Gyral parcellation of the cortical surface
using geodesicvorono’ Diagrams.
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Abstract. In this paper we proposea genericautomaticapproachfor the par
cellationof the cortical surfaceinto labelledgyri. Thesegyri arede ned from a
setof pairsof sulciselectedby theuser Theselectedsulciare rst automatically
identi ed in the data,then projectedonto the cortical surface. The parcellation
stemsfrom two nestedvVorond diagramscomputedgeodesicallyto the cortical
surface.The rst diagramprovidesthezonesof in uence of thesulci. Thebound-
ary betweerthe two zonesof in uence of eachselectedgair of sulcusstandsor
a gyrusseed.A seconddiagramyields the gyrus parcellation.The distanceun-
derlying the Vorond diagramallows the methodto extrapolatethe gyruslimits
wherethe sulci areinterrupted The methodis appliedon threedifferentbrains.

1 Intr oduction

The recentadwent of automaticmethodsdedicatedo brain morphometryhasraiseda
large interestin the neuroscienceommunity Thesetools, indeed,provide a new way
of addressingssuegelatedto the links betweeranatomyandfunction. While noneof
thesetoolscanbeconsidereastheperfectone,simply becausef thehugecompleity
of brainanatomyit is assumedhatanalyzinghundredf brainsovercomethefailures
obseredfor afew ones.

Most of the approacheappliedat a large scalerely on a coordinatesystemwhich
may be either three dimensionalfor voxel based morphometry [1], or two dimen-
sionalfor studiesof corticalthicknesd8, 14]. In eachcase yariouswarpingoperations
are usedto matchasfar as possiblethe differentbrainsunderstudy with a template
endaved with the coordinatesystem.We will denotethis warping principle “iconic
spatial normalisation” . Morphometryis performedon a point by point statisticalba-
sis, eitheron datarelatedfeaturesor on deformatiorrelatedfeatureq4].

While the coordinatebasedparadigmhasa lot of successn the neurocimaging
community analternatve approactconsistf mimicing the classicalanatomicamor-
phometry namelyde ning someanatomicaktructuredy a sggmentatiormethodand
deriving someshapedescriptorghatwill be comparedacrossbrains.This alternatve
is sufciently attractve to be appliedmanually althoughtediouswork hasto be per
formed,which preventslarge scalestudieq22, 10]. The motivationbehindthis “struc-
tur e basedmorphometry” is the ideathat someneuroscienceesultsdeeplyrelated



to the brainarchitecturabrganisationmay be eitherlost during the non perfecticonic
spatialnormalisationor inaccessiblevia a coordinatebasedpoint of view. Finally, it
shouldbe notedthat somemorphometryapproachesre hybrid becauséocal coordi-
natesystemsareusedto computesomeshapedescriptorg9].

Two directionsof algorithmicresearchaim at providing automaticnethodgo per
form structurebasedmorphometryThe rst onestemsdirectly from theiconic spatial
normalisationscheme:a manualsegmentationof the templateis warpedtoward ary
new brainin orderto obtainanautomaticsggmentatior[5]. While this approactgives
goodresultfor stablebrain areadike the deepnuclei, it is more questionabldor the
cortex [17] becauseghe warpingalgorithmsaredisturbedby the high variability of the
folding patternd18,21]. Thereforea concurenstratay for the cortex consistsof link-
ing blind geometricparcellationsof the cortex with patternrecognitionmethods[12,
13,21,3,20], in orderto achieve a betterde nition of sulco-gyralshapeso be com-
paredacrosdrains.A lot of otherdedicatedsegmentationrschemehave beende ned
for variousotherbrainareaqd6].

The methodsdedicatedto the cortex always focus on geometricalpropertiesal-
lowing to devise a de nition of cortical folds (depth,curvature, medial axes, etc...).
The usualneuroscienc@oint of view aboutthe cortical surfacesegregation,however,
is gyrusbasedA gyrus,indeed,is usuallyconsideredo be a moduleof the cortex en-
dowedwith denseaxonalconneionsthroughoutocal white matte{23]. Unfortunately
corticalgyri arerelatively dif cult tode ne from apuregeometricapointof view, even
if they aresupposedo bedelimitedby two parallelsulci.

In this paper we proposea two stagestrateyy for the parcellationof the cortical
surfaceinto gyri. First, the main cortical sulci are automaticallyextractedandidenti-
ed usinga contextual patternrecognitionmethodthat may be viewed asa structural
alternatve to the brain warping approach21]. Secondthe dual gyri are de ned as
patcheof the cortical surfaceyieldedby the computationof two nestedvorond dia-
gramswhoseinitial seedsareinferredfrom thetheidenti ed sulcusbottomlines.This
de nition of the maingyri is a mixture betweengeometricainformationrelatedto the
geodesidistanceusedto de ne the diagramsanda high level cortex modelfor the
recognitionof the main sulci which provide the seedlines. The methodproposedn
this paper which corvertsa setof sulciinto the setof dualgyri, is genericandmay be
appliedwith analternatve differentidenti cation of thesulci.

2 Method
2.1 The sulcusidenti cation

The rst stageof the method,which hasbeendescribedby Rivierein [21], provides
automaticallythe setof themainsulci, eachsulcusbeingrepresentetly a setof voxels
obtainedfrom a skeletonsegmentation(seeFig. 1). For eachsulcus discretetopology
propertiesallows usto obtainthe subsebf connected/oxels correspondingo bottom
lines(mainpartandbranchesseeFig. 2) [15,16], calledsulcallines. Anotheroutcome
of this preprocessingtageis two smoothmeshef the cortex hemispheregndaved
with a sphericaltopology[16]. The sulcusbottomswill be projectedon this represen-
tation of the cortical surfaceto de ne somelimits betweenthe dual gyri. Therefore,



to have accesdo the methoddescribedn this paper the userhasto provide a list of
pairsof sulcusnamesEachpair will usuallycorrespondo two parallelsulci possibly
interrupted.

2.2 Projection of the sulcal bottom lines onto the triangulation

The main problemdisturbingthe de nition of gyri is the interruptionof the delimit-
ing sulci, becausaheseinterruptionsare highly variables.The ideaproposedn this
paperovercomeghis dif culty usingtheVorono diagramprinciple.If asetof linesap-
proximatively locatedat the level of the crowns of the gyri of interestcanbe provided
asgyrusseedsthe whole gyral parcellationcanbe de ned from a distancecomputed
geodesicallyto the cortical surface.Eachgyrus will be the zoneof in uence of its
own seednamelythe subsebf the cortical surfaceclosestto its seedthanto the other
seeds.® try to imposethe sulcusbottomsaspartsof the boundariedbetweerthesein-
uence zonestheideaconsistof removing the projectedbottomlines from the mesh
to preventthedistanceo be propagatedcrosshesdines.Hencetheresultingdiagram
is inferredfrom aniterative dilation of thegyrusseedsghatis stoppeckitheratthelevel
of the sulcushottoms,or whentwo zonesof in uence getin touchwith eachother All
thegeodesidistancecomputationsisedin this paperstemfrom the thick front propa-
gationideaproposedn [24]. Suchdistancesrealsousedto applyisotropicgeodesic
morphologicakreatmentgclosing,dilation, etc...)

To maketheprojectedbottomlinesbehaelik e wallsfor thegeodesiaistanceprop-
agation,their connectvity hasto be presered during the projectiononto the cortical
surface.Thisis not straightforvard because¢he smoothmeshstemsfrom a decimation
algorithmwhich leadsto a non stationarytriangle sampling.Morphological closing
operationsare performedto reachthis goal. Anotherimportantconstraintis the local-
isationof the projectionthat hasto correspondo the deepespart of the fold on the
corticalsurface(seeFig. 2). Thesequencef processingisedto achieve thesegoalsis
thefollowing. The  SulcalbottomLine (de ned with voxels)is noted ; its pro-
jectiononthetriangulation(de nedwith nodes)snoted . Thelabelofthe sulcal
lineis . Theprojectionis donefor eachsulcalline (i.e.for eachconnectedcomponent
of thesulcalbottomlines)independently

1. The rst stepof theprojectionis anadaptatiorof thewell-known ICP algorithm|[2,
7] whichallowsto nd anafne transformationwhich preserestheglobalstructure
of the bottomline. This preventsthe creationof large gapsin the middle of the
projectedpoints.

— De nition of aset of matchedpoint pairs. The constructions the
following: for eachpoint of thesulcalline , apair is added
to ,where isthenodeof thecorticalmeshminimisingthefunc-
tion (seeFig. 2), whereM is a
meshnode, ia positive weightingconstant, is the 3D Euclidean
distanceand is the geodesiaepth.This geodesiadepthcomputa-

tion follows the following steps:1) apply a 3D morphologicalclosingto the
white matterbinary mask.2) apply a 3D erosionof 5mmto the closedmask.
3) De ne all the meshnodesoutsidethis maskasgyruscrowns.Thegeodesic



depthof all thesenodesds thennull. 4) Computethe geodesidistanceo these
crowns (asimilar approachmaybefoundin [20]).
— For eachsulcus , performa leastsquaresvaluationof thebestaf ne transfor
mation,which mapthe sulcusbottomline on the cortical mesh.Eachpoint of
is thenprojectedontothe closestmeshnodeafteraf ne transformation.
2. Thesecondstepconsistof closingandthinningthe previousprojectedsulcallines
(seeFig. 3). This operationis appliedindependentlyon the projectionof each
connecteccomponenbf . The sulcallines areimposedto be actuallines on
the mesh(i.e. a chainof node).The setof projectedpointsis rst iteratively di-
lated geodesicallyto the triangulationuntil reachingexactly one connecteccom-
ponent.The secondstageis a skeletonizatiorlike algorithm.The underlyingidea
is a heuristiccomputingconnectedsetdiameter A rst pointis randomlyselected
in the connectedlilatedline. A distance(geodesido the connectedset)is com-
putedfrom this point. The moredistantpointis selectedasthe rst setextremity.
A secondgeodesidistance)s computedrrom this rst extremity. The moredis-
tantpointis selectedasthe secondextremity. The setskeleton(i.e. setdiameter)is
inferredby a stepby stepbacktrackingalongthe geodesidistancepropagation.

2.3 Gyral parcellation

Oncethe sulci have beenprojectedontothe cortical surface,the remainingprocessing
is embeddedhto the sphericatopologyof thecorticalsurface.Thefollowing sequence
of stagedeadsrst to thede nition of gyral seed€from eachpair of sulci givenby the
user The secondstageleadsto the gyral parcellation(seeFig. 3). The two stagesof
computatiorrely on thewell known Vorond' diagramnotion, which is widely usedin
computervision. Sucha diagramcanbe computednto arny spacedomainfor a given
setof seedsThe diagramis a parcellationof the spacento the seedin uence zones,
whereeachpointis givento the closestseedaccordingto a distanceln thefollowing,
this distances anapproximatiorof the geodesicuclideandistancg24] (thegeodesic
distancebetweentwo meshnodesis estimatedasthe shortestpath,throughthe mesh
nodes/inking the two nodes).The diagramis ef ciently computedrom the previous
thick front propagation[24].

A detailedsketchof the processs thefollowing:

1. Computatiorof theVorond diagramof thelabelledsulcallines(seeFig. 3.B) . The
nodesthathavethelabel correspondo the nodeswhoseclosestseed(i.e. sulcal
line), from ageodesigointof view, hasthelabel . Thegoalof thisdiagramis the
detectiorof theboundariedetweerthezoneof in uencesof the pair of sulcigiven
by the user(seeFig. 3.C). Sucha boundarywill represenfurtherthe seedof the
correspondingyyrus. The setof boundarieof the diagramis sometimesalleda
skeletonby in uence zone(SKIlZ) [11]. Theboundariesrethe nodeswith atleast
two differentlabelsin their directneighborhoodHence the boundarief interest
aresetof nodeswith exactlytwo labelsin their neighborhooaorrespondingo one
of theuserspeci edsulcuspairs.Thisde nition of thegyral seedeadsto theideal
localisationfor theseseedsThe boundarybetweerntwo neighboringsulcuszones
of in uence, indeed,is equidistantto the wishedgyrus limits. Therefore,during



the seconddiagramcomputationthe extrapolationof thelimits givenby the sulcus
bottomswill really beequidistanbetweerthe crownsof the gyri in competition.

2. Computatiorof the secondvorond diagramusingthe gyrusseedqseeFig. 3.D).
The main differencewith the previous diagramis the removal of the sulcalseeds
from themesh to preventthe distancerom crossingthe sulcusbottom.

3 Resultsand Discussion

Themethodhasbeenappliedon threedifferentbrains.Thelist of sulcuspairsselected
by the userwascorrespondingo long neighboringparallelsulci, in orderto obtainas
far aspossiblethe usualanatomicalparcellation.While the resultsprovidedin Fig. 4
sharestriking similaritiesacrosghethreebrainsandwith standardainatomicabtlrawing,
somemorework hasto be doneon the sulcuspair selectionto reachthe moreintuitive
parcellation.

Thehugefolding variability highlightedby the gure illustratesthedif culties pre-
venting a pure geometricalde nition of gyri. Somefrontal sulci that are often long
non interruptedfurrows can be split into several piecesin somebrains. This phe-
nomenumdisturbsboth the sulcusrecognitionandthe gyrusde nition. Nevertheless,
our methodcanextrapolatethe standardarcellatiorto this complec intriguing con g-
urations Hence ary braincanbeprocesseih aratherconsistenautomatiovay, which
opengthedoorto large scalecomparisondetweerpathologicalndstandardsubjects.
Accordingto the userinterest differentsulcuspair list may be providedto the method
in orderto comparegyral areasandshapegrom variousde nitions.

Anotherinterestof this genericcortical parcellationgnto gyral patchestemsfrom
therecentdevelopmentof MR diffusionimagingfor ber tracking[19]. The methods
usedto detectthe ber bundleslinking two differentcortical areasarestill in theirin-
fangy, but this new possibility leadsnow to develop dedicatednappingmethodsOne
possibility is the inferenceof the matrix of connectvity of the main cortical gyri. For
eachindividual, using gyral patchesasinput and outputmay allow the sorting of the
hugenumberof tracked bundles.Then individual matricesof connectvity could be
comparedn a statisticalbasis.This approactcouldprovide new researctanddiagnos-
tic toolsfor the pathologogieselatedto the brainconnectvity.
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Fig. 1. An exampleof the resultof the sulcusextraction and identi cation (on right: the white
matter meshusedas a sphericalmodelof the cortex). The colors correspondto the various
namesusedby our neuanatomisto train therecaynition systenj21]. Thesenameselongto a
hierarchy of neunanatomynamesThesulcuslist on which is appliedthe parcellationis chosen

by the systenuser Henceseveral differentparcellationscan be computedaccoding to the user
needs.

Sulcus(in blue)
Bottom line (in red)
Clipping plane
Geodesic depth

Fig. 2. Each sulcal bottomline is projectedonto the cortical surfacealong the line of maximal
geodesidistanceto the gyruscrowns.
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Fig. 3. This gure proposesa sketch of the methodmappedon anin ated version of the cortical
surfacefor the sale of undestanding Most of the remainingsurfacecurvatue is relatedto
the gyral parcellation targetedby the algorithm. Each sulcusbottomline connecteccomponent
is r st projected(Al). Thenthe projectionis closedusing geodesicmathematicaimorpholay,
and skeletonisedusinga geodesicdiameterstrategy in order to obtain a continuousline (A2).
A r stVorond diagramis computedor the seedscorrespondingo theseprojectedlines using
a geodesiadistance(B). This diagram providesa sulcal basedparcellation of the surface The
seedghatwill standfor thegyri are boundariesf this r stdiagramrelatedto the pairs of sulci
initially de nedbytheuser(C). Finally a seconddiagramis computedor thesegyral seedsfter
remoal of the sulcal seedsrom the meshin order to preventthe geodesicdistanceto crossa
sulcusbottom(D).

Fig. 4. A typical resultobtainedfrom three different brains and someof the main gyri. For in-
stance the external part of the frontal lobe is split into four parallel horizontalgyri. Bak, two
vertical gyri correspondto motor and somesthesiareas,etc... Otherkind of parcellationscan
be obtainedif the userselectsa differentlist of sulcuspairs.



