5C2$in$Schmahmann$&$Pandya,$2006;$see$ also [START_REF] Lehman | ! Rules! Ventral! Prefrontal! Cortical! Axons! Use! to! Reach! Their! Targets:! Implications! for! Diffusion! Tensor!Imaging!Tractography!and!Deep!Brain!Stimulation!for!Psychiatric!Illness[END_REF].$A$few$tract$tracing$studies$have$made$general$observations$about$the$ white$ matter$ regarding$ the$ distribution$ of$ the$ connections,$ the$ proportion$ of$ corticoCcortical$ connections$ and$ range$ of$ connection$ strengths$ [START_REF] Markov | ! Weight! consistency! specifies! regularities! of! macaque! cortical! networks[END_REF][START_REF] Markov | !A!Weighted!and!Directed!Interareal!Connectivity!Matrix!for!Macaque! Cerebral!Cortex.!Cerebral%Cortex[END_REF].$ Such$ information$ will$be$useful$for$improving$and$validating$DWI$tractography.$One$study$based$on$tractography$ has$proposed$that$the$white$matter$may$be$organized$in$a$gridClike$sheet$structure$ (Wedeen$et$ al.,$ 2012b),$ with$ many$ orthogonal$ configurations.$ This$ theory,$ however,$ remains$ controversial$ (Catani$et$al.,$2012;$Wedeen$et$al.,$2012a)$as$it$relies$on$imaging$data$that$is$susceptible$to$biases$ and$inaccuracies,$and$it$may$not$be$compatible$with$our$current$observations$of$white$matter.$ As$such,$at$the$moment$little$is$known$about$the$organization$of$white$matter$(JohansenCBerg$&$ Behrens,$2014).$

Why study connections?

!

Just$as$neurons$do$not$function$in$isolation,$neither$do$brain$regions$each$of$which$has$a$ distinct$pattern$of$inputs$and/or$outputs$to$other$brain$regions.$The$connections$between$brain$ areas$enable$their$coordinated$activity$and$the$interruption$of$such$connections$leads$to$unique$ symptoms$ that$ arise$ from$ the$ severed$ connection$ between$ the$ two$ intact$ areas,$ known$ as$ disconnection$syndromes.$Below$we$briefly$review$how$our$understanding$of$brain$function$has$ reached$its$present$form$first$derived$from$the$study$of$clinical$disorders$and$moving$to$more$ complex$circuitry$and$wiring$diagrams.$ !

(Dis)connections and disorders

$

The$ study$ of$ the$ brain$ from$ a$ hodological$ perspective$ has$ its$ origins$ in$ clinical$ neuropsychology.$ Investigations$ of$ various$ forms$ of$ aphasia$ caused$ by$ brain$ lesions$ led$ to$ the$ observation$ of$ localized$ areas$ that$ support$ language$ production$ (known$ as$ Broca's$ area)$ and$ language$ comprehension$ (known$ as$ Wernicke's$ area).$ In$ 1874,$ Carl$ Wernicke$ proposed$ a$ clinicoCanatomical$model$of$aphasias$(Figure$3a).$His$model$indicated$that$not$only$do$specific$ language$ deficits$ arise$ from$ damage$ to$ the$ specialized$ language$ areas$ (a1$ or$ b,$ referring$ to$ Wernicke$ and$ Broca's$ aphasias$ respectively),$ but$ a$ unique$ pattern$ of$ deficits$ could$ arise$ from$ disconnections$ between$ these$ areas$ (a1Cb$ connection),$ which$ he$ called$ Leitungsaphasie,$ translated$as$'conduction$aphasia'$ [START_REF] Wernicke | ! Der% aphasische% Symptomencomplex:% eine% psychologische% Studie% auf% anatomischer%basis[END_REF].$Although$not$the$present$definition$of$the$ disorder,$he$described$a$situation$in$which$patients$had$paraphasias$accompanied$with$conduite) d'approche,$ or$ attempts$ to$ correct$ them,$ because$ they$ would$ be$ able$ to$ hear$ and$ understand$ their$ own$ errors.$ Today,$ conduction$ aphasia$ refers$ to$ the$ condition$ of$ having$ conserved$ language$production$(fluent$speech)$and$comprehension$but$an$inability$to$repeat$speech$that$is$ spoken$to$you.$Wernicke$was$the$first$to$propose$a$disconnection$syndrome$introducing$the$idea$ that$brain$dysfunction$could$arise$not$only$from$damage$to$the$grey$matter$of$the$brain,$but$also$ in$the$white$matter$causing$functional$disconnections.$ This$ led$ to$ more$ complex$ representations$ of$ function$ and$ more$ elaborate$ models$ including$ Lichtheim's$ model$ of$ aphasic$ disorders$ (Figure$ 3b)$ [START_REF] Lichtheim | !Sur!l'aphasie.!![END_REF].$ The$ neuroanatomical$ work$ on$ white$ matter$ pathways$ began$ to$ make$ its$ way$ into$ neuropsychological$ models$ to$ explain$ the$ observed$ clinical$ disorders.$ Dejerine$ worked$ on$ linking$the$different$aphasia$symptoms$to$different$white$matter$pathways$including$the$inferior$ longitudinal$ fasciculus$ (ILF),$ IFOF$ and$ arcuate$ fasciculus$ (AF)$ (Dejerine$ &$ DejerineCKlumpe,$ 1895;$ [START_REF] Krestel | !White!matter!in!aphasia:!A!historical!review!of!the! Dejerines'!studies[END_REF].$ Although$ it$ is$ only$ starting$ to$ resurface$ in$ the$ language$ literature$ now,$Wernicke$was$the$first$to$propose$a$ventral$pathway$for$language$in$the$brain$ [START_REF] Wernicke | ! Der% aphasische% Symptomencomplex:% eine% psychologische% Studie% auf% anatomischer%basis[END_REF][START_REF] Weiller | !There!is!however!some!ambiguity!regarding!its!anatomical!identity.!It!has! been! considered! as! an! independent! tract! (Schmahmann! and! Pandya[END_REF].$Wernicke$was$a$pioneer$of$the$associationist$school$that$emphasized$ the$ importance$ of$ the$ cortical$ centres$ as$ well$ as$ the$ connections$ between$ them,$ opposing$ the$ localizationist$school$of$thinking$that$he$considered$too$limiting:$ ! Any)higher)psychic)process…)could)not)be)localized,)but)rested)on)the)mutual)interaction)of) fundamental)psychic)elements)[e.g.,)sensory)and)motor)activities)as)occurring)in)primary) cortical)areas])mediated)by)means)of)their)manifold)connections)via)the)association) fibres.) (Wernicke,$1885$as$cited$in$Catani,$2007).$ This$concept$was$lost$in$the$following$years$as$holistic$and$localizationist$theories$prevailed,$but$ advances$in$tract$tracing$in$the$1970s$brought$new$interest$in$brain$connections$and$a$shift$to$ the$associationist$approach.$ $ 2.3.2 Thinking of the brain in terms of its circuitry $ Over$the$last$30$years,$models$of$sensory$and$cognitive$function$have$developed$starting$ initially$ with$ the$ visual$ system.$ This$ was$ the$ result$ of$ a$ combination$ of$ electrophysiology,$ behavioural$ and$ tract$ tracing$ studies.$ Ungerleider$ and$ Mishkin's$ (1983)$ iconic$ experiment$ in$ monkeys$ showed$ a$ double$ dissociation$ between$ tasks$ requiring$ spatial$ processing$ and$ object$ recognition.$ Based$ on$ the$ existing$ evidence$ of$ the$ visual$ circuitry,$ it$ led$ them$ to$ propose$ a$ theoretical$ framework$ that$ involved$ dual$ streams$ for$ visual$ processing:$ a$ ventral$ "what"$ pathway,$ responsible$ for$ the$ visual$ identification$ of$ objects$ and$ a$ dorsal$ "where"$ pathway,$ responsible$for$the$visual$location$of$objects.$A$similar$theory$was$applied$to$the$human$visual$ system,$ though$ slightly$ revised,$ the$ ventral$ pathway$ became$ "vision)for)perception"$ and$ dorsal$ pathway$ "vision) for) action"$ [START_REF] Goodale | !Separate!visual!pathways!for!perception!and!action[END_REF].$ Although$ they$ may$ no$ longer$ be$ understood$ strictly$ as$ dissociated$ pathways,$ this$ dualCstream$ model$ lay$ the$ groundwork$ for$ many$ experiments$ and$ was$ important$ in$ advancing$ our$ understanding$ of$ visual$ processing$ [START_REF] Milner | ! Two! visual! systems! reLviewed[END_REF].$It$has$also$extended$to$other$domains$including$auditory$processing$ [START_REF] Rauschecker | ! Mechanisms! and! streams! for! processing! of! "what"! and! "where"! in! auditory! cortex.! Proceedings% of% the% National% Academy% of% Sciences% of% the% United% States%of%America[END_REF].$ Without$ the$ work$ on$ connections$ such$ theories$ would$ not$ have$ been$possible.$ $During$ this$ period,$ using$ electrophysiology$ and$ tract$ tracing,$ the$ circuitry$ of$ the$ visual$ system$in$the$monkey$was$revealed$in$unprecedented$detail$ [START_REF] Felleman | ! Distributed! hierarchical! processing! in! the! primate! cerebral!cortex.!Cerebral%Cortex%[END_REF].$Such$ detailed$ mapping$ enabled$ more$ sophisticated$ models$ of$ function.$ Based$ on$ this$ work$ a$ theory$ on$the$hierarchical$organization$of$visual$processing$was$formed$ [START_REF] Felleman | ! Distributed! hierarchical! processing! in! the! primate! cerebral!cortex.!Cerebral%Cortex%[END_REF].$ Around$ that$ time$ Mesulam$ proposed$ that$ brain$ function$ consisted$ of$ parallel$ distributed$ $ $ Figure$ 3.$ Wernicke$ (a)$ and$ Lichteim's$ (b)$ original$ models$ of$ aphasia$ and$ a$ modern$ model$ of$ language$ function$ incorporating$ the$ anatomical$ substrate$ (fibre$ pathways)$ (c)$ (with$ permission$ from [START_REF] Duffau | ! Stimulation! mapping! of! white! matter! tracts! to! study! brain! functional! connectivity[END_REF].$ Such$ models$ are$ important$for$guiding$experiments$and$formulating$hypotheses$in$order$to$disentangle$language$processing$in$the$brain$ by$considering$both$its$cortical$areas$and$pathways.$ ! processing$ arranged$ in$ largeCscale$ networks$ [START_REF] Mesulam | ! LargeLscale! neurocognitive! networks! and! distributed! processing! for! attention,!language,!and!memory.!Annals%of%Neurology[END_REF].$ In$ 1998,$ Mesulam$ formalized$ a$ general$ theory$ of$ hierarchical$ processing$ of$ brain$ function$ proposing$ that$ the$ flow$ of$ information$ proceeds$ in$ a$ hierarchical$ way$ from$ primary$ areas$ to$ associative$ areas$ that$ are$ tuned$ to$ process$ increasingly$ more$ complex$ stimuli.$ He$ also$ proposed$ that,$ based$ on$ the$ macaque$ cortex,$ the$ cortex$ could$ be$ divided$ into$ five$ principal$ zones:$ primary$ sensoryCmotor,$ unimodal,$ heteromodal,$ paralimbic$ and$ limbic$ that$ are$ connected$ in$ a$ predictable$ way$ [START_REF] Mesulam | !From!sensation!to!cognition[END_REF].$ Mesulam's$ theory,$ like$ those$ of$ Ungerleider$ and$ Mishkin$ and$ Goodale$ and$ Milner,$remains$highly$influential.$Given$the$complexity$of$the$brain,$there$is$a$need$for$detailed$ maps$ to$ define$ the$ structural$ substrate$ of$ integrated$ cerebral$ activity.$ They$ provide$ an$ anatomical$ basis,$ which$ constrains$ models$ of$ function$ providing$ the$ bedrock$ for$ new$ hypotheses$on$how$brain$areas$work$together$to$produce$these$functions.$ Models$hypothesizing$the$functional$roles$of$processing$streams$have$continued$to$form.$ More$ recently$ a$ dualCstream$ model$ for$ language$ processing$ has$ been$ proposed$ [START_REF] Hickok | ! Dorsal! and! ventral! streams:! a! framework! for! understanding! aspects!of!the!functional!anatomy!of!language[END_REF],$ 2007).$ This$ proposal,$ however,$ was$ a$ purely$ cognitive$ model$ based$ upon$ an$ accumulation$of$functional$imaging$studies$and$lacked$an$anatomical$basis.$A$number$of$studies$ have$ since$ tried$ to$ illuminate$ the$ underlying$ connections$ supported$ by$ the$ white$ matter$ pathways$ in$ order$ to$ create$ a$ biologicallyCplausible$ model$ [START_REF] Frey | ! Dissociating! the! human! language! pathways! with! high! angular! resolution! diffusion! fiber! tractography[END_REF][START_REF] Glasser | !DTI!tractography!of!the!human!brain's!language!pathways.! Cerebral%Cortex%[END_REF][START_REF] Saur | Ventral)and)dorsal)pathways)for)language[END_REF][START_REF] Turken | !The!neural!architecture!of!the!language!comprehension! network:! converging! evidence! from! lesion! and! connectivity! analyses[END_REF][START_REF] Axer | ! Fiber! anatomy! of! dorsal! and! ventral! language! streams[END_REF][START_REF] Dick | ! The! Language! Connectome:! New! Pathways,! New! Concepts[END_REF][START_REF] Bajada | Transport)for)Language)South)of)the)Sylvian)Fissure:)The)routes)and)history)of)the)main)tracts)and) stations)in)the)ventral)language)network[END_REF].$In$fact$it$would$appear$that$language$function$involves$multiple$pathways$both$direct$ and$indirect$making$up$a$language$circuitry$(see$Figure $3c).$As$a$result$increasing$attention$has$ been$ drawn$ towards$ understanding$ the$ functional$ roles$ of$ the$ fibre$ pathways$ involved$ in$ the$ language$ circuitry$ [START_REF] Parker | !Lateralization!of!ventral!and!dorsal!auditoryLlanguage!pathways!in!the! human!brain[END_REF][START_REF] Duffau | !New!insights!into!the!anatomoLfunctional!connectivity!of!the!semantic!system:! a!study!using!corticoLsubcortical!electrostimulations[END_REF][START_REF] Duffau | ! The! anatomoLfunctional! connectivity! of! language! revisited.! New! insights! provided!by!electrostimulation!and!tractography[END_REF][START_REF] Duffau | ! Stimulation! mapping! of! white! matter! tracts! to! study! brain! functional! connectivity[END_REF][START_REF] Catani | !From!hodology!to!function[END_REF][START_REF] Catani | an$ indirect$ pathway$ consisting$ of$ two$ components$ parallel[END_REF][START_REF] Mandonnet | ! Does! the! left! inferior! longitudinal!fasciculus!play!a!role!in!language?!A!brain!stimulation!study[END_REF][START_REF] Saur | Ventral)and)dorsal)pathways)for)language[END_REF][START_REF] Duffau | !Is!the!left!uncinate!fasciculus! essential! for! language? :! A! cerebral! stimulation! study[END_REF][START_REF] Rolheiser | !Dynamic!Processing!in!the!Human!Language! System:! Synergy! between! the! Arcuate! Fascicle! and! Extreme! Capsule[END_REF][START_REF] Papagno | !Naming!and!the!role!of!the!uncinate!fasciculus!in!language!function[END_REF][START_REF] Griffiths | ! Functional! organization! of! the! neural! language! system:! Dorsal! and! ventral! pathways! are! critical! for! syntax[END_REF]$Almairac$et$al.,$2014).$Our$increased$knowledge$in$brain$function$and$ specialized$cortical$areas$makes$it$possible$to$speculate$on$the$functional$roles$of$the$pathways.$ Clearly,$ there$ is$ an$ interest$ in$ studying$ the$ fibre$ pathways$ and$ they$ may$ be$ the$ missing$ ingredient$ for$ understanding$ not$ only$ higher$ cognitive$ functions$ such$ as$ language$ but$ also$ clinical$ disorders$ such$ as$ autism,$ schizophrenia$ and$ depression$ among$ others.$ An$ advantage$ today$is$that$we$can$potentially$identify$the$functional$role$of$a$specific$pathway$by$correlating$it$ with$ function$ or$ an$ interruption$ of$ function$ through$ techniques$ that$ were$ not$ available$ a$ century$ago$(diffusion$imaging,$direct$electrical$stimulation).$This$information$can$be$modelled$ computationally$ to$ investigate$ their$ effects$ on$ the$ system$ [START_REF] Ueno | !Lichtheim!2:!Synthesizing!aphasia! and!the!neural!basis!of!language!in!a!neurocomputational!model!of!the!dual!dorsalLventral! language!pathways[END_REF].$ In$ sum,$ to$ understand$ the$ brain$ you$ need$ to$ have$ both$ an$ understanding$ of$ the$ cortical$ sites$ and$ their$ connections,$ in$ particular$ connections$ are$ important$ for$ understanding$ how$ the$ cortical$ sites$ function$computationally$and$dynamically.$ $

A brief note on scales

$

The$ study$ of$ brain$ connections$ is$ vast.$ Connections$ can$ be$ studied$ at$ the$ microscopic,$ mesoscopic$ and$ macroscopic$ scales.$ In$ this$ thesis$ we$ focus$ on$ the$ macroscopic$ scale,$ connections$ between$ anatomically$ (generally$ surface,$ e.g.,$ gyri,$ sulci)$ Cdefined$ brain$ regions.$ They$ can$ also$ be$ studied$ at$ the$ wholeCbrain$ network$ level$ (see,$ for$ example,$ [START_REF] Bullmore | ! Complex! brain! networks:! graph! theoretical!analysis!of!structural!and!functional!systems[END_REF]$or$at$a$smaller$scale$in$terms$of$individual$fibre$pathways$as$mentioned$in$the$previous$ section.$This$work$focuses$on$the$fibre$pathways.$ $ $ $ ! ! 10

3 Background on the anatomy of fibre pathways $ What's)in)a)name?) William$Shakespeare,$Romeo$and$Juliette,$1597) $ The$study$of$white$matter$fibre$pathways$began$in$the$Renaissance$and$culminated$in$the$ 19 th $ century$ with$ the$ work$ of$ Dejerine,$ Sachs$ and$ others,$ describing$ in$ great$ detail$ the$ white$ matter$tracts$that$were$known$at$the$time.$Since$then$little$has$been$added$to$their$body$of$work$ in$terms$of$the$human$anatomy$of$fibre$pathways.$While$axonal$tracing$has$made$it$possible$to$ create$detailed$structural$maps$in$animals,$there$are$no$equivalent$maps$in$humans.$Today$we$ are$ seeing$ a$ renewed$ interest$ in$ fibre$ pathway$ anatomy$ with$ dMRI$ tractography,$ capable$ of$ studying$the$pathways$in)vivo,$ with$ exciting$ clinical$ applications.$ It$ has$ also$ come$ to$ light$ that,$ despite$the$monumental$work$that$was$produced$in$the$last$two$centuries,$there$remain$many$ outstanding$questions$concerning$the$anatomy$of$these$fibre$pathways.$$

We$begin$with$a$historical$overview$of$the$study$of$white$matter$anatomy$that$highlights$ important$developments,$followed$by$the$confusion$and$controversy$surrounding$several$of$the$ tracts$ and$ how$ our$ understanding$ of$ white$ matter$ tract$ is$ evolving$ based$ on$ recent$ work.$ Finally,$ we$ present$ the$ anatomy$ of$ both$ external$ and$ extreme$ capsules,$ an$ anatomical$ area$ of$ fibre$passage$that$has$remained$elusive.$ $

Historical perspective $

The beginnings of the study of nerves and human dissection

$ There$ has$ always$ been$ an$ interest$ in$ describing$ the$ intricate$ white$ matter$ anatomy.$ In$ Greek$ antiquity$ (~4 th $ and$ 5 th $ centuries$ BC)$ the$ concept$ of$ nerves$ was$ already$ introduced.$ The$ brain$ was$ considered$ to$ be$ the$ "organ) of) the) mind,) the) origin) of) the) nerves) and) the) seat) of) the) soul"$ (Schmahmann$&$Pandya,$2006).$During$Greek$antiquity,$systematic$brain$dissections$were$ carried$out$(Anaxagoras$of$Klazomenai,$500$BC,$Schmahmann$&$Pandya,$2006).$Unfortunately,$ little$regarding$the$study$of$the$brain$is$conserved$from$this$time$period$ [START_REF] Swanson | ! Neuroanatomical% terminology:% a% lexicon% of% classical% origins% and% historical% foundations[END_REF].$After$ this$ productive$ period$ of$ study,$ human$ dissection$ was$ banned$ covering$ most$ of$ the$ Medieval$ period.$During$this$period$of$proscription,$most$of$what$we$learned$in$terms$of$the$anatomy$of$ the$ brain$ depended$ on$ the$ pioneering$ animal$ dissections$ and$ vivisections$ of$ Galen$ (~2 nd $ century,$Roman$empire).$He$described$and$named$many$of$the$structures$still$in$use$today:$the$ dura$ mater,$ pia$ mater,$ corpus$ callosum,$ the$ four$ ventricles,$ fornix,$ pineal$ and$ pituitary$ glands$ (Schmahmann$ &$ Pandya,$ 2006).$ Galen's$ work$ was$ so$ highly$ influential$ that$ it$ dominated$ the$ next$1300$years.$ ! Human$dissection$was$reintroduced$at$the$end$of$the$Middle$Ages$(13 th $century),$but$many$ still$ based$ their$ observations$ on$ the$ work$ of$ Galen,$ which$ was$ based$ on$ various$ different$ animals$ and$ also$ potentially$ erroneous.$ Realism$ was$ starting$ to$ appear$ in$ Da$ Vinci's$ (1452C 1519)$ drawings$ of$ the$ anatomy,$ but$ it$ wasn't$ until$ the$ 16th$ century$ that$ the$ scientific$ investigation$ of$ human$ neuroanatomy$ began.$ Andreas$ Vesalius$ (1514C1564)$ led$ the$ way,$ encouraging$his$students$to$challenge$the$work$of$Galen$and$to$use$direct$observation$to$draw$ conclusions$ about$ the$ anatomy$ (Empiricism).$ Vesalius$ held$ public$ dissections$ that$ often$ drew$ crowds$of$over$500$people.$The$frontispiece$of$his$acclaimed$anatomy$text$De)Humani)Corporis) Fabrica$ (1543),$ reportedly$ drawn$ by$ a$ student$ of$ Titian,$ depicts$ the$ scene$ of$ one$ of$ his$ public$ dissections$showing$Vesalius,$one$of$his$students$that$may$be$either$documenting$the$dissection$ or$ comparing$ it$ with$ Galen's$ work$ and$ an$ older$ figure$ that$ may$ symbolically$ represent$ Galen$ reacting$to$Vesalius'$work$(Figure$4).$$ $ $ Figure$4.$The$frontispiece$to$Andreas$Vesalius'$anatomical$text$De)Humani)Corpus)Fabrica$(The$Fabric$of$the$Human$ Body)$ Book) VII$ (1543)$ depicting$ one$ of$ his$ public$ dissections$ that$ often$ drew$ large$ crowds.$ Vesalius$ is$ shown$ (centre$ left)$ with$ one$ of$ his$ students$ (above$ Vesalius$ holding$ a$ manuscript)$ and$ an$ older$ figure$ that$ may$ symbolically$represent$Galen$reacting$with$displeasure$to$Vesalius'$work$(lower$right)$(Scatliff$&$Johnston,$2014).$ For$reference,$images$of$Vesalius$and$Galen$are$respectively$shown$in$the$top$left$and$right.$This$version$for$Charles$ V$is$reportedly$the$only$one$to$be$hand$coloured$(New$York$Public$Library).$ $ ! Early$ on,$ dissections$ were$ performed$ in)situ$ (in$ Latin,$ "on$ site")$ in$ other$ words$ with$ the$ brain$ still$ sitting$ inside$ the$ head.$ This$ can$ be$ seen$ in$ the$ illustration$ from$ Vesalius'$ brain$ dissections$ in$ Fabrica.$ In$ the$ crossCsectional$ view$ several$ structures$ are$ labelled,$ representing$ one$ of$ the$ first$ modern$ atlases.$ In$ 1573,$ Costanzo$ Varolio$ published$ a$ method$ to$ perform$ dissection$by$removing$the$brain$from$the$skull$and$slicing$it$horizontally$from$the$base$up$(as$ opposed$ to$ top$ down).$ This$ revolutionized$ the$ way$ dissection$ was$ performed$ allowing$ better$ visibility$by$viewing$the$brain$structures$on$serial$slices,$especially$for$the$lower$structures$that$ were$ previously$ more$ difficult$ to$ access.$ This$ was$ how$ Varolio$ discovered$ the$ pons,$ that$ was$ later$named$after$him$-$pons$Varolii$or$"bridge$of$Varolius"$(Varolio,$1573).$$ $

Recognition of white matter as an organized structure

$ It$was$also$during$this$period$(16 th $century)$that$white$matter$was$no$longer$considered$ an$amorphous$mass$but$an$intricately$organized$system$of$fibres.$Galen$distinguished$the$corpus$ callosum$earlier,$but$there$was$yet$to$be$a$clear$distinction$between$the$grey$and$white$matter.$ Vesalius$ was$ the$ first$ to$ remark$ the$ "softer)and)yellowish)cerebrum)from)the)harder)and)whiter) deeper)substance)below)it"$ (Schmahmann$&$Pandya,$2006).$He$also$elaborated$on$Galen's$corpus$ callosum$ describing$ its$ fibres$ that$ appear$ to$ connect$ the$ two$ cerebral$ hemispheres.$ In$ 1586$ Piccolhomini$introduced$the$terms$cerebrum$for$the$cerebral$cortex$and$medulla$for$the$white$ matter$ [START_REF] Clarke | !The%human%brain%and%spinal%cord:%a%historical%study%illustrated%by% writings% from% antiquity% to% the% twentieth% century! (2nd! rev[END_REF].$ This$ development,$ although$ a$ simple$ observation,$ was$ an$ important$one$as$it$brought$more$interest$to$the$study$of$the$white$matter$or$medulla$oblongata,$ as$it$was$known.$$ It$also$became$understood$that$the$white$matter$consisted$of$fibres$that$terminated$in$the$ cortex.$ Using$ one$ of$ the$ first$ microscopes,$ Marcello$ Malpighi$ (1628C1694)$ observed$ the$ white$ matter$ fibres$ by$ following$ them$ and$ remarked$ that$ they$ all$ joined$ with$ the$ cortex$ (1664).$ Although,$he$later$confirmed$this$with$no$need$of$a$microscope,$explaining$that$the$white$matter$ fibres$ that$ end$ in$ the$ cortex$ was$ apparent$ in$ the$ fish$ brain$ seen$ through$ the$ fish$ by$ simply$ holding$it$up$to$the$light$of$day$(from$Diemerbroeck,$1695).$ $

Beginnings of gross dissection

$

The$practice$of$gross$dissection$(see$Chapter$4)$began$a$century$later.$Thomas$Willis$and$ Nicolas$ Steno$ were$ important$ pioneers.$ Steno$ intuited$ the$ relevance$ of$ white$ matter$ and$ was$ way$ahead$of$his$time,$providing$insights$not$only$about$how$to$study$the$white$matter,$but$how$ it$is$arranged$and$that$it$may$differ$between$individuals.$Willis$was$one$of$the$first$to$perform$ gross$ dissections$ of$ the$ white$ matter$ and$ published$ Cerebri)Anatome,$ a$ detailed$ description$ of$ brain$ anatomy,$ in$ 1664.$ During$ this$ period,$ several$ notable$ white$ matter$ structures$ were$ identified$including$the$centrum$oviale$(schematically$shown$in$Vieussens,$1684),$anterior$and$ posterior$commissure$and$some$of$the$thalamocortical$fibres$Vicq$d'Azyr,$1786).$$ $

Gross dissection flourishes (19th century)

$ It$took$over$another$century$for$gross$dissection$to$be$practiced$widely,$which$was$aided$ by$ new$ fixing$ techniques$ to$ preserve$ the$ brain.$ During$ this$ period,$ many$ new$ fibre$ pathways$ were$identified,$whose$names$(and$in$large$part$their$definitions)$would$remain$in$use$up$to$the$ present$ day.$ Johann$ Christian$ Reil$ introduced$ the$ term$ corona$ radiata$ to$ refer$ to$ the$ fibres$ radiating$ out$ of$ Vieussens'$ centrum$ ovale$ and$ described$ some$ of$ the$ first$ association$ fibre$ bundles$that$he$named$in$German$ [START_REF] Reil | ! Die! sylvische! grube! oder! das! thal,! das! gestreifte! grobe! hirnganglium,! dessen! kapsel!und!die!seitentheile!des!grobn!gehirns[END_REF].$Burdach$published$a$3Cvolume$work$(Burdach,$ 1819)$ that$ expanded$ on$ Reil's$ work$ describing$ the$ association$ pathways$ in$ more$ detail$ and$ identifying$new$ones.$He$also$gave$Latin$names$to$the$pathways$for$the$first$time$including$the$ tapetum,$ cingulum,$ uncinate$ fasciculus,$ arcuate$ fasciculus$ and$ inferior$ longitudinal$ fasciculus$ ! among$ others$ [START_REF] Burdach | ! Vom% bau% und% leben% des% gehirns% und% rückenmarks.! der% Dyk'schen% Buchhandlung[END_REF].$ Other$ notable$ anatomists$ who$ practiced$ gross$ dissection$ and$ contributed$ to$ the$ study$ of$ the$ fibre$ pathways$ were$ Gall$ and$ Spurzheim$ (1810),$ Mayo$ (1827)$ and$Arnold$(1838).$$ $

Gross histology (and the return to gross dissection)

$ During$the$second$half$of$the$19th$century,$the$focus$shifted$from$gross$dissection$to$brain$ sections$as$a$result$of$new$techniques.$The$discovery$of$the$compound$achromatic$microscope$in$ the$1830s$rapidly$advanced$staining$methods$applied$to$brain$sections,$enabling$better$visibility$ and$ discrimination$ of$ certain$ cellular$ structures.$ The$ Weigert$ stain,$ for$ example,$ was$ used$ to$ visualize$ myelinated$ axons,$ which$ Paul$ Fleischig$ used$ to$ study$ myelogenesis$ in$ fetuses$ and$ young$infants.$It$did$not,$however,$improve$the$ability$to$discriminate$between$fibre$pathways.$ Additionally,$Augustus$Waller's$classic$discovery$that$nerve$fibres$degenerate$distal$to$the$site$of$ injury$ (anterograde$ degeneration)$ (Waller,$ 1850)$ led$ to$ the$ beginnings$ of$ contemporary$ tract$ tracing$ methods,$ however$ these$ could$ only$ be$ performed$ in$ experimental$ animals.$ The$ developments$ of$ staining$ methods$ together$ with$ the$ microtome$ evolved$ into$ histology$ (microscopic$study$of$the$anatomy).$However,$those$who$were$interested$in$the$anatomy$of$fibre$ pathways$continued$to$use$histologyCprepared$brain$sections$to$study$its$macroscopic$anatomy$ (Meynert,$ Sachs,$ Dejerine,$ Forel,$ Wernicke,$ von$ Monakow).$ Gross$ dissection$ continued$ to$ be$ used$although$there$was$a$clear$preference$towards$sectional$anatomy.$This$led$to$the$seminal$ work$ of$ the$ Dejerines$ that$ described$ both$ microscopic$ and$ macroscopic$ anatomy$ in$ their$ comprehensive$ twoCvolume$ publication$ Anatomie) des) Centres) Nerveux) (Dejerine$ &$ DejerineC Klumpe,$ 1895).$ Other$ important$ developments$ during$ this$ time$ included$ the$ classification$ system$ of$ fibre$ pathways$ that$ Meynert$ established$ through$ his$ histology$ studies$ in$ the$ bat$ [START_REF] Meynert | ! In! Handbuch! der! Lehre! von! den! Geweben! des! Menschen! und! der! Tiere.! Stricker%S[END_REF].$ Meynert$ proposed$ that$ the$ white$ matter$ consisted$ of$ commissural$ pathways$ that$ connect$ the$ two$ hemispheres,$ projection$ pathways$ that$ connect$ the$ cortex$ with$ the$ subcortical$ nuclei$ and$ short$ and$ long$ association$ pathways$ that$ connect$ the$ cortex$ within$ a$ hemisphere,$the$short$fibres$being$UCshaped$connecting$adjacent$gyri.$Heinrich$Sachs$described$ the$connections$of$the$occipital$lobe$in$meticulous$detail$ [START_REF] Sachs | ! Frontal! terminations!for!the!inferior!frontoLoccipital!fascicle:!Anatomical!dissection,!DTI!study!and! functional! considerations! on! a! multiLcomponent! bundle.! Brain% Structure% and% Function,! 218[END_REF].$$ However,$the$motivation$to$study$the$fibre$pathways$on$serial$slices$was$not$well$received$ by$all.$In$1909,$Jamieson$wrote:$$ Dissections)of)the)brain)to)show)the)internal)structure,)as)contrasted)with)slicing,)is) not)a)new)method,)but)the)practice)has)fallen)into)disuse,)and)apparently)even)into) dishonour.) Illustrations) of) the) internal) structure) of) the) brain) in) the) current) textA books)of)anatomy)and)of)physiology)are)almost)all)drawings)of)sections,)or)they)are) merely) schemata.) A) few) dissections) are) still) reproduced) from) the) old) textAbooks) (p.226,) [START_REF] Jamieson | !The!means!of!displaying,!by!ordinary!dissection,!the!larger!tracts!of!white! matter!of!the!brain!in!their!continuity[END_REF].) The$criticism$arose$because$of$the$difficulty$in$following$the$course,$trajectory$and$terminations$ of$the$fibre$pathways$on$serial$sections.$It$was$also$difficult$to$visually$compare$fibre$trajectories$ in$brain$sections$with$those$obtained$from$gross$dissection.$Nicolas$Steno$condemned$the$use$of$ brain$sections$for$studying$the$white$matter$two$centuries$earlier,$stating$albeit$extremely$that$ "it$ [the$ method$ of$ brain$ sections]$ does$ not$ provide$ any$ anatomical$ elucidation$ [of$ the$ white$ matter]"$ [START_REF] Steno | !Discours!de!Monsieur!Stenon!sur!l'anatomie!du!cerveau[END_REF].$Being$cautious,$Sachs$emphasized$the$importance$of$validation$to$use$at$ least$two$complementary$methods$to$determine$the$existence$of$brain$connections$ (Forkel$et$al.,$ 2015),$ perhaps$ as$ a$ result$ of$ the$ difficulty$ of$ the$ technique$ in$ following$ the$ fibre$ trajectories.$ Brain$ sections$ may$ have$ made$ considerable$ contributions$ to$ describing$ the$ detailed$ sectional$ organization$of$structures$in$the$brain,$however,$it$would$appear$that$they$are$not$optimal$for$ seeing$the$complex$relationships$between$tracts.$It$would$appear$that$gross$dissection$enables$ better$ visualization$ of$ the$ fibre$ pathways,$ the$ mechanical$ separation$ of$ the$ fibres$ being$ necessary$to$discriminate$between$the$intermingling$or$crossing$tracts.$$ This$resulted$in$a$return$to$gross$dissection$as$the$primary$method$for$studying$the$fibre$ pathways$ in$ humans.$ Despite$ an$ important$ development$ in$ technique$ that$ emerged$ (Klingler,$ 1935),$gross$dissection$was$performed$only$sparsely$in$the$20th$century.$Still,$the$value$of$gross$ ! dissection$ was$ indisputable.$ Ludwig$ and$ Klingler,$ recognizing$ that$ «$the$ old$ method$ of$ preparation$[gross$dissection]$has$been$widely$superseded$by$the$modern$methods$of$sectioning$ as$an$introduction$to$the$study$of$nuclei$and$fibre$tracts$»,$set$out$to$create$an$atlas$of$the$fibre$ pathways$with$"threeAdimensional)presentations"$ [START_REF] Ludwig | ! Atlas% Cerebri% Humani% (The% Inner% Structure% of% the% Brain% Demonstrated% on% the% Basis% of% Macroscopical% Preparations[END_REF].$Their$earlier$work,$ published$ before$ the$ interruption$ of$ the$ war,$ was$ highly$ appreciated$ and$ sold$ out$ [START_REF] Ludwig | !Photographs!of!macroscopic!preparations!of!the!encephalon[END_REF].$The$use$of$gross$dissection$continues$to$the$present$day.$In$fact,$there$has$been$a$ recent$revival$of$studies$using$gross$dissection$(now$referred$to$as$fibre$dissection)$to$revisit$or$ rediscover$ the$ fibre$ pathways$ described$ by$ the$ earlier$ dissectionists$ and$ to$ build$ upon$ their$ work$ [START_REF] Türe | ! Is! there! a! superior! occipitofrontal! fasciculus?! A! microsurgical!anatomic!study[END_REF](Türe$et$al.,$ ,$2000;;[START_REF] Peuskens | ! Anatomy! of! the! anterior! temporal! lobe! and! the! frontotemporal!region!demonstrated!by!fiber!dissection.!![END_REF]$FernándezCMiranda$et$al.,$2008;[START_REF] Martino | This$ finding$ has$[END_REF][START_REF] Martino | ! CortexLsparing! fiber! dissection:! an! improved! method! for! the! study! of! white!matter!anatomy!in!the!human!brain[END_REF][START_REF] Martino | This$ finding$ has$[END_REF]$Sarubbo$et$al.,$2013;[START_REF] Vergani | !Intralobar!fibres!of!the! occipital!lobe:!A!post!mortem!dissection!study[END_REF][START_REF] Goga | ! The! anatomy! of! Meyer's! loop! revisited:! changing! the! anatomical! paradigm! of! the! temporal! loop! based! on! evidence! from! fiber! microdissection[END_REF][START_REF] Meola | ! The! controversial! existence! of! the! human! superior! frontoLoccipital! fasciculus:! ConnectomeL based!tractographic!study!with!microdissection!validation[END_REF].$ $

Confusion and controversy in the literature

$

For$centuries$neuroanatomists$have$tried$to$elucidate$the$complex$relational$anatomy$of$ the$ white$ matter$ tracts$ but,$ despite$ their$ accomplished$ body$ of$ work,$ they$ have$ only$ done$ so$ partially$ (see$ next$ section)$ and$ with$ considerable$ debate$ ensuing.$ By$ the$ end$ of$ the$ 19th$ century,$there$were$many$points$that$remained$unclear.$In$fact,$this$was$one$of$the$motivations$ behind$ Jules$ and$ Augusta$ Dejerines'$ seminal$ work.$ Jules$ Dejerine$ writes$ in$ his$ preface,$ rather$ paradoxically:$$ …despite)the)sophisticated)means)of)investigation)available)to)us)today,)there)is)still,)as) regards) especially) the) brain,) more) than) one) obscure) point) to) elucidate 1 $(Dejerine$ &$ DejerineCKlumpe,$1895).$ Over$a$century$later,$Schmahmann$and$Pandya,$in$their$influential$work$on$the$fibre$pathways$in$ the$monkey$(2006),$also$remarked$on$the$controversy$surrounding$some$of$the$tracts$aiming$to$ resolve$these$debates.$Despite$their$efforts$and$the$advancements$in$technology$(axonal$tracing,$ staining$ techniques),$ the$ lack$ of$ consensus$ on$ many$ fibre$ tracts$ persists$ and$ has$ only$ become$ more$apparent$with$the$growing$interest$in$white$matter.$Note$however$that$some$of$the$debate$ has$arisen$from$recent$work,$particularly$studies$in$monkeys.$

For$example,$some$of$the$biggest$controversies$concern$the$existence$of$certain$pathways$ including$the$inferior$frontoCoccipital$fasciculus$(IFOF)$ (Curran,$1909;$Schmahmann$&$Pandya,$ 2006;$ Forkel$ et$ al.,$ 2012),$ superior$ frontoCoccipital$ fasciculus$ [START_REF] Onufrowicz | ! Das! balkenlose! Mikrocephalengehirn! Hofmann.! European% Archives% of% Psychiatry%and%Clinical[END_REF][START_REF] Türe | ! Is! there! a! superior! occipitofrontal! fasciculus?! A! microsurgical!anatomic!study[END_REF]$Nikos$Makris,$2007;$Schmahmann$&$Pandya,$2007;$Forkel$et$al.,$2012;[START_REF] Meola | ! The! controversial! existence! of! the! human! superior! frontoLoccipital! fasciculus:! ConnectomeL based!tractographic!study!with!microdissection!validation[END_REF],$ inferior$longitudinal$fasciculus$ [START_REF] Davis | !Can!spherical!deconvolution! provide! more! information! than! fiber! orientations?! Hindrance! modulated! orientational! anisotropy,!a!trueLtract!specific!index!to!characterize!white!matter!diffusion[END_REF][START_REF] Tusa | ! The! inferior! longitudinal! fasciculus:! a! reexamination! in! humans!and!monkeys[END_REF][START_REF] Catani | !OccipitoLtemporal!connections!in!the! human!brain[END_REF]$and$ vertical$occipital$fasciculus$ [START_REF] Wernicke | !Lehrbuch!der!gehirnkrankheiten!für!aerzte!und!studirende[END_REF][START_REF] Yeatman | humans,$homologue$pathways$that$were$first$described$in$monkeys[END_REF].$$ There$ have$ also$ been$ inconsistencies$ in$ the$ descriptions$ of$ tracts$ which$ appear$ to$ arise$ from$ unclear$ boundaries$ between$ intermingling$ or$ adjacent$ tracts,$ for$ example,$ Meyer's$ loop$ which$consists$of$projection$fibres$as$well$as$the$optic$radiations$(Goga$&$Türe,$2015)$and$the$ external$ and$ extreme$ capsules$ which$ consist$ of$ the$ uncinate$ fasciculus$ and$ IFOF$ closely$ lying$ adjacent$to$one$another$(see$Section$3.4$and$Chapter$7).$$ There$is$also$a$tendency$towards$oversimplification.$For$example,$the$tract$known$as$the$ IFOF$ is$ not$ strictly$ frontoCoccipital$ but$ consists$ of$ frontoCtemporal$ and$ frontoCparietal$ connections$ (Curran,$1909;$Catani$&$Thiebaut$de$Schotten,$2008;[START_REF] Martino | This$ finding$ has$[END_REF][START_REF] Catani | !QLball!of!inferior! frontoLoccipital!fasciculus!and!beyond[END_REF].$Similarly,$the$uncinate$fasciculus$may$not$consist$only$of$"hookCshaped"$fibres$but$ also$ ones$ that$ have$ a$ straighter$ horizontal$ trajectory$ (Dejerine$ &$ DejerineCKlumpe,$ 1895;$ Gordinier,$ 1899; $ Testut,$ 1900).$ While$ names$ are$ given$ to$ reflect$ their$ appearance$ or$ their$ dominant$ connections,$ it$ will$ likely$ be$ the$ case$ that$ fibre$ tracts$ are$ more$ complex$ than$ their$ names$imply$ [START_REF] Dick | !Beyond!the!arcuate!fasciculus:!consensus!and!controversy!in! the!connectional!anatomy!of!language[END_REF]

.$ $ $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ 1 $Original$text:$"…malgré)les)moyens)d'investigation)perfectionnées)dont)nous)disposons)aujourd'hui,)il)reste)encore,)pour) ce)qui)concerne)le)cerveau)surtout,)plus)d'un)point)obscur)à)élucider."$$$$$ !

Causes of the confusion and controversy

)

Nomenclature

One$major$contribution$to$the$confusion$from$the$last$century$has$been$the$lack$of$a$lingua) franca$(or$common$language)$for$the$white$matter.$This$remains$a$prevalent$issue$in$the$current$ literature.$ For$ example$ it$ is$ not$ clear$ whether$ the$ middle$ longitudinal$ fasciculus$ and$ the$ superior$ longitudinal$ fasciculus$ temporoCparietal$ component$ (SLFCTP),$ both$ referring$ to$ temporoCparietal$connections,$are$in$fact$the$same$pathway$ (Catani$et$al.,$2005;$Nikos$Makris$et$ al.,$ 2012;[START_REF] Kamali | !Tracing!Superior!Longitudinal! Fasciculus! Connectivity! in! the! Human! Brain! using! High! Resolution! Diffusion! Tensor! Tractography[END_REF].$ There$ are$ also$ multiple$ names$ given$ to$ the$ same$ pathway.$ For$ example$the$names$arcuate$fasciculus$(AF)$and$superior$longitudinal$fasciculus$(SLF)$were$given$ to$the$long$arching$frontoCtemporal$pathway$around$the$Sylvian$fissure$in$humans.$However,$it$ was$identified$in$the$monkey$along$with$three$additional$components$and$named$them$SLF$I,$II,$ and$III$(with$SLF$IV$referring$to$the$AF/SLF)$and$recently$a$fifth$one$has$been$added$(SLFCTP)$ [START_REF] Petrides | ! Projections! to! the! frontal! cortex! from! the! posterior! parietal! region!in!the!rhesus!monkey.!Journal%of%Comparative%Neurology[END_REF]$Schmahmann$&$Pandya,$2006).$In$parallel,$dMRI$tractography$studies$ have$demonstrated$two$additional$components$of$the$AF$(anterior$and$posterior$indirect$AF)$in$ humans$ that$ may$ or$ may$ not$ correspond$ to$ the$ SLF$ components$ in$ the$ monkey$ (Catani$ et$ al.,$ 2005).$ However,$ the$ AF$ components$ have$ fallen$ out$ of$ use,$ while$ the$ AF$ is$ now$ the$ preferred$ term$for$the$long$arching$pathway$and$the$SLF$is$used$primarily$to$refer$to$its$subcomponents$ (the$existence$of$a$fifth$one$is$still$under$debate).$ Moreover,$ anatomical$ white$ matter$ "structures"$ can$ refer$ to$ both$ topographical$ areas$ of$ white$matter,$that$are$identifiable$based$on$their$appearance$and$location$and$boundaries$with$ other$ anatomical$ landmarks$ (e.g.,$ the$ internal$ capsule,$ sagittal$ stratum,$ centrum$ semiovale,$ corona$radiata),$and$tracts$which$are$defined$based$on$their$mechanical$separations$from$other$ white$ matter$ tracts$ and$ have$ homologous$ trajectories$ and$ terminations$ (e.g.,$ AF,$ cingulum,$ anterior$ commissure,$ vertical$ occipital$ fasciculus).$ Thus$ topographical$ areas,$ because$ they$ are$ arbitrarily$ defined,$ in$ almost$ all$ cases$ consist$ of$ multiple$ fibre$ tracts$ (Table $ 1).$ Due$ to$ the$ differing$ sense$ in$ meanings$ of$ terms$ used$ to$ describe$ the$ white$ matter,$ it$ is$ important$ to$ understand$what$they$represent.$$$ While$ there$ is$ an$ international$ effort$ to$ standardize$ anatomical$ terms$ (Terminologia$ Anatomica,$1998),$the$recent$literature$is$riddled$with$inconsistencies.$Clearly,$there$is$a$need$to$ establish$a$lingua)franca$for$the$white$matter$anatomy$as$others$have$already$stated$ [START_REF] Bajada | Transport)for)Language)South)of)the)Sylvian)Fissure:)The)routes)and)history)of)the)main)tracts)and) stations)in)the)ventral)language)network[END_REF].$$ $ $ 

!

Generalizations from monkey to human

Connections$ in$ the$ human$ brain$ are$ often$ extrapolated$ from$ animal$ studies$ as$ it$ is$ the$ only$technique$that$can$show$detailed$connections$between$cytoarchitectonically$defined$areas$ (Mesulam,$2012).$While$there$appear$to$be$homologous$areas$between$monkeys$and$humans,$at$ a$ more$ fineCgrained$ level$ there$ are$ profound$ differences$ [START_REF] Orban | !Comparative!mapping!of!higher!visual!areas! in!monkeys!and!humans[END_REF].$ It$ would$ not$ be$ surprising$ if$ this$ were$ also$ the$ case$ for$ the$ white$ matter$ pathways$ given$ the$ much$ larger$ complexity$ of$ the$ human$ brain.$ In$ fact,$ while$ there$ have$ been$ some$ identified$ homologies$ in$ white$ matter$ pathways$ [START_REF] Croxson | ! Quantitative! investigation! of! connections! of! the! prefrontal! cortex!in!the!human!and!macaque!using!probabilistic!diffusion!tractography[END_REF]$ Thiebaut$ de$ Schotten$ et$ al.,$ 2012),$ some$ of$ the$ controversy$surrounding$the$existence$of$tracts$has$perpetuated$by$generalizing$pathways$from$ monkey$ studies$ to$ humans.$ These$ include$ a$ ventral$ frontoCoccipital$ tract$ (IFOF)$ that$ exists$ in$ humans$ but$ not$ in$ monkeys$ (Curran,$ 1909;$ Schmahmann$ &$ Pandya,$ 2006;$ Forkel$ et$ al.,$ 2012)$ and$a$dorsal$frontoCoccipital$tract$(SFOF)$that$exists$in$monkeys$but$not$in$humans$ [START_REF] Türe | ! Is! there! a! superior! occipitofrontal! fasciculus?! A! microsurgical!anatomic!study[END_REF]$Schmahmann$&$Pandya,$2006;[START_REF] Meola | ! The! controversial! existence! of! the! human! superior! frontoLoccipital! fasciculus:! ConnectomeL based!tractographic!study!with!microdissection!validation[END_REF].$$ $

Representation and interindividual variability

In$ addition$ to$ the$ above,$ there$ are$ likely$ several$ other$ factors$ that$ contributed$ to$ the$ confusion.$ The$ differences$ in$ the$ representation$ of$ the$ pathways$ between$ brain$ sections$ and$ fibre$dissection$are$one$source$of$controversy$that$may$have$led$to$errors$in$interpretation.$In$ contrast$to$Mayo's$full$illustrations$of$fibre$dissection,$Dejerine's$sections$and$schemas$are$very$ different$ways$of$representing$the$fibre$anatomy$(Figure$5).$Several$anatomists$have$remarked$ on$the$difficulty$in$interpreting$the$trajectories$of$fibre$pathways$on$brain$sections$ [START_REF] Steno | !Discours!de!Monsieur!Stenon!sur!l'anatomie!du!cerveau[END_REF][START_REF] Jamieson | !The!means!of!displaying,!by!ordinary!dissection,!the!larger!tracts!of!white! matter!of!the!brain!in!their!continuity[END_REF].$As$one$of$their$reasons$for$creating$their$threeCdimensional$atlas,$Ludwig$and$ Klingler$wrote:$" [START_REF] Ludwig | ! Atlas% Cerebri% Humani% (The% Inner% Structure% of% the% Brain% Demonstrated% on% the% Basis% of% Macroscopical% Preparations[END_REF].$ Also,$ given$ the$ limited$ number$ of$ subjects$ and$ time$ and$ labour$ involved$in$fibre$dissection,$interindividual$variability$may$have$rendered$some$tracts$easier$to$ distinguish$ in$ some$ subjects$ than$ others$ (compared$ with$ the$ anatomical$ textbooks$ which$ are$ $ $ Figure$ 5.$ The$ use$ of$ different$ representations$ of$ the$ fibre$ pathways$ was$ one$ of$ the$ causes$ that$ led$ to$ some$ confusion$and$debate$over$their$location,$course$and$terminations.$Left:$Brain$sections$that$became$widely$used$in$ the$late$19th$century$(Dejerine$&$DejerineCKlumpke,$1895),$Right:$threeCdimensional$depictions$of$gross$dissection$ studies$ that$ were$ revived$ in$ the$ 20th$ century$ and$ continue$ today$ (Mayo,$ 1827),$ and$ Middle:$ schematic$ diagrams$ representing$the$fibre$pathways$(Dejerine$&$DejerineCKlumpke,$1895).$ ! based$ on$ single$ individuals)$ and$ may$ have$ led$ to$ some$ misinterpretations$ or$ errors.$ Even$ performing$ dissections$ in$ different$ hemispheres$ (due$ to$ the$ lateralization$ of$ pathways)$ may$ have$resulted$in$some$discrepancies$between$the$descriptions$of$tracts.$Lastly,$fibre$dissection$ relies$foremost$on$primary$observation$with$the$naked$eye,$thus$combined$with$the$potentially$ large$ variability,$ differences$ in$ representing$ the$ data$ and$ the$ difficult$ task$ of$ describing$ the$ complex$ relationships$ between$ anatomical$ structures,$ it$ is$ only$ inevitable$ that$ inconsistencies$ arise.$$ Much$of$our$present$understanding$of$the$fibre$pathways$in$humans$rests$on$the$work$of$ the$19th$century$neuroanatomists.$Given$the$existing$controversy$over$several$of$the$tracts$(that$ have$ only$ resurfaced$ as$ a$ result$ of$ the$ renewed$ interest$ in$ white$ matter),$ it$ is$ necessary$ to$ revisit$ and$ reCevaluate$ them$ with$ modern$ techniques.$ Like$ Vesalius$ who$ challenged$ Galen's$ texts,$ as$ much$ as$ it$ is$ important$ to$ recognize$ the$ trailblazing$ contributions$ of$ the$ great$ 19th$ century$dissectionists,$we$cannot$rest$on$their$laurels.$What$is$clear$is$that$the$fibre$anatomy$is$ highly$complex$and$intricate$and$much$work$remains$to$elucidate$their$structure.$ $

[t]he)macroscopic)method)also)relieves)us)of)the)labour)of)mentally)reconstructing) structures,)after)the)observation)of)numerous)sections,)a)task)which)is)only)too)often)unsuccessful"$ (Ludwig$ &$

Redefining the anatomy of fibre pathways

$ The$ development$ of$ dMRI$ tractography$ has$ reinvigorated$ the$ study$ of$ white$ matter$ anatomy$and$opened$the$field$to$new$discoveries$and$resolved$old$debates.$dMRI$tractography$ provides$us$with$a$virtual$image$of$the$white$matter$structure$based$on$measurements$at$a$voxel$ resolution$ in$ the$ living$ human$ brain.$ Not$ only$ does$ this$ enable$ a$ unique$ investigation$ into$ the$ anatomy$ of$ fibre$ pathways$ (e.g.,$ virtual$ dissections),$ the$ quantitative$ aspect$ enables$ us$ to$ characterize$ the$ white$ matter$ fibre$ tracts$ in$ terms$ of$ asymmetries,$ interindividual$ variability$ and$ to$ better$ understand$ the$ internal$ organization$ of$ the$ pathways.$ It$ thus$ has$ enormous$ potential$ for$ studying$ the$ white$ matter,$ which$ is$ why$ there$ has$ been$ much$ effort$ towards$ validating$this$technique$ (Schmahmann$et$al.,$2007;[START_REF] Thiebaut$de$schotten | Atlasing)location,)asymmetry)and)interAsubject)variability)of)white)matter)tracts)in) the)human)brain)with)MR)diffusion)tractography[END_REF][START_REF] Jbabdi | ! Human! and! Monkey! Ventral! Prefrontal! Fibers! Use! the! Same! Organizational! Principles! to! Reach! Their! Targets:! Tracing! versus!Tractography[END_REF][START_REF] Thomas | ! Diffusion! MRI! properties! of! the! human! uncinate!fasciculus!correlate!with!the!ability!to!learn!visual!associations.!Cortex,!72[END_REF]$Azadbakht$et$al.,$2015).$In$turn$this$has$caused$a$revival$in$postC mortem$fibre$dissection$contributing$anew$to$the$discussion$on$fibre$pathway$anatomy.$In$this$ section$we$focus$on$the$contributions$that$dMRI$tractography$has$made$to$the$anatomical$study$ of$white$matter$pathways$and$discuss$how$it$is$changing$the$way$we$study$them.$$ ! subcomponents$ and$ even$ individual$ siteCtoCsite$ connections$ of$ a$ tract$ (see$ Chapters$ 5$ and$ 7).$ Another$ possibility$ is$ to$ consider$ the$ connectivity$ patterns$ of$ tracts.$ One$ study$ found$ a$ lateralized$ pattern$ in$ the$ middle$ longitudinal$ fasciculus$ connecting$ the$ temporal$ lobe$ with$ the$ angular$gyrus$in$the$left$hemisphere$whereas$in$the$right$hemisphere$it$connects$the$temporal$ lobe$with$the$superior$parietal$lobe$ (Makris$et$al.,$2012).$$ $ With$dMRI$tractography,$for$the$first$time$we$can$study$the$interindividual$variability$of$ white$ matter$ pathways$ across$ large$ groups,$ for$ example$ with$ respect$ to$ the$ frequency$ of$ connectivity$patterns$ (Makris$et$al.,$2012)$as$well$as$the$presence$of$tracts$ (Wang$et$al.,$2015a).$$

The$recent$discovery$of$previously$undescribed$tracts$shows$that$our$current$knowledge$ in$ white$ matter$ anatomy$ is$ incomplete$ and$ the$ work$ of$ the$ previous$ two$ centuries$ is$ not$ finished$ as$ there$ remains$ many$ aspects$ that$ require$ clarification.$ Additionally,$ there$ remains$ much$ to$ be$ learned$ not$ only$ in$ terms$ of$ the$ exact$ origins$ and$ terminations$ of$ tracts$ and$ their$ internal$organization$(arrangement$in$subcomponents),$but$also$the$lateralization$of$tracts,$their$ distribution$ within$ the$ different$ brain$ regions$ and$ how$ these$ vary$ are$ across$ the$ population.$ Finally,$ dMRI$ tractography$ may$ be$ able$ to$ provide$ insight$ regarding$ areas$ that$ are$ difficult$ to$ dissect$as$a$result$of$complicated$and$multiple$crossings$and$in$cases$where$boundaries$between$ pathways$are$not$clear$(see$Chapter$7).$ $

Background on the external and extreme capsule complex

$ The$ external$ (named$ by$ Burdach$ in$ 1822,$ originally$ capsula) externa)$ and$ extreme$ (distinguished$ later$ on$ in$ the$ late$ 19th$ century,$ Obersteiner$ 1896,$ Gordinier$ 1899,$ from$ Schmahmann$ &$ Pandya,$ 2006)$ capsules$ are$ topographical$ divisions$ of$ white$ matter$ located$ between$ the$ insula$ and$ the$ putamen.$ They$ constitute$ a$ bottleneck$ comprised$ of$ multiple$ fibre$ tracts$that$pass$through$them.$These$include$the$anterior$commissure,$Meyer's$loop,$projection$ fibres$ and$ several$ association$ tracts$ that$ have$ been$ identified$ as$ the$ inferior$ frontoCoccipital$ fasciculus$(IFOF)$and$uncinate$fasciculus$(UF).$A$thin$strip$of$grey$matter$called$the$claustrum$ separates$ these$ two$ capsules$ with$ the$ external$ capsule$ (EC)$ located$ medially$ (between$ the$ claustrum$ and$ putamen)$ and$ extreme$ capsule$ (EmC)$ located$ laterally$ (between$ the$ claustrum$ and$insula)$(Figure$6).$$$ $ $ Figure$6.$Left:$ Polarized$light$image$of$the$external$and$extreme$ capsules$showing$ axonal$ orientations$on$an$ axial$ slice$ colourCcoded$ for$ their$ orientation$ (Cl$ =$ claustrum)$ (modified$ from$ Axer$ et$ al.,$ 2011).$ Middle$ and$ right:$ The$ external$and$extreme$capsules$shown$on$the$axial$slice$of$an$anatomical$T1$image$in$a$single$subject,$indicated$by$ the$arrows.$The$external$ capsule$(EC)$ lies$more$ medially,$ between$ the$ putamen$ (outlined$ in$ blue)$ and$ claustrum$ (outlined$ in$ orange)$ and$ the$ extreme$ capsule$ (EmC)$lies$ laterally,$between$ the$ insula$ (outlined$ in$green)$ and$ the$ claustrum.$$ $ ! 20 +In+recent+years,+there+has+been+significant+interest+in+the+association+pathways+of+the+EC+ and+ EmC.+ In+ particular,+ the+ IFOF,+ UF+ and+ extreme+ capsule+ fibre+ tract+ have+ been+ considered+ to+ play+a+role+in+the+language+circuitry,+being+cited+as+part+of+a+"ventral+language+system"+ [START_REF] Frey | ! Dissociating! the! human! language! pathways! with! high! angular! resolution! diffusion! fiber! tractography[END_REF][START_REF] Saur | Ventral)and)dorsal)pathways)for)language[END_REF][START_REF] Duffau | !Is!the!left!uncinate!fasciculus! essential! for! language? :! A! cerebral! stimulation! study[END_REF]+ Makris+ &+ Pandya,+ 2009;[START_REF] Papagno | !Naming!and!the!role!of!the!uncinate!fasciculus!in!language!function[END_REF][START_REF] Weiller | !There!is!however!some!ambiguity!regarding!its!anatomical!identity.!It!has! been! considered! as! an! independent! tract! (Schmahmann! and! Pandya[END_REF]+ Almairac+ et+ al.,+ 2014;[START_REF] Dick | ! The! Language! Connectome:! New! Pathways,! New! Concepts[END_REF][START_REF] Bajada | Transport)for)Language)South)of)the)Sylvian)Fissure:)The)routes)and)history)of)the)main)tracts)and) stations)in)the)ventral)language)network[END_REF].+ Recently,+ the+ connectional+anatomy+of+these+pathways+and+their+functional+roles+has+come+to+the+forefront.+ Here+ we+ discuss+ the+ consensus+ and+ controversy+ surrounding+ the+ external+ and+ extreme+ capsule+ complex+ regarding+ its+ association+ pathways,+ highlighting+ the+ questions+ we+ aim+ to+ address+in+this+thesis.++ + (Trolard,+1906;+Villiger+&+Ludwig,+1940;+Türe+et+al.,+2000;+ Travers,+2008).+In+particular+Trolard+(1906)+writes:++ On'pourrait'peut0être'réunir'l'unciné'au'faisceau'qui'vient'd'être'décrit'[IFOF]. 'Mais'il' vaut' mieux,' à' notre' avis,' laisser' à' chacun' d'eux' sa' personnalité.'/' Perhaps' we' could' reunite'the'uncinate'with'the'tract'I'just'described'[IFOF]. 'But'it'would'be'best,'in'our' opinion,'to'let'each'of'them'express'their'own'personalities.' Given+the+earlier+controversy+surrounding+the+existence+of+the+IFOF,+it+was+also+often+confused+ with+ the+ UF+ (Sedat+ &+ Duvernoy,+ 1990;+ Clara+ 1942;+ Kopsch,+ 1914).+ However,+ despite+ this+ ambiguity,+ there+ is+ a+ generally+ accepted+ definition+ of+ these+ tracts+ that+ are+ drawn+ from+ their+ classical+definitions.+The+IFOF+is+a+tract+that+passes+from+the+frontal+lobe,+descends+and+collects+ within+ the+ external+ and+ extreme+ capsules+ and+ continues+ on+ a+ posterior+ course+ (Curran,+ 1909;[START_REF] Martino | This$ finding$ has$[END_REF]+Sarubbo+et+al.,+2013),+and+the+UF+descends+from+the+frontal+lobe+through+the+ external+and+extreme+capsules+and+hooks+around+to+terminate+within+the+anterior+temporal+lobe+ [START_REF] Burdach | ! Vom% bau% und% leben% des% gehirns% und% rückenmarks.! der% Dyk'schen% Buchhandlung[END_REF]+Ebeling+&+Cramon,+1992).+Within+the+external+and+extreme+capsules,+the+IFOF+ has+been+consistently+reported+to+be+located+superior+and+medial+to+the+UF+(Ebeling+&+Cramon,+ 1992;+Kier+et+al.,+2004;+Martino+et+al.,+2010).+ Recently,+a+tract+connecting+the+middle+portion+of+the+superior+and+middle+temporal+gyri+ with+the+frontal+lobe,+laying+laterally+adjacent+to+the+UF+within+the+external+and+extreme+capsules+ was+described+in+the+monkey+(Schmahmann+&+Pandya,+2006).+Since+the+IFOF+does+not+exist+in+ the+monkey+and,+although+adjacent+to+the+UF,+its+course+did+not+follow+that+of+the+UF+fibres+it+was+ thus+named+the+extreme+capsule+fibre+tract+(ECFT).+This+connection+has+been+recently+observed+ in+humans+(Parker+et+al.,+2005;+Frey+et+al.,+2008;+Saur+et+al.,+2008),+however+there+appears+to+be+ some+confusion+regarding+this+tract.+It+is+not+clear+whether+it+should+be+considered+as+a+distinct+ tract+(ECFT),+as+part+of+the+UF+(Parker+et+al.,+2005)+or+as+part+of+the+IFOF,+which+exists+in+humans+ although+ it+ is+ known+ to+ terminate+ in+ the+ temporo1basal+ regions+ within+ the+ temporal+ lobe.+ A+ recent+review+article+interestingly+points+out+that+no+study+has+ever+demonstrated+the+existence+ of+both+the+IFOF+and+ECFT+in+one+brain+ [START_REF] Gierhan | ! Connections! for! auditory! language! in! the! human! brain[END_REF].+ To+sum+up,+these+three+association+tracts+(IFOF,+UF+and+ECFT)+lie+adjacent+to+one+another+ within+ the+ external+ and+ extreme+ capsules.+ The+ reported+ difficulty+ in+ dissociating+ between+ the+ IFOF+ and+ UF+ may+ be+ due+ in+ part+ to+ the+ ECFT+ that+ terminates+ within+ the+ middle+ portion+ of+ the+ temporal+ lobe,+ filling+ in+ the+ gap+ between+ the+ IFOF+ and+ the+ UF+ fibres+ that+ terminate+ within+ the+ temporal+ lobe+ (the+ UF+ fibres+ terminating+ in+ the+ anterior+ temporal+ lobe+ and+ IFOF+ fibres+ terminating+in+the+posterior+temporo1basal+regions)+(Figure+7).++ One+ of+ the+ aims+ of+ this+ thesis+ is+ to+ reconciliate+ the+ definitions+ of+ these+ tracts.+ The+ outstanding+questions+are+thus+as+follows:+Are+the+IFOF+and+UF+indeed+two+separate+pathways?+ How+should+the+connections+of+the+ECFT+be+classified+(as+part+of+the+IFOF,+UF+or+as+a+separate+ tract?)++

A complex area of passage

+ ! ! 22
4 Techniques for studying the anatomy of fibre pathways + Where'the'telescope 'ends,'the'microscope'begins.'' Which'of'the'two'has'the'grander'view?' Victor+Hugo,+Les+Misérables,+1862+ + In+1665,+Nicolas+Steno+wrote+that+to+study+the+white+matter,+one+would+need+to+"follow'the' nerve'threads'through'the'substance'of'the'brain'in'order'to'see'where'they'go'and'where'they'end"+ (Steno,+ 1665).+ This+ encapsulated+ the+ idea+ that+ the+ relevance+ of+ connections+ lies+ in+ where+ they+ originate+ and+ where+ they+ terminate.+ While+ he+ was+ referring+ to+ the+ method+ of+ dissection+ and+ there+ now+ exists+ several+ techniques+ for+ studying+ the+ white+ matter+ structure,+ this+ notion+ still+ holds+true.++ The+challenge+of+studying+white+matter+connections+in+the+human+brain+is+that+they+exist+ on+ multiple+ nested+ spatial+ scales+ (from+ the+ level+ of+ single+ neurons+ or+ synapses+ to+ neuronal+ populations+ and+ their+ interconnecting+ circuitries+ to+ long1range+ regional+ connections)+ [START_REF] Sporns | !The!human!connectome:!a!complex!network.!Annals%of%the%New%York%Academy% of%Sciences[END_REF].+ While+ mapping+ its+ complete+ connections+ is+ not+ currently+ realizable+ at+ the+ microscopic+ scale+due+to+the+sheer+number+of+connections,+it+is+conceivable+at+the+macroscopic+scale,+that+is+ between+ anatomically+ defined+ regions.+ Even+ at+ the+ macroscopic+ scale,+ the+ resolution+ of+ techniques+ can+ range+ from+ tracing+ connections+ in+ a+ population+ of+ single+ axons+ to+ gross+ fibre+ bundles+(Figure+8).+The+use+of+multiple+techniques+may+thus+be+necessary+to+acquire+a+complete+ picture+of+the+anatomy+of+the+fibre+pathways.+ Dependent+on+the+technologies+of+the+time,+different+techniques+have+been+used+to+study+ the+macroscopic+white+matter+structure.+It+began+with+classical+(sectional+and+gross)+dissection+ that+ was+ the+ first+ method+ used+ dating+ from+ antiquity,+ followed+ by+ a+ period+ of+ gross+ histology+ (visualizing+ fibre+ tracts+ on+ stained+ brain+ sections)+ in+ the+ late+ 19th+ century,+ followed+ by+ axonal+ + + Figure+8.+The+ multiple+scales+of+ white+ matter+ study.+The+sizes+ of+ various+ anatomical+structures+ (indicated+by+blue+ arrows)+and+resolutions+of+different+techniques+for+studying+the+white+matter+(indicated+by+black+arrows)+(adapted+ from+Axer,+2011).+ ! tracing+ appearing+ in+ the+ 20th+ century+ which+ led+ to+ greater+ precision+ in+ identifying+ the+ terminations+ but+ was+ limited+ to+ study+ in+ animals.+ Following+ this+ period,+ no+ new+ radical+ developments+ were+ made.+ Then+ in+ 1993,+ Crick+ and+ Jones+ + published+ an+ open+ letter+ urgently+ calling+ for+ new+ techniques,+ identifying+ the+ gap+ in+ our+ knowledge+ in+ human+ neuroanatomy+ in+ contrast+ to+ the+ many+ developments+ made+ in+ non1human+ primates,+ appropriately+ titled+ "the+ backwardness+ of+ human+ neuroanatomy".+ Shortly+ after,+ developments+ in+ imaging+ methods+ including+ polarized+ light+ imaging+ (2000s)+ and+ in+ particular+ dMRI+ tractography+ (1990s),+ which+ enables+the+in+vivo+study+of+the+white+matter+structure+were+proposed+as+techniques+for+the+new+ study+of+white+matter+structure.+ In+this+chapter+we+review+the+different+techniques+for+studying+the+white+matter+structure+ at+ the+ macroscopic+ level.+ We+ cover+ dissection,+ axonal+ tracing+ and+ polarized+ light+ imaging+ highlighting+ their+ advantages+ and+ disadvantages.+ Finally+ we+ devote+ the+ remaining+ part+ of+ the+ chapter+to+diffusion+MRI+tractography+reviewing+the+methodological+aspects+of+the+technique+in+ greater+detail+and+focus+on+how+we+can+apply+it+to+the+study+of+fibre+pathways.++ + [START_REF] Moseley | ! Early! detection! of! regional! cerebral! ischemia! in! cats:! comparison!of!diffusionLand!T2Lweighted!MRI!and!spectroscopy[END_REF].+ Diffusion+ is+ sensitive+ to+ its+ environment+ such+ that+ water+molecules+diffuse+along+or+around+structures+or+barriers+limiting+their+movement.+When+ diffusion+ is+ anisotropic+ the+ movement+ of+ water+ molecules+ is+ fastest+ along+ a+ single+ direction+ (orientation1dependent),+ in+ contrast+ to+ isotropic+ diffusion+ in+ which+ the+ water+ molecules+ move+ equally+in+all+directions+(orientation1independent).+In+the+brain,+given+its+fibrous+structure,+the+ diffusion+in+white+matter+is+highly+anisotropic+whereas+the+gray+matter,+made+up+of+corpuscular+ forms+is+isotropic+(Figure+11).++ The+signal+of+a+diffusion1weighted+image+is+dependent+on+the+direction+of+the+applied+field+ gradient.+ When+ applying+ a+ magnetic+ field+ gradient+ in+ orthogonal+ directions,+ the+ signal+ for+ anisotropic+tissue+will+be+highly+variable+whereas+in+isotropic+tissue+it+will+be+invariant.+This+can+ be+ seen+ in+ Figure+ 12+ where+ the+ largest+ changes+ in+ the+ signal+ between+ the+ three+ images+ correspond+ to+ areas+ that+ have+ a+ highly+ ordered+ structure.+ For+ example,+ notice+ (in+ the+ images+ from+ left+ to+ right)+ the+ dark+ spots+ of+ the+ commissural+ tracts+ that+ run+ in+ the+ left1right+ direction,+ association+ tracts+ that+ run+ in+ the+ anterior1posterior+ direction+ and+ projection+ tracts+ that+ run+ in+ the+superior1inferior+direction.+By+acquiring+multiple+images,+each+with+a+different+direction+of+ the+ field+ gradient,+ and+ comparing+ them+ with+ a+ baseline+ image+ (with+ no+ applied+ gradient),+ it+ is+ possible+ to+ measure+ the+ degree+ of+ anisotropy+ (called+ fractional+ anisotropy+ or+ FA)+ and+ obtain+ information+ regarding+ the+ directional+ orientation(s)+ of+ the+ underlying+ structure.+ For+ instance,+ see+the+FA+and+color1coded+FA+maps+in+Figure+10.+ It+needs+to+be+noted+that+the+diffusion+processes+do+not+depend+solely+on+the+orientation+of+ the+axonal+membranes+but+on+a+number+of+factors+ -+myelination,+axon+density,+axon+diameter,+ extra1axonal+cells+and+intra1axonal+cells,+although+it+has+been+shown+that+the+main+contributor+to+ diffusion+ anisotropy+ in+ tissue+ is+ cellular+ membranes+ [START_REF] Beaulieu | !The!basis!of!anisotropic!water!diffusion!in!the!nervous!system!L!a!technical! review[END_REF].+ There+ is+ now+ concentrated+ effort+ towards+ compartmentalizing+ these+ diffusion+ processes+ (Assaf+ &+ Basser,+ 2005;+Zhang+et+al.,+2012;+Girard+et+al.,+2015).+It+should+also+be+noted+that+diffusion+imaging+which+ has+a+relatively+low+spatial+resolution+represents+a+voxel1averaged+measure+of+diffusion,+which+is+ likely+to+contain+several+populations+of+axons+(axon+diameter+is+on+the+scale+of+μm).+ The+diffusion+tensor+model+assumes+that+the+underlying+fibre+structure+can+be+represented+ as+ a+ unimodal+ Gaussian+ distribution+ of+ orientations+ and+ provides+ an+ estimate+ of+ the+ principle+ direction+of+the+diffusion+(Basser+et+al.,+1994).+In+order+to+characterize+Gaussian+diffusion,+a+3+x+3+ symmetric+ matrix+ called+ the+ diffusion+ tensor+ is+ used+ to+ describe+ the+ displacements+ in+ three1 dimensional+space,+ + In+ contrast+ to+ these+ approaches,+ we+ utilized+ a+ stem1based+ approach,+ which+ aims+ to+ reproduce+the+method+introduced+by+the+early+neuroanatomists,+to+define+fibre+tracts+based+on+ their+stem+(Figure+18).+This+is+done+through+an+interactive+virtual+dissection+of+the+tractogram,+ manually+delineating+an+ROI+around+the+bundle+of+fibres.+Such+an+approach+minimizes+a+priori+ on+ the+ terminal+ projections+ of+ a+ pathway+ enabling+ an+ exploratory+ approach+ in+ which+ the+ complete+ fibre+ tract+ can+ be+ identified+ (including+ its+ minor,+ less1studied+ components+ or+ branches).+A+few+studies+have+used+the+stem+to+segment+tracts+but+these+were+based+on+selecting+ voxels+on+FA+maps+rather+than+an+interactive+tractography+dissection+(Makris+et+al.,+2005,+2009).+ Tract+ segmentation+ is+ often+ combined+ with+ quantitative+ maps+ (see+ section+ below+ on+ microstructural+ properties)+ using+ the+ segmented+ tracts+ as+ regions+ of+ interest+ to+ provide+ tract1 specific+ measurements,+ a+ practice+ referred+ to+ as+ 'tractometry'+ (Jbabdi+ &+ Johansen1Berg,+ 2011).+ Another+potential+application+is+to+study+the+connectional+anatomy+of+tracts.+ + et+ al.,+ 2008;[START_REF] Martino | ! CortexLsparing! fiber! dissection:! an! improved! method! for! the! study! of! white!matter!anatomy!in!the!human!brain[END_REF][START_REF] Catani | !QLball!of!inferior! frontoLoccipital!fasciculus!and!beyond[END_REF]+Forkel+et+al.,+2014),+temporo1basal+(Crosby+et+al.,+1962;+Catani+and+Thiebaut+de+Schotten,+ 2008;[START_REF] Lawes | !AtlasLbased!segmentation!of!white!matter!tracts!of!the!human!brain!using!diffusion! tensor!tractography!and!comparison!with!classical!dissection[END_REF][START_REF] Martino | ! CortexLsparing! fiber! dissection:! an! improved! method! for! the! study! of! white!matter!anatomy!in!the!human!brain[END_REF][START_REF] Catani | !QLball!of!inferior! frontoLoccipital!fasciculus!and!beyond[END_REF]+and+parietal+ (Curran,+1909;+ Martino+et+al.,+2009;+Sarubbo+et+al.,+2013;[START_REF] Catani | !QLball!of!inferior! frontoLoccipital!fasciculus!and!beyond[END_REF]+Forkel+et+al.,+2014) 

Gross dissection
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Mapping the connectional anatomy of fibre pathways

+ Threshold !"#$! = !Mean!NTDS !"_!"# + (2!×!Standard!deviation !"_!"# )." "
An+ individual+ adjusted+ score+ was+ therefore+ calculated+ for+ the+ regions+ with+ a+ NTDS+ superior+ to+ the+ThresholdFP_REG++by+the+following:+ Adjusted!NTDS !"# ! = NTDS !"# !-!Threshold !"_!"# .+ + The+ adjusted+ normalized+ density+ score+ for+ each+ region+ underwent+ the+ Wilcoxon+ Signed1Rank+ test,+since+the+distributions+for+almost+all+regions+were+non1normal,+with+the+null+hypothesis+set+ at+≤ 0.+ Only+ those+ surviving+ a+ Bonferroni+ correction+ (p+ <+ 0.018)+ were+ considered+ termination+ territories+of+the+tract.+For+each+tract,+the+percentage+of+subjects+with+tract+terminations+in+each+ of+these+territories+was+calculated.+ To+ assess+ laterality+ effects,+ asymmetry+ indexes+ were+ calculated+ on+ the+ normalized+ density+ scores+ for+ each+ termination+ region+ using+ the+ following+ formula:+

(!"#$%!!"#$) (!"#$%!!"#$)
.+ Two1tailed+ ANOVAs+using+the+Bonferroni+correction+were+performed+to+test+for+significant+asymmetries.++ !

Results

Description of the IFOF and UF stems

+ In+ the+ following,+ the+ results+ of+ the+ IFOF+ and+ UF+ stems+ drawn+ by+ one+ operator+ (GP)+ are+ presented+ (see+ inter1operator+ reliability+ below).+ The+ mean+ stem+ volumes+ (in+ mm 3 )+ of+ the+ left+ and+ right+ IFOFs+ were+ 82.5+ ±+ 35.5+ and+ 100.3+ ±+ 47.0,+ respectively+ (Table+ 3).+ The+ mean+ stem+ volumes+of+the+left+and+right+UFs+were+74.0+±+33.0+and+93.9+±+33.1,+respectively.+The+ANOVA+with+ Tract+(IFOF,+UF),+Hemisphere+(Left,+Right)+and+their+interaction+(Tract+x+Hemisphere)+as+within1 subject+ factors+ and+ Sex+ as+ a+ between1subjects+ factor+ only+ revealed+ an+ Hemisphere+ effect+ with+ both+IFOF+and+UF+stems+significantly+larger+in+the+right+hemisphere+(F+=+40.9,+p+<+0.0001).+ Figure+24+shows+the+individual+and+mean+center+of+mass+locations+of+the+IFOF+and+UF+stems+ as+ points+ projected+ on+ a+ single1subject+ MNI+ T1+ brain.+ The+ locations+ of+ the+ stems+ were+ highly+ consistent+across+subjects+for+both+tracts+and+their+relative+positions+within+the+ventral+part+of+ the+ external+ capsule+ are+ clearly+ distinct+ (Figure+24,+ coronal+ section).+ On+ average,+ the+ delineated+ IFOF+stem+was+located+between+the+posterior+part+of+the+putamen+and+the+claustrum+(Figure+24,+ axial+ section)+ while+ the+ delineated+ UF+ stem+ tended+ to+ be+ situated+ more+ ventrally+ within+ the+ external+capsule.+The+mean+center+of+mass+coordinates+of+the+IFOF+and+UF+stems+are+presented+ in+ Table+ 1.+ The+ mean+ Euclidean+ distances+ between+ the+ left+ IFOF+ and+ UF+ stem+ centers+ of+ mass+ were+ 9.4+ ±+ 2.7+ mm+ and+ for+ the+ right+ IFOF+ and+ UF+ stems+ was+ 10.5+ ±+ 2.1+ mm,+ both+ being+ significantly+different+from+0+(Student's+t1test,+p+<+0.0001).+The+mean+center+of+mass+coordinates+ of+the+left+and+right+UF+stems+were+situated+significantly+more+ventral+than+the+respective+IFOF+ stems+in+each+hemisphere+(mean+±+standard+deviation,+left:+8.2+±+2.3+mm+and+right:+9.7+±+1.9+mm,+ p+ <+ 0.0001).+ They+ were+ also+ slightly+ but+ significantly+ more+ posterior+ (left:+ 2.0+ ±+ 2.9+ mm+ and+ right:+ 1.7+ ±+ 2.4+ mm,+ p+ <+ 0.0001)+ and+ more+ lateral+ (left:+ 2.7+ ±+ 1.9+ mm;+ right:+ 1.9+ ±+ 1.6+ mm,+ p+ <+ 0.0001).+ +

Inter-operator reliability to delineate the IFOF and UF stems + The+delineation+of+the+stems+was+consistent+between+operators+both+in+terms+of+volumes+ and+mean+centers+of+mass+(Table+3).+The+mean+differences+of+volume+between+operators+were+ between+6+and+9+mm 3 +for+left+and+right+IFOF+stems+and+between+7+and+8+mm 3 +for+left+and+right+ UF+ stems,+ which+ corresponds+ approximately+ to+ a+ difference+ of+ one+ voxel+ (8+ mm 3 )+ and+ was+ not+ significant+ between+ operators+ (all+ Student's+ t1tests,+ p+ >+ 0.05).+ The+ mean+ Euclidean+ distances+ between+the+stems+drawn+by+the+two+operators+was+1.7+±+0.8+mm+and+1.9+±+0.8+mm+for+the+left+ and+ right+ IFOF+ stems+ and+ was+ 1.4+ ±+ 1.1+ mm+ and+ 1.4+ ±+ 0.9+ for+ the+ left+ and+ right+ UF+ stems,+ distances+below+the+21mm+voxel+resolution+at+which+our+stems+were+drawn.+ ! Table+ 3.+ Summary+ of+ mean+ volume+ (in+ mm 3 )+ and+ mean+ centre+ of+ mass+ in+ MNI+ space,+ for+ the+ IFOF+ and+ UF+ stems+ drawn+by+the+two+operators+(JH,+GP)+across+the+60+subjects.+ 

! ! Volume! X! Y! Z! IFOF! Left!(GP)! Left!(JH)! ! 82.5!±!35.5! 88.7!±!20.4! ! 530.6!±!1.5! 531.0!±!1.5! ! +0.5!±!2.9! 51.0!±!2.8! ! 58.0!±!1.5! 59.0!±!1.5! ! Right!(GP)! Right!(JH)! 100.3!±!47.0! 91.2!±!20.1! +31.7!±!1.5! +31.1!±!1.5! +0.6!±!2.5! 50.1!±!2.5! 57.4!±!1.7! 58.6!±!1.6! ! ! ! ! ! ! UF! Left!(GP)! Left!(JH)! ! 74.0!±!33.0! 66.7!±!21.8! ! 533.3!±!1.7! 533.8!±!1.9! ! 52.4!±!2.7! 52.7!±!2.6! ! 516.2!±!2.4! 516.8!±!2.6! ! Right!(GP)! Right!(JH)! 93.9!±!33.1! 86.1!±!29.0! +33.6!±!1.5! +33.1!±!1.8! 51.2!±!2.2! 51.7!±!2.3! 517.2!±!2.1! 517.6!±!2.1! + + +

Frequency of tract terminations in cortical regions among 60 subjects

For+the+IFOF,+Table+4A+shows+the+percentage+of+subjects+with+tract+terminations+in+each+ of+the+14+cortical+regions+that+showed+an+adjusted+normalized+density+score+above+0.+Anteriorly,+ the+ IFOF+ always+ projected+ to+ the+ inferior+ frontal+ gyrus+ (present+ in+ all+ subjects,+ bilaterally),+ almost+ always+ projected+ to+ the+ lateral+ fronto1orbital+ gyrus+ (87+ and+ 90%+ for+ the+ left+ and+ right+ hemispheres,+respectively+henceforth)+and+less+frequently+projected+to+the+medial+fronto1orbital+ gyrus+(63+and+32%)+and+middle+frontal+gyrus+(60+and+55%).+Projections+to+the+superior+frontal+ gyrus+ were+ observed+ in+ the+ minority+ of+ subjects+ (35+ and+ 20%).+ Posterior+ IFOF+ termination+ frequencies+ were+ lower,+ never+ reaching+ 100%,+ which+ is+ related+ to+ long+ streamlines+ passing+ through+ the+ stem+ but+ stopping+ before+ reaching+ the+ termination+ territory+ (see+ methodological+ limitations+ in+ discussion+ section).+ The+ most+ frequent+ posterior+ termination+ regions+ were+ the+ middle+occipital+gyrus+(65+and+95%)+and+lingual+gyrus+(80+and+78%).+The+IFOF+also+terminated+ in+the+inferior+occipital+gyrus+(30+and+77%),+in+the+temporal+lobe+in+the+superior+(73+and+45%)+ and+middle+(33+and+52%)+temporal+gyri,+and+in+the+parietal+lobe+in+the+superior+parietal+gyrus+ (35+and+57%).+Projection+to+the+cuneus+(38+and+15%),+fusiform+gyrus+(12+and+32%)+and+angular+ gyrus+(10+and+33%)+were+observed+in+the+minority+of+subjects.+ For+the+UF,+Table+4B+shows+the+percentage+of+subjects+with+tract+terminations+in+each+of+ the+ 11+ cortical+ regions+ that+ showed+ an+ adjusted+ normalized+ density+ score+ above+ 0.+ Anteriorly,+ the+UF+always+terminated+in+the+medial+fronto1orbital+gyrus+(present+in+all+subjects,+bilaterally),+ almost+always+projected+to+the+lateral+fronto1orbital+(88+and+98%)+and+rectus+(83+and+93%)+gyri.+ Projections+ to+ the+ middle+ (12+ and+ 60%)+ and+ inferior+ (37+ and+ 35%)+ frontal+ gyri+ were+ also+ observed+ but+ with+ less+ frequency.+ Posteriorly,+ the+ UF+ always+ terminated+ in+ the+ temporal+ pole+ (present+ in+ all+ subjects,+ bilaterally)+ and+ superior+ temporal+ gyrus+ (present+ in+ all+ subjects,+ bilaterally)+ and+ almost+ always+ in+ the+ middle+ temporal+ gyrus+ (98+ and+ 97%).+ The+ UF+ also+ frequently+projected+to+the+inferior+temporal+gyrus+(88+and+92%)+and+entorhinal+gyrus+(77+and+ 78%).+Projections+to+the+fusiform+gyrus+were+observed+in+the+minority+of+subjects+(37+and+43%).++

Distribution of tract terminations

A+ description+ of+ the+ distribution+ of+ the+ tract+ terminations+ can+ be+ given+ based+ on+ the+ quantity+ of+ streamlines+ from+ the+ reconstructed+ streamlines+ terminating+ within+ each+ cortical+ region.+Figure+25+shows+the+normalized+termination+densities+of+each+region+as+box+plots+for+the+ IFOF+and+UF+tracts.+ Anteriorly,+the+IFOF+terminates+predominantly+in+the+inferior+frontal+gyrus+(NTDS:+0.19+ and+ 0.26+ for+ the+ left+ and+ right,+ respectively+ henceforth)+ with+ minor+ branches+ projecting+ to+ the+ lateral+ (0.08+ and+ 0.10)+ and+ medial+ fronto1orbital+ (0.09+ and+ 0.06)+ and+ superior+ (0.05+ and+ 0.04)+ and+ middle+ frontal+ gyri+ (0.07+ and+ 0.06).+ Note+ that+ these+ NTDS+ do+ not+ account+ for+ 100%+ of+ the+ tract+streamlines+as+a+result+of+the+streamlines+stopping+prematurely+anteriorly+and+posteriorly.+ Given+ the+ larger+ proportion+ of+ posteriorly+ broken+ streamlines,+ posterior+ densities+ are+ likely+ to+ be+ underestimated.+ Posteriorly+ the+ largest+ proportions+ of+ IFOF+ projections+ are+ in+ the+ middle+ occipital+ (0.06+ and+ 0.08)+ and+ lingual+ (0.08+ and+ 0.07)+ gyri,+ followed+ by+ the+ superior+ temporal+ gyrus+(0.07+and+0.06)+with+widely+distributed+minor+branches+in+the+occipital+lobe+in+the+inferior+ occipital+gyrus+(0.04+and+0.06)+and+cuneus+(0.05+and+0.03),+in+the+temporal+lobe+in+the+middle+ temporal+ (0.05+ and+ 0.04)+ and+ fusiform+ (0.05+ and+ 0.03)+ gyri,+ and+ in+ the+ parietal+ lobe+ in+ the+ superior+parietal+(0.05+and+0.07)+and+angular+(0.06+and+0.03,)+gyri.++ ! For+ the+ UF,+ the+ anterior+ projections+ are+ most+ predominant+ in+ the+ medial+ fronto1orbital+ gyrus+ (0.10+ and+ 0.31)+ and+ distributed+ across+ the+ lateral+ fronto1orbital+ (0.05+ and+ 0.11),+ rectus+ (0.05+ and+ 0.08)+ and+ inferior+ frontal+ (0.08+ and+ 0.04)+ gyri+ with+ the+ fewest+ projections+ in+ the+ middle+frontal+gyrus+(0.02+and+0.04).+Posteriorly,+the+UF+projects+in+a+graded+manner+with+the+ largest+ portion+ in+ the+ temporal+ pole+ (0.25+ and+ 0.47),+ followed+ by+ the+ superior+ temporal+ (0.16+ and+ 0.36)+ and+ middle+ temporal+ (0.09+ and+ 0.14)+ gyri+ and+ with+ minor+ branches+ in+ the+ inferior+ temporal+(0.04+bilaterally),+fusiform+(0.03+and+0.05)+and+entorhinal+(0.03+and+0.05)+gyri.++ 

+ + + + Figure+25.+The+normalized+termination+density+scores+of+each+anterior+and+posterior+cortical+region+for+the+IFOF+and+ UF+are+shown+as+box+plots+with+their+means+(diamonds).+Abbreviations+(see+Figure+20).+ + ! A.# IFOF# Frontal# Occipital# Temporal# Parietal# !! SFG! MFG! IFG! LFOG! MFOG! !! MOG! IOG! Cu! LG! STG! MTG! !! Fu! SPG! AG! SMG! Left## 35%! 60%! 100%! 87%! 63%! ! 65%! 30%! 38%! 80%! 73%! 33%! ! 12%! 35%! 10%! 7%! Right## 20%! 55%! 100%! 90%! 32%! !! 95%! 77%! 15%! 78%! 45%! 52%! !! 32%! 57%! 33%! 28%! B.#UF# Frontal# Temporal# Limbic# ! MFG! IFG! LFOG! MFOG! RG! T.!pole! STG! MTG! ITG! Fu! Ent! Left## 12%! 37%! 88%! 100%! 83%! 100%! 100%! 98%! 88%! 37%! 77%! Right## 60%! 35%! 98%! 100%! 93%! 100%! 100%! 97%! 92%! 43%! 78%! ! 51 ! !

Discussion

!

The!present!anatomical!stemHbased!virtual!dissection!allowed!us!to!efficiently!isolate!and! extract! both! IFOF! and! UF,! two! distinct! bundles! that! pass! through! the! external! and! extreme! capsules.!To!dissociate!these!two!adjacent!bundles,!the!IFOF!stem!was!delineated!on!the!coronal! section! as! it! continues! straight! posteriorly! to! the! occipital! cortex! using! the! temporal! pole! to! exclude! UF! streamlines,! and! the! UF! stem! was! delineated! on! the! axial! section! as! it! descends! to! reach! the! anterior! temporal! lobe! using! a! coronal! slice! to! exclude! IFOF! streamlines.! Previous! dissection!studies!have!noted!that!the!distinction!between!these!two!tracts!is!difficult!to!make! due!to!the!intermingling!of!their!fibers! (Ebeling!and!von!Cramon,!1992;[START_REF] Kier | MR) imaging) of) the) temporal) stem:) Anatomic) dissection) tractography) of) the) uncinate) fasciculus,) inferior)occipitofrontal)fasciculus,)and)Meyer's)loop)of)the)optic)radiation[END_REF].!In!fact,! in!some!cases!clinically!important!features!of!the!IFOF!such!as!the!spread!of!tumor!growth!may! be!misattributed!to!the!UF! [START_REF] Kier | MR) imaging) of) the) temporal) stem:) Anatomic) dissection) tractography) of) the) uncinate) fasciculus,) inferior)occipitofrontal)fasciculus,)and)Meyer's)loop)of)the)optic)radiation[END_REF].!However!they!are!clearly!distinct!at!the!level!of!the! stem!and!can!be!separated!by!a!notable!cleavage!line! (Curran,!1909;[START_REF] Kier | MR) imaging) of) the) temporal) stem:) Anatomic) dissection) tractography) of) the) uncinate) fasciculus,) inferior)occipitofrontal)fasciculus,)and)Meyer's)loop)of)the)optic)radiation[END_REF]!Martino!et! al.,! 2009;! Sarubbo! et! al.,! 2013).! This! was! confirmed! by! the! clearly! distinct! IFOF! and! UF! stem! locations! in! this! study,! with! the! UF! stem! situated! significantly! ventral,! posterior! and! lateral! to! the!IFOF!stem!(Figure!24).!Such!a!difference!in!their!locations!is!consistent!with!two!studies!on!the! relative! topographies! of! tracts! in! this! area,! known! as! the! temporal! stem! (Ebeling! and! von! Cramon,!1992;[START_REF] Kier | MR) imaging) of) the) temporal) stem:) Anatomic) dissection) tractography) of) the) uncinate) fasciculus,) inferior)occipitofrontal)fasciculus,)and)Meyer's)loop)of)the)optic)radiation[END_REF].!! ! 

!

The!UF!projections!were!mainly!right!lateralized.!Hemispheric!asymmetry!in!the!UF!has! been! observed! for! both! volume! and! diffusion! metrics! but! there! are! inconsistencies! in! the! directionality!of!this!asymmetry.!Previous!diffusion!studies!reported!a!rightward!lateralized!UF! [START_REF] Highley | Asymmetry)of)the)uncinate)fasciculus:)a)postAmortem)study)of)normal)subjects)and)patients)with) schizophrenia[END_REF]!Park!et!al.,!2004;[START_REF] Thomas | ! Diffusion! MRI! properties! of! the! human! uncinate!fasciculus!correlate!with!the!ability!to!learn!visual!associations.!Cortex,!72[END_REF]!however!asymmetry!in!the!opposite! direction! has! also! been! shown! [START_REF] Kubicki | Uncinate)fasciculus)findingsin)schizophrenia:)a)magnetic)resonance)diffusion)tensor)imaging)study[END_REF][START_REF] Hasan | Development) and) aging) of) the) healthy) human) brain) uncinate) fasciculus) across) the) lifespan) using) diffusion)tensor)tractography[END_REF]! and! some! did! not! find! any!asymmetry!in!the!UF!(Thiebaut! [START_REF] Thiebaut$de$schotten | Atlasing)location,)asymmetry)and)interAsubject)variability)of)white)matter)tracts)in) the)human)brain)with)MR)diffusion)tractography[END_REF].!Such!inconsistencies!underline!the! need!for!further!investigation,!possibly!with!more!advanced!tractography!methods!(see!below).! ! !

Conclusion

!

In! this! study,! we! applied! a! sophisticated! anatomical! ROIHbased! tractography! method! to! virtually!dissect!two!association!tracts,!IFOF!and!UF,!in!a!large!group!of!subjects.!By!delineating! anatomically! both! IFOF! and! UF! stems,! we! minimized! the! constraints! on! the! tract! terminations! and! observed! far! more! extensive! projections! than! their! conventional! definitions.! These! previously! unconsidered! projections! of! the! IFOF! and! UF! need! to! be! integrated! into! their! structural! definitions! and! considered! in! future! studies! when! interpreting! the! multiHfunctional! roles! of! these! tracts.! In! addition,! the! quantitative! information! available! through! diffusion! imaging! provides! not! only! tractHspecific! but! branchHspecific! measures! of! the! tracts! providing! better!specificity!that!can!be!correlated!with!behavioral!measures!or!patient!populations.!Such! studies!paired!with!complementary!techniques!such!as!direct!electrical!brain!stimulation!studies! [START_REF] Duffau | ! Stimulation! mapping! of! white! matter! tracts! to! study! brain! functional! connectivity[END_REF]

,! will! be! an! important! step! in! understanding! their! functional! roles! that! will! be! relevant!in!the!clinical!setting.! The! work! in! this! chapter! is! currently! under! review! in! the! journal! Frontiers! in! Neuroanatomy.! ! ! 57
6 Methodological considerations ! In!this!chapter!we!take!a!deeper!look!at!some!of!the!methodological!aspects!of!the!work! presented!in!the!previous!chapter.!In!particular,!we!discuss:!1)!some!of!the!inherent!problems! related!to!segmenting!virtual!fibres!(i.e.,!streamlines)!using!a!single!stem!and!explore!the!idea!of! whether!stem!delineation!could!be!automatized!and!2)!some!of!the!drawbacks!of!using!DTI!to! study! tract! anatomy! and! the! advantages! gained! through! the! use! of! advanced! tractography! techniques!by!comparing!tractography!pipelines!(basic!vs.!advanced)!and!studying!their!impact! on!the!tractography!results.!This!chapter!is!presented!in!the!form!of!informal!experiments.! ! 

A further analysis on stems

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 2 !We!divided!
! IFOF! Left!!!!!!!!!!!!!!!!!!!!!!!!Right! UF! Left!!!!!!!!!!!!!!!!!!!!!!!!Right! DTI$ ! ! ! ! #!of!streamlines! 224!±!70! 285!±!68! 55!±!25! 129!±!49! tract!volume!(mm 3 )! 13055!±!3056! 15093!±!2595! 2828!±!1063! 4550!±!1488! mean!length!(mm)! 113!±!12! 109!±!14! 61!±!12! 63!±!9! CSD$ ! ! ! ! #!of!streamlines! 3645!±!1322! 3877!±!1225! 1037!±!493! 2278!±!841! tract!volume!(mm 3 )! 42997!±!10772! 42800!±!7519! 6967!±!3480! 9155!±!3270! mean!length!(mm)! 140!±!9! 133!±!11! 55!±!13! 55!±!10! ! Frequency of tract terminations ! !
The! frequencies! of! tract! terminations! for! the! IFOF! and! UF! for! both! pipelines! are! presented!in!Table!7.!The!contributions!of!the!broken!streamlines!to!the!frequency!results!have! a!much!larger!impact!on!the!DTI!tracts!than!CSD!with!many!regions!showing!higher!frequencies! (>10)! than! if! we! had! only! considered! the! whole! streamlines! (Table! 7,! in! red).! This! is! true! for! both!tracts,!but!especially!noticeable!for!the!IFOF!(in!particular!the!superior!and!middle!frontal! and!orbitofrontal!regions).!For!the!UF!the!right!side!is!more!affected!by!broken!streamlines!than! the!right.!! !

We!also!assessed!the!differences!in!frequencies!between!the!DTI!and!CSD!tracts!(Table!7,! in! red).! There! were! many! regions! with! much! lower! frequency! in! DTI! compared! with! CSD! for! both! tracts! (Table ! 7 In! this! second! study,! we! focussed! on! characterizing! the! connectional! anatomy! of! the! uncinate!fasciculus!(UF)!and!its!subcomponents!using!the!stem:based!approach!on!constrained! spherical! deconvolution! (CSD)! and! anatomically! constrained! particle:filtering! (CMC:PFT)! tractography!in!a!group!of!30!subjects.!Surprisingly,!we!obtained!striking!results!with!the!stem: based! approach,! observing! consistently! a! UF! that! consists! of! not! only! its! classic! hook:shaped! fibres!but!also!straight!horizontally!oriented!fibres.!These!have!brought!to!the!surface!a!century! old! debate! regarding! the! posterior! limit! of! the! UF! and! its! boundary! with! the! IFOF! (briefly! discussed! in! Chapter! 3).! We! discuss! these! results! with! respect! to! the! current! and! classic! literature.! We! also! applied! an! automatic! clustering! method! to! subdivide! the! UF! bundle.! We! revealed! five! subcomponents! with! distinctive! connectivity! profiles.! These! were! validated! with! post:mortem! fibre! dissection.! We! also! assessed! their! asymmetries! and! observed! opposing! lateralized! patterns! among! the! subcomponents.! A! leftward! lateralized! dorsal! subcomponent! corresponding! to! the! recently! described! "extreme! capsule! fiber! tract"! and! a! rightward! lateralized! ventro:medial! subcomponent! corresponding! to! a! subset! of! the! classic! hook:shaped! fibres! were! observed.! These! findings! reconcile! the! recent! controversy! surrounding! the! asymmetry!of!the!UF!and!provide!a!resolution!to!the!debate!about!the!anatomical!identity!of!the! tract! formerly! known! as! the! extreme! capsule! fiber! tract.! We! discuss! the! importance! of! considering!the!UF!as!a!multicomponent!pathway.! ! ! ! !

Methods

!

Image acquisition and tractography !

The! present! study! uses! diffusion:weighted! images! of! 30! healthy! right:handed! subjects! left:lateralized!for!language!(15!female,!mean!age!=!26.3!years,!age!range!=!22:34!years,!years!of! education!≥!15)!that!were!previously!acquired!for!the!BIL&GIN!database!(details!in !Mazoyer!et! al.,!2015).!All!subjects!gave!written!consent!to!participate!in!the!study,!which!was!approved!by! the!local!ethics!committee!(CCPRB!Basse:Normandie).!

The! diffusion:weighted! images! were! processed! using! the! MRtrix! software! package! (http://www.brain.org.au/software/).! First! the! diffusion! tensor! and! fractional! anisotropy! (FA)! maps! were! created.! A! single! fibre! response! function! was! estimated! from! FA! values! above! 0.7.! The! response! function! was! used! as! input! for! constrained! spherical! deconvolution! (CSD)! [START_REF] Tournier | Robust) determination) of) the) fibre) orientation) distribution) in) diffusion) MRI:) NonAnegativity) constrained)superAresolved)spherical)deconvolution[END_REF][START_REF] Descoteaux | Deterministic) and) Probabilistic) Tractography) Based) on) Complex) Fiber) Orientation) Distributions[END_REF]! to! compute! the! fibre! orientation! distribution! functions!(fODF),!with!a!spherical!harmonic!order!of!6.!The!processed!datasets!(fODF,!FA,!RGB! maps)! were! upsampled! to! 1mm 3 ! spatial ! resolution! using! trilinear! interpolation! [START_REF] Girard | Towards)quantitative)connectivity)analysis:)reducing)tractography)biases[END_REF]!Tournier!et!al.,!2012).!Fibre!tracking!was!performed!on!the!upsampled!fODF!maps!using! 

! Streamline!score = #!!"!!"#$%&'()$! #!!"!!"#$!!"#!!"#$%!!"#$!!!"#$%&'()$! x!Mean!streamline!length.! ! !
Post-mortem dissection of UF ! Four! left! hemispheres! were! treated! with! 10%! formalin,! according! to! a! modified! preparation! of! Klingler's! technique,! as! previously! described! (Sarubbo! et! al.,! 2015).! Blunt! microdissection! (x! 5)! was! performed! with! wooden! spatulas,! according! to! Klingler's! cortex! sparing! techniques,! as! previously! described! (Sarubbo! et! al.,! 2013;! Sarubbo! et! al.,! 2015).! In! the! first! step! we! removed! the! cortices! of! the! frontal! lobe! and! of! the! anterior! two:thirds! of! the! temporal! lobe.! In! the! second! step! the! short! U:fibers! of! the! frontal! and! temporal! regions! were! removed.!Then!we!proceeded!to!remove!the!gray!matter!of!the!long!and!short!gyri!of!the!insula.! Finally,! after! localization! of! the! frontal! and! temporal! opercula! we! removed! the! WM! of! the! extreme!capsule!and!claustrum,!demonstrating!the!stem!of!UF!within!the!most!ventral!third!of! the!external!capsule!(EC),!at!the!level!of!limen!insulae.!

In!all!the!specimens!the!dissection!and!data!collection!started!at!the!limen"insulae!where! we! followed! the! arching! fibers! of! UF! (layer! by! layer)! up! to! the! terminal! sites,! collecting! the! reciprocal!connectivity!between!frontal!and!temporal!cortices.!Distinction!between!UF!and!IFOF! stems! were! performed! considering! the! hook:shaped! and! posterior! course! of! the! fibers! composing!these.! !

Results

!

The stem-based uncinate fasciculus (UF) ! The! UF! streamlines! were! observed! in! all! 30! subjects! bilaterally,! represented! as! a! dense,! compact! and! coherent! bundle! connecting! the! frontal! and! temporal! lobes.! The! dissociation! between! the! UF! and! IFOF! based! on! their! posterior! courses! in! the! temporal! lobe! was! clearly! observed!in!57!out!of!60!hemispheres.!In!the!3!exceptional!cases!the!posterior!terminations!of! the! two! tracts! within! the! temporal! lobe! appeared! to! be! continuous! and! the! coronal! filter! was! placed!based!on!a!best!guess.!In!all!cases!the!coronal!slice!filter!was!effective!in!isolating!the!UF! streamlines!from!the!adjacent!IFOF!streamlines!which!were!present!at!the!supero:medial!edge! ! Subcomponents of the UF ! Five! subcomponents! were! consistently! identified! across! four! runs! of! the! automatic! clustering!method.!The!relative!difference!in!the!Gaussin!mixture!model!parameters!from!run!to! run!did!not!impact!the!clustering!results.!Indeed,!the!mean!Jaccard!index!for!the!initial!run!with! respect!to!the!three!additional!runs!was!1!for!all!subcomponents!indicating!that!the!clustering! produced!identical!segmentation!results!across!the!four!runs.!The!pairs!of!terminations!obtained! for!each!cluster!on!the!full!dataset!are!represented!as!ellipses!in!Figure ! 

# z# x# y# z# UF#stem# >30!±!2! 2!±!3! >10!±!1! 29!±!2! 5!±!3! >10!±!1! B.# ! ! ! ! ! ! Dorso8lateral#UF# >31!±!1! 2!±!3! >9!±!1! 30!±!1! 5!±!3! >9!±!2! Ventro8lateral#UF# >29!±!2! 2!±!3! >11!±!1! 29!±!1! 5!±!3! >10!±!1! Ventro8medial#UF# >30!±!2! 2!±!3! >12!±!1! 29!±!1! 5!±!3! >11!±!1! Postero8medial#UF# >29!±!2! 1!±!3! >13!±!1! 29!±!2! 5!±!3! >12!±!1! Antero8medial#UF# >28!±!2! 2!±!3! >12!±!1! 28!±!3! 5!±!3! >10!±!1! ! !

Discussion

#

In! this! study,! we! combined! an! in% vivo! stemLbased! segmentation! approach! applied! to! advanced! T1Lweighted! anatomically! constrained! tractography! data! with! a! layerLbyLlayer! blunt! microdissection! of! postLmortem! brains! to! reLevaluate! the! structural! organization! and! terminations! of! the! UF.! We! first! observed! an! UF! pattern! that! consists! of! not! only! the! classic! hookLshaped! UF! fibers,! but! progressing! posteriorly,! fibers! that! fan! out! and! appear! more! horizontallyLoriented.! The! use! of! spherical! deconvolution! enabled! us! to! better! resolve! crossing/kissing!configurations!that!would!be!problematic!for!example!with!the!posterior!part! of! the! UF! intersecting! the! incoming! inferior! longitudinal! fasciculus.! Furthermore,! the! anatomically! constrained! particle! filtering! tractography! algorithm! allowed! improved! tracking! results!by!reducing!premature!stopping!through!areas!of!low!anisotropy! [START_REF] Girard | Towards)quantitative)connectivity)analysis:)reducing)tractography)biases[END_REF].! A! clustering! method! based! on! the! location! and! orientation! of! UF! streamline! endpoints! revealed! that! the! UF! can! be! considered! as! a! multiLcomponent! bundle! with! five! types! of! UF! streamlines!that!were!consistently!observed!with!postLmortem!dissection.!Interestingly,!the!UF! subcomponents!showed!different!(opposing)!lateralized!patterns.! !

Converging on a more expansive definition of the UF ! We!observed!a!more!extensive!UF!fanning!pattern!closely!similar!to!the!one!Dejerine!and! others! described! (Dejerine! &! DejerineLKlumpe,! 1895;! Gordinier,! 1899;! Testut,! 1900),! namely,! with! fibres! that! exhibit! the! classic! hook! shape! connecting! the! frontal! and! anterior! temporal! lobes! and,! progressing! posteriorly! along! the! tract! as! they! fan! out,! fibres! that! follow! a! straight! horizontal!trajectory!and!even!curve!somewhat!in!the!inverse!direction!of!the!hook.!Dejerine's! description!of!the!UF!trajectory!stated:! Because% the% orbital% aspect% of% the% frontal% lobe% is% very% close% to% the% temporal% pole,% the% most%medially%situated%fibres%in%this%fascicle%are%as%curved%as%the%U%fibres%that%cover%the% bottom% of% the% sulci.% This% pronounced% curvature% gives% rise% to% the% name% fasciculus% uncinatus,% but% only% the% most% medial% fibres% exhibit% this% accentuated% curved% shape.% As% one% moves% away% from% the% anterior% perforated% substance% the% more% laterally% situated% fibres%of%the%fascicle%become%straighter%with%a%less%accentuated%curvature%so%that%these% fibres% not% only% become% straight,% but% they% appear% to% have% an% inverse% curvature% in% the% other% direction! ( There!was!also!a!topographical!organization!of!the!subcomponents!that!was!observed!at! the! stem! (Figure! 47).! The! dorsal! UF! subcomponent! was! systematically! located! superiorly! and! laterally! with! respect! to! the! other! subcomponents! within! the! stem! and! the! lateral! and! medial! ventral! UF! subcomponents! were! organized! in! a! superoLinferior! manner! along! the! central! portion!of!the!stem.!The!short!anterior!ventroLmedial!subcomponent!passed!through!the!stem!at! its! most! medial! part.! This! clustered! organization! as! opposed! to! dispersed! intermingling! at! the! stem!lends!further!support!for!the!subcomponents!as!distinct!subLgroups!of!the!UF!bundle.!The! observed!topographical!organization!of!the!subcomponents!is!consistent!with!the!appearance!of! the! subcomponents! revealed! in! the! layerLbyLlayer! dissection! that! progresses! laterally! to! medially.! !

UF blunt dissection #

The!microdissection!of!the!white!matter!of!the!ventral!third!of!the!EC!confirmed!a!wide! distribution!of!the!UF!fibers!connecting!the!whole!frontal!lobe!with!the!anterior!temporal!lobe.! Starting! from! the! original! definition! of! Dejerine! we! performed! a! layerLbyLlayer! dissection! demonstrating! five! layers! of! fibers! belonging! to! UF! stem.! These! layers! were! progressively! segregated! according! to! their! depth,! course! orientation! and! territories! of! terminations.! Considering! the! different! anatomical! background! and! principles! on! which! diffusion! imaging! ! clusterization!(i.e.!five!subcomponents)!and!blunt!dissection!layers!are!based,!some!differences! emerged! in! the! fibres! distribution.! Nonetheless,! dissections! systematically! confirmed! all! the! territories! of! terminations! identified! by! spherical! deconvolution! tractography.! Moreover,! we! demonstrated! a! wider! distribution! of! UF! terminations! in! the! SFG,! MFG,! IFG! and! frontoLorbital! and!basal!cortices!and!STG,!MTG!and!temporal!pole!with!respect!to!the!recent!DTI!and!dissection! descriptions.!Superficial!layers!(i.e.!first!and!second)!provide!a!wide!and!fanLshaped!connection! between!lateral!frontal!and!temporal!convexity!and!these!fibres!occupy!the!dorsal!portion!of!the! stem! adjacent! to! the! IFOF! fibres.! The! deeper! layers! (i.e.! third! to! fifth)! provide! a! shorter! connection! between! frontoLpolar! and! basal! cortices! and! temporal! pole.! It! is! worth! noting! that! these! fibres! occupy! the! most! ventral! portion! of! the! stem,! anteriorly! and! medially! in! respect! to! the! IFOF! fibres.! These! terminations! have! a! progressively! increasing! anterior! and! medial! direction!corresponding!to!the!progressively!deeper!location!of!the!respective!fibres!within!the! stem! (Figure! 45).! As! a! consequence! of! this! wide! and! differently! oriented! distribution! of! terminations! we! demonstrated! a! progressive! (i.e.! from! first! to! fifth! layer)! lateroLmedial! and! anterior!torsion!of!the!fibres!of!UF!stem.!! ! Multifunctional roles for a multicomponent bundle # Indeed!due!to!the!UF!being!a!multicomponent!bundle,!its!functional!role!has!been!difficult! to!disentangle.!For!instance,!there!have!been!conflicting!results!regarding!whether!or!not!lesions! to! the! UF! disrupt! language! function! [START_REF] Duffau | !Is!the!left!uncinate!fasciculus! essential! for! language? :! A! cerebral! stimulation! study[END_REF][START_REF] Papagno | !Naming!and!the!role!of!the!uncinate!fasciculus!in!language!function[END_REF].! Over! a! century! ago! Wernicke! described! the! UF! as! one! of! "two% important% association% bundles% which% must% be% considered% in% the% anatomy% of% the% speech% regions"! (Wernicke,! 1908,! p.! 314L315).! More! recently,! the!dorsal!UF!subcomponent!has!been!postulated!as!a!ventral!language!pathway!responsible!for! semantic!processing! [START_REF] Duffau | !New!insights!into!the!anatomoLfunctional!connectivity!of!the!semantic!system:! a!study!using!corticoLsubcortical!electrostimulations[END_REF][START_REF] Saur | Ventral)and)dorsal)pathways)for)language[END_REF].!It!has!also!been!linked!to!associative! learning! [START_REF] Von | !Dissecting!the!uncinate! fasciculus:!disorders,!controversies!and!a!hypothesis[END_REF][START_REF] Thomas | ! Diffusion! MRI! properties! of! the! human! uncinate!fasciculus!correlate!with!the!ability!to!learn!visual!associations.!Cortex,!72[END_REF].!The!ventral!subcomponents!may!have! an!important!role!in!mnemonic!associations!and!value!judgments! [START_REF] Von | !Dissecting!the!uncinate! fasciculus:!disorders,!controversies!and!a!hypothesis[END_REF].!A! recent! study! investigating! the! circuitry! of! the! temporal! lobe! suggested! that! the! medial! and! lateral! branches! of! the! ventral! UF! may! have! distinct! functions! [START_REF] Binney | !Convergent!connectivity!and!graded! specialization! in! the! rostral! human! temporal! lobe! as! revealed! by! diffusionLweighted! imaging!probabilistic!tractography[END_REF].! They! hypothesized!that!a!ventroLlateral!prefrontal!branch!might!be!related!to!social!cognition!and!an! orbital!and!medial!frontal!branch!related!to!emotional!valence.!! Contrary! to! previous! diffusion! tractography! studies,! to! segment! the! tract! we! used! an! interactive! stemLbased! approach! with! minimal! a! priori! on! the! tract's! terminations.! We! have! shown!that!this!approach!is!a!fruitful!way!to!investigate!the!precise!anatomy!of!fibre!pathways! and! is! faithful! to! their! definition! as! fibre! bundles,! which! is! a! general! property! of! white! matter! tracts!(though!there!are!exceptions!including!those!with!diffuse!sheetLlike!structures!such!as!the! thalamoLcortical!tract).! These!novel!results!on!the!UF!anatomy!obtained!from!constrained!spherical!deconvolution! tractography! are! supported! by! postLmortem! fibre! dissection.! Diffusion! tractography! is! an! important! complementary! tool! for! investigating! the! anatomy! of! the! fibre! pathways,! capable! of! systematically! identifying! and! quantifying! tract! connections,! assessing! asymmetries! and! interL individual! variability! in% vivo.! As! we! have! seen! in! this! study! the! UF! is! a! highly! heterogeneous! bundle.! It! is! thus! imperative! to! consider! the! UF! with! respect! to! its! anatomically! distinct! subcomponents.! Several! other! white! matter! pathways! have! recently! been! identified! as! multicomponent! bundles! including! the! IFOF! [START_REF] Martino | This$ finding$ has$[END_REF]! Sarubbo! et! al.,! 2013;! Hau! et! al.,! under! review),! the! SLF/AF! (Catani! et! al.,! 2005;! Makris! et! al.,! 2005 We! made! significant! improvements! to! the! tractography! pipeline! by! applying! advanced! methods!through!a!collaboration!with!Maxime!Descoteaux!(Université!de!Sherbrooke,!Canada).! It! drastically! improved! both! the! quality! of! our! data! and! our! ability! to! perform! connectivity! analysis!on!fibre!pathways!(Chapter!6).! ! Building!on!our!first!study,!we!performed!an!inLdepth!investigation!focussing!on!the!UF! with!the!constrained!spherical!deconvolution!(CSD)Lbased!tractography!pipeline.!We!resolved!a! centuries! old! debate! regarding! the! dissociation! between! the! IFOF! and! UF.! We! also! revealed! a! novel!anatomy!of!the!UF!as!a!multicomponent!bundle,!by!dividing!it!into!subcomponents!using!a! clustering! method.! The! division! of! the! UF! subcomponents! also! resolved! recent! controversy! surrounding!its!asymmetry!that!has!remained!inconclusive.!We!provided!results!that!reconcile! the!contradictory!findings!observed!in!the!previous!studies!on!UF!asymmetry.!We!also!showed! that!the!tract!known!previously!as!the!extreme!capsule!fascicle,!whose!anatomical!identity!was! unclear,!is!in!fact!the!dorsal!UF!subcomponent.!These!results!were!supported!with!postLmortem! dissection!through!a!collaboration!with!Silvio!Sarubbo!(Santa!Chiara!Hospital,!Italy).!

We! have! thus! provided! some! elucidation! to! the! association! fibre! pathways! of! the! E2C2! ( The! interactive! stemLbased! approach! that! we! used! to! segment! the! IFOF! and! UF! enabled! the! full! characterization! of! their! connectional! anatomies.! As! mentioned! already! in! this! thesis,! current!approaches!for!segmenting!fibre!tracts!impose!anatomical!constraints!based!on!a%priori% knowledge! to! obtain! reproducible! results! at! the! cost! of! accuracy! (their! full! representation! as! defined! by! a! stem).! In! both! studies,! our! minimal! a% priori! approach! revealed! more! extensive! terminations!in!the!cortex!than!studies!revealed!with!these!a%priori!segmentation!methods.!Since! our!knowledge!of!the!anatomy!of!fibre!pathways!is!incomplete,!these!approaches!will!not!be!able! to! provide! insights! regarding! their! anatomy.! Our! interactive! stemLbased! approach! applied! to! diffusion! imaging! tractography! enables! a! new! way! to! study! them.! Its! application! to! the! anatomical!study!of!other!fibre!pathways!may!bring!new!insights!into!their!anatomoLfunctional! organization.!! A! critical! part! of! assessing! fibre! pathways! is! tract! segmentation.! This! can! greatly! impact! the! results! of! a! study! because! tractLbased! measurements! depend! on! the! segmentation,! as! we! have! seen! with! the! controversy! over! the! UF! asymmetry.! Our! division! of! the! UF! into! subcomponents! provides! a! framework! to! study! its! more! fineLgrained! anatomy! with! respect! to! function! and! behaviour.! Subcomponents! (based! on! fibre! dissection)! of! the! IFOF! have! also! recently! been! proposed! [START_REF] Martino | This$ finding$ has$[END_REF]! Sarubbo! et! al.,! 2013).! Thus! tracts! should! be! studied!in!the!context!of!being!heterogeneous!rather!than!homogeneous!structures.!It!would!be! fruitful! to! extend! our! present! findings! of! the! IFOF,! a! known! multicomponent! bundle,! by! fully! characterizing!its!subcomponents!using!the!clustering!method!we!applied!to!the!UF.! Scientists! have! recently! started! to! explore! the! link! between! white! matter! pathways! and! different!clinical!disorders!which!may!bring!insight!into!the!causes!of!these!disorders.!As!a!result! of!its!anatomical!connections!connecting!the!frontal!and!temporal!lobes,!the!UF!has!been!linked! to!a!number!of!clinical!disorders!including!schizophrenia! (Park!et!al.,!2004;[START_REF] Price | ! White! matter! tracts! in! firstLepisode! psychosis:! A! DTI! tractography! study! of! the! uncinate!fasciculus[END_REF],! depression! [START_REF] Steffens | !Structural!integrity! of!the!uncinate!fasciculus!and!resting!state!functional!connectivity!of!the!ventral!prefrontal! cortex!in!late!life!depression[END_REF]! Zhang! et! al.,! 2012)! and! psychopathy! [START_REF] Sobhani | from!gross!dissection!and!histology,!and!more!recently!tract!tracing!in!nonLhuman! primates.! Axonal! tracing! and! dissection! allow! us! to! observe! firstLhand! the! white! matter! structure!and!are!important!techniques!for!anatomical!validation!however!their!ability!to!map! the!fiber!pathways!suffers!from!some!important!limitations![END_REF].! Exactly! how! the! UF! relates! to! these! different! disorders! will! require! detailed! anatomical! knowledge!of!this!pathway.!For!example,!testing!different!symptoms!or!features!of!the!disorders! with!respect!to!specific!subcomponents!rather!than!the!averaged!bundle!will!increase!specificity! in!the!findings.!Finding!anatomical!correlates!of!these!disorders!with!respect!to!features!of!the! white!matter!may!provide!some!insights!into!their!causes,!which!today!remain!unknown. 
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A!note!on!template!usage:! ! The! template! that! we! used! in! this! thesis! is! based! on! a! single! subject.! We! recognize! the! limitations! of! a! template! derived! from! the! anatomy! of! a! single! subject,! which! may! introduce! some! additional! variability! in! the! template! regions.! However,! we! chose! this! atlas! because! it! included! parcellations! of! the! white! matter! (including! both! deep! and! superficial! white! matter! regions!corresponding!to!the!gyri,!see! Mori!et!al.,!2005)!that!were!used!in!the!virtual!dissection! of!the!tractogram!in!the!first!study.!To!remain!consistent!in!this!thesis!work,!we!continued!using! the!template!for!the!second!study.!Future!studies!(for!determining!the!tract!terminations)!will! employ!the!more!widely!used!DesikanLKilliany!template,!which!is!based!on!an!averaged!dataset! of!40!subjects.! ! 

Perspectives for the BIL&GIN and UF

!

We! conclude! that! diffusion! imaging! paired! with! tractography! is! a! complementary! technique! for! the! anatomical! study! of! human! white! matter! pathways.! It! brings! the! unique! capacity!to!perform!virtual!dissections!of!the!white!matter!and!obtain!quantitative!measures!on! a! living! population.! Nevertheless! it! remains! an! indirect! measure! of! the! white! matter! structure! and! therefore! validation! with! primary! techniques! is! essential.! By! combining! diffusion! imaging! with!the!primary!techniques!of!blunt!dissection!and!axonal!tracing!to!validate!and!converge!on! the!anatomy!of!the!fiber!pathways,!we!will!be!able!to!understand!more!precisely!the!functions! and!behaviours!that!they!support.!! !

  Figure! I.! Le! C2E2! subtil! et! complexe.! A)! Les! capsules! externe! (EC)! et! extrême! (EmC)! sont! indiquées! sur! la! coupe! axiale!d'une! image! T1! anatomique! dans! un! seul! sujet,! indiqué! par!les! flèches.!B)!Représentation!schématique! des! faisceaux! d'association! qui! traversent! le! C2E2! (cercle! blanc! en! tirés),! comprenant! le! faisceau! récemment! nommé!! «!faisceau! de! la! capsule! extrême!»! (Petrides! &! Pandya,! 1988;! Schmahmann! &! Pandya,! 2006).! Le! faisceau! unciné! (jaune)!relie!la!partie!frontale!à!l'antérieure!du!lobe!temporal!et!a!une!forme!caractéristique!en!crochet.!Le!faisceau! occipitoZfrontal!inférieur!(bleu)! se!trouve! en!position!médiale!et!dorsale! par! rapport! au!FU! et!relie!le!lobe!frontal! aux! lobes! occipital,! pariétal! et! temporal.!Le!faisceau! de! la!capsule! extrême! (noir)! se! trouve! en! position! dorsale! et! latérale!par!rapport!au!FU!et!relie!la!partie!médiale!et!frontale!des!lobes!temporaux.! !

  Figure$ IV.$ Représentation$ schématique$ du$ FU$ de$ Dejerine$ aux$ médiane$ (A)$ et$ latérale$ (B)$ étapes$ de$ dissection$ (figures$376C377,$Dejerine$&$DejerineCKlumpe,$1895).$La$dissection$du$FOFI$gauche$(C)$et$droite$(D)$de$Curran$où$le$ sousCcomposant$dorsale$horizontale$du$FU$peut$être$clairement$vu$(planche$I,$Curran,$1909).

+

  Figure+ 7.+ Schematic+ diagram+ of+ the+ association+ pathways+ of+ the+ external+ and+ extreme+ capsules.+ The+ uncinate+ fasciculus+(yellow)+connects+the+frontal+and+anterior+portion+of+the+temporal+lobes+and+has+a+characteristic+hooked+ shape.+The+inferior+fronto1occipital+fasciculus+(blue)+is+located+medial+and+dorsal+to+the+UF+and+connects+the+frontal+ and+ posterior+ occipital,+ parietal+ and+ temporal+ lobes.+ The+ extreme+ capsule+ fibre+ tract+ (black)+ is+ located+ dorsal+ and+ lateral+to+the+UF+and+connects+the+frontal+and+middle+portion+of+the+temporal+lobes.++

  Figure+ 11.+ Diffusion+ is+ anisotropic+ (left)+ and+ isotropic+ (right)+ in+ white+ and+ grey+ matter,+ respectively.+ Diffusion+ processes+ can+ be+ modelled+ by+ a+ tensor+ and+ is+ ellipsoidal+ (left)+ when+ anisotropic+ and+ spherical+ (right)+ when+ isotropic.+Microscopic+stains+of+cross1sectional+white+and+grey+matter+tissue+are+shown.+ +

  Figure+14.+Spherical+deconvolution+is+used+to+recover+the+fibre+orientation+distribution+function+(fODF).+Based+on+a+ given+response+function,+the+diffusion+signal+(dODF)+can+be+devolved+or+sharpened.+This+enables+the+representation+ of+more+complex+fibre+configurations+beyond+the+basic+tensor+model+(from+Descoteaux,+book+chapter,+in+press).+ +

  components+ of+ the+ tracts.+ Thus+ limited+ insight+ regarding+ the+ anatomy+ of+ fibre+ tracts+ can+ be+ gained+ from+ these+ studies+(Gierhan,+ 2013,+ Hau+ et+ al.,+ under+ review).+ Computational+ methods+ based+ on+ clustering+ algorithms+ have+ also+ been+ proposed,+ however+ their+ aim+ has+ also+ been+ to+ extract+tracts+that+correspond+to+their+expected+anatomy+(O'Donnell+et+al.,+2006;+Guevara+et+al.,+ 2012).+ Another+ method+ that+ has+ recently+ been+ proposed+ is+ based+ on+ the+ registration+ of+ streamlines,+ called+ Streamline1based+ Linear+ Registration,+ (SLR)+ using+ a+ model+ tract+ bundle+ to+ extract+similar+streamlines+in+other+subjects+within+the+same+reference+space+[START_REF] Garyfallidis | ! Robust! and! efficient! linear!registration!of!whiteLmatter!fascicles!in!the!space!of!streamlines[END_REF].+This+has+been+tested+for+the+UF+on+the+BIL&GIN+database+processed+with+the+CSD1based+ pipeline+in+thirty+subjects+and+the+preliminary+results+are+promising+(see+Chapter+8).+

  Figure+21.+General+scheme+of+the+different+steps+involved+in+the+study+from+data+acquisition+to+the+extraction+of+the+ tracts+ using+ the+ stem1based+ approach+ to+ tract+ connectivity+ analysis.+ a.+ The+ temporal+ lobe+ from+ the+ EVE+ atlas+ was+ split+to+create+its+grey+and+superficial+white+matter+pole+(shown)+and+corresponding+superior,+middle+and+inferior+ divisions.+The+three+large+divisions,+cortical+grey+matter+(green),+superficial+white+matter+(yellow)+and+deep+white+ matter+ (red),+ were+ created+ by+ combining+ regions+ of+ the+ EVE+ atlas,+ and+ used+ to+ select+ the+ different+ sub1types+ of+ streamlines.+

Figure+24

  Figure+24.+The+individual+(first+row)+and+mean+(second+row)+locations+of+the+IFOF+and+UF+stem+centers+of+mass+are+ shown+in+MNI+space+projected+on+a+single1subject+T1+image+from+the+on+their+mean+coronal+section+(left)+and+axial+ sections+ (middle+ and+ right).+ The+ IFOF+ stem+ centers+ of+ mass+ are+ located+ dorsally,+ anteriorly+ and+ medially+ with+ respect+to+the+UF+stems.+ + + +

Figure

  Figure!26.!Mean!tract!termination!density!asymmetry!indexes!of!the!IFOF!and!UF!showing!significant!lateralization!for! the!number!of!streamlines.! !

Figure! 27

 27 Figure! 27.! Examples! of! the! IFOF! and! UF! tracts! in! a! single! subject! segmented! using! different! ROIHbased! methods:! automatic! template! ROI! sets! (left;! Zhang! et! al.,! 2010),! obligatory! passages! method! (middle;! Catani! &! Thiebaut! de! Schotten,! 2008)! and! the! stemHbased! method! (right,! only! whole! anteriorHtoHposterior! cortical! streamlines! are! shown).!The!ROIs!are!shown!in!the!second!and!fourth!rows!(exclusion!ROIs!are!not!shown).!
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  The!notion!of!stems,!the!compact!portion!of!fibre!bundles,!was!demonstrated!in!one!of!the! earliest! DTI! studies![START_REF] Makris | !Morphometry!of!in!vivo!human!white!matter!association!pathways!with!diffusionL weighted!magnetic!resonance!imaging[END_REF].! They! showed! that! the! locations! of! tracts! could! be! identified!by!their!stems!viewed!on!a!brain!section.!This!was!done!to!map!the!fibre!tracts!during! the! era! of! gross! histology! and! can! be! seen! throughout! Jules! and! Augusta! Dejerine's! atlas! (Dejerine! &! DejerineHKlumpe,! 1895).! Fig.! 2! in! Makris! et! al.'s! study! represents! one! of! the! first! attempts! to! map! the! fibre! tracts! based! on! brain! sections! acquired! from! diffusion! imaging,! labelling! the! tracts! as! Dejerine! had! done! (Figure! 29A).! They! created! Tensor! Orientation! Maps! (TOM)!that!displayed!the!principal!orientation!in!each!voxel,!indicated!by!the!colour!(red!=!leftH right,! green! =! anteriorHposterior,! blue! =! superiorHinferior).! Today! modern! atlases! use! a! combination!of!fractional!anisotropy!maps!coloured!with!the!principal!orientation!to!show!both! the!degree!of!anisotropy!and!the!orientation!(Figure!29B).!! We!performed!additional!analyses!on!the!stems!of!the!IFOF!and!UF!from!the!first!study!(n! =! 30).! Our! aim! was! to! test! the! stem! hypothesis,! in! particular:! 1)! What! would! happen! with! successive!dilations!of!the!stem!and!2)!If!we!looked!more!closely!at!the!stem!would!we!find!pure! single!fibre!populations!or!multiple!fibre!populations!and!would!it!be!possible!to!segment!a!tract! based!solely!on!its!stem.!! We! dilated! the! IFOF! and! UF! stems! within! the! plane! in! which! they! were! drawn! (in! all! directions)!iteratively!and!calculated!the!density!of!streamlines!at!the!stem!at!each!iteration!as! follows:!#!of!streamlines!/!#!of!(stem)!voxels.!If!the!stem!was!the!densest!part!of!the!bundle!we! would!expect!the!density!to!decrease!as!the!stem!dilates.!Indeed,!for!both!tracts!the!streamline! ! ! Figure!29.!Fibre!tracts!labelled!on!coronal!sections!from!(A)!Dejerine's!atlas!(left)!and!on!an!early!processed!in#vivo! diffusion!image!(right),!and!(B)!a!modern!diffusion!imaging!atlas.!(A!from!Fig.!2!in![START_REF] Makris | !Morphometry!of!in!vivo!human!white!matter!association!pathways!with!diffusionL weighted!magnetic!resonance!imaging[END_REF]!B!from!Mori! et!al.,!2005).! of! the! DTI! model! were! clearly! apparent! in! our! first! attempts! at! mapping! the! structural! connections! of! the! fibre! pathways.! There! were! many! streamlines! that! stopped! prematurely!within!the!deep!white!matter 2 !(see!Figure!19).!These!were!implausible!streamlines! that! do! not! exist! on! a! real! specimen.! Qualitatively! these! streamlines! resembled! the! valid! (i.e.,! anatomically!plausible)!streamlines!following!a!similar!course!from!the!stem!however!because!
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 1 Figure! 30.! Density! of! streamlines! with! successive! dilations! of! the! stem! for! the! IFOF! (left)! and! UF! (right)! on! DTI! processed!data!(n!=!30).!

  ,! negative! numbers! in! red).! In! particular,! the! superior! frontal! and! fusiform! gyri!were!less!frequent!in!DTI!compared!with!CSD!for!the!IFOF,!and!the!frequency!across!all!of! the!temporal!regions!with!the!exception!of!the!temporal!pole!was!much!lower!in!DTI!vs.!CSD!for! the!UF.!This!is!likely!due!to!the!more!dominant!inferior!longitudinal!fasciculus,!which!crosses!the! UF!posteriorly!limiting!the!DTI!results.! ! Distribution of tract terminations ! The! distributions! of! terminations! for! the! IFOF! and! UF! are! presented! in! Figure! 37! and! Figure!38,!respectively.!The!distribution!is!relatively!unchanged!for!the!UF!between!DTI!and!CSD! pipelines! when! taking! into! account! the! broken! streamlines! of! DTI! (Figure! 38).! For! the! IFOF,! there!were!several!changes!including!the!distribution!in!the!anterior!regions!being!more!evenly! spread!out!across!frontal!areas!for!CSD,!whereas!DTI!showed!predominant!terminations!in!IFG! and!LFOG!relative!to!the!other!frontal!areas!(Figure!37).!The!posterior!distribution!was!similar! between! CSD! and! DTI,! but! note! that! the! normalized! number! of! streamlines! is! generally! much! lower! for! DTI! due! it! having! more! streamlines! broken! posteriorly.! Posteriorly,! there! is! likely! some! undersampling! for! DTI! for! the! IFOF! (note! the! asymmetry! pattern! of! the! cuneus! and! inferior! occipital! gyrus! which! are! contradictory! to! both! the! CSD! distributions! and! the! findings! from!our!first!study,!Figure!37).!!! !6.2.4 Conclusion!We! have! performed! a! brief! comparison! of! the! anatomical! results! of! the! IFOF! and! UF! obtained! with! DTI! and! CSDHbased! tractography! pipelines! processed! from! the! same! original! diffusion!images.!The!new!CSD!pipeline!improves!our!ability!to!perform!connectivity!analysis!on! the! tracts.! It! produced! denser! and! more! extensive! tracts! reaching! more! areas! of! the! cortex,! which!is!reflected!in!the!frequencies!of!terminations!for!both!tracts.!There!was!less!of!an!impact! of! pipelines! on! the! termination! distribution! of! the! UF! but! there! were! clear! differences! for! the! IFOF! between! pipelines! especially! in! the! posterior! regions,! which! can! be! explained! by! undersampling.! These! results! show! the! limitations! of! DTI! and! highlight! the! advantages! of! our! new!tractography!pipeline.
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  Figure!39.!Steps!to!create!the!adapted!template.!! !

  42,!encoding!the!distinct! locations!of!the!paired!termination!groupings.!In!order!to!get!a!better!interpretation!of!all!such! clusters! in! terms! of! trajectory! we! also! computed! the! average! and! covariance! of! streamlines! in! each!cluster!and!represented!both!statistics!as!a!three:dimensional!tube,!see!Figure!42.!Each!of! the!five!subcomponents!had!a!distinctive!structural!pattern!of!their!trajectory!and!connections! (Figure! 43).! Figure! 43! also! shows! an! example! of! each! subcomponent! in! the! left! and! right! hemispheres! for! the! group,! subsampled! to! show! 5%! of! the! streamlines! from! all! subjects.! The! frequency! of! presence! across! the! group! for! each! subcomponent! was! generally! high! (ranging! from! 19:30! out! of! 30! subjects! bilaterally).! The! frequencies! and! mean! number! of! streamlines,! volume! and! mean! length! of! each! subcomponent! are! summarized! in! Table! 9.! Significant! asymmetries!were!observed!in!the!individual!subcomponents,!although!not!always!in!the!same! direction! (Table! 10).! Below,! we! describe! the! region:to:region! connections,! frequencies! and! asymmetries! of! each! subcomponent.! They! have! been! named! on! the! basis! of! their! anatomical! definition!and!location!within!the!UF!stem.!! Table!8.!A.!Mean!±!standard!deviation!of!the!center!of!mass!of!the!drawn!UF!stems!in!MNI!space.!B.!Mean!±!standard! deviation!of!the!location!of!each!subcomponent!within!the!UF!stem.!

Figure! 42

 42 Figure!42.!Visualization!of!the!clusters!in!three:dimensional!space!obtained!from!the!entire!dataset!(n=30).!On!the!left,! each!pair!of!ellipses!(with!matching!colours)!corresponds!to!a!cluster,!representing!the!locations!of!their!termination! groupings.!On!the!right,!the!clusters!are!represented!as!tube!renderings!showing!the!course!and!terminations!of!each! cluster!group.!!!!

Figure!

  Figure!43.!The!five!UF!subcomponents,!subsampled!at!20%!of!the!total!of!streamlines!for!each!cluster!on!the!group! data!for!visual!display.!

  Figure!48.!Dejerine's!schematic!representation!of!the!UF!at!medial!(A)!and!lateral!(B)!stages!of! dissection! (Figs.! 366L367! in! Dejerine! &! DejerineLKlumpke,! 1895).! Curran's! dissection! of! the! left!(C)!and!right!(D)!IFOF!where!the!dorsal!horizontal!subcomponent!of!the!UF!can!clearly!be! seen!(Plate!I,!Curran,!1909).!

  ;!Wang! et! al.,! 2015b)! suggesting! that! our! knowledge! has! much! to! gain! regarding! the! detailed! anatomy! of! the! fibre! pathways.! Studies! on! subcomponents! have! been! performed! with! diffusion! tractography! and! fibre! dissection.! To! our! knowledge,! no! axonal! tracing! study! has! demonstrated! a! division! of! a! fibre! pathway! into! defined! subcomponents.! Shifting! our! understanding! of! the! UF! to! a! multicomponent! bundle! will! improve! the! specificity! of! studies! relating! it! to! function! and! disorders!and!will!be!helpful!for!surgical!interventions.!!The! work! in! this! chapter! was! recently! submitted! to! the! journal! Brain,! Structure! and! Function.! first! study! (Chapter! 5),! we! put! in! place! a! way! to! quantitatively! investigate! the! terminations! of! the! IFOF! and! UF! and! provided! their! detailed! description.! We! also! revealed! asymmetries!within!the!specific!branches!of!the!tracts,!which!brought!new!insight!regarding!the! medial! and! lateral! subcomponents! of! the! IFOF.! This! first! study! was! based! on! a! basic! diffusion! tensor!imaging!(DTI)Lbased!pipeline!that!made!us!aware!of!its!technical!limitations.!

Figure

  

  Figure!49.!Schematic!diagram!showing!the!connectional!anatomy!of!the!human!association!pathways!of!the!extreme! and!external!capsules.! !

!

  Figure!50.!Preliminary!results!of!the!automatic!SLRLbased!extraction!of!the!UF!bundle!with!a!manually!delineated! stemLbased!model!bundle!for!the!left!and!right!hemispheres!are!shown!for!two!subjects.!
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Table $

 $ 

	1.$List$of$topographical$white$matter$structures$and$their$corresponding$tracts.$

Name!of!structure$ Tracts!that!pass!through$

  

	Internal$capsule$	Thalamocortical,$corticospinal,$corticobulbar,$corticopontine$
	External$capsule$	IFOF,$UF,$projection$(claustroCcortical,$corticoCstriatal)$
	Extreme$capsule$	IFOF,$UF,$projection$(claustroCcortical,$corticoCstriatal)$
	Sagittal$stratum$	Optic$radiations,$splenium,$thalamocortical,$IFOF,$ILF,$anterior$commissure$
	Cerebral$peduncle$	Corticospinal,$corticobulbar$
	Meyer's$loop$	Optic$radiations,$anterior$commissure,$projection$
	Corona$radiata$	Thalamocortical,$corticospinal,$corticobulbar,$corticopontine$

  Figure+ 9.+ The+ process+ of+ diffusion+ involves+ the+ kinetic+ energy+ of+ particles+ causing+ their+ motion.+ Robert+ Brown+ viewed+pollen+grains+under+a+microscope+and+remarked+on+their+perpetual+and+random+motion,+which+turned+out+to+ be+caused+by+the+collision+of+water+molecules+with+the+pollen.+Inspired+from+Johansen1Berg+&+Behrens+(2013).+

	4.2 Axonal tracing remains+a+distant+goal+and+in+its+current+form+the+applications+for+studying+the+fibre+pathways+is+
	+ rather+limited+(Axer+et+al.,+2011).+PLI+also+does+not+provide+any+information+on+the+direction+of+
	Currently+the+most+precise+way+of+identifying+the+structural+connections+on+a+macroscopic+ connections.+
	level+is+with+axonal+tracing,+long+considered+the+gold+standard+but+can+produce+false+negatives+ +
	(Azadbakht+ et+ al.,+ 2015).+ In+ axonal+ tracing,+ a+ substance+ such+ as+ horseradish+ peroxidase+ (Kristensson+&+Olsson,+1971)+or+radiolabeled+amino+acids+(Cowan+et+al.,+1972)+is+injected+into+a+ 4.4 Diffusion MRI Tractography
	cortical+site+and+is+transported+along+the+axons+through+active+transport+in+a+live+specimen.+After+ +
	Diffusion+ MRI+ tractography+ combines+ the+ imaging+ technology+ of+ diffusion+ MRI+ with+ an+ a+certain+delay+(ranging+from+a+few+days+to+several+weeks),+the+origin,+termination+and+course+of+ the+tracers+can+be+seen+on+brain+slices+revealed+post1mortem.+Because+the+transport+mechanism+ image+ processing+ technique,+ tractography,+ that+ enables+ the+ in' vivo+ three1dimensional+
	is+ specific+ to+ the+ direction+ of+ transport+ (anterograde+ transport+ which+ is+ directed+ from+ the+ cell+ reconstruction+of+the+underlying+neural+fibre+structure.+It+achieves+this+by+mapping+the+diffusion+
	processes+occurring+at+a+microscopic+level+contained+in+each+~112mm+cubic+volume+of+the+image.+ body+ to+ the+ synapse+ and+ retrograde+ transport+ which+ is+ directed+ from+ the+ synapse+ to+ the+ cell+ Since+diffusion+processes+are+constrained+by+the+geometrical+structure+of+the+environment,+it+can+ + body),+ the+ direction+ of+ information+ transfer+ can+ be+ distinguished+ (afferent+ or+ efferent+ connection).+Axonal+tracing+has+been+attempted+on+the+post1mortem+human+brain.+For+example+ be+used+to+probe+biological+structures.+The+central+assumption+of+this+technique+is+that+in+tissue+ +
	lipophile+substances+can+be+injected+into+formalin1fixed+brains+and+passively+transported+along+ with+ fibrous+ structures+ such+ as+ white+ matter+ (i.e.,+ groups+ of+ axons),+ water+ molecules+ diffuse+
	the+axons.+However,+the+transport+time+is+rather+long+and+as+a+result+it+has+only+been+successfully+ more+ freely+ along+ the+ constrained+ structure+ than+ across+ it.+ From+ these+ measurements,+
	applied+for+short+distances+(Galuske+et+al.,+2000).+Traditionally,+this+technique+has+been+applied+ mathematical+ models+ and+ algorithms+ are+ used+ to+ estimate+ and+ reconstruct+ the+ white+ matter+
	to+ studying+ connections+ in+ terms+ of+ origins+ and+ terminations+ as+ opposed+ to+ their+ trajectories.+ structure.+
	+ When+applying+this+technique+to+study+the+fibre+pathways+as+in+(Schmahmann+&+Pandya,+2006)+ The+early+version+of+this+technique,+called+diffusion+tensor+imaging,+had+a+major+modelling+ Einstein+(1905)+was+able+to+derive+a+relationship+between+the+mean+squared+displacement+of+the+
	Gross+ dissection+ consists+ of+ using+ a+ variety+ of+ blunt+ tools,+ in+ particular+ watchmakers'+ the+ axonal+ trajectories+ can+ be+ followed+ from+ slice+ to+ slice+ and+ schematically+ represented+ in+ limitation+but+was+still+able+to+reliably+visualize+the+location+and+course+of+the+major+pathways.+ particles,+characterized+by+Brownian+motion,+and+Fick's+diffusion+coefficient:+
	forceps+and+wooden+spoons,+to+gradually+remove+tissue+in+the+brain+(by+scraping+it+away)+in+a+ three1dimensions.+ The+ connections+ are+ attributed+ to+ pathways+ based+ on+ their+ local+ patterns+ of+ Over+ the+ last+ twenty+ years+ significant+ advancements+ have+ been+ made+ with+ increasingly+ +
	step1wise+ manner+ to+ reveal+ the+ organization+ and+ arrangement+ of+ the+ internal+ structures.+ Through+such+a+gradual+progression+from+superficial+to+deep,+peeling+back+the+different+layers+of+ white+matter,+the+complex+relationships+between+anatomical+structures+can+be+observed.+Since+ the+use+of+fresh+brain+tissue+is+not+only+too+soft+to+dissect+but+rapidly+decayed,+it+is+necessary+to+ preserve+ or+ fix+ the+ brain.+ Early+ attempts+ at+ fixing+ included+ boiling+ the+ brain+ in+ water+ or+ oil+ (Malpighi,+ Vieussens)+ and+ later+ submerging+ it+ in+ a+ substance+ mixture.+ Some+ of+ the+ substances+ that+were+used+include+alcohol,+potash,+ammonia+and,+more+recently,+formaldehyde+(introduced+ in+1893),+which+is+still+used+today.+Fibre+tracts+are+distinguished+based+on+observable+cleavage+ lines+ or+ stems,+ through+ which+ applied+ pressure+ to+ these+ areas+ could+ separate+ them+ (Curran,+ 1909).+ The+ dissectionist+ can+ then+ follow+ the+ fibres+ from+ this+ stem+ to+ their+ respective+ terminations.+In+the+early+20th+century,+new+methods+were+devised+to+facilitate+the+separation+of+ the+fibre+tracts.+For+example,+Rosett+(1933)+proposed+a+method+of+immersing+the+fixed+brain+in+a+ hermetic+ container+ filled+ with+ liquid+ C02,+ then+ quickly+ releaving+ the+ valve+ resulting+ in+ an+ axonal+ orientation+ and+ packing+ density+ that+ can+ be+ distinguished+ (i.e.,+ identifying+ stems)+ on+ a+ Nissl1stained+brain+section+viewed+under+a+microscope+(Schmahmann+&+Pandya,+2006,+p.+44).+ While+ this+ technique+ has+ a+ high+ resolution+ and+ can+ provide+ very+ detailed+ and+ precise+ information+on+the+origins,+terminations+and+courses+of+neural+pathways+as+well+as+directional+ information+on+the+connections,+it+suffers+from+several+limitations.+Its+major+limitation+is+that+its+ application+ is+ limited+ to+ animals+ therefore+ its+ utility+ in+ understanding+ human+ fibre+ pathways+ relies+on+inference+that+may+or+may+not+be+valid.+It+requires+prior+anatomical+knowledge+since+ the+cortical+sites+of+injection+must+be+carefully+chosen+and+the+number+of+injections+is+limited+to+ a+small+number+and+as+a+result+there+is+a+potential+for+undersampling.+Although+it+enables+a+very+ fine+and+detailed+discrimination+between+the+fibre+pathways,+it+is+more+difficult+to+appreciate+the+ relationships+ between+ the+ fibre+ pathways+ since+ it+ requires+ following+ the+ fibres+ on+ serial+ slices+ (losing+perspective+of+their+overall+trajectories).++ + sophisticated+models+and+algorithms+and+new+image+acquisition+schemes.+In+this+work,+from+the+ original+ diffusion1weighted+ images+ that+ were+ acquired+ for+ the+ BIL&GIN+ cohort+ (Mazoyer+ et+ al.,+ 2016),+we+improved+on+our+tractography+data+by+applying+advanced+methods.+In+the+section+on+ tractography,+ we+ focus+ specifically+ on+ the+ improvements+ that+ were+ made+ in+ our+ processing+ pipeline.+ Although+ this+ is+ an+ indirect+ measure+ and+ thus+ is+ susceptible+ to+ some+ inaccuracies+ in+ the+ reconstruction,+ it+ is+ currently+ the+ only+ non1invasive+ technique+ for+ studying+ the+ white+ matter+ structure,+enabling+its+in+vivo+study+in+humans.+This+technique+has+opened+up+new+possibilities+ for+investigating+the+structural+organization+of+the+different+fibre+pathways.++ + 4.4.1 Diffusion MRI ! ⟨!! Diffusion applied to medical imaging
	«+internal+explosion+»+of+the+tissue+to+reveal+the+natural+lines+of+cleavage.+Along+the+same+lines,+ Klingler+ (1935)+ proposed+ an+ alternative+ method+ that+ consists+ of+ freezing+ the+ brain+ to+ mechanically+separate+the+fibres+caused+by+the+expansion+of+water+passing+from+liquid+to+solid.+ We+begin+with+a+brief+introduction+on+the+principles+of+diffusion+MRI+before+moving+onto+ + 4.3 Polarized light imaging + tractography+methods.+++ Building+ on+ the+ important+ developments+ of+ nuclear+ magnetic+ resonance+ imaging+ that+ ! relies+on+the+spin+echo+to+capture+the+dephasing+of+proton+spins+(Hahn,+1950),+Carr+and+Purcell+
	The+Klingler+technique+remains+the+most+widely+used+method+today.++ Although+gross+dissection+requires+a+high+level+of+anatomical+expertise,+skill+and+precision,+ as+ well+ as+ a+ fair+ amount+ of+ time,+ it+ enables+ the+ direct+ observation+ of+ fibre+ pathways+ and+ their+ relationships+with+one+another+and+allows+for+generally+good+discrimination+between+the+ fibre+ pathways.+ Nevertheless,+ this+ technique+ is+ limited+ by+ the+ fact+ that+ the+ fibres+ are+ susceptible+ to+ breakage+and+the+removal+of+tissue+is+definitive+making+it+difficult+to+precisely+localize+and+follow+ all+ of+ the+ fibres+ to+ their+ terminations+ in+ the+ cortex.+ It+ is+ important+ to+ note+ that+ the+ distinction+ between+fibre+tracts+is+not+always+clear,+for+example+when+there+are+no+apparent+cleavage+lines+ separating+ adjacent+ fibre+ tracts+ or+ in+ diffuse+ areas+ where+ there+ are+ multiple+ intersecting/interweaving+tracts+making+it+impossible+to+dissociate+them+as+has+been+described+ by+ (Curran,+ 1909;+ Klingler+ &+ Gloor,+ 1960;+ Türe+ et+ al.,+ 2000).+ Another+ limitation+ is+ that+ post1 mortem+brain+specimens+may+not+be+readily+available+and+thus+the+number+of+subjects+that+can+ be+ studied+ will+ be+ limited.+ Finally,+ this+ technique+ remains+ qualitative+ therefore+ the+ extent+ to+ which+ a+ tract+ connects+ two+ regions+ cannot+ be+ reported+ (although+ this+ is+ technically+ possible+ through+ stereological+ methods,+ see+ Highley+ et+ al.,+ 2002),+ nor+ can+ the+ direction+ of+ connections+ (efferent+or+afferent)+be+determined.++ Polarized+ light+ imaging+ (PLI)+ is+ an+ optical+ imaging+ method+ that+ takes+ advantage+ of+ the+ birefringent+ properties+ of+ the+ myelin+ sheath+ covering+ the+ axons.+ It+ requires+ assessing+ light+ transmission+ through+ serial+ histological+ brain+ sections+ with+ a+ polarization+ filter+ shone+ at+ different+ angles+ to+ estimate+ the+ underlying+ neural+ structure+ (Larsen+ et+ al.,+ 2007).+ First+ the+ ex1 vivo+ brain+ is+ fixed+ and+ sliced+ into+ 601100+ μm+ thick+ sections+ using+ a+ specialized+ cryostat+ microtome+in+order+to+avoid+dissolutioning+the+myelin+sheaths.+The+sections+are+then+repeatedly+ imaged+with+different+angles+of+polarized+light+to+acquire+multiple+measurements+of+the+reflected+ light+and+estimate+the+orientation+of+the+axons+at+every+voxel+in+the+image.+The+stack+of+imaged+ sections+ can+ then+ be+ assembled+ into+ a+ 3D+ volume+ and+ the+ white+ matter+fibres+ computationally+ reconstructed+by+following+the+fibre+orientations.++ The+ main+ advantages+ of+ PLI+ are+ its+ very+ high+ spatial+ resolution+ (submillimeter)+ and+ its+ direct+ measurement+ of+ neuronal+ fibres+ (based+ on+ the+ myelin+ sheath).+ Therefore+ it+ has+ the+ potential+to+reveal+the+fibre+pathways+in+humans+at+an+unprecedented+level+of+detail+and+at+the+ concentrations,+his+diffusion+coefficient+still+applies+for+a+single+substance,+called+self1diffusion.+ achieved+ for+ very+ small+ areas+ at+ a+ time+ (millimeters).+ As+ such+ whole1brain+ PLI+ tractography+ substance.+ Although+ Fick's+ first+ law+ refers+ to+ the+ diffusion+ of+ substances+ with+ different+ these+ computational+ requirements+ the+ three1dimensional+ reconstruction+ of+ fibres+ can+ only+ be+ proportional+to+the+variation+of+concentration+with+the+constant+of+proportionality+reflecting+the+ limited+by+the+available+technology+requiring+terabytes+of+storage+for+a+single+brain,+thus+due+to+ diffusion+ coefficient+!.+ He+ thus+ observed+ that+ during+ the+ process+ of+ diffusion,+ the+ flux+ is+ mesoscopic+ scale+ bridging+ both+ micro+ and+ macroscopic+ information.+ However,+ it+ is+ currently+ (1954)+proposed+a+framework+for+sensitizing+the+echo+magnitude+to+directly+measure+molecular+ Diffusion coefficient diffusion,+ by+ applying+ a+ magnetic+ field+ gradient.+ A+ decade+ later,+ improvements+ by+ Stejskal+ and+ + Tanner+(1965)+made+it+possible+to+acquire+diffusion1weighted+images+with+MRI.++ In+ 1827,+ while+ studying+ pollen+ grains+ under+ a+ microscope,+ botanist+ Robert+ Brown+ Although+the+technological+developments+were+already+in+place+in+the+mid11960s,+it+wasn't+ described+ the+ seemingly+ random+ motion+ of+ the+ pollen+ grains+ suspended+ in+ water.+ He+ reported+ until+1985+that+diffusion+imaging+was+developed+and+applied+for+the+first+time+(Bihan+&+Breton,+ that+ they+ would+ move+ with+ no+ apparent+ cause+ (Brown,+ 1828).+ He+ was+ in+ fact+ observing+ the+ 1985).+ Le+ Bihan+ saw+ the+ potential+ of+ the+ diffusion+ coefficient,+ which+ he+ called+ ADC+ (to+ kinetic+ energy+ of+ the+ particles+ colliding+ with+ one+ another+ causing+ the+ perpetual+ and+ random+ differentiate+its+application+to+MRI),+for+medical+imaging.+He+applied+diffusion1weighted+imaging+ motion+of+the+grains+(i.e.,+the+process+of+diffusion).++ to+ patients+ with+ brain+ tumours.+ On+ the+ acquired+ images+ the+ tumours,+ which+ had+ restricted+ In+ 1855,+ Adolf+ Fick+ introduced+ the+ diffusion+ coefficient,+!.+ Fick's+ first+ law+describes+ the+ diffusion+ and+ thus+ a+ low+ ADC,+ would+ show+ up+ as+ bright+ spots+ due+ to+ less+ signal+ attenuation+ phenomenon+of+diffusion+between+substances+with+different+concentrations,+given+by:++ resulting+ in+ high+ intensity+ whereas+ areas+ of+ relatively+ unrestricted+ diffusion+ (thus+ high+ ADC)+ + would+ appear+ dark+ as+ a+ result+ of+ signal+ attenuation+ (due+ to+ the+ dispersion+ of+ molecules).+ Thus+ ! = ! -!∇C,+ diffusion+imaging+introduced+a+useful+new+contrast+for+imaging+the+brain+that+was+not+possible+ + relating+the+flux+of+particles+!,+with+different+concentrations,+by+a+constant+of+proportionality:+the+ with+previously+available+scans+(T11weighted,+T21weighted)+(Figure+10).+
	! ! !

! ⟩ ! = 6!",+ + where+!+is+ the+ elapsed+ time,+!+is+ the+ net+ displacement+ of+ the+ particles+ and+!+is+ the+ diffusion+ coefficient.+ This+ relationship+ between+ the+ mean+ displacement+ of+ the+ particles+ and+ diffusion+ coefficient+ was+ important+ because+ the+ degree+ of+ diffusion+ could+ be+ directly+ derived+ from+ the+ displacement+ of+ the+ particles.+ For+ example,+ any+ discrepancy+ of+ this+ relation+ with+ the+ actual+ displacement+is+an+indicator+that+the+particles+do+not+lie+in+free+space+but+constrained+space.+As+a+ result,+ because+ the+ degree+ of+ diffusion+ changes+ depending+ on+ its+ surroundings+ (the+ degree+ of+ hindrance+against+diffusion),+it+could+be+used+as+an+indicator+of+hindrance,+giving+rise+to+the+term+ apparent+diffusion+coefficient+(ADC)+(Le+Bihan+et+al.,+1986).+ + + ! Anisotropic diffusion + The+ ability+ of+ diffusion+ imaging+ to+ measure+ anisotropic+ structure+ was+ recognized+ and+ cleverly+ demonstrated+ by+

  ).+ ![START_REF] Girard | Towards)quantitative)connectivity)analysis:)reducing)tractography)biases[END_REF].+ An+example+of+PFT+applied+to+deterministic+and+probabilistic+tracking+for+ the+IFOF+seeding+from+the+stem+is+shown+in+Figure+17.+ In+ this+ work+ deterministic+ tracking+ is+ used,+ as+ it+ was+ not+ feasible+ to+ perform+ virtual+ dissections+ using+ the+ stem1based+ approach+ on+ the+ probabilistic+ reconstructions+ because+ the+ visibility+and+boundary+of+the+stems+were+severely+reduced.+As+a+result,+the+tracking+results+may+ be+ more+ limited+ and+ conservative+ than+ what+ we+ would+ expect+ with+ probabilistic+ tracking.++ Nevertheless+deterministic+tracking+has+been+shown+to+produce+better+connectivity+results+than+ probabilistic+tracking+(Côté+et+al.,+2013).++ The+ choice+ of+ the+ tractography+ method+ can+ drastically+ impact+ the+ results+ of+ the+ reconstructed+ tractogram+[START_REF] Bastiani | ! Human! cortical! connectome! reconstruction! from! diffusion! weighted! MRI:! the! effect! of! tractography! algorithm[END_REF].+ Moreover,+ different+ tracking+ parameters+ are+ optimal+ for+ different+ tracts+[START_REF] Chamberland | ! RealLtime! multiLpeak! tractography! for! instantaneous! connectivity! display[END_REF].+ It+ is+ thus+ important+ to+ interpret+ the+ with,+ in+ other+ words+ how+ to+ define+ a+ fascicle+ or+ white+ matter+ structure.+ One+ of+ the+ main+ advantages+ with+ dMRI+ tractography+ is+ that+ it+ can+ be+ used+ in+ an+ exploratory+ manner+ to+ perform+ 'virtual'+ dissections+ (Catani+ et+ al.,+ 2002).+ The+ filtering+ capabilities+ and+ powerful+ visualization+ (e.g.,+ colour1coding+ the+ mean+ orientation+ of+ the+ streamlines+ based+ on+ their+ endpoints+ or+ applying+ a+ solid+ colour+ for+ specific+ fibre+ groups+ to+ visualize+ the+ relationships+ between+ them+ in+ addition+ to+ the+ subject's+ anatomical+ T1+ image)+ enable+a+new+way+to+approach+the+study+of+the+anatomy+of+the+fibre+pathways.+The+problem+of+ tract+segmentation+remains+an+open+question.++ Early+uses+of+the+technique+focused+on+reproducing+our+knowledge+of+the+white+matter+ anatomy+[START_REF] Catani | !Virtual!in!Vivo!Interactive!Dissection!of! White!Matter!Fasciculi!in!the!Human!Brain[END_REF][START_REF] Mori | !Fiber!tracking:!principles!and!strategies!L!a!technical!review[END_REF][START_REF] Wakana | !Radiology!Fiber!Tract!-!based!Atlas!of[END_REF][START_REF] Jellison | !Diffusion! tensor!imaging!of!cerebral!white!matter:!a!pictorial!review!of!physics,!fiber!tract!anatomy,! and! tumor! imaging! patterns[END_REF][START_REF] Lawes | !AtlasLbased!segmentation!of!white!matter!tracts!of!the!human!brain!using!diffusion! tensor!tractography!and!comparison!with!classical!dissection[END_REF].+ Tract+ segmentation+ methods+ were+ thus+ aimed+ at+ reproducibility+ and+ reliability+rather+than+precision+(Wakana+et+al.,+2007;+Catani+&+Thiebaut+de+Schotten,+2008).+The+ regions+ of+ interest+ (ROI)1based+ approach+ is+ the+ most+ widely+ used+ method+ for+ extracting+ individual+ fibre+ tracts+[START_REF] Conturo | ! Tracking! neuronal! fiber! pathways! in! the! living! human! brain.! Proceedings% of% the% National%Academy%of%Sciences%of%the%United%States%of%America[END_REF].+ Essentially,+ ROIs+ are+ defined+ (as+ exclusion+ or+ inclusion+and+passage+or+ending+zones)+to+selectively+filter+the+streamlines+in+order+to+isolate+a+ known+ tract+ of+ interest.+ The+ ROIs+ can+ be+ manually+ defined+ or+ automatically+ defined+ using+ a+ template.+ Current+ approaches+ generally+ define+ a+ tract+ based+ on+ its+ regions+ of+ termination+ (or+ main+ passage+ areas)+ and+ therefore+ rely+ heavily+ on+ prior+ anatomical+ information+(Catani+ &+ Thiebaut+ de+ Schotten,+ 2008;[START_REF] Zhang | ! AtlasLguided! tract! reconstruction! for! automated! and! comprehensive! examination! of! the! white! matter! anatomy[END_REF].+ However+ the+ definitions+ of+ many+ tracts+ are+ restricted+ to+ the+ consensus+ on+ their+ known+ anatomy+ consisting+ of+ only+ the+ most+ dominant+ !

	Stopping criteria
	The+last+step+of+fibre+tracking+is+when+to+stop+propagating.+This+is+defined+by+the+stopping+
	criteria,+ which+ usually+ involves+ specifying+ a+ threshold,+ for+ example+ when+ the+ fractional+
	anisotropy+drops+below+a+certain+value+(indicating+that+it+is+no+longer+in+white+matter)+or+when+
	the+curvature+falls+below+a+certain+angle+threshold+reducing+improbable+fibre+trajectories.++
	In+recent+years,+approaches+to+reduce+implausible+streamlines+(e.g.,+streamlines+stopping+
	prematurely+in+the+white+matter)+have+been+proposed+that+employ+anatomical+priors+(Smith+et+
	al.,+2012;+Girard+et+al.,+2014).+These+constrain+the+tracking+to+preferentially+include+streamlines+
	that+ represent+ valid+ connections+ (cortico1cortical+ or+ cortico1subcortical)+ and+ probabilistically+
	discard+those+that+are+implausible.+Anatomically+constrained+tracking+can+significantly+improve+
	tracking+results+for+connectivity+analysis+(see+Section+6.2).++
	+
	tractography+results+keeping+in+mind+the+many+parameters+and+factors+involved+in+tractography+
	processing.+In+Chapter+6,+we+perform+a+comparison+of+our+original+and+improved+tractography+
	processing+pipelines+and+assess+their+impact+within+the+findings+of+our+first+study.+
	+
	4.4.3 Tract segmentation
	+
	From+whole1brain+tractograms,+the+fibre+structure+can+be+segmented+into+smaller+datasets,+
	fibre+tracts+for+example.+This+step,+called+tract+segmentation,+is+the+same+problem+that+the+early+
	dissectionists+ were+ confronted+

Cortical terminations of the IFOF and UF: Anatomical stem-based virtual dissection

  Figure+ 19.+ Proportion+ of+ whole,+ anteriorly+ broken,+ posteriorly+ broken+ and+ lost+ streamlines+ for+ the+ IFOF+ and+ UF+ (DTI)+obtained+with+the+Eve+atlas+and+Eve+atlas+dilated+once.+ + ! white+ matter,+ and+ have+ enormous+ potential+ for+ studying+ clinical+ disorders,+ aging+ and+ brain+ development.++ The+ classic+ measures+ are+ derived+ from+ the+ diffusion+ tensor+ model+ and+ include+ fractional+ anisotropy+ (FA),+ mean+ diffusivity+ (MD),+ axial+ diffusivity+ (AD)+ and+ radial+ diffusivity+ (RD).+ FA+ is+ this+ most+ widely+ used+ measure,+ representing+ the+ degree+ of+ anisotropy,+ which+ may+ be+ an+ Forkel+ et+ al.,+ 2012;+ Sarubbo+ et+ al.,+ 2013;+ Caverzasi+ et+ al.,+ 2014).+ But,+ IFOF+ projections+ to+ the+ superior+ and+ middle+ frontal+ (Sarubbo+ et+ al.,+ 2013;+ Caverzasi+ et+ al.,+ 2014),+ medial+ occipital+ (i.e.,+ the+ lingual+ gyrus+ and+ cuneus)+ (Lawes+

	+ Alternatively,+what+is+more+often+done+is+creating+a+probabilistic+map+of+fibre+tracts+across+ with+dMRI+tractography.+ a+group+of+subjects.+The+fibre+tracts+of+each+subject+are+registered+to+a+standard+space+and+their+ overlap+is+computed+thus+revealing+the+most+common+areas+where+the+fibre+tract+is+present+and+ the+more+variable+areas.+In+general,+there+is+considerable+overlap+within+the+main+portion+of+the+ tract+and+greater+variability+as+the+fibres+reach+their+terminations+in+the+cortex.+Although+this+is+a+ useful+indication+of+the+variability+in+the+overall+location+of+the+tract,+it+does+not+provide+precise+ information+in+terms+of+where+the+tracts+terminate.++ The+proportion+of+whole,+posteriorly+and+anteriorly+broken+and+lost+streamlines+for+the+ tracts+from+our+first+study+(see+Section+6.2)+are+presented+in+Figure+19.+First,+note+that+using+the+ dilated+EVE+cortical+template+to+register+the+streamline+terminations+dramatically+increases+the+ proportion+of+whole+streamlines+and+decreases+the+proportion+of+lost+streamlines+compared+to+ the+original+EVE+cortical+template.+Also,+note+the+biases+resulting+from+differences+in+the+distance+ that+must+be+travelled+by+the+streamline+to+reach+its+destination.+Given+that+the+IFOF+is+a+longer+ tract+compared+with+the+UF,+it+has+a+longer+distance+to+follow+making+it+more+difficult+to+track.+As+ + + indication+of+white+matter+integrity+(i.e.,+changes+in+FA+would+suggest+changes+in+axon+density,+ axon+diameter,+degree+of+myelination,+etc.).+Given+its+lack+of+specificity,+the+other+components+of+ the+diffusion+signal+are+also+often+reported.+MD+(also+called+ADC,+mentioned+earlier)+refers+to+the+ degree+ of+ diffusion+ and+ measures+ the+ degree+ of+ hindrance+ potentially+ indicating+ membrane+ density.+AD+and+RD+refer+to+the+principal+and+secondary+diffusion+direction+respectively+and+may+ help+ disentangle+ changes+ in+ FA,+ with+ changes+ in+ RD+ potentially+ indicating+ changes+ in+ myelination,+axonal+density+and/or+diameter+(Feldman+et+al.,+2010).+Additionally,+the+number+of+ Axonal+tracing+may+provide+the+most+precise+information+on+tract+connections,+however+it+ ! 5.1 Introduction can+only+be+applied+to+animals.+Dissection+has+been+the+main+source+of+our+knowledge+on+human+ + fibre+pathway+anatomy,+however+it+has+major+weaknesses+including+the+finality+of+the+dissection+ Both+ inferior+ fronto1occipital+ (IFOF)+ and+ uncinate+ (UF)+ fasciculi+ are+ crucial+ for+ the+ process+ (tissue+ or+ fibre+ tracts+ cannot+ be+ put+ back+ once+ they+ are+ dissected),+ the+ difficulty+ in+ ventral+ intra1hemispheric+ transfer+ of+ information+ between+ the+ frontal+ cortex+ and+ the+ occipital,+ following+fibres+from+end+to+end+and+the+limited+number+of+subjects+that+can+be+studied.+dMRI+ temporal+ and+ parietal+ cortices,+ and+ knowing+ their+ cortical+ terminations+ is+ fundamental+ for+ tractography+ enables+ the+ comprehensive+ representation+ of+ the+ fibre+ anatomy+ (virtual+ understanding+their+role+in+mediating+language+semantics+(Turken+and+Dronkers,+2011;+Duffau,+ tractogram)+ and+ the+ potential+ to+ systematically+ study+ the+ connectional+ anatomy+ and+ 2015).+ The+ earliest+ description+ of+ the+ IFOF+ dates+ back+ to+ Burdach+ (181911826)+ who+ described+ characteristics+ of+ fibre+ pathways+ in+ large+ populations.+ Using+ PLI+ to+ refine+ and+ constrain+ + direct+ fronto1occipital+ connections+ although+ he+ misattributed+ them+ to+ the+ inferior+ longitudinal+ tractography+methods+may+be+an+important+step+for+validating+dMRI+tractography.+New+findings+ + fasciculus.+The+UF+was+described+even+earlier+by+Reil+(1809),+characterized+as+the+hooked1shape+ observed+with+dMRI+tractography+will+require+converging+evidence+from+both+axonal+tracing+in+ Summary+ fibers+ behind+ the+ insula.+ While+ the+ anatomical+ description+ of+ the+ UF+ has+ remained+ stable+ animals+(homologue+connections)+and+dissection+in+humans.+ + (connecting+ fronto1orbital+ cortices+ with+ the+ temporo1polar+ cortex),+ there+ have+ been+ some+ + Table+2.+Techniques+for+studying+the+macroscopic+fibre+connections+in+the+brain.+ In+this+first+study,+we+combined+the+neuroanatomists'+approach+of+defining+a+fascicle+as+all+ inconsistencies+ surrounding+ the+ IFOF's+ anatomical+ course+ and+ terminations+ (Dejerine+ &+ streamlines+(or+streamline+count)+has+often+been+used+as+a+«+surrogate+»+measure+of+connectivity+ or+connection+probability.+Its+use+has+been+actively+advocated+against+(Jones+&+Cercignani,+2010;+ Technique+ Performed+ Species+ Advantages+ Disadvantages+ Dejerine1Klumpe,+1895;+Trolard,+1906;+Curran,+1909;+Crosby,+1962)+due+to+its+complex+anatomy.+ fibers+ passing+ through+ its+ compact+ stem+ with+ dMRI+ tractography+ to+ investigate+ the+ cortical+ terminations+ of+ two+ association+ tracts,+ the+ inferior+ fronto1occipital+ fasciculus+ (IFOF)+ and+ the+ Only+ recently+ have+ post0mortem+ dissection+ studies+ begun+ to+ investigate+ the+ precise+ Jones+ et+ al.,+ 2013)+ due+ to+ the+ number+ of+ confounding+ variables+ involved+ arising+ from+ tractography+ (biases+ include+ length,+ curvature,+ local+ fibre+ geometry).+ Nonetheless,+ the+ number+ of+streamlines+does+represent+the+probability+of+least+hindrance,+and+if+the+proper+precautions+ are+taken+to+control+for+tractography+biases,+it+can+be+a+meaningful+measure+of+connectivity.+In+ Gross+ dissection+ Ex+vivo+ Humans,+ animals+ Direct+observation+ Good+ability+to+discriminate+ between+tracts+ Observe+complex+relationships+ terminations+of+white+matter+pathways,+developing+updated+techniques+to+improve+precision+in+ uncinate+fasciculus+(UF),+which+have+recently+been+implicated+in+the+ventral+language+circuitry.+ Less+precise,+dependent+ locating+and+identifying+their+cortical+fiber+terminations+(Martino+et+al.,+2011).+A+clearer+picture+ The+ aim+ was+ to+ provide+ a+ detailed+ and+ quantitative+ description+ of+ their+ terminations+ in+ 60+ on+expertise,+qualitative+ healthy+ subjects+ and+ to+ do+ so+ to+ apply+ an+ anatomical+ stem1based+ virtual+ dissection,+ mimicking+ of+ the+ IFOF's+ precise+ cortical+ terminations+ is+ starting+ to+ emerge.+ In+ particular,+ two+ recent+ Time+consuming+ Limited+subjects+ classical+ post1mortem+ dissection,+ to+ extract+ with+ minimal+ a+ priori+ the+ IFOF+ and+ UF+ from+ dissection+studies+have+provided+in1depth+descriptions+of+its+anterior+(Sarubbo+et+al.,+2013)+and+ fact,+ a+ recent+ study+ using+ cortico1cortical+ evoked+ potentials+ showed+ that+ track+ count+ was+ between+tracts+ tractography+ datasets.+ In+ both+ tracts,+ we+ consistently+ observed+ more+ extensive+ termination+ posterior+(Martino+et+al.,+2009)+terminations.+Although+less+recent,+Ebeling+and+Cramon's+(1992)+ correlated+with+conductivity+(Conner+et+al.,+2012).+ The+interpretation+of+DTI1derived+quantitative+measures+is+difficult+as+they+are+affected+by+ Axonal+ tracing+ Ex+vivo+(requires+ in+vivo+during+ Animals+ Direct+observation+ High+level+of+detail+ territories+than+their+conventional+definitions,+within+the+middle+and+superior+frontal,+superior+ meticulous+ dissection+ study+ on+ the+ anatomy+ of+ the+ uncinate+ fasciculus+ provides+ a+ detailed+ Not+possible+in+humans+ Limited+to+a+few+cortical+ parietal+ and+ angular+ gyri+ for+ the+ IFOF+ and+ the+ middle+ frontal+ gyrus+ and+ superior,+ middle+ and+ description+ of+ its+ anatomical+ projections+ within+ the+ frontal+ and+ temporo1mesial+ areas+ that+ many+ factors+ including+ noise,+ artifacts,+ partial+ volume+ effects+ (between+ white+ matter+ and+ the+ injection)+ Dissociate+efferent/afferent+ injections+at+a+time+ inferior+temporal+gyri+beyond+the+temporal+pole+for+the+UF.+We+revealed+new+insights+regarding+ elaborates+ on+ earlier+ descriptions.+ While+ these+ dissection+ studies+ confirmed+ the+ conventional+ cerebrospinal+ fluid),+ and+ in+ particular+ fibre+ geometry+ (i.e.,+ crossings+ or+ fanning+ configurations+ which+will+reduce+FA+as+a+result+of+their+arrangement+within+the+voxel),+which+can+significantly+ (potential+ definition+of+the+respective+tracts,+they+also+revealed+termination+territories+in+more+detail+and+ the+ internal+ organization+ of+ these+ tracts+ by+ investigating+ for+ the+ first+ time+ the+ frequency,+ undersampling)+ distribution+ and+ hemispheric+ asymmetry+ of+ their+ terminations.+ Interestingly,+ we+ observed+ a+ beyond+those+previously+described,+suggesting+more+expansive+definitions+are+needed.+Previous+ alter+ the+ measures+ (Alexander+ et+ al.,+ 2007).+ Recently,+ there+ has+ been+ much+ effort+ towards+ Polarized+ Ex+vivo+ Humans,+ Direct+observation+ Ex1vivo+only+ dissociation+ between+ the+ lateral+ right1lateralized+ and+ medial+ left1lateralized+ fronto1occipital+ dissection+work+indicates+that+there+is+some+inter1individual+variability+in+the+tract+projections+ developing+ orientation1specific+ quantitative+ measures+ that+ use+ the+ information+ from+ higher1 order+tractography+approaches+(Raffelt+et+al.,+2012,+2015;+Dell'Acqua+et+al.,+2013).++ + 4.4.6 Limitations of diffusion tractography + light+imaging+ animals+ High+level+of+detail+ Enables+computational+study+ Require+specimens+ (Martino+ et+ al.,+ 2010).+ This+ no+ doubt+ contributes+ to+ the+ inconsistencies+ in+ the+ cortical+ branches+of+the+IFOF.+In+the+UF,+we+observed+a+rightward+lateralization+of+the+orbito1frontal+and+ Limited+by+current+ terminations+observed+in+the+IFOF+and+to+a+limited+extent+the+UF.+Dissection+studies+are+limited+ temporal+ branches.+ We+ revealed+ a+ more+ detailed+ map+ of+ the+ terminations+ of+ these+ fiber+ technology+ dMRI+ tractography+ In+vivo,+ex+vivo+ Humans,+ animals+ Clinical+applications+ Quantitative+measures+ Large+group+studies+ Enables+computational+study+ Indirect+observation,+ in+ the+ number+ of+ subjects+ they+ can+ study+ and+ thus+ are+ not+ able+ to+ address+ inter1individual+ pathways+that+will+enable+greater+specificity+for+correlating+with+diseased+populations+and+other+ variability.+ Tractography+ with+ dMRI+ enables+ the+ in'vivo+ anatomical+ study+ of+ fiber+ pathways+ in+ behavioral+measures.+We+conclude+that+anatomical+stem1based+virtual+dissection+with+diffusion+ thus+susceptible+to+ large+samples.+To+our+knowledge,+since+the+seminal+single1subject+tractography+study+of+Catani+ tractography+is+a+fruitful+method+for+studying+the+structural+anatomy+of+the+human+white+matter+ inaccuracies,+artifacts,+ noise++ pathways. (2002),+ only+ one+ tractography+ study+ has+ examined+ the+ cortical+ terminations+ of+ the+ IFOF+ in+ a+ Diffusion+ MRI+ tractography+ is+ still+ undergoing+ its+ development+ phase+ and+ will+ only+ Observe+complex+relationships+ Lower+spatial+resolution+ + group+ (twenty+ subjects)+ confirming+ some+ of+ the+ more+ extensive+ projections+ described+ continue+to+be+improved+with+better+methods.+The+main+limitation+of+diffusion+tractography+is+ between+tracts+ ! inconsistently+ thus+ far+ in+ the+ literature,+ in+ particular+ within+ the+ parietal+ lobe+ (Caverzasi+ et+ al.,+ that+ it+ is+ an+ indirect+ technique+ and+ thus+ results+ obtained+ with+ it+ require+ careful+ interpretation+ + + 2014).+ There+ has+ been+ no+ detailed+ study+ of+ the+ UF+ terminations+ using+ tractography+ (Von+ Der+ with+respect+to+the+tractography+methods+used.+Some+of+the+drawbacks+of+diffusion+tractography+ are+ its+ low+ spatial+ resolution+ making+ it+ susceptible+ to+ partial+ volume+ effects,+ the+ difficulty+ involved+ in+ both+ resolving+ complex+ fibre+ configurations+ within+ the+ voxel+ and+ developing+ a+ tracking+algorithm+that+can+accurately+reconstruct+the+fibre+architecture.+Another+disadvantage+ + Heide+et+al.,+2013).++ + + + Figure+ 20+ summarizes+ the+ consensus+ coming+ from+ both+ post0mortem+ dissection+ and+ in' vivo+ tractography+ studies,+ that+ the+ IFOF+ connects+ the+ ventral+ occipital+ cortex+ with+ the+ inferior+ ! frontal+ and+ fronto1orbital+ cortices+ (Dejerine+ &+ Dejerine1Klumpe,+ 1895;+ Trolard,+ 1906;+ Curran,+ is+ that,+ unlike+ axonal+ tracing,+ it+ does+ not+ provide+ directional+ information+ and+ therefore+ cannot+ distinguish+afferent+from+efferent+connections.++ + 1909;+ Crosby,+ 1962;+ Catani+ &+ Thiebaut+ de+ Schotten,+ 2008;+ Martino+ et+ al.,+ 2010;+ Zhang+ et+ al.,+ ! 2010;+
	a+ result,+ the+ mean+ percentage+ of+ whole+ streamlines+ is+ higher+ for+ the+ shorter+ UF+ (68%,+ bilaterally)+ compared+ with+ the+ IFOF+ (47+ and+ 61%+ in+ the+ left+ and+ right+ hemispheres,+ 4.5 Summary and concluding remarks
	respectively).+Similarly,+the+percentage+of+posteriorly+broken+streamlines+for+the+IFOF+(33125%)+ +
	is+ higher+ relative+ to+ its+ percentage+ of+ anteriorly+ broken+ streamlines+ (11110%)+ which+ travel+ a+ In+this+chapter+we+reviewed+the+advantages+and+disadvantages+of+the+main+techniques+for+
	shorter+distance+from+the+stem+to+the+frontal+lobe.+Likewise,+this+explains+the+higher+percentage+ studying+macroscopic+white+matter+connections,+summarized+in+Table+2.+Today+we+are+still+faced+
	of+ UF+ streamlines+ broken+ anteriorly+ (25119%)+ that+ must+ travel+ further+ to+ the+ frontal+ lobe+ with+the+problem+of+no+single+best+technique+for+studying+the+macroscopic+connections+precisely+
	+ relative+to+its+percentage+of+streamlines+broken+posteriorly+(5110%).+ and+comprehensively.+The+techniques+range+in+their+application+(in+animals/humans,+in+vivo/ex+
	A+major+advantage+of+dMRI+tractography+is+that+the+analysis+of+cortical+terminations+and+ vivo)+ and+ abilities+ to+ discriminate+ between+ fibre+ tracts,+ comprehensively+ describe+ them+ and+ +
	connections+can+be+done+automatically+and+systematically.+Early+work+with+dMRI+tractography+ focussed+on+reproducing+dissection+studies+but+despite+its+potential+little+focus+has+gone+towards+ precisely+locate+their+origins+and+terminations,+making+it+necessary+to+use+multiple+techniques.+ 4.4.5 Measuring microstructural properties One+ advantage+ for+ us+ is+ that+ the+ white+ matter+ structure+ is+ relatively+ stable:+ "anatomical+
	describing+the+structural+connections,+in+particular+the+fibre+pathways.++ + connections+ either+ exist,+ or+ they+ don't,+ and+ different+ ways+ of+ measuring+ anatomy+ should+ +
	Another+ main+ advantage+ of+ dMRI+ tractography+ is+ that+ it+ enables+ the+ extraction+ of+ ultimately+converge+and+render+a+consistent+map+of+their+architecture"+(Sporns,+2013).++
	quantitative+measures.+Such+measures+can+give+an+indication+of+the+microstructural+properties+of+
	! !

Figure+18.+ROI1based+approaches+to+tract+segmentation.+A)+The+classic+multi1ROI+strategy+that+extracts+streamlines+ according+ to+their+areas+ of+termination+(based+on+prior+knowledge)+and+B)+the+stem1based+approach+that+extracts+ streamlines+passing+through+their+bottleneck+or+stem+(minimizing+a+priori+on+the+tract's+terminations).+While+both+ strategies+ extract+ the+ dominant+ tract+ connections+ (black+ lines)+ only+ the+ stem1based+ approach+ captures+ the+ minor+ tract+branches+that+are+missed+with+the+classic+multi1ROI+strategy+(red+lines).++ + ! To+map+the+connections+of+streamlines,+it+is+necessary+to+parcellate+the+brain+into+regions+ in+order+to+identify+the+terminations+of+streamlines.+Most+commonly,+an+anatomical+template+or+ atlas+ in+ a+ standard+ space+ is+ used+ containing+ pre1segmented+ areas.+ The+ template+ can+ then+ be+ registered+to+the+subject's+space.+Templates+such+as+the+Desikan1Killiany+(Desikan+et+al.,+2006)+ and+ John's+ Hopkins+ University+ (JHU)+ (Oishi+ et+ al.,+ 2009)+ templates+ are+ freely+ available+ online.+ Since+tracking+stops+in+or+more+often+near+the+grey+matter+(low+areas+of+FA)+it+is+then+necessary+ to+ extend+ or+ dilate+ the+ template+ so+ that+ it+ covers+ the+ grey1white+ matter+ interface+ Figure+ 19.+ If+ anatomically+constrained+fibre+tracking+methods+are+used,+the+template+should+be+adapted+to+the+ anatomical+ constraints+ employed.+ A+ map+ of+ connections+ based+ on+ the+ termination+ regions+ of+ streamlines+ can+ be+ obtained+ in+ this+ way,+ indicating+ the+ structural+ connections+ reconstructed+ + ! ! 38 5
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  Dejerine1Klumpe,+ 1895;+ Kier+ et+ al.,+ 2004;+ Thiebaut+ de+ Schotten+ et+ al.,+ 2012).+ A+ common+ understanding+of+the+anatomy+of+these+tracts+is+needed.+ In+order+to+study+these+open+questions+of+whether+a+particular+cortical+region+belongs+to+ the+IFOF+or+UF,+we+adopted+the+approach+of+neuroanatomists+who+first+locate+the+stem+(i.e.,+the+ point+of+passage+where+all+fibers+pass+through)+and+use+it+as+an+anatomical+reference+to+identify+ the+tract.+We+therefore+performed+an+anatomical+stem1based+virtual+dissection+to+extract+these+ two+ bundles+ from+ whole1brain+ tractography+ datasets+ in+ a+ large+ cohort+ of+ 60+ healthy+ subjects.+ Starting+from+widely+accepted+anatomical+evidence+regarding+the+locations+of+the+IFOF+and+UF+ stems,+ we+ exposed+ their+ respective+ stems+ and+ manually+ delineated+ a+ single+ region+ of+ interest+ + Both+IFOF+and+UF+were+extracted+by+performing+a+virtual+dissection+in+each+hemisphere+ of+the+60+whole1brain+tractograms.+To+do+so,+we+mimicked+the+post1mortem+cortex1sparing+fiber+ dissection+ method+ recently+ reported+ (Martino+ et+ al.,+ 2009;+ Martino+ et+ al.,+ 2011;+ Sarubbo+ et+ al.

	5.2 Methods	
	+	
	Image acquisition	
	+	
	Diffusion1weighted+ images+ were+ previously+ acquired+ for+ 60+ healthy+ right1handed+ (30+
	female,+mean+age+=+30.1,+age+range+=+20153)+belonging+to+the+BIL&GIN+database+(Brain+Imaging+
	of+Lateralization+by+the+Groupe+d'Imagerie+Fonctionnelle+(Mazoyer+et+al.,+2015).+All+the+subjects+
	gave+ written+ informed+ consent+ to+ participate+ in+ the+ study,+ which+ was+ approved+ by+ the+ local+
	(ROI)+around+each+of+them.+This+approach+enables+us+to+minimize+a+priori+on+their+terminations+ ethics+ committee+ (CCPRB' Basse0Normandie).+ Imaging+ was+ performed+ on+ a+ Philips+ Achieva+ 3+
	and+provide+the+complete+set+of+cortical+terminations+of+IFOF+and+UF,+as+well+as+their+variability+ Tesla+ MRI+ scanner+ using+ a+ single1shot+ spin1echo+ echo1planar+ sequence+ with+ 21+ non1collinear+
	and+their+asymmetries.+ diffusion+ gradient+ directions+ (b=1000+ s/mm 2 ).+ Seventy+ axial+ slices+ parallel+ to+ the+ AC1PC+ plane+
	were+ acquired+ from+ the+ bottom+ of+ the+ cerebellum+ to+ the+ vertex.+ Imaging+ parameters+ were+ as+
	follows:+ TR+ =+ 8500+ ms,+ TE+ =+ 81+ ms,+ angle+ =+ 90°,+ SENSE+ reduction+ factor+ =+ 2.5,+ FOV+ 224+ mm,+
	acquisition+ matrix+ 112+ x+ 112,+ 2x2x2+ mm 3 + isotropic+ voxel.+ The+ series+ of+ 21+ directions+ was+
	acquired+twice+by+reversing+the+gradients'+polarity,+for+a+total+of+42+diffusion1weighted+volumes.+
	To+ improve+ the+ signal1to1noise+ ratio,+ a+ second+ series+ of+ 42+ volumes+ was+ acquired+ leading+ to+ a+
	total+acquisition+time+of+15+min+30+sec.++	
	+	
	Whole-brain tractography	
	+	
	The+ raw+ diffusion+ images+ were+ corrected+ for+ eddy+ current+ distortion+ using+ the+ FMRIB+
	Software+Library+(Smith+et+al.,+2004)+and+processed+with+the+Diffusion+Toolkit+software+package+
	to+ obtain+ the+ local+ tensor+ orientation+ estimates+ and+ fractional+ anisotropy+ maps+ and+ perform+
	fiber+tracking+(Figure+21,+top+row).+Deterministic+whole1brain+fiber+tracking+was+performed+in+
	the+native+space+of+each+subject+using+the+Fiber+Assignment+by+Continuous+Tracking+algorithm+
	(Mori+et+al.,+1999)+with+stopping+criteria+of+0.2+fractional+anisotropy+and+a+45°+angle+threshold.+
	Tracking+was+initiated+by+seeding+from+all+voxels+in+the+volume+to+generate+the+streamlines.+This+
	produced+a+3D+reconstruction+of+streamlines+in+the+whole+brain,+namely+a+tractogram,+which+can+
	then+be+segmented+into+anatomically+defined+bundles.++	
	+	
	Template and regions of interest	
	+	
	The+ Johns+ Hopkins+ University+ (JHU)+ template+ (Oishi+ et+ al.,+ 2009),+ containing+ 176+ pre1
	segmented+ regions,+ was+ modified+ to+ create+ an+ additional+ temporal+ pole+ region+ in+ the+ standard+ +
	space+of+the+template.+The+superior,+middle+and+inferior+temporal+regions+(gyri+and+superficial+
	white+ matter)+ were+ split+ in+ two:+ the+ temporal+ pole+ (anterior+ to+ the+ anterior+ commissure)+ and+
	their+ respective+ superior,+ middle+ and+ inferior+ temporal+ regions+ (posterior+ to+ the+ anterior+
	commissure)+ for+ the+ left+ and+ right+ hemispheres.+ In+ addition,+ we+ created+ three+ large+ divisions+
	(Figure+ 21)+ representing+ the+ cortical+ grey+ matter+ (CGM),+ comprising+ all+ cortical+ areas+ of+ the+
	template,+deep+white+matter+(DWM),+comprising+all+deep+white+matter+areas+of+the+template+and+
	superficial+ white+ matter+ (SWM),+ comprising+ all+ superficial+ white+ matter+ areas+ related+ to+ the+
	gyral+ regions+ (i.e.,+ situated+ between+ the+ cortex+ and+ the+ deep+ white+ matter).+ The+ modified+ JHU+
	template+and+tissue+division+ROIs+were+warped+to+the+native+space+of+each+subject+using+ANTS+ +regions+are+ (Avants+ et+ al.,+ 2011)+ linear+ and+ non1linear+ registration.+ For+ the+ cortical+ terminations+ analysis,+ inconsistently+observed+and+their+inclusion+in+its+definition+is+debated.+The+consensus+on+the+UF+ the+modified+template+was+modally+dilated+once+to+include+the+interface+between+the+grey+and+ is+ that+ it+ connects,+ along+ with+ the+ fronto1orbital+ and+ temporo1polar+ cortices,+ ventral+ temporal+ areas+ (Ebeling+ and+ von+ Cramon,+ 1992;+ Catani+ and+ Thiebaut+ de+ Schotten,+ 2008).+ Questions+ also+ white+matter.++
	+ remain+concerning+the+UF+terminations,+in+particular+concerning+its+projections+to+the+amygdala+ (Klinger+ and+ Gloor,+ 1960;+ Ebeling+ and+ von+ Cramon,+ 1992;+ Croxson+ et+ al.,+ 2005;+ Thiebaut+ de+ +
	Schotten+et+al.,+2012)+and+cingulate+gyrus+(Ebeling+and+von+Cramon,+1992;+Thiebaut+de+Schotten+
	et+ al.,+ 2012)+ posteriorly+ and+ to+ the+ superior+ and+ middle+ frontal+ gyri,+ anteriorly+ (Dejerine+ &+
	+	40
	! ! !	

Figure+20.+Schemas+summarizing+the+cortical+termination+territories+of+the+IFOF+(A)+and+UF+(B)+in+the+literature.+The+ cortical+territories+corresponding+to+their+conventional+definitions+are+shown+by+solid+black+arrows+and+the+debated+ cortical+territories+are+ shown+ by+dashed+ grey+arrows.+ Abbreviations:+ SFG,+ MFG,+IFG:+ superior,+middle+and+ inferior+ frontal+gyri;+LFOG,+MFOG:+lateral+and+medial+fronto1orbital+gyri;+RG:+rectus+gyrus;+SOG,+MOG,+IOG:+superior,+middle+ and+inferior+occipital+gyri;+Cu:+cuneus;+LG;+lingual+gyrus;+T.+pole:+temporal+pole;+STG,+MTG,+ITG:+superior,+middle+and+ inferior+temporal+gyri;+Fu:+fusiform+gyrus;+SPG:+superior+parietal+gyrus;+AG:+angular+gyrus;+Ent:+entorhinal+gyrus.+

Analysis of the IFOF and UF cortical terminations

  and+ a+ coronal+ slice+ posterior+ to+ the+ external+ capsule+ was+ specified+ to+ exclude+ the+ streamlines+ oriented+too+posteriorly+and+belonging+to+the+IFOF.+Figure+23+shows+an+example+of+both+left+and+ right+IFOF+and+UF+virtually+dissected+in+one+of+the+60+subjects.+ Since+ our+ focus+ was+ on+ the+ cortical+ terminations+ of+ these+ association+ streamlines,+ the+ projection+ streamlines+ passing+ through+ the+ IFOF+ and/or+ UF+ stems+ but+ terminating+ within+ the+ subcortical+ nuclei+ were+ not+ taken+ into+ account+ nor+ were+ those+ terminating+ within+ the+ insula+ whose+ the+ nearby+ position+ along+ these+ stems+ requires+ a+ separate+ study.+ Note+ also+ that+ to+ be+ considered+ as+ belonging+ to+ the+ final+ IFOF+ or+ UF,+ a+ streamline+ must+ terminate+ at+ least+ in+ one+ cortical+ region+ either+ anterior+ or+ posterior+ to+ the+ stem.+ This+ led+ us+ to+ discard+ the+ streamlines+ passing+through+a+stem+but+stopping+short+of+the+cortical+ROIs.+ + total+ number+ of+ tract+ streamlines+ for+ each+ tract+ respectively,+ extracted+ in+ the+ left+ and+ right+ hemispheres.+ A+ first+ assessment+ was+ done+ to+ consider+ a+ cortical+ region+ as+ a+ termination+ territory+ of+ a+ given+ tract.+ We+ applied+ a+ threshold+ on+ the+ NTDS+ for+ each+ cortical+ region+ by+ choosing+ a+ region+ where+ there+ are+ known+ false+ positives.+ The+ precentral+ and+ superior+ parietal+ gyri+ were+ chosen+ as+ the+ regions+ containing+ false+ positives+ (FP_REG)+ for+ the+ IFOF+ and+ UF,+ respectively.+The+threshold+for+each+tract+was+calculated+based+on+the+population,+as+follows:++

	Analysis of the IFOF and UF stems
	+
	Both+IFOF+and+UF+stems+were+normalized+to+the+standard+Montreal+Neurological+Institute+
	(MNI)+space+using+the+inverse+linear+and+non1linear+registration+process.+The+Euclidean+distance+
	between+ the+ IFOF+ and+ UF+ stem+ center+ of+ mass+ coordinates+ was+ also+ calculated+ within+ each+
	hemisphere+as+well+as+their+respective+volumes.++
	In+order+to+evaluate+the+reliability+of+the+stem+delineation,+both+IFOF+and+UF+stems+were+
	manually+ drawn+ by+ two+ different+ operators+ (GP,+ JH)+ in+ the+ 60+ subjects.+ Their+ spatial+ matching+
	were+examined+by+comparing+the+stem+volumes+and+the+Euclidean+distance+between+the+center+
	of+mass+coordinates+of+the+stems+drawn+by+the+two+operators.++
	!
	+
	Once+the+IFOF+and+UF+streamlines+were+extracted,+we+can+describe+within+each+subject+
	their+ cortical+ termination+ territories+ based+ on+ macro1anatomical+ landmarks.+ Each+ streamline+
	ending+ in+ one+ of+ 28+ cortical+ regions+ of+ the+ JHU+ template+ was+ tallied+ to+ produce+ a+ measure+ of+
	tract+termination+density+ for+ this+ region.+ The+ tallies+ were+ obtained+ using+ the+ UCLA+ Multimodal+
	Connectivity+ Software+ Package+ (Brown+ et+ al.,+ 2012).+ A+ normalized+ termination+ density+ score+
	(NTDS)+was+obtained+for+each+region+by+dividing+the+total+number+of+tract+streamlines+ending+in+
	it+ by+ the+

).+ Middle+top+row,+ dorsal+view+ of+the+ two+ IFOF;+middle+ bottom+ row,+ventral+view+of+the+two+UF.+ + !

  Table! 9.! UF! subcomponents! properties.! Frequency! is! determined! as! the! number! of! subjects! with! a! number! of! subcomponent! streamlines! exceeding! the! threshold! of! 2%! of! the! UF! streamlines.!Number,!volume!(cm3)!and!length!(mm)!of!streamlines!are!expressed!as!the!mean!±!standard!deviation!with!this!number!of!subjects.!

		C1			C2			C3		C4	C5
		L	R		L	R		L	R	L	R	L	R
	Freq.	27 (90%)	19 (63%)	30 (100%) 30 (100%) 26 (87%)	30 (100%) 29 (97%) 28 (93%) 30 (100%) 24 (80%)
	Number 276 ± 200	122 ± 147	593 ± 296 729 ± 453 256 ± 231	575 ± 362 273 ± 169 358 ± 285 191 ± 111 205 ± 201
	Volume 6.6 ± 3.7	3.6 ± 2.8	7.3 ± 2.1	8.4 ± 2.6	2.4 ± 1.3	3.8 ± 1.4	1.4 ± 0.6	1.6 ± 0.7	1.3 ± 0.7	1.8 ± 1.2
	Length 100.8 ± 8.5 96.4 ± 12.6 81.6 ± 8.5 81.1 ± 8.4 70.1 ± 16.0 72.6 ± 6.5 47.7 ± 5.5 40.1 ± 9.2 31.2 ±10.6 46.1 ± 10.2
	! Table!10.!Mean!asymmetry!indexes!of!the!number!of!streamlines!and!volume!for!the!UF!subcomponents.!!	
	Significant!asymmetries!are!notated!with!an!asterisk.!					
	n=30		C1	C2	C3	C4	C5			
	# streamlines AI	-0.24	0.06	0.32*	0.10	0.00			
	Tract volume AI	-0.19*	0.07	0.19*	0.04	0.17*		
	!									
									!	
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