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Abstract

Objectvesof this projectaretheextractionof the corticalsurfaceandthe morphologicakepara-
tion of both hemispheregn MRI images.Theseobjectvessene the constructionof individual
modelsof the head. In orderto achiese our goals,we do not startwith the raw MRI data,but
assumesomeanatomicalpartsof the brainto be alreadysegmented. We baseour approaches
for alarge parton mathematicaimorphology becausef its robustnessandtopologypreserving
possibilities.

For the cortical surfaceextractionone of the major constraintds that the obtainedsurface
musthave the topologyof a hollow sphere.A topologythatthe cortical surfacein reality pos-
sessesbhut is not necessarilyfound in MRI images,becauseof their limited resolution. This
topology is of importancewhen back projecting (inverseproblems)signalsmeasurecn the
scalp,suchasMEG andEEG,to locatetheir sourceon the cortex.

Theseparatiomf thecerebrahemisphereallowsusto acces®othhemispheremdividually.
Sincebothhemisphereblostdifferentbrainfunctions thismightbeof interest.This givesusalso
muchbetteraccesgo the cortical surfacewithin the fissuralongitudinalis(the very narrav and
deepfurrow betweerthetwo hemispheres).



Kurzfassung

Die Ziele dieserArbeit sindzumeinendie ErfassunglerkortikalenOberfecheundzumanderen
die Trennungder beidenHemisplarenin MRI Bilder mittels morphologische©Operationendie
sichwegenihrer Rokustheitund der TopologieerhaltendeéEigenschaftefesondergignen.Die
Arbeitist ein Teil einesProjektesin demdie KonstruktionvonindividuellenanatomischeKopf-
modellenerreichtwerdensoll.

Eine der wichtigstenVoraussetzungerdie der gesuchtekortikalen Oberflache unterstellt
wird, ist die TopologieeineHohlkugel.Die realekortikale Oberfichebesitztzwar dieseTopolo-
gie, aberin MRI Bilder wird diesewegenderbeschankteAuflosungnichtunbedingtgefunden.
Fur die Ruckprojektionder Signale(z.B. beim EEG und MEG) auf die Kopfoberficheist diese
Topologievon groRerBedeutungum die entsprechende@Quellenzu lokalisieren.

Die beidenHemisplarehabeneweilsspezialisiertédirnfunktionen.Die TrennungderHemisplaren
erlaubt,die Volumender beidenHemisplareneinzelnzu betrachten Durch die Trennungwird
einenbessere@ugangzur Fissurad_ongitudinalis(derengeSpaltzwischermdenbeidenHemisplaren)
ermoglicht.
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Chapter 1

Intr oduction

axial view coronalview sagittalview

Figurel.1: MRI scan

1.1 Generalintr oduction

The developmentof medicalimagingtechniqueslike MRI (MagneticResonancémaging),al-
lows the three-dimensionameasuremenand visualizationof the internal brain structuresof
in-vivo subjects.An anatomicakepresentatiofs not necessarilyanaim in itself, but cansene
more objectves, lik e the detectionof pathologiesor the study of the functioningof the brain.
Theability to analyseanddiagnosehe humanbrainwithoutsumgeryis a greatadvantageandthe
lastyearshave witnesseda hugeevolution of brainimagingapplications.A descriptionof the
technicaldetailsof the MRI scanningechniquecanbefoundin literature,e.g.[Bra89].

The vastflood of imagedatadeliveredby thesetechniquesalls for automatedorocessing
methodsJik e 3D sggmentation.However sincethe form andplaceof the differentpartsof the
brain may vary substantiallypetweensubjects,a fully automatedsegmentationis not easyto
implement. Manualsegmentatiormay be usedasa lastrescueput it hasmajor disadwantages.
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1.1. GENERALINTRODUCTION

Notonlyisit labourintensve, it is alsomoredifficult to reproduceesults.Thusautomatedbrain
sgmentations still evolving anddifferentapproachemaybe suitedfor differentproblems.

The objectve of this thesisis to retrieve the surfaceof the cerebralcortex andto separate
bothcerebrahemispheresTheretrieval of volumesrepresentinghe cortex andthehemispheres
will be doneby usingmathematicamorphology MathematicaMorphologyis very oftenused
in applicationsvhereshapeof objectsandspeeds anissue[SHB98].

A representatioof the cortical surfaceallows theretracingof signalsmeasuretthescalp.
This permitstheidentificationof enegy source®nthecortex from EEG(electroencephalogram)
and MEG (magnetoencephalograregans,which deliver a two-dimensionaimage of respec-
tively the electricalfield andmagneticfield measuredn the scalp. This procedurereferredto
as‘“inverseproblem”, canbe usedfor identifying which partsof the cortex shav high actiity
whenperformingdifferenttasks,andthusimprove our understandingf the functioningof the
brain. Also it is possibleto projectexternalenegy sourcegsuchasthe onesthatareemittedby
mobile phonespnamodelof the corticalsurface,andassuchplay arole in theresearclhof their
influenceon thehumanbrain. In thisregardwe alsoreferto [Coi99] and[Wie93].

Thisthesisis performedatthe TSI (Signal-Imageslepartmentat the EcoIeNationaIeSupé-
rieuredesTéelecommunication$ENST) Paris, France,undersupervisionof Prof. Dr. Isabelle
Bloch. It is beingevaluatedandsupervisedy the Institutefor Measurementechniqueandim-
ageProcessingLfM) at the University of TechnologyAachen(RWTH), Germauy, directedby
Prof. Dr.-Ing. Dietrich Meyer-Ebrecht,andtheresupervisedy Dipl.-Inform. ThorstenKlein.
The thesissenesas part of the constructionof anindividual headmodel,basedon MRI data,
thatis beingdevelopedat the TSI departmentn collaborationwith the laboratoryof Cognitive
NeuroscienceandBrain Imaging(LENA) at the Salpetriere Hospitalin Parisin orderto sene
the Comobioproject. Sinceassuchthethesisis nota stand-alongroject,we make useof earlier
resultsin brain sggmentationdoneat the TSI department.The MRI imagesusedfor this thesis
wereprovided by the LENA.

This documentonsistf ninechaptersin chapter2 thefoundationfor thefollowing chap-
tersis laid. It dealswith the basicmathematicahndimagingtheorieshatwereappliedto obtain
our particularsolutionsfor the questionghatwereposedor this thesis.

Thechapters3, 4 and5 form togethempartl. This parttacklesthe cortical surfaceextraction,
the first goal setfor this thesis. In chapter3, after a shortintroductionto the cortical surface,
the presenttateof the art concerningthe segmentationof the cortex is discussedriefly. Then
theresearchyuestionis formulatedanddiscussedChapter4 compriseshe chosenapproacho
obtainthecorticalsurface.Thenin chaptel5 thepracticalresultsof ourapproactappliedio MRI
imagesarepresented.

Part Il consistsof the chapterss, 7 and8. It dealswith the separatiorof the hemispheres,
thesecondaim setfor this thesis.After a citationof thefamoudectureof Pavlov concerninghe
cerebralhemispheresn chapter6 is startedwith a shortintroductionto the hemispheresThis
chapterfurther comprisesa brief discussiorof the stateof the art concerningthe segmentation
of the hemispheresandthe formulationanddiscussiorof the researchquestionrelatingto the
separatiorof the hemispheresin chapter7 the chosenapproacho obtainthe separatiorof the
hemispheresanbe found. In chapter8 the resultsof this approachappliedto MRI imagesare
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1.2. THE COMOBIO PROJECT

presente@nddiscussed.
Finally chapte© compriseghe conclusionghatweredravn from thegainedresults andthe
prospectdor futureinvestigationsAlso, a fusionbetweerboth partsis made.

1.2 The Comobio project

Along with theincreasinghumbersof mobilephonessold, morequestionsarebeingraisedabout
healthrisks involved with their use. Providing answersdemanddor a comprehensie investi-
gationto possiblebiological effects. The Comobid project(COmmunicationsMObiles et BI-

Ologie) bundlesresource®f several Frenchacademiandindustrialforcesin a commoneffort

intendingto increasethe knowledgeof biological and sanitaryeffectsof the microwavesemit-
ted by mobile phones.This projectmelgescomplementargtudiesthat canbe dividedin three
groups: dosimetrystudies,humanstudies,and animal studies. Participantsin this projectare:
Alcatel,BouyguesTelecom Cégetel, ENSTBrest,ENST Paris, FranceTélecom IRCOM Limo-

ges,SagemSugelec,andtheuniversitiesof BordeauxMarseille,Nimes,OrsayandRennes.

1The Comobioprojectin theinternet:seehttp://www.enst.fr/comobio.
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Chapter 2

Basicconcepts

2.1 MRI Images

Thedataobtainedby the MRI scanningechniquearestoredn discretehreedimensionalmages
in a Cartesiarbase: f : Z* — N. Eachcoordinaterepresents rectangulavolume, called a
voxel = € Z3. All voxels have the samedimensions. However length, width and height of
a voxel arenot necessarilyequal. A voxel is consideredo befilled with a discretegray value
representinghe measuredvalue for its coordinates. The MRI Imagescontainthe scanof a
humanhead which canbe segmentedn several parts,suchasthe brain,the eyesetc. The brain
itself, which is our subjectof interest,canbe further segmentedinto several volumic objects.
Theseobjectsarerepresenteth our MRI imageby a setof voxels X C Z3.

2.2 Neighbourhood

Both by humanperceptionaswell asin mary operationsa voxel (or a pixel for that matter)
is not consideredndividually, but within the relationshipwith its local neighbourhood.The
neighbourhoof avoxel is thesetof its adjacentoxels. But which voxelsareconsideredo be
adjacento a particularvoxel?

Definition 2.1 Let X bea setandP(X) the setof all subsetf X, thenthe neighbourhoods
definedasT : Z3 — P(Z?) [Ser82].

In a two dimensionalsquaregrid, the Z? space,we distinguishbetweentwo elementary
neighbourhoodsthe 4- and 8-connectecheighbourhoodalso called N, and Ng). In the 4-
connectedeighbourhoo@djacenpixelssharealine, thusthe 4-connectecdheighbourhoodon-
sistsof thehorizontalandverticalneighboursThe8-connectedieighbourhoodancludesthe pix-
els of the 4-connectedeighbourhoodswell asthe pixels sharinga corner(point connected),
thediagonalneighboursSeeFigure2.1.

In a threedimensionalcubical grid, the Z3 space,we distinguishbetweenthreedifferent
elementaryneighbourhoodsthe 6-, 18- and 26-connectedheighbourhood Ng, N1z and Nog).



2.2. NEIGHBOURHOOD
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Figure2.1: 4- and8-connectrity

The 6-connectedheighbourhoods formedby adjacentvoxelssharinga face.The 18-connected
neighbourhoodncludesthesevoxels aswell asthe onesthat sharea line. The 26-connected
neighbourhoodhcludes besidethe 18-connectedieighbourhoodalsothe voxelssharingonly a
corner Seefigure2.2.
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Figure2.2: 6-, 18 and26-connectiity

2.2.1 Connectvity paradox

Let a path p, , be a setof pointsfrom z to y, whereeachpoint in the setis adjacentto its
predecessomlccordingto a given discreteconnectity. An objectis connectedf for ary two
pointsthereis atleastonepathwithin theobject,whichleadsfrom onepointto the other[Ros69,
Ros70]. In figure 2.3athe ring of black pixels, by all reasonablalefinitionsof connectvity,
dividesthe imageinto threesegments:the white pixels exterior to the ring, the black pixels of
thering itself, andthe white pixelsinterior to thering. The pixelswithin eachsegmentaresaid
to beconnectedo oneanother This concepts easilyunderstoodor Figure2.3a,but ambiguity
ariseswhen consideringFigure 2.3h  Under 8-connectrity for instance,all white pixels are
connectedogetherandall black pixelsareconnectedaswell. This paradoxcanbe avoidedby
definingdifferentconnectwities for the black foregroundpixelsandthewhite backgroundixels
[Pra9].

A similar dilemmaarisesn athreedimensionatubicalgrid. Againthesolutionis to choose



2.2. NEIGHBOURHOOD

(a) (b)

Figure2.3: Connectvity paradox:(a) closedring, (b) ambiguousing

differentconnectvities for foregroundandbackground.Thefollowing combinationsareadmis-
sible:

e N5 foreground,Ng background.
e Ng foreground,N;g background.
e N4 foreground,Ng background.
e N, foreground,Nog background.

We choosefor our objects26-connectrity, with consequentlya 6-connectedackground pe-
cause26-connectrity allows finer structures.Especiallyfor the surfaceof the cortex, which is
anobjectwith athicknessof only onevoxel, thisis of importance.

2.2.2 Simply connectedcomponents

A loopis apathin whichinitial andterminalpointscoincide. Thesmallespossibldoopis called
anelementarycell. The elementarypathjoining two consecutie pointsu, v is equivalento ary
otherpathbetweenu andv which follows the edgesof elementarycells of edgeuv. Examples
for thetwo-dimensionatasecanbefoundin figure2.4. A setof points X is simplyconnectedf
thereis at leastonepathconnectingary two givenpointsp, ¢ within it, andif all possiblepaths
leadingfrom p to ¢ areequialent[Ser83.

This meandor a 3-dimensionabbjectthatit is simply connectedf it is: 1. connected?. it
doesnot containary holes(“bubbles”)and3. it doesnot containary tunnels.

Algorithm CC;(X) deliversa simply connecteccomponentn asetX, wherebyCC,(X) is
thelargestsimply connectedomponent(' C,(X') thesecondargest,etc. #CC(X) denoteshe
numberof simply connectedcomponentsn X.

2.2.3 Surface

Definition 2.2 Theborder of a volumicobjectis definedas:
bd(X)={z|z e X AT(z)NX # 0}
WheeI'(z) denotegheneighbourhoodf x accodingto a givendiscreteconnectivity



2.3. MATHEMATICAL MORPHOLOGY

(@) (b) (€)

Figure2.4: (a) Elementarycells of edgeuv for 4-connectiity, (b) Two equialentpathsfrom p
to ¢, and(c) two non-equvalentpaths

Thisborderdeliversa“shell” of voxelscorrespondingo theinternalsurfaceof avolumic object.
Notethattheshellstill consistf voxels. Soeventhoughit hasathicknessof only onevoxel, it
still hasa volume.Thus,it doesnotdeliver atwo dimensionahrea.

2.3 Mathematical morphology

MorphologicalimageprocessingPra9] is a type of processingn which the spatialform and
structureof objectswithin animageare modified. The basicconceptof morphologicalimage
processingracebackto researchon spatialsetalgebraby Minkowski [Min03] andthe stud-
ies of Matheron[Mat75] on topologyandlattice theory Serra[Ser83 developedmuchof the
early foundationof the subject.Morphologicaloperationsl|ik e dilation anderosion,plus mary
variantscanbe definedandimplementedoy “hit or miss” transformations MathematicaMor-

phologyis very oftenusedin applicationsvhereshapeof objectsandspeeds anissueg[SHB9§.

Thebasicmorphologicaloperationanbe implementedn hardware,which canshortencalcu-
lationtime evenmore[Jon93. With thelarge amountof data,andthuscalculationsjnvolvedin

3D operationghis certainlycouldbetakeninto account.

Dilation and erosion

Dilation and erosionare two basicoperationan mathematicamorphology With dilation, an
objectgrows uniformly in spatialextent, while with erosionan objectshrinksuniformly. Both
operationsare irreversible. For both thereis a kernel B (also called structuringelement)that
operate®nanimageX. In our caseéimageandkernelareboththreedimensionabiscretebinary
imagesX, B C Z3. In the discretespacethe kernel generallyhasodd dimensions(we use
symmetricakernelsof size3 x 3 x 3).

Let B, denotethe translationof kernel B by vectoru. Thenthe dilation of animage X
by a symmetricalkernel B, notedas X & B, is the setof positionsu for which B, crossesX
[SM93, SHBIS:

X®B={u, B,NX #0}={x—b,z € Xandb € B} (2.1)



2.4. TOPOLOGYAND HOMOTOPIC TRANSFORMATIONS

Theerosionis the dual operationof the dilation, andcanbe definedusingthe dilation of the
complemenbf imageX. ThecomplemenbfimageX is denotedas X¢. Theerosionof image
X by akernelB, notedas X © B, is thesetof positionsu for which B,, is completelywithin X:

XoB={X‘®B}*={u,B,CX}={u,u—be XVbe B} (2.2)

2.4 Topologyand homotopic transformations

A transformationis homotopicif it doesnot changethe contiguityrelationbetweerregionsand
holesin theimage[SHB99, thusif it doesnot changethetopologyof animage.The contiguity
relationcanbe expressedy the definitionof connecteabjects(seesection2.2.1). Thisrelation
isvisualizedby thehomotopidree;its rootcorrespondso thebackgrounaf theimage firstlevel
branchescorrespondo the objectswith boundsto the backgroundandsecondevel branches
matchholeswithin theseobjects etc. (seefigure 2.5).

6

b

C

Figure2.5: Objectsandtheir homotopictree

2.5 The DistanceTransformation

Giventhreevoxelsp, g, z € Z3, we call d adistancefunctionor metric[GW92] if

Ep’q§>0Vp7éq

dip,q) =0 p=gq

d(p,q) = d(¢,p)Vp,q (2.3)
d(p,z) < d(p,q) +d(¢,x)Vp,q,x

TheEuclideandistancebetweerp andg is definedas

de(p, @) = /(P — 0)2 + (B — )% + (02 — 0.)? (2.4)



2.6. IMAGE SEGMENATION

whereby(p,, py, p.) denoteshecoordinate®f p. Howeverin ouralgorithmswe usethechamfer
distancqVer91,Bor86], whichis anapproximatiorof the Euclideandistancan discretespace.
Thedistancebetweera pointp andanobjectX is definedas

d(p, X) = min{d(p,z) |z € X} (2.5)
TheDistanceTransformationDT) for apointz in asetX is denotedas:
DT : x — min{d(z,v) |v € X} = d(z, X) (2.6)

v is apointin the Complemenbdf X, thusa non-featurgbackgroundpoint. ThereforeDT (x)
is the smallestdistancefrom z to the backgroundf X. Theresultof a distancetransformation
canberepresentedsa gray level image. We canalsoconsiderthe distancetransformatiorof a
pointin X.

2.6 Image segmentation

No single standardmethodof image segmentationhasemeged [Pra91]. Rather therearea
numberof methodsgachof themwith their own strengthsandweaknessesThe term “Image
sgmentation”is usedto describetwo differentkind of treatmentdCoi99]. One meaningthe
divisionof imagespacean connecteddomponentsjsingonly informationcontainedn theimage
itself. Methodssuchaslocal featureextractionbasedon statisticsyegion growing, etc. [MEO1]
cansene this kind of treatment. Theseare low level operationswhich meansthat they are
normally appliedat anearly stagein theimageprocessingipeline.

In theotheruseof thetermeachsegmentrepresentasymbolicobject. Theextractionof such
objectsfrom animagerequiresa priori knowledgeaboutthe representegdubject.In this regard
thetermdenotesatherawholeprocessin thisthesiswe will usetheterm“imagesegmentation”
in thelattersense.
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Cortical surfaceextraction
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Chapter 3

The cortical surface

The surfacelayer of the cerebralhemispheres the neocorte, or cerebralcortex - is abouttwo
millimetresthick andhasa total surfaceareaof aboutl.5 square-metresin humansthe cere-
bral cortex, is deeplycorvoluted (furrowed). The convolutionshave the effect of increasinghe
amountof cerebralcortex without increasinghe overall volumeof the brain[Pin9(. Thecere-
bral cortex is dividedinto four sectionscalled“lobes”: the frontal lobe, parietallobe, occipital
lobe, andtemporallobe. Sincethe neocort& playsanimportantrole in the humancognitive
processegheimportanceof beingableto segmentandmodelthecortex from a MRI imagemay
beevident.

3.1 Segmentationof the cortex: stateof the art

The first stepwhen segmentingthe brain from MRI imagesis often the determinationof the
set of voxels that form the brain (the brain mask), and identifying the brain tissues,suchas
grey matter white matteand cerebrospinafluid (CSF).In mary studiesin a further stepthe
discriminationis madebetweenthe large brain structuressuchasthe cerebrumthe cerebellum
andthe brainstem.Thoughthis is not sufficient to determinethe cortical ribbon, the outline of

thecerebruntorrespond$or alargepartto theexterior of thecorticalfolds,andthusmightform

astartingpointin segmentingthe cortex [Coi99].

Regiongrowing Wagneretal. [WFW*95] segmentthe volume of the cortex makinguseof
region growing. Dependingon the growth, the voxels separateat the interfaceof the cortex and
thewhite matter(grey-white interface)or attheinterfaceof the cortex andthecerebrospindluid
(grey-CSFinterface) thusattheinterioror theexteriorinterface.Thismethoddoesnotguarantee
ary topology nor doesit take the partialvolumeproblem(seesection3.3)into account.

Deformable models Zenget al. [ZSSD98] have proposeda methodbasedon deformable
modelsusinglevel sets Themodelis basedon two parallelevolving curvesunderconstraintof
proximity. Thesetwo curvesrepresenthe grey-white andgrey-CSFinterfaces.Themodeldoes
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3.2. RESEARCHQUESTION

nothave ary constraintsn respecto topology Also, it doesnottake the partialvolumeproblem
into account.

In [XPP*98], Xu etal. describea fuzzy segmentationof the grey matter the white matter
andthe CSFE The white matteris subsequentlyiltered in orderto obtainanisosurfce. This
isosuricesenesto initialize a deformablemodel, wherebyit is pushedagainstthe borderof
cortical ribbon. The useof anisosurficedoesnot guarantedhe topology of a hollow sphere.
Hencethe authorschoseto calculatethe Euler characteristicsandthento apply a medianfilter
andto recalculateaheisosurbiceuntil thedesiredopologyis reached.

Homotopic transformations Manginetal. [MCF98] usehomotopictransformationgo seg-
mentthe cortex. As initial modelthey usethe voxels correspondingo the tissuesof the brain.
They createa boundingbox aroundthe brain, and subtractiteratively simple points,imposing
thetopologyof ahollow sphere.

Teoetal. [TSW97] proposea homotopictransformationusing region growing. First the
white matterandthe CSFaresegmented.Thenlayersof voxelsareaddedo the white matterin
orderto obtainthecortex. Addingthedifferentlayersis controlledby thetopologyof thecortical
ribbon,asaresultof aredefinitionof theadjaceng betweerthevoxelsof thecortex. Thismethod
assureshe correcttopologyif the segmentatiorof the white matterdeliversa simply connected
object.

3.2 Reseach question

Ouraimis to obtainavolumecorrespondingo thecorticalsurface.Oneconditionwe imposeon
thissurfaceis thatit hasto have thetopologyof ahollow sphere Thiscorrespond#o thetopology
of the surfaceof a simply connectecomponent.Thisis of importancen orderto back-project
signalsmeasurean the scalp,suchas EEG and MEG, or to projecternvironmentalsignalson
thecortex, suchaselectro-magnetifieldsemittedby mobile phonesjn orderto investigateheir
influenceon the brain. It shouldbe notedthatthe real cortical surface,aswe find in the human
brain,in facthasthetopologyof a hollow sphere.Yetin MRI Imagesdueto discretisationthis
topologymaybe compromisedA furthergoalis particularlythe obtainingof the cavities in the
structureof the cortex, which arefilled with the cerebrospinalluid, without compromisingthe
topologyof thesurface.

We will extract the cortical surface using mathematicaimorphology The choiceto give
mathematicamorphologya majorrole in our particularsolutionswas madebecausef its ro-
bustnessandtopologypreservingoossibilities. MathematicaMorphologyis very oftenusedin
applicationsvhereshapeof objectsandspeeds anissue[SHB9§.

3.3 Limitations and difficulties

Several featuresof either the brain anatomy the MRI technique,or the combinationof both
may imposehurdlesthat have to be taken, or at leastconsidered.First of all we shouldtake

12



3.3. LIMITATIONS AND DIFFICULTIES

into consideratiorthatthe humananatomymayvary substantiallypbetweerdifferentindividuals.
Thereforeamethodshouldberobustin regardto interindividual differencesandshouldbetried
on arangeof testsubjects.

Pathologiesmay have a considerablesffect on the brain morphology If a methodof brain
segmentations to be usedin diagnostiomedicinethenit is importantthatit is robustagainsthe
effectsof variouspathologies.

The resolutionof MRI imagesplays an importantrole in the segmentationof the cortex
andthe extraction of its surface[C0i99]. This resolution,which is in the caseof MRI images
currentlyin the order of one cubic millimetre, determineghe minimal measure®f the brain
structureghatwill appeaiin theimage.If thereareseveraltissuego befoundin the volumeof
onevoxel, the meanvalueof thosetissueswill berepresenteth theimage. This phenomenon,
called“partial volume” tendsto blur thebordersbetweertissues.

Thecavitiesandcorvolutionsareparticularsensibldor this effect, especiallywhenthespace
betweentwo gyri getsvery small. Becauseof this effect the gyri sometimesseemto grow
together wherein reality thatis not the case. As a consequencéhe topology of the surface,
foundin suchaMRI scanmightbecompromisedWe will try to solve thisin our approach.

-
}

(a) (b)

Figure3.1: (a) closedcavity becaus®f partialvolumes,(b) redline: realcortex surface

cortex

white matter——=
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Chapter 4

Approach

4.1 Pre-segmentedolumes

In orderto extractthe cortical surface,we do not startwith the raw MRI image,but we assume
someobjectsto be alreadyseggmented DUBO01]. We can make this assumptionpecausehis
thesisis doneaspartof alarger project(seesectionl.1), andthereforewe areableto build on
previousresultsin sggmentingthe brain.

The white matterplays a centralrole in our approach,andis denotedby a set of voxels
Xuwhite.matter- W€ Needour white matterto be simply connectedand thereforewe defineour
white matterasthelargestsimply connecteabjecttakenfrom the white matter thatwe receve
asinput: .

Xwhite-matter = CC1 (meut ) (41)

white_matter

It shouldbe notedthat the real white matter asit is foundin the brain, is in fact simply con-
nected. This operationnormally can be performedon the sgmentedwhite matter without a
lot of problems.Apart from somedisconnectedioxels at the edge,the resultingobjectwill be
almostthe sameastheinput white matter

Furtherwe needobjectsrepresentinghe brain mask,the cerebellumthe brainstemandthe
cerebrospinafluid (CSF). The brain maskis an objectusedto extract the brain from the raw
MRI image,andis normally obtainedasthefirst stepwhensegmentingMRI brainscans.

4.2 Main principle

Oneof thefirst objectswe creates a volumerepresentinghe cerebrumWe do this by subtract-
ing the cerebellumthe brainstemandthe cerebrospinafluid from the brainmask:

Xcerebrum = Xbrainmask \ Xcerebellum \ Xbrainstem \ XCSF

(4.2)

- Xbrainmask N Xcerebellum N Xbrainstem N XCSF

Veryimportantfor recognizingcorrectlythe cavities, corvolutionsandfolds of thecortex, is that
the cerebrospindluid (CSF)is notcontainedn thecerebrum.

14



4.2. MAIN PRINCIPLE

The easiesimethodto obtainthe cortical surfacewould seemto simply extractthe borderof
the volumerepresentinghe cerebrumbd (X cereprum ). HOwever this methoddoesnot necessarily
deliver the searchedopology becausét doesnot addresghe partial volume problem(seesec-
tion 3.2).

Thereforewe take a differentapproach. We start with the simply connectedcomponent
correspondingo the white matter anddilate this object,with the conditionthata voxel is only
addedf it is partof X creprum (geodesidilationinto X ..,cy-.m), andif theresultingobjectis still
simply connected.Thus, only simple pointslying with the cerebrumare allowedto be added.
This meanghatwhenthedilation reacheshe borderof the objectrepresentinghe cerebrumall
voxelsin X ...orum areeitheradded,or do not meetthe conditionsearliermentioned. Finally
from the objectgainedby this operationthe borderis taken. The flowchartof this procedurecan
befoundin figure4.3.

Definition 4.1 A voxelzx is a simplepointif:

#CCO% [X N Nig(z),z] =1

#CCs [YﬂNfS(a:),x} =1

Wheeby#CC,, denotegshe numberof connecteccomponentaccoiding to n-connectivityand
N;(z) theneighbourhoof z, accoding to n-connectivity excludingz itself. Thusif the fore-
groundvoxelsin the N;; neighbourhoodf a givenvoxelare simply connectedaccoing to
26-connectivityand the badkgroundvoxelsin the N;; neighbourhoodincludingthe voxelz it-
self are simplyconnectedit is a simplepoint. Addingsud a simplepointto a simplyconnected
componenalwaysresultsin an objectthatis again simplyconnected.

Sincethe cortex is mainly a layer on the white matter startingwith the white mattermakes
sensebecausdt alreadyfollowstheform of the cortex (seefigure4.1). The conditionaldilation
deliversan objectthatis simply connectedandthereforeits surfacehasthe right topology the
topologyof a hollow sphere.In generalthis surfacewill resemblecloselythe surfacefound by
bd( X cerevrum ), NOWever especiallythe partial volumes,that closecavities, will not be contained
in the correspondingpbject. And thusthe cortical folds, which areunconnectedn reality, but
connectedn the MRI imagedueto its resolution(seesection3.2), will be unconnectedgain.
Parallel with this phenomenorthe cavities, which were closedbecauseof the partial volume
problem,will be openedagain(seefigure 4.2). Hencethetopologyof the retrieved surfacewill
correspondetterwith thetopologyof thereal cortical surface.However it shouldbe notedthat
in the caseof the partialvolumesit may be shiftedin the orderof onevoxel size.
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4.2. MAIN PRINCIPLE

axial view coronalview sagittalview

Figure4.1: White matterandcortex

-

cortex——= l

white matter——=
(a) (b) (c)

Figure4.2: (a) closedcavity becauseof partial volumes,(b) red line: real cortex surface,(c)
openedcavity
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4.2. MAIN PRINCIPLE

Input: Input:
Xbrainmask, Xwhite_matter
Xcerebellum, kernel, connectivity

Xbrainstem, Xcsf

Xcerebrum = Xbrainmask M Xwhite_matter =

Xcerebellum N Xbrainstem M Xcsf CC( Xwhite_matter, 1, connectivity )

Xce =
Conditional_Dilation( Xwhite_matter,

Xcerebrum, kernel )

Xsurface = bd( Xcc)

Output:

Xsurface

|

Figure4.3: Flowchartof the procedurego obtainthe cortical surface
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Chapter 5

Results

5.1 Experimental results

In figures5.1 and 5.2 twelve axial slidesare shavn. The first slide is the lowestone. The
distancebetweenthe slicesis 6 millimetres. The cortical surfaceis representedby red closed
contours.Sincethecorticalsurfaceis athreedimensionabbject,theremayappeasmallcircular
contoursin the slide thatseemto be disconnectedrom the biggercontour They areof course
not disconnectedyut connectedn thethird dimension perpendiculato theslide. This canalso
beunderstoodf oneconsiders.g.figure5.3.

In figures5.3 and5.4 threedimensionalrepresentationsan be found. They arerendered
from the samecortical surfacethatis picturedin figures5.1and5.2.

5.2 Discussion

The quality of the cortical surface dependsheavily on the quality of the segmentationof the
partsthataretaken asinput (brain-maskcerebellumprainstem CSFandwhite matter). If for
instancethe cerebrospinafluid is not segmentedcorrectly the cortical surfacethatis found by
our approachwill nothave the correctform.

If somesurficialvoxelswerenotaddedduringtheconditionaldilation, thenthesurfacefound
in ourapproachwill shav somedistanceo theactualcorticalsurface.Howeverthis alsoassures
thatthe right topologyis maintained.In this casepreseration of the right topologyis chosen
over millimetric precision. Yann CointepaqCoi99] proposesan approachthat allows a more
precisedescriptionof the cortical surface,using cellular complexes. This description,though,
malkesthetreatmenbdf thecorticalsurfacemuchmoredifficult, andis notvery suitedfor creating
amesh.

If theseconstraintsaretakeninto accountthe approachasprovento bevery robust. Since
our approachdeliversa volumic representatiomf the cortical surface,with the topology of a
hollow sphereijt mightbevery suitablefor creatingameshrepresentationf the corticalsurface.
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5.2. DISCUSSION

Figure5.1: Thecorticalsurface,lowerslides
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5.2. DISCUSSION
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Figure5.2: Thecortical surface,upperslides
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5.2. DISCUSSION

Figure5.4: 3D representationf the corticalsurface lower view
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Part Il

Separationof the hemispheles
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“Gentlemen,

Onecannotbut be struckby acomparisorof thefollowing facts.First,thecerebrahemispheres,
the higher part of the centralnenous system,is a ratherimpressve organ. In structureit is
exceedinglycomple, comprisingmillions and millions (in man- even billions) of cells, i.e.,
centresor foci of nenousactiity. Thesecellsvary in size,shapeandarrangemenandarecon-
nectedwith eachotherby countlessbranches.Suchstructuralcompleity naturallysuggestsa
very high degreeof functionalcompleity. Consequentlyit would seemthata boundlesdield
of investigationis offeredherefor the physiologist. Secondly take the dog, man’s companion
andfriend sinceprehistorictimes,in its variousrolesashunter sentinel,etc. We know thatthis
complex behaviour of the dog, its highernenousactvity (sinceno onewill disputethatthisis
highernenwousactuity), is chiefly associateavith the cerebralhemisphereslif we remove the
cerebrahemispheres thedog(Goltz andothers),it becomesncapableof performingnotonly
therolesmentionedabove, but evenof looking afteritself. It becomegprofoundlydisabledand
will die unlesswell caredfor. Thisimplies thatbothin respectof structureandfunction, the
cerebrahemisphereperformconsiderablghysiologicalwork.”

IvanPetrarich Pavlov, Lectureon the CerebraHemisphere[Bv57], 1924
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Chapter 6

The hemispheles

The cerebrumalsocalledforebrain,is the biggestpart of the humanbrain. It consistsof two
halvescalledthe cerebralhemispheresandhoststhe major higherbrain functions. The hemi-
sphereslying very closelyto eachother areseparatethy thefissuralongitudinaliscerebri.Only
in the centrethey areconnectedy the corpuscallosum.

Althoughthereis anapproximatesymmetrybetweerleft andright cerebrahemispheregfor
example,therearetwo occipital lobes,two parietallobesandtherearetwo frontal lobes),this
symmetryis not exact. By the end of the 19th centuryscientistsstartedto discover that each
hemispherdas specializedn performingcertaintasks. For instance,for most peoplethe left
hemispherewhich manageshe right side of the body, controlslanguageand generalcogni-
tive functions. The right hemispherecontrolling the left half of the body, managesornverbal
processessuchasattention,patternrecognition,line orientationandthe detectionof complex
auditorytones.

Eventhoughtthe two hemispheresave differentfunctionsthey do not work independently
of eachother They communicateback andforth acrossthe corpuscallosum,eachacting as
independenparallelprocessorsvith complementaryunctions. Thisis notanequalpartnership
however; onehemisphereaisuallydominatesover the other an effect bestillustratedby the fact
that mostpeoplehave a preferencausingeithertheir left or their right hand. In mostcaseghe
left hemispheres believedto be the dominatehemisphereandconsequentlyhe right handthe
preferrechand.

6.1 Separationof the hemispheres: stateof the art

Before separatinghe hemispheresiirst the setof voxels that form the brain (the brain mask)
aredeterminedandthe brain tissues suchasgrey matter white matteand cerebrospinafiuid
(CSF)areidentified,justlikewhensegmentingthecortex (seesection3.1). Becausehecerebral
hemispherearesupposedo be separatedhe discriminationbetweerthe large brain structures
suchasthe cerebrumthe cerebellumandthe brainstenis oftenmadein a preliminarystep.
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6.2. RESEARCHQUESTION

Mid-sagittal plane Several authorshave describedvarioustechniquedo separatehe hemi-
spheresmaking use of the so-calledmid-sagittalplane. This planeis definedas the plane
that bestfits the interhemisphericfissureof the brain (fissuralongitudinalis)[MGS*96], or
asthe planethatmaximizessimilarity betweertheimageandits reflectionrelative to this plane
[LCR98, PTSR98]. A disadwantagesof theseapproachess that the boundarybetweenboth
hemispheress not planar Furtheris thesymmetrybetweerbothhemispheresever perfect,and
the degreeof symmetrybetweerthemcanvary from individual to individual.

Template matching Maesetal [MVLD *99] proposea methodto separatdoth hemispheres
using templatematching. After bias correctionand tissueclassification left and right hemi-
spheresare separatedy non-rigid registrationto a templateimagein which both hemispheres
have beencarefully sggmented.With this methodit is uncertainhow well the hemispheresre
separated their morphologydiffersconsiderablyfrom thetemplateimage.

6.2 Reseach question

The secondobjective setfor this thesisis the morphologicalseparationof the both cerebral
hemispheresSinceeachhemispherdiostsdifferentfunctions,it canbe of interestto studybrain

activity whenperformingdifferenttasks,andidentify the distribution of functionality between
thehemispheresThepossibilityto accesshevolumesof eachhemispherén MRI imagesallows

the examinationof back-projectedEEG and MEG signalsseparatelyffor eachhemisphere.Of

coursehaving boththe volumesof the hemispheresallows alsothe inter-individual studyof the

morphologyof bothhemispheresAlso in caseof a pathologyit maybeof interestto acces&ach
hemisphereseparately

6.3 Limitations and difficulties

Thetwo hemisphereareseparatedby the fissuralongitudinaliscerebri,a very deepandnarrav
furrow. Dueto theresolutionof the MRI techniquewhichis currentlyin the orderof onecubic
millimetre, sometimesonvolutionsthatlie at oppositesidesof thefissuralongitudinaliscerebri
seemto grow together They arein factnotreally connectedbut the spacebetweerthemis too
smallto appeain the MRI image,dueto the partialvolumeproblem(seesection3.3).

The hemisphereare physicallyconnectedy the corpuscallosum. The division within the
corpuscallosumof which voxels belongto the right hemisphereand which onesto the left
hemisphereis somavhatarbitrary
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Chapter 7

Approach

Theapproactpresentedhereis basedntheideato erodethevolumerepresentinghe cerebrum
(theforebrain),in orderto obtaintwo marker volumes,onesituatedin the left hemisphereand
theotherin theright hemisphereHenceforthithetwo markervolumesaredilatedsimultaneously
until they meeteachother, or the boundsof the cerebrumis reached.During this dilation, the
dilatedmarker volumeswill eachremaintheir own value,andwe will endup with two marked
volumestogetheffilling upthecerebrumTheflowchartof this procedurecanbefoundin figure
7.1.

7.1 Mark er volumes: erosionof the cerebrum

In orderto obtainthe marker volumesthe cerebrunis erodedirst anumberof times. As erosion
kernelwe chosethe Nz kernel,becausehis kernelis a betterapproximationof the Euclidean
ball thanfor instancethe Ny or Nog kernels,andthusproducesa more“rounded” erodedobject
thanthosekernels.The numberof timesthe erosionis performedis determinedy the variable
n in theflowchartin figure 7.1. We performedour testswith n setto 3.

After the cerebrumis erodedblindly, we testwhetherthe hemispheresrereally separated.
Fromtheimage,gainedasa resultof the erosionsthe two largestconnectedbjectsaretaken.
If the hemispheregverenot separatedthenthe largestsimply connectedbjectsimply consists
of thetwo, still connectedmarkers. Thesecondargestobjectis agroupof voxels,disconnected
becausef theerosionoperation.Thevolumeof theseobjects(thenumberof voxelsthey consist
of) differs considerably Thereforewe concludethatif their volumeis within a certainrange,
the hemispheresreseparateé@indwe may proceed.Otherwise anothererosionis needed.The

formulato assesshisis

markerl

‘1 — < mazxdif (7.2)

marker2

Wherebymarkerl andmarker2 representhe numberof voxelsin the first andsecondargest
simply connecteccomponent.mazdi f is the factorthatthey are allowedto differ. We chose
0,15for mazxdif. It maybenotedthatit is alsovery easyto visually checkwhetherthe markers
areseparated.
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7.2. PROBLEMS WITH MARKER VOLUMES: GROWING INTO EACH OTHER

(=0 0

Input:

Xcerebrum, ‘
kernel, connectivity, Xmarkers_cc = Justify( Xmarkers_cc )

n, maxdif

Xhemispheres =
Xmarkers = Xcerebrum
MultipleDilate( Xmarkers_cc, kernel )

Output:

Xhemispheres

Xmarkers = Erode( Xmarkers, kernel )

n=n-1 i

No

Yes

Xmarkers_cc =
CC( Xmarkers, 2, connectivity )

markerl = #voxels( Xmarkers_cc, 1)
marker2 = #voxels( Xmarkers_cc, 2)

|

markerl
‘ - < maxdif

marker2

Figure7.1: Flowchartof the procedurego obtainthehemispheres

7.2 Problemswith marker volumes: growing into eachother

If the distanceof oneof the markersto the boundarythat separatethe hemispheress smaller
thanthe distanceof the othermarker to the boundarythenit is possiblethatduringthe dilation
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7.2. PROBLEMS WITH MARKER VOLUMES: GROWING INTO EACH OTHER

voxels of onehemispheravill be falselyassignedo the other Onehemispherevill grow into
the other soto speak(seefigure 7.2). Of coursethis canonly happenwvhereboth hemispheres
areconnectedn the MRI image. They areconnectedpothin the MRI imageand physically
by the corpuscallosum.Complementaryo thatsomecorvolutionslying at oppositesidesof the
fissuralongitudinalisare connectedn the MRI imagedueto the partial volume problem(see
sections3.3and6.3).

markerl marker2

Figure7.2: Markerlgrows into the otherhemisphere

Becauseheerosionwill have thesamepacefor bothhemispheresn mostcaseghedistance
of the markersto the boundarywill correspond.Thoughdueto theirregularform of the hemi-
spheresheform of themarkersis alsoquiterough,andthereforehemarkersdo notalwayshave
the samedistanceto the boundary However duringthe dilation stagethe furrows in the markers
will be closed,andthenthe “growing into eachother” is often prevented. The dilation hasa
“smoothing”effect onthemarkers.

A muchbiggerproblemis the casewherethe sideof onehemispherés muchwider thanthe
other Thenit is possiblethat for the narrav hemisphereghe marler is totally erodedaway at
thatside,andthe marker of thewider oneis not. If bothhemisphereareconnectedn the MRI
imageat suchaside,thenit is very likely thatthereonewill “grow into the other”. To dealwith
this problemwe justify the markers. We developedtwo approacheo justify themarkers.

7.2.1 Justification: rectangular markers

For this approachwe substitutethe markers with rectangularvolumes. We assumehe mark-
ersto be positionedbesideeachotherin the directionof oneaxis (for instancein z-direction).
The rectangulavolumeshave the samedimensionsaasthe maximaldimensionsof the original
markervolumes.For theothertwo Cartesiardirections(for instancey- andz-direction)the both
rectangulamarkershave the samedimensions.In thesedirectionsthey assumehe leastof the
maximumpositionof eitherof bothoriginal markers. Furtherit is possibleto subtracta constant
from eachmeasure.

This methodsolvesthe problemof caseshathave thesideof onehemispherevider thanthat
of the otherhemisphereAlso afterthe dilation the cut betweerthe hemispheress very straight,
becausef the form of the rectangulamarkers. This resultsparticularlyin a nice straightcut
in the corpuscallosum(seee.g. figure 8.10). However this methodtotally disregardsthe form
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7.2. PROBLEMS WITH MARKER VOLUMES: GROWING INTO EACH OTHER

Figure7.3: Rectangulamarkers

of fissuralongitudinalis,And thereforethe chanceof onehemispherégrowing into the other”
is muchlarger Especiallywhenthe boundarybetweenthe hemispheress not moreor lessa
straightplain, but is bendedn oneor moredirections.

7.2.2 Justification: intersection of the markers

Againwe assumehe markersto be positionedbesideeachotherin thedirectionof oneaxis(for
instancdan z-direction). Now we considerevery scanlinen this direction. Only if bothmarkers
have voxelsin thisscanlinethey areincluded.This hastheeffectthatthemarkersareintersected
for the otherdimensiongy,z in theexample).

This methodfollows theform of thefissuralongitudinalis,andis not sensitve for brainsthat
have the sideof onehemispherdroaderthanthat of the otherhemisphereHowever the cutin
the corpuscallosumis not so straight(seee.g. figure 8.11). Sincethe assignmenbf voxelsto
onehemispherer the otherwithin thecorpuscallosumis somavhatarbitraryanyway, this might
beregardedasa cosmeticaproblem(a certaindivision might look better but is not necessarily
evaluatedasbeingbetter).

z

T—>y

(a) (b)

Figure7.4: (a) Intersectiorof markersin y,z (b) scanlinein z-direction
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7.3. MULTIPLE DILATION

7.3 Multiple dilation

After themarkervolumesareobtainedwe have two volumes.Oneconsistf simply connected
voxels,thatall have thevalue“1”, andthe otheris formedby simply connectedroxels, thatall
have thevalue“2”. Now they will be dilatedsimultaneously Herebyvoxels areonly addedif
they arel. in thevolumeof thecerebrumand?2. they arenotalreadyaddedo the othermarker.
The addedvoxels are assignedhe value of the marker they areaddedto. Thus,they will be
assigneceitherthevalue*1” or“2”. Thisdilationwill berepeatedintil thereareno morevoxels
thatcanbeadded.As dilation kernelthe samekernelasfor the erosionis used(/Vyg), in orderto
retracetheoriginal form asmuchaspossible As aresultwe will have two volumesmarked“1”
and“2”, togetheffilling uptheentirecerebrum.

7.3.1 Meeting markers

If duringthemultiple dilationthetwo marker volumeswould meetmeaninghey reachthesame
positionat the samedilation step,it could be possiblethatonemarker grows diagonalover the
other if this marker alwayswould bedilatedfirst (seefigure 7.5a). This would be the casef we
usea“miss or hit” operationandscanthe volumealwaysin the samedirection. To preventthis
from happeningve scanour volumealternatingn increasinganddecreasinglirection. Thuswe
first usea loop startingwith the smallestz, y and z, andincrementhem. And thenusea loop
startingwith the maximalz, y andz, anddecrementhem. In caseof meetingmarker volumes
this leadsto resultillustratedin figure 7.5h If a Ny dilation kernelis used,the effect of figure
7.5acannothappenthe markersjustwould grow vertically.

step 6 step 6
step 5 step 5
step 4 step 4
step 3 step 3
step 2 step 2
step 1 step 1
markerl marker2 markerl marker2
() (b)

Figure7.5: Meetingmarkers: (a) staireffect, (b) zigzageffect
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Chapter 8

Resultsand discussion

8.1 Experimental results

In figure 8.2 unjustifiedmarker volumesareshown, thatwere obtainedaccordingthe procedure
describedn chapter?7. In figure 8.3 the correspondingeparatedemispheresre shovn that
resultedfrom the multiple dilation. For this particularMRI the separatiorwasuntroubledeven
with theunjustifiedmarkers.In figure8.1athreedimensionatepresentatioof thetwo separated
hemispheresanbefound.

Figure8.1: Theseparatethemispheres 3D
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8.2. LIMITATIONSAND DIFFICULTIES

8.2 Limitations and difficulties

In figure 8.5we find a goodexampleof a marker thatgrew into the otherhemisphergseealso
section7.2). Thereasorfor this phenomenoranbefoundin figure 8.4; the left marker is still
presentin thelower region of the left hemispherewheretheright marker is completelyeroded
away atthe correspondingegion in theright hemisphere.

Thefirst solutionto tacklethis problemis shawn in figure 8.6. Thesemarkerswerecreated
from the original markersin figure 8.4 accordingto the methoddescribedn section7.2.1,with
the borderconstantsetto 5 voxels. The resultof the multiple dilation of thesemarkerscanbe
foundin figure8.7. As is clearlyvisible, themarkersdo not grow in theotherhemispheres.

In figure 8.8the secondsolutionis shavn; the markersarejustifiedby intersectinghem(see
section7.2.2).If figure8.8is comparedo figure8.4,we canseethatthelower partof theoriginal
left marker hasbeenremoved. Theresultof the multiple dilation of thesemarkerscanbe found
in figure 8.9. Becausehe partof theleft marker thatcausedt to grow into theright hemisphere
hasbeenremoved,the problemof growing into the hemispherdasbeenlifted.

8.3 Discussionand prospects

Therectangulamarkersdeliver a very straightcut betweerthetwo hemispheresascanbeseen
in figures8.7 and8.12. This canbe of advantagewhensearchinga straightplanebetweenthe
hemispheresAlso, the corpuscallosumis visually moreapparentn a threedimensionarepre-
sentation.This is plain whenfigure 8.10, obtainedwith rectangulamarkers,is comparedwith
figure 8.11, obtainedwith intersectednarkers. However thatdoesnot meanthatthe separation
in the corpuscallosumis betterwhen usingthe rectangulamarkers, only visually more plain.
Thedivisionbetweerthetwo hemispherewithin the corpuscallosumis somevhatarbitrary and
thereforeonecouldarguethatdifferentseparationsrevalid.

The rectangulamarkers meettheir limitations whenthe fissuralongitudinalisis bendedn
oneor moredirections. They assumehe boundsbetweernthe hemisphereo be quite straight,
andwhenthatis not the casethe separatiorprovided by the rectangulamarkerswill contain
errors. This problemdoesnot exist for the intersectednarkers. They follow the form of the
fissuralongitudinalis,asit is provided by the erosion,andjust remove the partsof the markers
thatmay causethe growing into the otherhemisphere.

The procedurewith the differentjustified markers,appliedon MRI imageshasprovento be
veryrobust. However, for someMRI imagegheassignmendf asmallnumberof voxelsarguably
maybeambiguousHoweverit shouldbe notedthatthe preciseanatomicativision betweerthe
two hemispheress rathersubjectve. A possibleapproachfor future investigationsmight be a
separatioasedndynamicakurfacegsnales),which possiblycouldtake thedivisionobtained
by theapproachdescribedn this thesisasa startingpoint.
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@ ao

axial view coronalview sagittalview

Figure8.2: Unjustifiedmarker volumes

-

axial view coronalview sagittalview

Figure8.3: Separatetiemispheregybtainedrom unjustifiedmarkers
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axial view coronalview sagittalview

Figure8.4: Exampleof unjustifiedmarker volumes

ry.

axial view coronalview sagittalview

Figure8.5: Exampleof a marker thatgrew into the otherhemisphere
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axial view coronalview sagittalview

Figure8.6: Rectangulamarker volumes

axial view coronalview sagittalview

Figure8.7: Separatethemispheregybtainedrom rectangulamarkers
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axial view coronalview sagittalview

Figure8.8: Intersectednarker volumes

axial view coronalview sagittalview

Figure8.9: Separatethemispheregybtainedrom intersectednarkers
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Figure8.10: 3D representationf a hemispherdpicturedundertwo differentangles),obtained
with rectangulamarkers

Figure8.11: 3D representationf a hemispherdpicturedundertwo differentangles),obtained
with intersectednarkers
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P

axial view coronalview sagittalview

Figure8.12: Separatethemisphereybtainedrom rectangulamarkers

P

axial view coronalview sagittalview

Figure8.13: Separatethemispheregbtainedrom intersectednarkers
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Chapter 9

Conclusion

Objectvesfor this thesiswerethe extractionof the cortical surfaceandthe morphologicalsep-
arationof both hemispheresSincethis thesisis part of a larger project(seesectionl.1) some
anatomicabpartsof the brain could be assumedo be alreadyseggmentedseesection4.1). Pro-
cedurego meettheseobjectveshave beendeveloped. Several modulesnecessaryo run these
procedurehave beenimplementedn C++ routines. The taken approachesire hearily based
on mathematicamorphology The MRI images,usedin our tests,wereprovided by the LENA

Salpetriere Hospitalin Paris. They were normal MRI imagesfrom usualquality, taken from

differenthumansubjects.

9.1 The cortical surface

In orderto extractthe cortical surface,we startedwith a simply connected/olume,representing
thewhite matter This volumewasdilatedunderthe conditionthatvoxelswereonly addedif 1.
the resultingvolumewould be still simply connected?. they werepositionedwithin the cere-
brum. The cerebrumwasdefinedasthe brain-maskwith the cerebellumthe brainstemandthe
CSFsubtracted.This dilation was continueduntil therewere no more voxels left to be added.
We would endup with a simply connected/olumewith an outline correspondingo the corti-
calsurface.Theinternalsurfaceof thisvolumewould betakenasendresult:thecorticalsurface.

Oneof the major conditionswe imposeon the extraction of the cortical surfaceis thatthe
resulthasto have thetopologyof a hollow sphere.This conditionis imposedn orderto beable
to projectsignalsmeasurean the scalp,suchasMEG andEEG, onthecortical surface(inverse
problems). Thoughthe real cortical surface doesindeedhave this topology it is often com-
promisedin MRI imagesbecausef the partial volume problem(seesection3.3). The chosen
procedureopensclosedcavities, andby doingso, it assuresherequiredtopology Thoughmil-
limetric precisionis not alwaysreachedy this approachthe preseration of theright topology
wasvaluedhigher

The quality of the extraction of the cortical surface dependsvery much on the quality of
the sggmentationof the partsthat are taken asinput (brain-maskcerebellum brainstem CSF
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andwhite matter).If for instancethe cerebrospinalluid is not segmentedcorrectly the cortical
surfacethatis found by our approactwill not have thecorrectform.

If theseconstraintsaretakeninto account.the extractionof the cortical surfacehasproven
to be very robust. For all the imagesthat have beentested the surfacehasbeenfound without
ary problems.Thevolumic representationf the cortical surfacewith the topologyof a hollow
spherewhich is deliveredby our approachmight be a goodstartingpoint for constructionof a
meshrepresentationf the cortical surface.

9.2 The hemispheres

Theapproactto separatehe hemispherehasbeenbasedn theideato erodethevolumerepre-
sentingthe cerebrum(the forebrain),in orderto obtaintwo marker volumes,onesituatedin the
left hemisphereandthe otherin theright hemisphereAfter obtainingthetwo marker volumes,
they were dilated simultaneouslyuntil they met eachother, or the boundsof the cerebrumis
reached.During this dilation, the dilated marker volumeswould eachremaintheir own value,
andwe endup with two markedvolumes togetheffilling thecerebrum.

The major disadwantageof this methodis that thereis a possibility that one marker vol-
umegrows into the otherhemispherdgseesection7.2). Therisk of this happenings especially
presentin the casethat at someheightone marker volume hasbeenerodedaway completely
andthe othermarker volumehasstill voxelsleft at the correspondindieight. To dealwith this
problemwe have developedwo differentsolutions.Thefirst solutionis to justify themarkervol-
umesby creatingrectangulamarkersfrom the original ones,andthe otheris to justify themby
intersectinghe two markersin the directionthey are positionedbesideeachother(seesections
7.2.1and7.2.2). Thesesolutionshave provento solve the problemsubstantially

Theseparatiorthatis deliveredby our approachmight form the startingpointfor fine-tuning
of the separatiorbasedon differentcriteria. A possiblefuture projectcould be basedon the
applicationof dynamicalsurfaces(snales)in the separatiorof the corticalhemispheres.
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Appendix A

Implementation of the algorithms

A.1 intr oduction

The MRI scanswverestoredin files, characterizethy a“.ima” extension,containingtheraw data
(no headerinformation) asa string of bytes,wherebyevery byte represents gray level value.
Thestringcanbeinterpretedasathreedimensionaloxel imagein thefollowing way:

for (z =0to MAX Z - 1)
for (y = 0to MAXY - 1)
for (z = 0to MAX X - 1)

{
BYTE[ «] [ y] [ 2]

}

ThedimensionM AX _X, MAX_Y andM AX _Z7) of theimagearestoredin anaccompaying
file, with a“.dim” extension.Thisfile alsocontainghe physicaldimensionf a voxel.

Theproceduresasshavnin theflowchartsin figures4.3and7.1wereimplementedn c shell
scripts. They canbe easilyexecutedby enteringat the Unix command-linecorticalsurface.sh
MRIlimage”, andrespectiely “separatehemispheres.sMRIlimage”, wherebythe “MRIlimage”
is thefilenameof the MRI imagewithout extensionsIn theshellscriptsit is documentedvhich
namesthe pre-sgmentedpartsthat are taken as input, are supposedo have. From the shell
scriptsthe variousmodulesareexecuted.

To implementthe differentmodulesof our proceduresve make useof the Tivoli library, a
setof C++ routinesandbinaries.Thealgorithms which werenot provided by the Tivoli library,
weredevelopedfor this projectin C++. They were: the conditionaldilation, the justification of
themarker volumes;rectangulamarkers,andintersecteanarkers,andthe multiple dilation. We
will give abrief descriptionof thosealgorithmsin thefollowing sections.
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A.2 The conditional dilation

The conditionaldilation playsa majorrole in the cortical surfaceextraction(seechapterd). In
this sectiontheimplementatiorof this conditionaldilationis described.

As input parametersn image that containsthe to-be-dilatedobject,a maskimage andthe
dilaton kernel (IVg, N1g, Or Nog) aretaken. Thefirst conditionthatis imposedon thedilation, is
thatavoxel is only addedf it is within themask.A voxel is within the maskif the maskimage
hasa non-zerovalueon the correspondingposition. The secondconditionis thatit is a simple
point (seedefinition4.1).

A.2.1 distancetransform

Theconditionaldilationis implementedn two steps.Firstadistanceransform(seesection2.5)
is appliedon theinputimageinto the mask. For the distancetransformation(DT) we alsorefer
to [Bor86, Ver9]. In our applicationthis meansthat the distancetransformis performedthe
volume of the white matterinto the cerebrum. Thusthe white matterwill have distance0, in
the cortex thevalueincreasesn directionof its bounds andthe volumeoutsidethe cerebrums
filled with themaximumvalue(255). Thisis visualizedin figure A.1.

axial view coronalview sagittalview

FigureA.1: Distancetransformatiorof the white matterinto the cerebrum

A.2.2 priority waiting list system

For the secondstageof the implementatiorthe distancesreregardedaspriorities, wherebythe
smallestdistancehasthe highestpriority. All simplepointsof the highestpriority areaddedto
theobjectfrom theinputimage.The non-simplepointsareputin awaiting list system.

Thewaiting list systemcontainsa queuefor every priority. In orderto initialize thequeuesa
histogramis madeof theimagewith the priorities. The queuesaregiventhe sizeof the number
of voxelsof the correspondingpriority, soif all voxelsof agivenpriority wereputin thewaiting
list systemthe queueof thatpriority would be completelyfilled.
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A.2. THE CONDITIONAL DILATION

Now we descendone priority, and proceedwith addingall simple points, and putting the
restingvoxels of thatpriority in thewaiting list. Thenthevoxelsin thewaiting list arechecled
whetherthey still arenot simply connectedstartingwith the queueof the highestpriority, and
thendescending.This is necessarpecauset is possiblethat voxelsthat were previously non-
simple, now are simple points, as a resultof surroundingvoxels that have beenaddedto the
object. This procedureis repeateduntil all distancesgxceptfor the maximumdistance(the
voxelsoutsidethe cerebrum)aredealtwith.

i nput: image, mask_image, kernel
out put: 4mage

dist_image = DT(image, mask_image)
histo = Hi st ogr an( dist_imnage)
queues = | nit Queues( histo)

i nteger dist = 1

do

{
if (histo[dist] != 0)

{

AddSi npl ePoi nt s(image, dist_image, dist)
QueueRest ( queues, dist_image, dist)
CheckQueues( image, queues)

}

dist = dist + 1

}

until (dist == 255)
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A.3 Justification of the marker volumes

We assumehatthe orientationof the brainis moreor lessalignedwith the directionof one of
the axis of the referencerame (a small deviation is allowed). As a consequencehe markers
arealsoseparate@longoneaxis of thereferencdrame. Beforewe justify the markers,we first
searclthedirectionin which they arebesideeachother In orderto determinethatdirection,we
searchitheminimumandmaximumdimension®f bothmarkers,andthensearcHor thedirection
in which the maximumof onemarker is smallerthanthe minimum of the other Of coursethis
is only allowed for onedirection. For the following sectionswe assumehat both markersare
besideeachotherin z-direction. The correspondingoutinesfor y- and z-orientationcan be
easilyderived.

A.3.1 Creatingrectangularmarkers

After the minimumandmaximumdimensionf bothmarkersaredeterminedthe construction
of therectangulamarlkersis quitestraightforvard. In y- andz-directionthelargestof theminima
aretaken,andthesmallesbf themaxima.In z-directionbothmarkersmaintaintheir minimaand
maxima.Thenfrom all dimensionsa constanbordervalueis subtractedandthusall parameters
for our two rectangulavolumesareobtained.Seealsosection7.2.1.

A.3.2 Creatingintersectedmarkers

Again we assumehe markersto be positionedbesideeachotherin the direction of one axis
(in our examplein z-direction). Now we considerevery scanlinein this direction. Only if both
markershave voxelsin this scanline they areincluded. This hasthe effect thatthe markersare
intersectedor the (y,z)-plane.Seealsosection7.2.2.

for (z =0to MAX Z - 1)
for (y = 0to MAXY - 1)
{

for (follow scanline in z-direction)

if (both markers are present in scanline) then
the scanline is mintained

el se
the scanline is erased
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A.4 The multiple dilation

The multiple dilation takesasinput parametersi labeledimage, containingobjects,anda mask
image. Thevoxelsof every objectin the inputimageare supposedo have a value,uniquefor

the objectthey belongto (e.g. all voxelsof oneobjecthave thevalue®l”, the voxelsof another
objecthave the value“2”, etc.). The multiple dilation performsa dilation, with a givenkernel
(g, N1g Or Nog), ontheobjectsin theimage,wherebyby the addedvoxelstake the valueof the
objectthey areaddedto. Herebyvoxelsareonly addedf 1. they arein the volumeof the mask,
and2. they arenot alreadyaddedto anotherobject. This dilation is repeatedintil thereareno

voxelsleft anymorethatcanbeaddedo anobject.

i nput: image, maskimage, kernel
out put: destination_image
destination_image = image
do
{

i nteger added = 0

for (z =0to MAX Z - 1)

for (y =0to MAXY - 1)
for (r =0to MAX X - 1)

{
if (image[z][y][z] '= 0) then
{
for (wal k through all kernel offsets: kz, ky, k=)
{
if ((maskimage[xz+kz][y+kyl[z+ky] '= 0) and
(destination_image[ x + kx] [y + ky] [ z+ ky] == 0)) then
{
destination_image[ x + kx] [y + ky] [ z + ky] = image[ =] [ y] [ 2]
added = added + 1
}
}
}
¥
image = destination_image

}
until (added == 0)

It shouldbe noted,thatthe actualimplementatiorscanghe imagealternatingin increasing
anddecreasinglirection,to addresshe problemsdescribedn section7.3.1. Thuswe first use
aloop startingwith the smallestz, y and z, andincrementthem. And thenusea loop starting
with the maximalz, y andz, anddecrementhem. Theroutinein pseudo-codabove scanshe
volumeonly in increasingdirectionthough,in orderto keepit understandablen caseof a Vg
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or Nig-kernel,aftertheroutinehasfinished,we runit with a Nog-kernel,in orderto addvoxels
thatarestill disconnected.
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