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Abstract

Objectivesof thisprojectaretheextractionof thecorticalsurfaceandthemorphologicalsepara-
tion of bothhemispheresin MRI images.Theseobjectivesserve theconstructionof individual
modelsof the head. In orderto achieve our goals,we do not startwith the raw MRI data,but
assumesomeanatomicalpartsof the brain to be alreadysegmented.We baseour approaches
for a largeparton mathematicalmorphology, becauseof its robustnessandtopologypreserving
possibilities.

For the cortical surfaceextractiononeof the major constraintsis that the obtainedsurface
musthave the topologyof a hollow sphere.A topologythat thecorticalsurfacein reality pos-
sesses,but is not necessarilyfound in MRI images,becauseof their limited resolution. This
topology is of importancewhen back projecting(inverseproblems)signalsmeasuredon the
scalp,suchasMEG andEEG,to locatetheir sourceson thecortex.

Theseparationof thecerebralhemispheresallowsusto accessbothhemispheresindividually.
Sincebothhemisphereshostdifferentbrainfunctions,thismightbeof interest.Thisgivesusalso
muchbetteraccessto thecorticalsurfacewithin thefissuralongitudinalis(thevery narrow and
deepfurrow betweenthetwo hemispheres).
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Kurzfassung

Die ZieledieserArbeit sindzumeinendieErfassungderkortikalenOberfl̈acheundzumanderen
die TrennungderbeidenHemispḧarenin MRI Bilder mittelsmorphologischerOperationen,die
sichwegenihrer RobustheitundderTopologieerhaltendeEigenschaftenbesonderseignen.Die
Arbeit ist einTeil einesProjektes,in demdieKonstruktionvonindividuellenanatomischenKopf-
modellenerreichtwerdensoll.

Eine der wichtigstenVoraussetzungen,die der gesuchtekortikalen Oberfl̈acheunterstellt
wird, ist dieTopologieeineHohlkugel.Die realekortikaleOberfl̈achebesitztzwardieseTopolo-
gie,aberin MRI Bilder wird diesewegenderbeschr̈ankteAuflösungnicht unbedingtgefunden.
Für die RückprojektionderSignale(z.B. beimEEGundMEG) auf die Kopfoberfl̈acheist diese
Topologievon großerBedeutung,um dieentsprechendenQuellenzu lokalisieren.

DiebeidenHemispḧarehabenjeweilsspezialisierteHirnfunktionen.DieTrennungderHemispḧaren
erlaubt,die VolumenderbeidenHemispḧareneinzelnzu betrachten.Durchdie Trennungwird
einenbesserenZugangzurFissuraLongitudinalis(derengeSpaltzwischendenbeidenHemispḧaren)
ermöglicht.
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Chapter 1

Intr oduction

axial view coronalview sagittalview

Figure1.1: MRI scan

1.1 General intr oduction

Thedevelopmentof medicalimagingtechniques,like MRI (MagneticResonanceImaging),al-
lows the three-dimensionalmeasurementand visualizationof the internal brain structuresof
in-vivo subjects.An anatomicalrepresentationis not necessarilyanaim in itself, but canserve
moreobjectives,like the detectionof pathologiesor the studyof the functioningof the brain.
Theability to analyseanddiagnosethehumanbrainwithoutsurgeryis agreatadvantageandthe
last yearshave witnesseda hugeevolution of brain imagingapplications.A descriptionof the
technicaldetailsof theMRI scanningtechniquecanbefoundin literature,e.g.[Bra89].

The vastflood of imagedatadeliveredby thesetechniquescalls for automatedprocessing
methods,like 3D segmentation.However sincethe form andplaceof thedifferentpartsof the
brain may vary substantiallybetweensubjects,a fully automatedsegmentationis not easyto
implement.Manualsegmentationmaybeusedasa last rescue,but it hasmajordisadvantages.
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1.1. GENERAL INTRODUCTION

Not only is it labourintensive,it is alsomoredifficult to reproduceresults.Thusautomatedbrain
segmentationis still evolving anddifferentapproachesmaybesuitedfor differentproblems.

The objective of this thesisis to retrieve the surfaceof the cerebralcortex andto separate
bothcerebralhemispheres.Theretrieval of volumesrepresentingthecortex andthehemispheres
will bedoneby usingmathematicalmorphology. MathematicalMorphologyis very oftenused
in applicationswhereshapeof objectsandspeedis anissue[SHB98].

A representationof thecorticalsurfaceallowstheretracingof signals,measuredat thescalp.
Thispermitstheidentificationof energy sourcesonthecortex from EEG(electroencephalogram)
andMEG (magnetoencephalogram)scans,which deliver a two-dimensionalimageof respec-
tively theelectricalfield andmagneticfield measuredon thescalp.This procedure,referredto
as“inverseproblem”,canbe usedfor identifying which partsof the cortex show high activity
whenperformingdifferenttasks,andthusimprove our understandingof the functioningof the
brain.Also it is possibleto projectexternalenergy sources(suchastheonesthatareemittedby
mobilephones)onamodelof thecorticalsurface,andassuchplayarole in theresearchof their
influenceon thehumanbrain. In this regardwealsoreferto [Coi99] and[Wie93].

This thesisis performedat theTSI (Signal-Imagesdepartment)at theÉcoleNationaleSuṕe-
rieuredesTélécommunications(ENST) Paris,France,undersupervisionof Prof. Dr. Isabelle
Bloch. It is beingevaluatedandsupervisedby theInstitutefor MeasurementtechniqueandIm-
ageProcessing(LfM) at theUniversityof TechnologyAachen(RWTH), Germany, directedby
Prof. Dr.-Ing. Dietrich Meyer-Ebrecht,andtheresupervisedby Dipl.-Inform. ThorstenKlein.
The thesisservesaspart of the constructionof an individual headmodel,basedon MRI data,
that is beingdevelopedat theTSI departmentin collaborationwith the laboratoryof Cognitive
NeurosciencesandBrain Imaging(LENA) at theSalṕetrièreHospitalin Paris in orderto serve
theComobioproject.Sinceassuchthethesisis notastand-aloneproject,wemakeuseof earlier
resultsin brainsegmentationdoneat theTSI department.TheMRI imagesusedfor this thesis
wereprovidedby theLENA.

This documentconsistsof ninechapters.In chapter2 thefoundationfor thefollowing chap-
tersis laid. It dealswith thebasicmathematicalandimagingtheoriesthatwereappliedto obtain
our particularsolutionsfor thequestionsthatwereposedfor this thesis.

Thechapters3, 4 and5 form togetherpartI. This parttacklesthecorticalsurfaceextraction,
the first goal set for this thesis. In chapter3, after a short introductionto the cortical surface,
thepresentstateof theart concerningthesegmentationof thecortex is discussedbriefly. Then
theresearchquestionis formulatedanddiscussed.Chapter4 comprisesthechosenapproachto
obtainthecorticalsurface.Thenin chapter5 thepracticalresultsof ourapproachappliedto MRI
imagesarepresented.

Part II consistsof the chapters6, 7 and8. It dealswith the separationof the hemispheres,
thesecondaimsetfor this thesis.After acitationof thefamouslectureof Pavlov concerningthe
cerebralhemispheres,in chapter6 is startedwith a shortintroductionto thehemispheres.This
chapterfurthercomprisesa brief discussionof thestateof theart concerningthesegmentation
of thehemispheres,andthe formulationanddiscussionof the researchquestionrelatingto the
separationof thehemispheres.In chapter7 thechosenapproachto obtaintheseparationof the
hemispherescanbefound. In chapter8 theresultsof this approachappliedto MRI imagesare

2



1.2. THE COMOBIOPROJECT

presentedanddiscussed.
Finally chapter9 comprisestheconclusionsthatweredrawn from thegainedresults,andthe

prospectsfor futureinvestigations.Also, a fusionbetweenbothpartsis made.

1.2 The Comobioproject

Along with theincreasingnumbersof mobilephonessold,morequestionsarebeingraisedabout
healthrisks involved with their use. Providing answersdemandsfor a comprehensive investi-
gationto possiblebiologicaleffects. The Comobio1 project(COmmunicationsMObileset BI-
Ologie)bundlesresourcesof severalFrenchacademicandindustrialforcesin a commoneffort
intendingto increasetheknowledgeof biologicalandsanitaryeffectsof themicrowavesemit-
tedby mobilephones.This projectmergescomplementarystudiesthatcanbedivided in three
groups:dosimetrystudies,humanstudies,andanimalstudies.Participantsin this projectare:
Alcatel,BouyguesTelecom,Céǵetel,ENSTBrest,ENSTParis,FranceTélécom,IRCOM Limo-
ges,Sagem,Suṕelec,andtheuniversitiesof Bordeaux,Marseille,Nı̂mes,OrsayandRennes.

1TheComobioprojectin theinternet:seehttp://www.enst.fr/comobio.

3



Chapter 2

Basicconcepts

2.1 MRI Images

Thedataobtainedby theMRI scanningtechniquearestoredin discretethreedimensionalimages
in a Cartesianbase: �
	���
�� � . Eachcoordinaterepresentsa rectangularvolume,calleda
voxel: ������
 . All voxels have the samedimensions.However length,width andheightof
a voxel arenot necessarilyequal. A voxel is consideredto be filled with a discretegray value
representingthe measuredvalue for its coordinates.The MRI Imagescontainthe scanof a
humanhead,which canbesegmentedin severalparts,suchasthebrain,theeyesetc. Thebrain
itself, which is our subjectof interest,canbe further segmentedinto several volumic objects.
Theseobjectsarerepresentedin our MRI imageby asetof voxels: ������
 .
2.2 Neighbourhood

Both by humanperceptionaswell as in many operationsa voxel (or a pixel for that matter)
is not consideredindividually, but within the relationshipwith its local neighbourhood.The
neighbourhoodof avoxel is thesetof its adjacentvoxels.But whichvoxelsareconsideredto be
adjacentto aparticularvoxel?

Definition 2.1 Let � bea setand ������� thesetof all subsetsof � , thentheneighbourhoodis
definedas  !	"��
#�$���%��
&� [Ser82].

In a two dimensionalsquaregrid, the ��' space,we distinguishbetweentwo elementary
neighbourhoods:the 4- and 8-connectedneighbourhood(also called (*) and (,+ ). In the 4-
connectedneighbourhoodadjacentpixelssharea line, thusthe4-connectedneighbourhoodcon-
sistsof thehorizontalandverticalneighbours.The8-connectedneighbourhoodincludesthepix-
els of the 4-connectedneighbourhoodaswell asthepixelssharinga corner(point connected),
thediagonalneighbours.SeeFigure2.1.

In a threedimensionalcubical grid, the ��
 space,we distinguishbetweenthreedifferent
elementaryneighbourhoods:the 6-, 18- and26-connectedneighbourhood( (*- , (/.%+ and ( ' - ).

4



2.2. NEIGHBOURHOOD

N4
 N8


Figure2.1: 4- and8-connectivity

The6-connectedneighbourhoodis formedby adjacentvoxelssharinga face.The18-connected
neighbourhoodincludesthesevoxels aswell as the onesthat sharea line. The 26-connected
neighbourhoodincludes,besidethe18-connectedneighbourhood,alsothevoxelssharingonly a
corner. Seefigure2.2.

N6 N18 N26

Figure2.2: 6-, 18and26-connectivity

2.2.1 Connectivity paradox

Let a path 0"132 4 be a set of points from � to � , whereeachpoint in the set is adjacentto its
predecessor, accordingto a given discreteconnectivity. An object is connectedif for any two
pointsthereis at leastonepathwithin theobject,whichleadsfrom onepoint to theother[Ros69,
Ros70]. In figure 2.3a the ring of black pixels, by all reasonabledefinitionsof connectivity,
dividesthe imageinto threesegments:thewhite pixelsexterior to the ring, theblackpixelsof
thering itself, andthewhite pixelsinterior to thering. Thepixelswithin eachsegmentaresaid
to beconnectedto oneanother. Thisconceptis easilyunderstoodfor Figure2.3a,but ambiguity
ariseswhen consideringFigure 2.3b. Under 8-connectivity for instance,all white pixels are
connectedtogether, andall blackpixelsareconnectedaswell. This paradoxcanbeavoidedby
definingdifferentconnectivities for theblackforegroundpixelsandthewhitebackgroundpixels
[Pra91].

A similardilemmaarisesin a threedimensionalcubicalgrid. Again thesolutionis to choose

5



2.2. NEIGHBOURHOOD

(a) (b)

Figure2.3: Connectivity paradox:(a) closedring, (b) ambiguousring

differentconnectivities for foregroundandbackground.Thefollowing combinationsareadmis-
sible:5 (6.%+ foreground,(*- background.5 (*- foreground,(/.%+ background.5 ( ' - foreground,(*- background.5 (*- foreground,( ' - background.

We choosefor our objects26-connectivity, with consequentlya 6-connectedbackground,be-
cause26-connectivity allows finer structures.Especiallyfor thesurfaceof thecortex, which is
anobjectwith a thicknessof only onevoxel, this is of importance.

2.2.2 Simply connectedcomponents

A loopis apathin whichinitial andterminalpointscoincide.Thesmallestpossibleloopis called
anelementarycell. Theelementarypathjoining two consecutivepoints �87&� is equivalentto any
otherpathbetween� and � which follows theedgesof elementarycellsof edge��� . Examples
for thetwo-dimensionalcasecanbefoundin figure2.4.A setof points � is simplyconnectedif
thereis at leastonepathconnectingany two givenpoints �97 � within it, andif all possiblepaths
leadingfrom � to � areequivalent[Ser82].

This meansfor a 3-dimensionalobjectthat it is simply connectedif it is: 1. connected,2. it
doesnotcontainany holes(“bubbles”)and3. it doesnot containany tunnels.

Algorithm :*:�;<�=��� deliversa simply connectedcomponentin a set � , whereby:,:>.?����� is
thelargestsimplyconnectedcomponent,:,: ' �=��� thesecondlargest,etc. @/:*:A����� denotesthe
numberof simplyconnectedcomponentsin � .

2.2.3 Surface

Definition 2.2 Theborder of a volumicobjectis definedas:BDC ������E
FG��HI�J�K�MLK #���N�9O � PERQTS
Where  #���N� denotestheneighbourhoodof � according to a givendiscreteconnectivity.

6



2.3. MATHEMATICAL MORPHOLOGY

v

u

p

q

p

q

(a) (b) (c)

Figure2.4: (a) Elementarycellsof edge�U� for 4-connectivity, (b) Two equivalentpathsfrom �
to � , and(c) two non-equivalentpaths

Thisborderdeliversa“shell” of voxelscorrespondingto theinternalsurfaceof avolumicobject.
Notethattheshellstill consistsof voxels.Soeventhoughit hasa thicknessof only onevoxel, it
still hasavolume.Thus,it doesnotdelivera two dimensionalarea.

2.3 Mathematical morphology

Morphologicalimageprocessing[Pra91] is a typeof processingin which the spatialform and
structureof objectswithin an imagearemodified. Thebasicconceptsof morphologicalimage
processingtraceback to researchon spatialsetalgebraby Minkowski [Min03] and the stud-
ies of Matheron[Mat75] on topologyandlattice theory. Serra[Ser82] developedmuchof the
early foundationof thesubject.Morphologicaloperations,like dilation anderosion,plusmany
variantscanbedefinedandimplementedby “hit or miss” transformations.MathematicalMor-
phologyis veryoftenusedin applicationswhereshapeof objectsandspeedis anissue[SHB98].
Thebasicmorphologicaloperationscanbeimplementedin hardware,which canshortencalcu-
lation time evenmore[Jon92]. With thelargeamountof data,andthuscalculations,involvedin
3D operationsthiscertainlycouldbetakeninto account.

Dilation and erosion

Dilation anderosionare two basicoperationsin mathematicalmorphology. With dilation, an
objectgrows uniformly in spatialextent,while with erosionanobjectshrinksuniformly. Both
operationsare irreversible. For both thereis a kernel V (alsocalledstructuringelement)that
operatesonanimage� . In ourcaseimageandkernelareboththreedimensionaldiscretebinary
images � 7 V �W� 
 . In the discretespacethe kernel generallyhasodd dimensions(we use
symmetricalkernelsof size X�YKX�YZX ).

Let V>[ denotethe translationof kernel V by vector � . Then the dilation of an image �
by a symmetricalkernel V , notedas �]\RV , is the setof positions� for which V^[ crosses�
[SM93,SHB98]:

�M\_V�E`F �87 V>[aOb� PEcQTSdEeFG�Af B 7 �Z�K�hgji CkB �ZVAS (2.1)

7



2.4. TOPOLOGYAND HOMOTOPICTRANSFORMATIONS

Theerosionis thedualoperationof thedilation,andcanbedefinedusingthedilation of the
complementof image � . Thecomplementof image� is denotedas �Zl . Theerosionof image� by akernel V , notedas ��mnV , is thesetof positions� for which V>[ is completelywithin � :

�hm_V�E
FG� l \oV�S l E
F �87 V>[p�_�qSrE
F �87s� f B �J�ut B �ZVAS (2.2)

2.4 Topologyand homotopic transformations

A transformationis homotopicif it doesnot changethecontiguityrelationbetweenregionsand
holesin theimage[SHB98], thusif it doesnot changethetopologyof animage.Thecontiguity
relationcanbeexpressedby thedefinitionof connectedobjects(seesection2.2.1).This relation
isvisualizedby thehomotopictree;its rootcorrespondsto thebackgroundof theimage,first level
branchescorrespondto the objectswith boundsto the background,andsecondlevel branches
matchholeswithin theseobjects,etc. (seefigure2.5).

d


a

b


c


a


b
 c


d


Figure2.5: Objectsandtheirhomotopictree

2.5 The DistanceTransformation

Giventhreevoxels �97 � 7 �J�v��
 , wecall
C

a distancefunctionor metric[GW92] ifC � �97 �w��x_yzt � PEc�C � �97 �w�{Ecy�| � E}�C � �97 �w�{E C ��� 7~� �jt �97 �C � �97 �N��� C � �97 �w��� C �%� 7 �N�jt �97 � 7 �
(2.3)

TheEuclideandistancebetween� and � is definedas

C�� � �97 �w�{E�� � � 1>fn�?1�� ' �c� � 4afn�?4�� ' �R� ��� fq� � � ' (2.4)
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2.6. IMAGE SEGMENTATION

whereby� � 1 7~� 4 7~�s� � denotesthecoordinatesof � . Howeverin ouralgorithmsweusethechamfer
distance[Ver91,Bor86],which is anapproximationof theEuclideandistancein discretespace.

Thedistancebetweena point � andanobject � is definedasC � ��7 ���{E}����izF C � ��7 �N�zHI�K�v�!S (2.5)

TheDistanceTransformation(DT) for apoint � in aset � is denotedas:��� 	w�b� ���~i�F C �=� 7&� �zH � � �qSdE C �=� 7 ��� (2.6)� is a point in theComplementof � , thusa non-feature(background)point. Therefore
�A� �=�N�

is thesmallestdistancefrom � to thebackgroundof � . Theresultof a distancetransformation
canberepresentedasa graylevel image.We canalsoconsiderthedistancetransformationof a
point in � .

2.6 Imagesegmentation

No single standardmethodof imagesegmentationhasemerged [Pra91]. Rather, thereare a
numberof methods,eachof themwith their own strengthsandweaknesses.The term “Image
segmentation”is usedto describetwo differentkind of treatments[Coi99]. Onemeaningthe
divisionof imagespacein connectedcomponents,usingonly informationcontainedin theimage
itself. Methodssuchaslocal featureextractionbasedon statistics,region growing, etc. [ME01]
can serve this kind of treatment. Theseare low level operations,which meansthat they are
normallyappliedat anearlystagein theimageprocessingpipeline.

In theotheruseof thetermeachsegmentrepresentsasymbolicobject.Theextractionof such
objectsfrom animagerequiresa priori knowledgeabouttherepresentedsubject.In this regard
thetermdenotesratherawholeprocess.In thisthesiswewill usetheterm“imagesegmentation”
in thelattersense.
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Part I

Cortical surfaceextraction
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Chapter 3

The cortical surface

Thesurfacelayerof thecerebralhemispheres- theneocortex, or cerebralcortex - is abouttwo
millimetresthick andhasa total surfaceareaof about1.5 square-metres.In humans,thecere-
bral cortex, is deeplyconvoluted(furrowed). Theconvolutionshave theeffect of increasingthe
amountof cerebralcortex without increasingtheoverall volumeof thebrain[Pin90]. Thecere-
bral cortex is dividedinto four sections,called“lobes”: thefrontal lobe,parietallobe,occipital
lobe, andtemporallobe. Sincethe neocortex playsan importantrole in the humancognitive
processes,theimportanceof beingableto segmentandmodelthecortex from aMRI imagemay
beevident.

3.1 Segmentationof the cortex: stateof the art

The first stepwhensegmentingthe 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 matteandcerebrospinalfluid (CSF). In many studiesin a further stepthe
discriminationis madebetweenthe largebrainstructuressuchasthecerebrum,thecerebellum
andthebrainstem.Thoughthis is not sufficient to determinethecortical ribbon, theoutlineof
thecerebrumcorrespondsfor a largepartto theexteriorof thecorticalfolds,andthusmightform
astartingpoint in segmentingthecortex [Coi99].

Regiongrowing Wagneret al. [WFW � 95] segmentthevolumeof thecortex makinguseof
region growing. Dependingon thegrowth, thevoxelsseparateat theinterfaceof thecortex and
thewhitematter(grey-white interface)or at theinterfaceof thecortex andthecerebrospinalfluid
(grey-CSFinterface),thusattheinterioror theexterior interface.Thismethoddoesnotguarantee
any topology, nor doesit take thepartialvolumeproblem(seesection3.3) into account.

Deformable models Zeng et al. [ZSSD98] have proposeda methodbasedon deformable
modelsusinglevelsets. Themodelis basedon two parallelevolving curvesunderconstraintsof
proximity. Thesetwo curvesrepresentthegrey-white andgrey-CSFinterfaces.Themodeldoes
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3.2. RESEARCHQUESTION

nothaveany constraintsin respectto topology. Also, it doesnot takethepartialvolumeproblem
into account.

In [XPP� 98], Xu et al. describea fuzzy segmentationof the grey matter, the white matter
and the CSF. The white matteris subsequentlyfiltered in order to obtainan isosurface. This
isosurfaceserves to initialize a deformablemodel,wherebyit is pushedagainstthe borderof
cortical ribbon. The useof an isosurfacedoesnot guaranteethe topologyof a hollow sphere.
Hencetheauthorschoseto calculatetheEulercharacteristics,andthento applya medianfilter
andto recalculatetheisosurfaceuntil thedesiredtopologyis reached.

Homotopic transformations Manginet al. [MCF98] usehomotopictransformationsto seg-
mentthecortex. As initial modelthey usethevoxelscorrespondingto the tissuesof thebrain.
They createa boundingbox aroundthe brain,andsubtractiteratively simplepoints,imposing
thetopologyof ahollow sphere.

Teo et al. [TSW97] proposea homotopictransformationusing region growing. First the
white matterandtheCSFaresegmented.Thenlayersof voxelsareaddedto thewhitematterin
orderto obtainthecortex. Addingthedifferentlayersis controlledby thetopologyof thecortical
ribbon,asaresultof aredefinitionof theadjacency betweenthevoxelsof thecortex. Thismethod
assuresthecorrecttopologyif thesegmentationof thewhite matterdeliversa simply connected
object.

3.2 Research question

Ouraimis to obtainavolumecorrespondingto thecorticalsurface.Oneconditionweimposeon
thissurfaceis thatit hasto havethetopologyof ahollow sphere.Thiscorrespondsto thetopology
of thesurfaceof a simply connectedcomponent.This is of importancein orderto back-project
signalsmeasuredon the scalp,suchasEEG andMEG, or to projectenvironmentalsignalson
thecortex, suchaselectro-magneticfieldsemittedby mobilephones,in orderto investigatetheir
influenceon thebrain. It shouldbenotedthat therealcorticalsurface,aswe find in thehuman
brain,in facthasthetopologyof ahollow sphere.Yet in MRI Images,dueto discretisation,this
topologymaybecompromised.A furthergoalis particularlytheobtainingof thecavities in the
structureof thecortex, which arefilled with thecerebrospinalfluid, without compromisingthe
topologyof thesurface.

We will extract the cortical surfaceusing mathematicalmorphology. The choiceto give
mathematicalmorphologya major role in our particularsolutionswasmadebecauseof its ro-
bustnessandtopologypreservingpossibilities.MathematicalMorphologyis very oftenusedin
applicationswhereshapeof objectsandspeedis anissue[SHB98].

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
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3.3. LIMITATIONSAND DIFFICULTIES

into considerationthatthehumananatomymayvarysubstantiallybetweendifferentindividuals.
Thereforeamethodshouldberobustin regardto inter-individualdifferences,andshouldbetried
on a rangeof testsubjects.

Pathologiesmay have a considerableeffect on the brain morphology. If a methodof brain
segmentationis to beusedin diagnosticmedicinethenit is importantthatit is robustagainstthe
effectsof variouspathologies.

The resolutionof MRI imagesplays an important role in the segmentationof the cortex
andthe extractionof its surface[Coi99]. This resolution,which is in the caseof MRI images
currently in the orderof onecubic millimetre, determinesthe minimal measuresof the brain
structuresthatwill appearin theimage.If thereareseveraltissuesto befoundin thevolumeof
onevoxel, themeanvalueof thosetissueswill berepresentedin the image.This phenomenon,
called“partial volume” tendsto blur thebordersbetweentissues.

Thecavitiesandconvolutionsareparticularsensiblefor thiseffect,especiallywhenthespace
betweentwo gyri getsvery small. Becauseof this effect the gyri sometimesseemto grow
together, wherein reality that is not the case. As a consequencethe topologyof the surface,
foundin suchaMRI scan,might becompromised.Wewill try to solve this in our approach.

white matter

cortex

(a) (b)

Figure3.1: (a) closedcavity becauseof partialvolumes,(b) redline: realcortex surface
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Chapter 4

Approach

4.1 Pre-segmentedvolumes

In orderto extract thecorticalsurface,we do not startwith theraw MRI image,but we assume
someobjectsto be alreadysegmented[DUB01]. We canmake this assumption,becausethis
thesisis doneaspartof a largerproject(seesection1.1),andthereforewe areableto build on
previousresultsin segmentingthebrain.

The white matterplays a centralrole in our approach,and is denotedby a set of voxels�/����;�� � �z� ��� �%� . We needour white matterto be simply connected,andthereforewe defineour
white matterasthelargestsimply connectedobjecttakenfrom thewhite matter, thatwe receive
asinput: �/�T�D;�� � �z� ��� ��� E}:,:>.���� ;��&��[D�����;�� � �z� ��� �%�D  (4.1)

It shouldbe notedthat the real white matter, as it is found in the brain, is in fact simply con-
nected. This operationnormally canbe performedon the segmentedwhite matter, without a
lot of problems.Apart from somedisconnectedvoxelsat theedge,theresultingobjectwill be
almostthesameastheinput whitematter.

Furtherwe needobjectsrepresentingthebrainmask,thecerebellum,thebrainstemandthe
cerebrospinalfluid (CSF).The brain maskis an objectusedto extract the brain from the raw
MRI image,andis normallyobtainedasthefirst stepwhensegmentingMRI brainscans.

4.2 Main principle

Oneof thefirst objectswecreateis avolumerepresentingthecerebrum.Wedothis by subtract-
ing thecerebellum,thebrainstemandthecerebrospinalfluid from thebrainmask:

� l �%�I�~¡¢� [ � E � ¡¢�£� ;�� �¤�¦¥�§�¨ � l �%�I�~¡=��©ª© [ ��¨ � ¡¢�I� ;�� ¥ � ���q¨ �A«s¬�­E � ¡¢�I� ;�� �z�®¥%§ O � l ���I��¡=�~©¯© [ � O � ¡¢�I� ;�� ¥ � �%� O �A«s¬°­ (4.2)

Very importantfor recognizingcorrectlythecavities,convolutionsandfoldsof thecortex, is that
thecerebrospinalfluid (CSF)is not containedin thecerebrum.
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4.2. MAIN PRINCIPLE

Theeasiestmethodto obtainthecorticalsurfacewould seemto simply extracttheborderof
thevolumerepresentingthecerebrum

BDC �=� l �%�I�~¡¢� [ � � . However this methoddoesnotnecessarily
deliver thesearchedtopology, becauseit doesnot addressthepartialvolumeproblem(seesec-
tion 3.2).

Thereforewe take a different approach. We start with the simply connectedcomponent
correspondingto thewhite matter, anddilate this object,with theconditionthata voxel is only
addedif it is partof � l ���£�~¡¢� [ � (geodesicdilationinto � l ���£�~¡¢� [ � ), andif theresultingobjectis still
simply connected.Thus,only simplepointslying with the cerebrumareallowed to be added.
Thismeansthatwhenthedilation reachestheborderof theobjectrepresentingthecerebrum,all
voxels in � l ���I��¡¢� [ � areeitheradded,or do not meetthe conditionsearliermentioned.Finally
from theobjectgainedby this operationtheborderis taken.Theflowchartof this procedurecan
befoundin figure4.3.

Definition 4.1 A voxel � is a simplepoint if:@6:,: ' -z± �MOK(K²' - �=�N� 7 �s³NE�´@6:,:�->µ �hOJ(K².%+ ���N� 7 �s¶^E�´
Whereby @/:*:�� denotesthenumberof connectedcomponentsaccording to i -connectivity, and( ²� �=�N� theneighbourhoodof � , according to i -connectivity, excluding � itself. Thusif thefore-
groundvoxelsin the (J²' - neighbourhoodof a givenvoxelare simplyconnected,according to
26-connectivity, andthebackgroundvoxelsin the (J².%+ neighbourhood,includingthevoxel � it-
self, aresimplyconnected,it is a simplepoint. Addingsuch a simplepoint to a simplyconnected
componentalwaysresultsin an objectthat is againsimplyconnected.

Sincethecortex is mainly a layeron thewhite matter, startingwith thewhite mattermakes
sense,becauseit alreadyfollowstheform of thecortex (seefigure4.1).Theconditionaldilation
deliversanobjectthat is simply connected,andthereforeits surfacehastheright topology, the
topologyof a hollow sphere.In generalthis surfacewill resemblecloselythesurfacefoundbyBDC ��� l ���I��¡¢� [ � � , however especiallythepartialvolumes,thatclosecavities, will not becontained
in the correspondingobject. And thusthe cortical folds, which areunconnectedin reality, but
connectedin theMRI imagedueto its resolution(seesection3.2), will be unconnectedagain.
Parallel with this phenomenonthe cavities, which were closedbecauseof the partial volume
problem,will beopenedagain(seefigure4.2). Hencethetopologyof theretrievedsurfacewill
correspondbetterwith thetopologyof therealcorticalsurface.However it shouldbenotedthat
in thecaseof thepartialvolumesit maybeshiftedin theorderof onevoxel size.
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4.2. MAIN PRINCIPLE

axial view coronalview sagittalview

Figure4.1: Whitematterandcortex

white matter

cortex

(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

start

Input:
Xbrainmask,

Xbrainstem, Xcsf
Xcerebellum, kernel, connectivity

Input:
Xwhite_matter

CC( Xwhite_matter, 1, connectivity )

Xwhite_matter =

End

Output:

Xsurface

Conditional_Dilation( Xwhite_matter,

Xcerebrum, kernel )

Xcc =

Xsurface = bd( Xcc )

Xcerebrum =  Xbrainmask

Xcerebellum      Xbrainstem       Xcsf

Figure4.3: Flowchartof theprocedureto obtainthecorticalsurface
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Chapter 5

Results

5.1 Experimental results

In figures5.1 and 5.2 twelve axial slidesare shown. The first slide is the lowest one. The
distancebetweenthe slicesis 6 millimetres. The cortical surfaceis representedby red closed
contours.Sincethecorticalsurfaceis athreedimensionalobject,theremayappearsmallcircular
contoursin theslide thatseemto bedisconnectedfrom thebiggercontour. They areof course
not disconnected,but connectedin thethird dimension,perpendicularto theslide.Thiscanalso
beunderstoodif oneconsiderse.g.figure5.3.

In figures5.3 and5.4 threedimensionalrepresentationscanbe found. They are rendered
from thesamecorticalsurfacethatis picturedin figures5.1and5.2.

5.2 Discussion

The quality of the cortical surfacedependsheavily on the quality of the segmentationof the
partsthataretakenasinput (brain-mask,cerebellum,brainstem,CSFandwhite matter). If for
instancethecerebrospinalfluid is not segmentedcorrectly, thecorticalsurfacethat is foundby
our approachwill nothave thecorrectform.

If somesurficialvoxelswerenotaddedduringtheconditionaldilation,thenthesurfacefound
in ourapproachwill show somedistanceto theactualcorticalsurface.Howeverthisalsoassures
that the right topologyis maintained.In this casepreservation of the right topologyis chosen
over millimetric precision. YannCointepas[Coi99] proposesan approachthat allows a more
precisedescriptionof the cortical surface,usingcellular complexes. This description,though,
makesthetreatmentof thecorticalsurfacemuchmoredifficult, andis notverysuitedfor creating
amesh.

If theseconstraintsaretakeninto account,theapproachhasprovento bevery robust. Since
our approachdeliversa volumic representationof the cortical surface,with the topologyof a
hollow sphere,it mightbeverysuitablefor creatingameshrepresentationof thecorticalsurface.
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5.2. DISCUSSION

Figure5.1: Thecorticalsurface,lowerslides
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5.2. DISCUSSION

Figure5.2: Thecorticalsurface,upperslides
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5.2. DISCUSSION

Figure5.3: 3D representationof thecorticalsurface,upperfront view

Figure5.4: 3D representationof thecorticalsurface,lowerview
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Part II

Separationof the hemispheres

22



“Gentlemen,

Onecannotbut bestruckby acomparisonof thefollowing facts.First,thecerebralhemispheres,
the higher part of the centralnervous system,is a rather impressive organ. In structureit is
exceedinglycomplex, comprisingmillions andmillions (in man- even billions) of cells, i.e.,
centresor foci of nervousactivity. Thesecellsvary in size,shapeandarrangementandarecon-
nectedwith eachotherby countlessbranches.Suchstructuralcomplexity naturallysuggestsa
very high degreeof functionalcomplexity. Consequently, it would seemthata boundlessfield
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 thedog, its highernervousactivity (sinceno onewill disputethat this is
highernervousactivity), is chiefly associatedwith the cerebralhemispheres.If we remove the
cerebralhemispheresin thedog(Goltzandothers),it becomesincapableof performingnotonly
therolesmentionedabove,but evenof looking after itself. It becomesprofoundlydisabledand
will die unlesswell caredfor. This implies that both in respectof structureandfunction, the
cerebralhemispheresperformconsiderablephysiologicalwork.”

IvanPetrovich Pavlov, Lectureon theCerebralHemisphere[Pav57], 1924
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Chapter 6

The hemispheres

The cerebrum,alsocalledforebrain,is the biggestpart of the humanbrain. It consistsof two
halvescalledthe cerebralhemispheres,andhoststhe major higherbrain functions. The hemi-
spheres,lying verycloselyto eachother, areseparatedby thefissuralongitudinaliscerebri.Only
in thecentrethey areconnectedby thecorpuscallosum.

Althoughthereis anapproximatesymmetrybetweenleft andright cerebralhemispheres(for
example,therearetwo occipital lobes,two parietallobesandtherearetwo frontal lobes),this
symmetryis not exact. By the endof the 19th centuryscientistsstartedto discover that each
hemisphereis specializedin performingcertaintasks. For instance,for most peoplethe left
hemisphere,which managesthe right side of the body, controlslanguageand generalcogni-
tive functions. The right hemisphere,controlling the left half of the body, managesnonverbal
processes,suchasattention,patternrecognition,line orientationandthe detectionof complex
auditorytones.

Eventhoughtthetwo hemisphereshave differentfunctionsthey do not work independently
of eachother. They communicatebackand forth acrossthe corpuscallosum,eachacting as
independentparallelprocessorswith complementaryfunctions.This is not anequalpartnership
however; onehemisphereusuallydominatesover theother, aneffect bestillustratedby thefact
thatmostpeoplehave a preferenceusingeithertheir left or their right hand. In mostcasesthe
left hemisphereis believedto bethedominatehemisphere,andconsequentlytheright handthe
preferredhand.

6.1 Separationof the hemispheres:stateof the art

Beforeseparatingthe hemispheres,first the setof voxels that form the brain (the brain mask)
aredetermined,andthe brain tissues,suchasgrey matter, white matteandcerebrospinalfluid
(CSF)areidentified,just likewhensegmentingthecortex (seesection3.1).Becausethecerebral
hemispheresaresupposedto beseparated,thediscriminationbetweenthelargebrainstructures
suchasthecerebrum,thecerebellumandthebrainstemis oftenmadein apreliminarystep.
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6.2. RESEARCHQUESTION

Mid-sagittal plane Several authorshave describedvarioustechniquesto separatethe hemi-
spheresmaking use of the so-calledmid-sagittalplane. This plane is definedas the plane
that bestfits the inter-hemisphericfissureof the brain (fissuralongitudinalis) [MGS� 96], or
astheplanethatmaximizessimilarity betweentheimageandits reflectionrelative to this plane
[LCR98, PTSR98]. A disadvantagesof theseapproachesis that the boundarybetweenboth
hemispheresis notplanar. Furtheris thesymmetrybetweenbothhemispheresneverperfect,and
thedegreeof symmetrybetweenthemcanvary from individual to individual.

Templatematching Maeset al [MVLD � 99] proposea methodto separatebothhemispheres
using templatematching. After bias correctionand tissueclassification,left and right hemi-
spheresareseparatedby non-rigid registrationto a templateimagein which both hemispheres
have beencarefullysegmented.With this methodit is uncertainhow well thehemispheresare
separatedif theirmorphologydiffersconsiderablyfrom thetemplateimage.

6.2 Research question

The secondobjective set for this thesisis the morphologicalseparationof the both cerebral
hemispheres.Sinceeachhemispherehostsdifferentfunctions,it canbeof interestto studybrain
activity whenperformingdifferenttasks,andidentify thedistribution of functionality between
thehemispheres.Thepossibilityto accessthevolumesof eachhemispherein MRI imagesallows
the examinationof back-projectedEEG andMEG signalsseparatelyfor eachhemisphere.Of
coursehaving boththevolumesof thehemispheresallows alsotheinter-individual studyof the
morphologyof bothhemispheres.Also in caseof apathologyit maybeof interestto accesseach
hemisphereseparately.

6.3 Limitations and difficulties

Thetwo hemispheresareseparatedby thefissuralongitudinaliscerebri,a very deepandnarrow
furrow. Dueto theresolutionof theMRI technique,which is currentlyin theorderof onecubic
millimetre,sometimesconvolutionsthatlie at oppositesidesof thefissuralongitudinaliscerebri
seemto grow together. They arein factnot really connected,but thespacebetweenthemis too
smallto appearin theMRI image,dueto thepartialvolumeproblem(seesection3.3).

Thehemispheresarephysicallyconnectedby thecorpuscallosum.Thedivision within the
corpuscallosumof which voxels belongto the right hemisphere,and which onesto the left
hemisphere,is somewhatarbitrary.
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Chapter 7

Approach

Theapproachpresentedhereis basedon theideato erodethevolumerepresentingthecerebrum
(theforebrain),in orderto obtaintwo marker volumes,onesituatedin the left hemisphere,and
theotherin theright hemisphere.Henceforththetwo markervolumesaredilatedsimultaneously,
until they meeteachother, or theboundsof the cerebrumis reached.During this dilation, the
dilatedmarker volumeswill eachremaintheir own value,andwe will endup with two marked
volumes,togetherfilling upthecerebrum.Theflowchartof thisprocedurecanbefoundin figure
7.1.

7.1 Mark er volumes:erosionof the cerebrum

In orderto obtainthemarkervolumesthecerebrumis erodedfirst anumberof times.As erosion
kernelwe chosethe (6.%+ kernel,becausethis kernelis a betterapproximationof the Euclidean
ball thanfor instancethe (*- or ( ' - kernels,andthusproducesa more“rounded”erodedobject
thanthosekernels.Thenumberof timestheerosionis performedis determinedby thevariablei in theflowchartin figure7.1.Weperformedour testswith i setto 3.

After thecerebrumis erodedblindly, we testwhetherthehemispheresarereally separated.
Fromthe image,gainedasa resultof theerosions,thetwo largestconnectedobjectsaretaken.
If thehemisphereswerenot separated,thenthelargestsimply connectedobjectsimply consists
of thetwo, still connected,markers.Thesecondlargestobjectis agroupof voxels,disconnected
becauseof theerosionoperation.Thevolumeof theseobjects(thenumberof voxelsthey consist
of) differs considerably. Thereforewe concludethat if their volumeis within a certainrange,
thehemispheresareseparatedandwe mayproceed.Otherwise,anothererosionis needed.The
formulato assessthis is ···· ´¸f �bg�¹"ºT»3¹¼´�bg�¹"ºT»3¹w½

····s¾ �bg"� C �I� (7.1)

Whereby�bg�¹wºT»3¹¼´ and �bg�¹"ºT»3¹w½ representthenumberof voxels in thefirst andsecondlargest
simply connectedcomponent. �bg"� C �I� is the factor that they areallowed to differ. We chose
0,15for �bg"� C �I� . It maybenotedthatit is alsoveryeasyto visuallycheckwhetherthemarkers
areseparated.
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7.2. PROBLEMS WITH MARKER VOLUMES:GROWING INTO EACH OTHER

start

Xmarkers = Erode( Xmarkers, kernel )

n = n - 1

n <= 0

marker2
marker1

1 - < maxdif

Xmarkers = Xcerebrum

n, maxdif

Input:

kernel, connectivity,
Xcerebrum,

End

Output:

Xhemispheres

Xmarkers_cc = Justify( Xmarkers_cc )

1

1

marker2 = #voxels( Xmarkers_cc, 2 )
marker1 = #voxels( Xmarkers_cc, 1 )

Xmarkers_cc =
CC( Xmarkers, 2, connectivity )

Xhemispheres =

MultipleDilate( Xmarkers_cc, kernel )

Yes

Yes

No

No

Figure7.1: Flowchartof theprocedureto obtainthehemispheres

7.2 Problemswith marker volumes:growing into eachother

If thedistanceof oneof themarkersto theboundarythatseparatesthehemispheres,is smaller
thanthedistanceof theothermarker to theboundary, thenit is possiblethatduringthedilation
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7.2. PROBLEMS WITH MARKER VOLUMES:GROWING INTO EACH OTHER

voxelsof onehemispherewill be falselyassignedto theother. Onehemispherewill grow into
theother, so to speak(seefigure7.2). Of coursethis canonly happenwherebothhemispheres
areconnectedin the MRI image. They areconnected,both in the MRI imageandphysically,
by thecorpuscallosum.Complementaryto thatsomeconvolutionslying atoppositesidesof the
fissuralongitudinalisareconnectedin the MRI imagedueto the partial volumeproblem(see
sections3.3and6.3).

marker1 marker2

Figure7.2: Marker1grows into theotherhemisphere

Becausetheerosionwill havethesamepacefor bothhemispheres,in mostcasesthedistance
of themarkersto theboundarywill correspond.Thoughdueto the irregular form of thehemi-
spherestheform of themarkersis alsoquiterough,andthereforethemarkersdonotalwayshave
thesamedistanceto theboundary. Howeverduringthedilationstagethefurrows in themarkers
will be closed,andthenthe “growing into eachother” is often prevented. The dilation hasa
“smoothing”effecton themarkers.

A muchbiggerproblemis thecasewherethesideof onehemisphereis muchwider thanthe
other. Thenit is possiblethat for the narrow hemispherethe marker is totally erodedaway at
thatside,andthemarker of thewider oneis not. If bothhemispheresareconnectedin theMRI
imageat suchaside,thenit is very likely thatthereonewill “grow into theother”. To dealwith
this problemwe justify themarkers.Wedevelopedtwo approachesto justify themarkers.

7.2.1 Justification: rectangular markers

For this approachwe substitutethe markerswith rectangularvolumes. We assumethe mark-
ersto be positionedbesideeachotherin thedirectionof oneaxis (for instancein � -direction).
The rectangularvolumeshave the samedimensionsasthe maximaldimensionsof theoriginal
markervolumes.For theothertwo Cartesiandirections(for instance� - and � -direction)theboth
rectangularmarkershave thesamedimensions.In thesedirectionsthey assumethe leastof the
maximumpositionof eitherof bothoriginalmarkers.Furtherit is possibleto subtractaconstant
from eachmeasure.

Thismethodsolvestheproblemof casesthathavethesideof onehemispherewider thanthat
of theotherhemisphere.Also afterthedilation thecutbetweenthehemispheresis verystraight,
becauseof the form of the rectangularmarkers. This resultsparticularly in a nice straightcut
in thecorpuscallosum(seee.g. figure8.10). However this methodtotally disregardsthe form
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7.2. PROBLEMS WITH MARKER VOLUMES:GROWING INTO EACH OTHER

x

y

Figure7.3: Rectangularmarkers

of fissuralongitudinalis,And thereforethechanceof onehemisphere“growing into theother”
is much larger. Especiallywhenthe boundarybetweenthe hemispheresis not moreor lessa
straightplain,but is bendedin oneor moredirections.

7.2.2 Justification: intersection of the markers

Againweassumethemarkersto bepositionedbesideeachotherin thedirectionof oneaxis(for
instancein � -direction).Now we considereveryscanlinein this direction.Only if bothmarkers
havevoxelsin thisscanline,they areincluded.Thishastheeffectthatthemarkersareintersected
for theotherdimensions( � , � in theexample).

Thismethodfollowstheform of thefissuralongitudinalis,andis not sensitivefor brainsthat
have thesideof onehemispherebroaderthanthatof theotherhemisphere.However thecut in
thecorpuscallosumis not sostraight(seee.g. figure8.11). Sincethe assignmentof voxels to
onehemisphereor theotherwithin thecorpuscallosumis somewhatarbitraryanyway, thismight
beregardedasa cosmeticalproblem(a certaindivision might look better, but is not necessarily
evaluatedasbeingbetter).

z

y

y

x

z

scanline

(a) (b)

Figure7.4: (a) Intersectionof markersin � , � (b) scanlinein � -direction
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7.3. MULTIPLE DILATION

7.3 Multiple dilation

After themarkervolumesareobtained,wehavetwo volumes.Oneconsistsof simplyconnected
voxels,thatall have thevalue“1”, andtheotheris formedby simply connectedvoxels,thatall
have thevalue“2”. Now they will bedilatedsimultaneously. Herebyvoxelsareonly addedif
they are1. in thevolumeof thecerebrum,and2. they arenotalreadyaddedto theothermarker.
The addedvoxels areassignedthe valueof the marker they areaddedto. Thus, they will be
assignedeitherthevalue“1” or “2”. Thisdilationwill berepeateduntil therearenomorevoxels
thatcanbeadded.As dilationkernelthesamekernelasfor theerosionis used( (/.%+ ), in orderto
retracetheoriginal form asmuchaspossible.As aresultwewill havetwo volumes,marked“1”
and“2”, togetherfilling up theentirecerebrum.

7.3.1 Meeting markers

If duringthemultipledilationthetwo markervolumeswouldmeet,meaningthey reachthesame
positionat thesamedilation step,it couldbepossiblethatonemarker grows diagonalover the
other, if this marker alwayswouldbedilatedfirst (seefigure7.5a).Thiswould bethecaseif we
usea “miss or hit” operation,andscanthevolumealwaysin thesamedirection.To preventthis
from happeningwescanourvolumealternatingin increasinganddecreasingdirection.Thuswe
first usea loop startingwith thesmallest� , � and � , andincrementthem. And thenusea loop
startingwith themaximal � , � and � , anddecrementthem. In caseof meetingmarker volumes
this leadsto result illustratedin figure7.5b. If a (*- dilation kernelis used,theeffect of figure
7.5acannothappen,themarkersjust wouldgrow vertically.

step 4
step 5
step 6

step 3
step 2
step 1

marker1 marker2

step 4
step 5
step 6

step 3
step 2
step 1

marker1 marker2

(a) (b)

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

Resultsand discussion

8.1 Experimental results

In figure8.2unjustifiedmarker volumesareshown, thatwereobtainedaccordingtheprocedure
describedin chapter7. In figure 8.3 the correspondingseparatedhemispheresareshown that
resultedfrom themultiple dilation. For this particularMRI theseparationwasuntroubled,even
with theunjustifiedmarkers.In figure8.1athreedimensionalrepresentationof thetwo separated
hemispherescanbefound.

Figure8.1: Theseparatedhemispheresin 3D
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8.2 Limitations and difficulties

In figure8.5 we find a goodexampleof a marker thatgrew into theotherhemisphere(seealso
section7.2). Thereasonfor this phenomenoncanbefound in figure8.4; the left marker is still
presentin the lower region of the left hemisphere,wheretheright marker is completelyeroded
awayat thecorrespondingregion in theright hemisphere.

Thefirst solutionto tacklethis problemis shown in figure8.6. Thesemarkerswerecreated
from theoriginal markersin figure8.4accordingto themethoddescribedin section7.2.1,with
theborderconstantsetto 5 voxels. The resultof themultiple dilation of thesemarkerscanbe
foundin figure8.7.As is clearlyvisible, themarkersdo notgrow in theotherhemispheres.

In figure8.8thesecondsolutionis shown; themarkersarejustifiedby intersectingthem(see
section7.2.2).If figure8.8is comparedto figure8.4,wecanseethatthelowerpartof theoriginal
left marker hasbeenremoved. Theresultof themultiple dilation of thesemarkerscanbefound
in figure8.9. Becausethepartof theleft marker thatcausedit to grow into theright hemisphere
hasbeenremoved,theproblemof growing into thehemispherehasbeenlifted.

8.3 Discussionand prospects

Therectangularmarkersdeliveraverystraightcutbetweenthetwo hemispheres,ascanbeseen
in figures8.7 and8.12. This canbe of advantagewhensearchinga straightplanebetweenthe
hemispheres.Also, thecorpuscallosumis visually moreapparentin a threedimensionalrepre-
sentation.This is plain whenfigure8.10,obtainedwith rectangularmarkers,is comparedwith
figure8.11,obtainedwith intersectedmarkers. However thatdoesnot meanthat theseparation
in the corpuscallosumis betterwhenusingthe rectangularmarkers,only visually moreplain.
Thedivisionbetweenthetwo hemisphereswithin thecorpuscallosumis somewhatarbitrary, and
thereforeonecouldarguethatdifferentseparationsarevalid.

The rectangularmarkersmeettheir limitations whenthe fissuralongitudinalisis bendedin
oneor moredirections.They assumetheboundsbetweenthehemispheresto bequitestraight,
andwhenthat is not the casethe separationprovided by the rectangularmarkerswill contain
errors. This problemdoesnot exist for the intersectedmarkers. They follow the form of the
fissuralongitudinalis,asit is providedby theerosion,andjust remove thepartsof themarkers
thatmaycausethegrowing into theotherhemisphere.

Theprocedure,with thedifferentjustifiedmarkers,appliedon MRI imageshasprovento be
veryrobust.However, for someMRI imagestheassignmentof asmallnumberof voxelsarguably
maybeambiguous.However it shouldbenotedthatthepreciseanatomicaldivisionbetweenthe
two hemispheresis rathersubjective. A possibleapproachfor future investigationsmight be a
separationbasedondynamicalsurfaces(snakes),whichpossiblycouldtakethedivisionobtained
by theapproachdescribedin this thesisasastartingpoint.
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8.3. DISCUSSIONAND PROSPECTS

axial view coronalview sagittalview

Figure8.2: Unjustifiedmarkervolumes

axial view coronalview sagittalview

Figure8.3: Separatedhemispheres,obtainedfrom unjustifiedmarkers
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axial view coronalview sagittalview

Figure8.4: Exampleof unjustifiedmarkervolumes

marker growing
into other hemisphere

axial view coronalview sagittalview

Figure8.5: Exampleof amarker thatgrew into theotherhemisphere
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8.3. DISCUSSIONAND PROSPECTS

axial view coronalview sagittalview

Figure8.6: Rectangularmarkervolumes

axial view coronalview sagittalview

Figure8.7: Separatedhemispheres,obtainedfrom rectangularmarkers
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8.3. DISCUSSIONAND PROSPECTS

axial view coronalview sagittalview

Figure8.8: Intersectedmarkervolumes

axial view coronalview sagittalview

Figure8.9: Separatedhemispheres,obtainedfrom intersectedmarkers
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8.3. DISCUSSIONAND PROSPECTS

Figure8.10: 3D representationof a hemisphere(picturedundertwo differentangles),obtained
with rectangularmarkers

Figure8.11: 3D representationof a hemisphere(picturedundertwo differentangles),obtained
with intersectedmarkers
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8.3. DISCUSSIONAND PROSPECTS

axial view coronalview sagittalview

Figure8.12:Separatedhemispheres,obtainedfrom rectangularmarkers

axial view coronalview sagittalview

Figure8.13:Separatedhemispheres,obtainedfrom intersectedmarkers
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Chapter 9

Conclusion

Objectivesfor this thesisweretheextractionof thecorticalsurfaceandthemorphologicalsep-
arationof both hemispheres.Sincethis thesisis part of a larger project(seesection1.1) some
anatomicalpartsof thebraincouldbeassumedto bealreadysegmented(seesection4.1). Pro-
ceduresto meettheseobjectiveshave beendeveloped.Severalmodulesnecessaryto run these
procedureshave beenimplementedin C++ routines. The taken approachesareheavily based
on mathematicalmorphology. TheMRI images,usedin our tests,wereprovidedby theLENA
Salṕetrière Hospital in Paris. They werenormalMRI imagesfrom usualquality, taken from
differenthumansubjects.

9.1 The cortical surface

In orderto extractthecorticalsurface,we startedwith a simply connectedvolume,representing
thewhite matter. This volumewasdilatedundertheconditionthatvoxelswereonly addedif 1.
the resultingvolumewould bestill simply connected,2. they werepositionedwithin thecere-
brum. Thecerebrumwasdefinedasthebrain-maskwith thecerebellum,thebrainstemandthe
CSFsubtracted.This dilation wascontinueduntil therewereno morevoxels left to be added.
We would endup with a simply connectedvolumewith an outline correspondingto the corti-
calsurface.Theinternalsurfaceof thisvolumewouldbetakenasendresult:thecorticalsurface.

Oneof the major conditionswe imposeon the extractionof the cortical surfaceis that the
resulthasto have thetopologyof ahollow sphere.This conditionis imposedin orderto beable
to projectsignalsmeasuredon thescalp,suchasMEG andEEG,on thecorticalsurface(inverse
problems). Thoughthe real cortical surfacedoesindeedhave this topology, it is often com-
promisedin MRI imagesbecauseof thepartial volumeproblem(seesection3.3). Thechosen
procedureopensclosedcavities,andby doingso,it assurestherequiredtopology. Thoughmil-
limetric precisionis not alwaysreachedby this approach,thepreservationof theright topology
wasvaluedhigher.

The quality of the extractionof the cortical surfacedependsvery much on the quality of
the segmentationof the partsthat aretaken asinput (brain-mask,cerebellum,brainstem,CSF
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9.2. THE HEMISPHERES

andwhite matter).If for instancethecerebrospinalfluid is not segmentedcorrectly, thecortical
surfacethatis foundby our approachwill nothave thecorrectform.

If theseconstraintsaretaken into account,the extractionof thecortical surfacehasproven
to bevery robust. For all the imagesthathave beentested,thesurfacehasbeenfoundwithout
any problems.Thevolumic representationof thecorticalsurfacewith thetopologyof a hollow
sphere,which is deliveredby our approach,might bea goodstartingpoint for constructionof a
meshrepresentationof thecorticalsurface.

9.2 The hemispheres

Theapproachto separatethehemisphereshasbeenbasedon theideato erodethevolumerepre-
sentingthecerebrum(theforebrain),in orderto obtaintwo marker volumes,onesituatedin the
left hemisphere,andtheotherin theright hemisphere.After obtainingthetwo markervolumes,
they weredilatedsimultaneously, until they met eachother, or the boundsof the cerebrumis
reached.During this dilation, the dilatedmarker volumeswould eachremaintheir own value,
andweendupwith two markedvolumes,togetherfilling thecerebrum.

The major disadvantageof this methodis that there is a possibility that one marker vol-
umegrows into theotherhemisphere(seesection7.2). Therisk of this happeningis especially
presentin the casethat at someheightonemarker volumehasbeenerodedaway completely,
andtheothermarker volumehasstill voxels left at thecorrespondingheight. To dealwith this
problemwehavedevelopedtwo differentsolutions.Thefirst solutionis to justify themarkervol-
umesby creatingrectangularmarkersfrom theoriginal ones,andtheotheris to justify themby
intersectingthetwo markersin thedirectionthey arepositionedbesideeachother(seesections
7.2.1and7.2.2).Thesesolutionshaveprovento solve theproblemsubstantially.

Theseparationthatis deliveredby ourapproachmight form thestartingpoint for fine-tuning
of the separationbasedon differentcriteria. A possiblefuture projectcould be basedon the
applicationof dynamicalsurfaces(snakes)in theseparationof thecorticalhemispheres.
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Appendix A

Implementation of the algorithms

A.1 intr oduction

TheMRI scanswerestoredin files,characterizedby a“.ima” extension,containingtheraw data
(no headerinformation)asa string of bytes,wherebyevery byte representsa gray level value.
Thestringcanbeinterpretedasa threedimensionalvoxel imagein thefollowing way:

for ( ¿ = 0 to ÀÂÁ#Ã Ä - 1)
for ( Å = 0 to ÀÂÁ#Ã Æ - 1)
for ( Ç = 0 to ÀÂÁ#Ã Ã - 1)È
BYTE[ Ç ][ Å ][ ¿ ]É

Thedimensions( Ê}Ë>� � , ÊcË>� Ì and ÊcË>� Í ) of theimagearestoredin anaccompanying
file, with a “.dim” extension.Thisfile alsocontainsthephysicaldimensionsof avoxel.

Theprocedures,asshown in theflowchartsin figures4.3and7.1wereimplementedin c shell
scripts.They canbeeasilyexecutedby enteringat theUnix command-line:“corticalsurface.sh
MRIimage”, andrespectively “separatehemispheres.shMRIimage”, wherebythe“MRIimage”
is thefilenameof theMRI imagewithoutextensions.In theshellscriptsit is documentedwhich
namesthe pre-segmentedpartsthat are taken as input, aresupposedto have. From the shell
scriptsthevariousmodulesareexecuted.

To implementthe differentmodulesof our procedureswe make useof the Tivoli library, a
setof C++ routinesandbinaries.Thealgorithms,which werenot providedby theTivoli library,
weredevelopedfor this projectin C++. They were: theconditionaldilation, the justificationof
themarkervolumes;rectangularmarkers,andintersectedmarkers,andthemultipledilation. We
will givea brief descriptionof thosealgorithmsin thefollowing sections.
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A.2. THE CONDITIONAL DILATION

A.2 The conditional dilation

Theconditionaldilation playsa major role in thecorticalsurfaceextraction(seechapter4). In
this sectiontheimplementationof this conditionaldilation is described.

As input parametersan image that containsthe to-be-dilatedobject,a maskimage andthe
dilaton kernel ( (,- , (/.%+ , or ( ' - ) aretaken. Thefirst conditionthat is imposedon thedilation, is
thata voxel is only addedif it is within themask.A voxel is within themaskif themaskimage
hasa non-zerovalueon thecorrespondingposition. Thesecondconditionis that it is a simple
point (seedefinition4.1).

A.2.1 distancetransform

Theconditionaldilation is implementedin two steps.Firstadistancetransform(seesection2.5)
is appliedon theinput imageinto themask.For thedistancetransformation(DT) we alsorefer
to [Bor86, Ver91]. In our applicationthis meansthat the distancetransformis performedthe
volumeof the white matterinto the cerebrum.Thusthe white matterwill have distance0, in
thecortex thevalueincreasesin directionof its bounds,andthevolumeoutsidethecerebrumis
filled with themaximumvalue(255).This is visualizedin figureA.1.

axial view coronalview sagittalview

FigureA.1: Distancetransformationof thewhitematterinto thecerebrum

A.2.2 priority waiting list system

For thesecondstageof theimplementationthedistancesareregardedaspriorities,wherebythe
smallestdistancehasthehighestpriority. All simplepointsof thehighestpriority areaddedto
theobjectfrom theinput image.Thenon-simplepointsareput in awaiting list system.

Thewaiting list systemcontainsaqueuefor everypriority. In orderto initialize thequeuesa
histogramis madeof theimagewith thepriorities. Thequeuesaregiventhesizeof thenumber
of voxelsof thecorrespondingpriority, soif all voxelsof agivenpriority wereput in thewaiting
list system,thequeueof thatpriority wouldbecompletelyfilled.
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A.2. THE CONDITIONAL DILATION

Now we descendonepriority, andproceedwith addingall simplepoints,andputting the
restingvoxelsof thatpriority in thewaiting list. Thenthevoxelsin thewaiting list arechecked
whetherthey still arenot simply connected,startingwith thequeueof thehighestpriority, and
thendescending.This is necessarybecauseit is possiblethat voxels thatwerepreviously non-
simple,now are simple points,asa result of surroundingvoxels that have beenaddedto the
object. This procedureis repeated,until all distances,except for the maximumdistance(the
voxelsoutsidethecerebrum),aredealtwith.

input: Î�Ï/Ð�ÑwÒ , Ï/ÐwÓ�Ô Î%Ï/Ð°ÑwÒ , Ô�Ò�Õ3ÖUÒD×
output: Î�Ï/Ð�ÑwÒØ Î~ÓDÙ Î%Ï/Ð°ÑwÒ = DT( Î�Ï/Ð�ÑwÒ , Ï/ÐwÓ�Ô Î�Ï/Ð°Ñ"Ò )Ú Î~ÓDÙ£Û = Histogram(

Ø Î�Ó?Ù Î�Ï/Ð�ÑwÒ )Ü�Ý Ò Ý Ò?Ó = InitQueues(
Ú Î�Ó?Ù£Û )

integer
Ø Î�ÓDÙ = 1

doÈ
if (histo[dist] != 0)È
AddSimplePoints( Î�Ï/Ð°Ñ"Ò , Ø Î�Ó?Ù Î�Ï/Ð�ÑwÒ , Ø Î�Ó?Ù )
QueueRest( Ü�Ý Ò Ý Ò?Ó , Ø Î�Ó?Ù Î�Ï/Ð�ÑwÒ , Ø Î�Ó?Ù )
CheckQueues( Î�Ï/Ð�ÑwÒ , Ü�Ý Ò Ý ÒÞÓ )É

Ø Î�Ó?Ù =
Ø Î�Ó?Ù + 1É

until(
Ø Î~ÓDÙ == 255)
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A.3 Justification of the marker volumes

We assumethat theorientationof thebrain is moreor lessalignedwith thedirectionof oneof
the axis of the referenceframe(a small deviation is allowed). As a consequence,the markers
arealsoseparatedalongoneaxisof thereferenceframe.Beforewe justify themarkers,we first
searchthedirectionin which they arebesideeachother. In orderto determinethatdirection,we
searchtheminimumandmaximumdimensionsof bothmarkers,andthensearchfor thedirection
in which themaximumof onemarker is smallerthantheminimumof theother. Of coursethis
is only allowed for onedirection. For the following sectionswe assumethat both markersare
besideeachother in � -direction. The correspondingroutinesfor � - and � -orientationcan be
easilyderived.

A.3.1 Creating rectangular markers

After theminimumandmaximumdimensionsof bothmarkersaredetermined,theconstruction
of therectangularmarkersis quitestraightforward.In � - and � -directionthelargestof theminima
aretaken,andthesmallestof themaxima.In � -directionbothmarkersmaintaintheirminimaand
maxima.Thenfrom all dimensionsaconstantbordervalueis subtracted,andthusall parameters
for our two rectangularvolumesareobtained.Seealsosection7.2.1.

A.3.2 Creating intersectedmarkers

Again we assumethe markers to be positionedbesideeachother in the directionof oneaxis
(in our examplein � -direction). Now we considerevery scanlinein this direction. Only if both
markershave voxelsin this scanline,they areincluded.This hastheeffect that themarkersare
intersectedfor the( � , � )-plane.Seealsosection7.2.2.

for ( ¿ = 0 to ÀÂÁ#Ã Ä - 1)
for ( Å = 0 to ÀÂÁ#Ã Æ - 1)È
for (follow scanline in Ç -direction)È
if (both markers are present in scanline) then
the scanline is maintained

else
the scanline is erasedÉÉ
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A.4 The multiple dilation

Themultiple dilation takesasinput parametersa labeledimage, containingobjects,anda mask
image. Thevoxelsof every objectin the input imagearesupposedto have a value,uniquefor
theobjectthey belongto (e.g. all voxelsof oneobjecthave thevalue“1”, thevoxelsof another
objecthave the value“2”, etc.). The multiple dilation performsa dilation, with a givenkernel
( (*- , (/.%+ or ( ' - ), on theobjectsin theimage,wherebyby theaddedvoxelstake thevalueof the
objectthey areaddedto. Herebyvoxelsareonly addedif 1. they arein thevolumeof themask,
and2. they arenot alreadyaddedto anotherobject. This dilation is repeateduntil thereareno
voxelsleft anymorethatcanbeaddedto anobject.

input: Î�Ï/Ð�ÑwÒ , Ï/ÐwÓ�Ô Î%Ï/Ð°ÑwÒ , Ô�Ò�Õ3ÖUÒD×
output:

Ø Ò?Ó?Ù�Î�Ö�ÐßÙ~Î%Û�Ö Î�Ï/Ð�ÑwÒØ ÒÞÓDÙ~Î�Ö�ÐßÙ�Î�ÛÞÖ Î�Ï/Ð�ÑwÒ = Î�Ï/Ð�ÑwÒ
doÈ
integer Ð Ø�Ø Ò Ø = 0
for ( ¿ = 0 to ÀÂÁ#Ã Ä - 1)
for ( Å = 0 to ÀÂÁ#Ã Æ - 1)
for ( Ç = 0 to ÀÂÁ#Ã Ã - 1)È
if ( Î%Ï/Ð°ÑwÒ [ Ç ][ Å ][ ¿ ] != 0) thenÈ
for (walk through all kernel offsets: ÔwÇ , ÔwÅ , Ô"¿ )È
if (( Ï/Ð"ÓÞÔ Î�Ï/Ð°Ñ"Ò [ ÇkàZÔwÇ ][ ÅaàZÔwÅ ][ ¿�àvÔwÅ ] != 0) and
(
Ø Ò?Ó?Ù�Î�Ö�ÐßÙ~Î%Û�Ö Î�Ï/Ð�ÑwÒ [ ÇkàZÔwÇ ][ ÅaàvÔwÅ ][ ¿áàZÔwÅ ] == 0)) thenÈ Ø Ò?Ó?Ù�Î�Ö�ÐßÙ~Î%Û�Ö Î�Ï/Ð�ÑwÒ [ ÇdàZÔwÇ ][ Å�àZÔwÅ ][ ¿#àZÔwÅ ] = Î�Ï/Ð°Ñ"Ò [ Ç ][ Å ][ ¿ ]Ð Ø�Ø Ò Ø = Ð Ø�Ø Ò Ø + 1ÉÉÉÉ

Î�Ï/Ð�ÑwÒ =
Ø Ò?Ó?Ù�Î�Ö�ÐßÙ~Î%Û�Ö Î�Ï/Ð�ÑwÒÉ

until ( Ð Ø�Ø Ò Ø == 0)

It shouldbenoted,that theactualimplementationscansthe imagealternatingin increasing
anddecreasingdirection,to addresstheproblemsdescribedin section7.3.1. Thuswe first use
a loop startingwith thesmallest� , � and � , andincrementthem. And thenusea loop starting
with themaximal � , � and � , anddecrementthem.Theroutinein pseudo-codeabove scansthe
volumeonly in increasingdirectionthough,in orderto keepit understandable.In caseof a (,-
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A.4. THE MULTIPLE DILATION

or (/.%+ -kernel,after theroutinehasfinished,we run it with a ( ' - -kernel,in orderto addvoxels
thatarestill disconnected.
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