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Abstract
We presenta new algorithmextractingandfairing surfacesfromsegmentedvolumescomposedof multiplemate-
rials. In a �r st pass,thematerial boundariesin thevolumeare smoothedconsideringsigneddistancefunctions
for theindividualmaterials.Second,weapplya marching-cubes-like contouringmethodproviding initial meshes
de�ning materialboundaries.Non-manifoldfeaturesemergealonglineswheremorethantwomaterialsencounter.
Finally, themeshgeometryis relaxedin a constrainedfairing process.We useour algorithmto constructa heart
modelfrom segmentedtime-varyingmagnetic resonanceimages.Informationconcerningthe heart ontology is
usedto mergecertainstructuresto functionalunits.

CategoriesandSubjectDescriptors(accordingto ACM CCS): G.1.2[NumericalAnalysis]:Approximationof sur-
facesandcontoursI.3.5 [ComputerGraphics]:Curve,surface,solid,andobjectrepresentations

1. Intr oduction

Segmented(tagged)volumesareusedto describethegeom-
etryof multiplesolidshapescomposedof differentmaterials
or associatedwith differentattributes.Volumesof this type
are createdby segmentingcomputertomography (CT) or
magneticresonance(MR) volumes,see�gure 1. Automatic
segmentationmethodsexist for certainapplications.In the
caseof medicalapplications,however, humaninteractionis
oftenindispensableto recover certainanatomicalstructures.
Manualsegmentationis mostlyperformedonslicesof avol-

Figure 1: Magnetic resonanceimage (left) and segmented
image (right).

ume,degradingthefairnessof contoursorthogonalto these
slices.

In solid modeling,complex geometricshapescanberep-
resentedby signeddistancefunctions[PT92], whichareeas-
ily transformedinto a segmentedvolumecontainingmulti-
ple solids associatedwith different materials.Hierarchical
structureslike octreesprovide a memory-ef�cient represen-
tation. Segmentedvolumescan also be obtainedfrom nu-
mericalsimulations,likecomputational�uid dynamics.

Sinceevery voxel in a segmentedvolume is associated
with a uniqueattribute,materialboundariesarenot smooth,
at all. Additional errorsarisingfrom measurementandseg-
mentationdegradethequalityof suchcontours.Requiredisa
contouringmethodextractingandfairing topologicallycor-
rectsurfaceboundaries.

In the presentwork, we contribute a contouringmethod
providing smoothmeshesfor every boundarybetweentwo
materials.Thesemesheshave consistentboundaryfeatures
at locationswherethreeor morematerialsmeet.Theunion
of all meshesrepresentsa non-manifoldsurfacestructure.
Our fairingprocessinvolvesthreesteps:

� Fairing the underlyingvolumebasedon linear combina-
tionsof signeddistancefunctions.
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Figure 2: Heartmodelextractedfromtime-varyingsegmentedvolume, illustrating thein- andde�ation of theleft ventricle.

� Extractionof consistentmeshesfor every boundarybe-
tweentwo materials.

� Constrained Laplacian smoothing of the extracted
meshes.

In both fairing steps,thegeometricerror is boundedby the
width of one(or a �x ednumberof) grid cells.

The reconstructionof a beatinghumanheartfrom mag-
netic resonanceimagesis a challengingproblemin medi-
cal imaging,sincetheheartis constantlymoving while the
imagesarerecorded.Triggeredby echocardiogram(ECG),
correspondingMR imagesfrom different heartcycles are
groupedtogetherto individual volumes.Small movements
of the patientor differencesin the heartcycleswill leadto
misalignedslicesin the volume.Theseerrorsmay still be
presentaftersegmentationandneedto bereducedby proper
fairing.

We useour algorithmfor constructingthegeometryof a
humanheart,illustratedin �gure 2, basedon manuallyseg-
mentedmagneticresonanceimages.Informationconcerning
theheartontologyis usedto mergecertainstructuresto func-
tionalunits,liketheleft ventricularcomplex, andto improve
certainaspectsof the model.Our methodhasbeendevel-
opedandis well provenfor thereconstructionof anatomical
structures,but it is not restrictedto medicalapplications.

Thesearethecontentsof ourwork: In section2, wesum-
marizerelatedwork. Section3 containsthemethoddescrip-
tion, composedof the threeparts:volumefairing, contour-
ing, andconstrainedsurfacefairing.In section4, wepresent
our constructionof a heartmodelandwe concludein sec-
tion 5.

2. RelatedWork

Surfaceextraction from volumes(contouring) is typically
performed by variants of the marching-cubesalgorithm
[LC87], whereatriangulatedapproximationof anisosurface

is constructedfor every cell in a hexahedralgrid de�ning a
three-dimensionaldensity�eld. Lesspopular, but muchsim-
plerarecontouringmethodsonthedualgrid associatedwith
voxel boundaries.The�rst approachof thiskind,elasticsur-
facenets[Gib98,LG99] providesquadrilateralmesheswith
topologicalambiguities,however. Furtherdualmethodsare
describedby [JLSW02] and[Nie04]. An interestingexten-
sion is the reconstructionof sharpfeatures,like ridgesand
cusps[KBSS01,OB02,JLSW02].

If only one material boundaryis represented,a signed
distancefunction (SDF) can be usedto de�ne an isosur-
face [HDD� 92, PT92, CC00, JS01]. This SDF is negative
inside and positive outsidethe material,and the boundary
surface is simply the zero set. In addition to a meshrep-
resentingthe surface,normalvectorscanbe sampledfrom
the SDF's gradient.Adaptive volume representationsfor
SDF's [FPRJ00,LBDM02] arenot necessarilylessmemory
ef�cient than surface-basedapproaches.Ef�cient contour-
ing of hierarchicalvolumes,basedon octreesis alsoavail-
able[WKE99].

The contouringproblem becomesmore dif�cult when
only binary volumes[COKLY00, Whi00] aregiven, i.e. no
continuousscalar �eld exists. In this case,the extracted
meshesneedto besmoothed,suchthatthey still remainvalid
isosurfacesof thegriddedvolume.For example,anextracted
surfacecanbeconsideredasagridcomposedof isocurveson
threesetsof slices.Constrainediterative smoothingof this
curve network producesfair surfacesthatarestill valid iso-
surfacesof the binary data[NGH� 03]. Otherfairing meth-
odsincludefeature-sensitive subdivision [OB02], Laplacian
smoothing[Gib98], level sets[Whi00], diffusion and low-
pass�ltering [DMSB99, LM99, Tau00, HG00], as well as
variationalmethods[HHB93,WW92,SK01].

Multiple materials complicate the contouring process,
since the material boundariesde�ne a non-manifold, i.e.
thereexist featurelineswith morethantwo attachedsheets.

c
 TheEurographicsAssociation2005.



Bertrametal. / Non-manifoldMeshExtraction

Figure 3: Interpolationbetweentwo slices(left andright upperimage) basedon linear combinationsof signeddistancefunc-
tions(bottomrow).

Evenfor tetrahedralgridsavarietyof topologicallyinvolved
casesneedto beconsidered[BF95]. In thecaseof continu-
ousmaterialfractionswherethepercentageof everymaterial
canbespeci�edfor eachgrid point,ef�cient meshingmeth-
odsexist [BDS� 03,GSA� 03]. A generalizationof marching
cubesto segmenteddatawith associatedmaterialprobabil-
ities is describedby [HSSZ97] and was recentlyusedfor
non-manifoldextraction[AH04].

In contrastto mostotherapproaches,our methodrecon-
structsmaterial boundariesfrom segmented(tagged)vol-
umes,only. It is designedfor medicalapplications,like re-
constructionfrom MR volumes,whereslicesmay not be
well alignedcausingsevereartifacts.Thesearereducedby a
volumeinterpolationandfairing passbasedon linear com-
binationsof signeddistancefunctions.The samemethod
can be usedfor interpolationbetweentime stepsin time-
varying applications.Our meshextraction is ef�cient and
simple,sinceit doesnot rely oncomplex look uptablescon-
tainingall possibletopologicalcases.ConstrainedLaplacian
smoothingis usedfor �nal fairing.Topologicalinconsisten-
ciesdueto samplingandsegmentationerrorsareeliminated
by anontology-basedclassi�cationof boundarymeshes.

3. MeshExtraction and Fairing

In the following, we presentthedetailsof our method.The
�rst stepis afairingprocessof thevolume,reducingartifacts
due to misalignedslices.Second,we extract meshesfrom
thefair volume.Theseneedto besmoothed,again, to avoid
griddingartifacts.Thislaststep,will notcorrecterrorslarger
thanthewidthof onegridcell,suchthatslicingartifactsneed
to bereducedby preprocessingthevolume.

3.1. VolumeFairing

In the caseof volumesassembledfrom individual 2D im-
ages,like MR data,thedistancesof theseslicesaregreater
than the width of one pixel (in our application,the image
resolutionis ep � 1mmopposedto es � 7mmslicedistance).

Sincetheslicesassembledto a volumearenot recordedsi-
multaneously(in our casethey evencorrespondto different
heartcycles),thesemay not �t exactly together. To reduce
errorsof this kind, materialboundariesin the volumeneed
to besmoothedacrosstheslicesin a �rst pass.

For volumefairing, we rely on signeddistancefunctions
SDF's. This methodhasbeenusedby Jones/Chen[JC94]
for reconstructingmaterial boundariesfrom a set of con-
toursby extractingthezerosurfaceof a3D SDF. To gainef�-
ciency, ourapproachcomputesSDF'sonly ontheindividual
slices.In addition,we usethis techniquefor interpolating
andfairingboundariesof multiplematerialsratherthanonly
interpolatingboundariesof two materials.In caseswhereer-
rorsof measurementarenot introducedby certainslices,the
methodcanbe appliedsuccessively for fairing in the three
canonicaldirections.

We �rst considerthe problemof interpolationbetween
two binary slices,i.e. usingonly two differentmaterialat-
tributes,asillustratedin �gure 3. We computeanEuclidean
signeddistancefunction (ESDF)for the materialboundary
in eachimage.Therefore,theboundarypixelsareinitialized
with zerodistance.Startingat this borderthe pixel front is
propagatediteratively, thereby�lling therespectivedistance
values(1;

p
2;2;

p
5; :::). Sincethedistancesare�lled incre-

mentally there is no needfor a specialtreatmentof self-
intersections.In a secondstep the distancemap is trans-
formed into a signeddistancemap simply by �ipping the
sign insidethe featuredomain,resultingin negative values
insideandpositivevaluesoutsidethefeature.

After constructingtheESDF'ss0(x;y) ands1(x;y) for the
two referenceimages,additionalimagescanbeobtainedby
linearinterpolationwith respectto t 2 [0;1]:

st (x;y) = (1� t) s0(x;y) + t s1(x;y): (1)

The correspondingimage is obtainedby �lling all pixels
wherest (x;y) is negativewith material,see�gure 3.

ConsideringtheESDF's of threeadjacentslicessi� 1, si ,
andsi+ 1, fairing is obtainedby replacingthemiddlesliceby
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Figure 4: Theeffectof volumesmoothingonthecavitycom-
plex of theleft ventricle.
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Figure 5: For everyedge connectingvoxelswith two differ-
ent materials,here denotedby A and B, a quadrilateral is
generated.

thematerialdistributionderivedfrom

si = (1� 2a) si + a (si� 1 + si+ 1); (2)

Wherea 2 [0; 1
3 ] is a constanttradingoff smoothnessver-

susaccuracy. We notethat this fairing processcanshift the
materialboundaryby atmostoneslicedistancees.

Both interpolationand fairing is basedon convex com-
binationsof ESDF's. In the caseof multiple materials,we
needto constructanESDFsm;i for eachmaterialmandeach
participatingimagei. After computingtheconvex combina-
tionssm for everymaterial,theindividualpixelsof theinter-
polatedsliceare�lled with thematerialof minimaldistance,

m(x;y) = arg minm f sm(x;y)g: (3)

To savememory, westoretheblendedESDFof onematerial
in aZ-buffer. Theothermaterialsaresuccessively processed,
andtheZ-buffer is updatedat eachpixel wheretheZ-buffer
entry is greaterthan the currentESDF. The corresponding
materialindex is simultaneouslystoredin a framebuffer.

Problemsof this interpolation/ fairing techniqueoccur
when featuresto be connecteddo not overlap in the par-
ticipating images.In our application,the slices are suf�-
ciently closeto connectthesefeatures.For more sophisti-
catedmatchingof topologicalfeatures,we refer to adaptive
matchingtechniques[MSS92].

Gapsbetweenadjacentmaterialsmayoccur, if thesema-
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Figure 6: Solvingtopological ambiguitiesby virtually mov-
ing theboundarytowardsthematerialof lowerpriority and
bysplitting theinvolvedvertices.
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Figure 7: Two-passsmoothingstrategy.

terials are not presentin all participating imagesof the
convex combination.To avoid in�nite valuesof ESDF's,
the range of each ESDF is bounded by the interval
[� dmax;dmax], wheredmax is themaximalexpecteddistance
of featuresin adjacentslices. If topological information
is available regarding individual componentscomposedof
multiple materials(for examplejoining vesselsde�ned by
heartontology),thesecomponentscanbe treatedassingle
“dummy” materialin a�rst passbeforeseparatingthepartic-
ipatingmaterialsin asecondpass.This treatmenteliminates
featurelinesbetweenconnectedcomponents.

For our application,we �rst smoothedthe volumeusing
a = 0:1 andtheninsertedadditionalslicesby linearinterpo-
lation, doublingthe overall numberof slices.The effect of
volumesmoothingis illustratedin �gure 4.

3.2. Contouring

Thecontouringappliedin our methodis similar to thegen-
eralizedmarchingcubesproposedby [HSSZ97] for non-
manifold meshes.Our method,however doesnot rely on
continuousmaterialprobabilitiesextractedfrom the origi-
nal MRI, sincein our applicationtoo many materialsarein-
volved.In thecaseof threematerials,alookuptableneedsto
contain58 topologicallydifferenttriangulations[HSSZ97],
opposedto 14 in the binary case.Sincea cell canbe com-
posedof up to eightmaterials,we decidedto adopta differ-
ent approachthanconstructinga lookup tablefor all topo-
logical cases.We observed that it is much simpler to use
thedualgrid [Gib98,Nie04] composedof voxelsratherthan
cellsfor contouring.

Betweenevery pair of materials,a boundarymeshneeds
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a) b) c)

Figure 8: Meshesduring the fairing process(rendered with �at shading).a) heart before fairing; b) after oneconstrained
fairing step;c) after �ve fairing passes.

to be extracted.The union of all meshesde�nes a non-
manifold surface,whereonly the set of meshesenclosing
oneparticularmaterialis guaranteedto be a manifold.The
dual-gridapproachassumesthat the materialattributesare
associatedwith thevoxel centers.This correspondsto shift-
ing thehexahedralgrid by half acell width in eachdirection.
Thematerialboundariescorrespondto a setof quadrilateral
facesenclosinga connectedcomplex of voxels �lled with
thesamematerial,see�gure 5.

For every pair of adjacentgrid voxels with respectto a
6-neighborhood,we adda quadrilateral(face) representing
their commonboundaryto our mesh.Every faceis tagged
with both materialattributes.Hence,for eachcell (corre-
spondingto the grid usedby MC) intersectedby a surface
component,oneinitial vertex is generated.Thisvertex needs
to beduplicatedin certaincases,for exampleto separatetwo
sheetsof thesamematerial.However, suchtopologicalcor-
rectionsarein generalnot unique,sincethereexistsno con-
tinuousdensity�eld suggestingwhich materialcomponents
areconnectedandwhichareseparated.

We resolve this ambiguity by introducinga priority or-
deringof materialattributes.Materialcomponentsof greater
priority aremergedin ambiguouscases.Thisis implemented
by moving themeshcomponentsvirtually towardthemate-
rial of lowerpriority. Sinceevery faceis associatedwith two
materials,thedirectionfor this virtual movementis unique.
Consequently, verticesincidentto facesmoving in opposite
directionsaresplit into multiple (topological)vertices,asso-
ciatedwith theindividualmeshcomponents,see�gure 6. In
caseswhereat leastonepolygoncontainsbothcomponents
of a split vertex, we do not performthesplit, sincewe want
to generatequadrilaterals,only. Thesecasesoccurin regions
with threeor moreadjacentmaterials.

3.3. ConstrainedFairing of Meshes

The meshesissuedby our contouring method are topo-
logically simple,sincethey are composedof quadrilateral
facesand most verticeshave valencesbetweenthree and
six. Thegeometry, however, requiressomefairing.Our fair-
ing methodis inspiredby Laplaciansmoothing,whereevery
vertex is replacedby thecentroidof its neighbors.Sincethe
fairing shouldbeindependentof theorderin which thever-
ticesareprocessed,weperformtwo steps:First,thecentroid
of every faceis computed.Second,every vertex is replaced
by the centroidof its incident-facecenters(this is doneby
traversingthefaces,again, to avoid theneedof storinglinks
from verticesto faces),see�gure 7.

Accuracy of the smoothedmeshis enforcedby the con-
straint that every vertex must remainin the dual-gridcell,
whereit hasinitially beencreated.Due to this constraint,
themeshcanmove at mostby thewidth of half a grid cell.
(We notethat the rangeof movementcanbe augmentedto
allow relaxationacrossmultiple voxels.) This fairing pro-
cedureis repeatedmultiple (say � ve) times.Spikes in the
smoothedsurfaceareavoidedby droppingtheconstraintin
the lastpass,allowing theverticesto leave their originating
voxels.Again, theerror is bounded,sinceall incidentfaces
arelocatedin the27-neighborhoodof thedual-gridvoxel.

Our fairing processis illustratedin �gure 8. We observe
thatfeaturelinesalongcommonboundariesof threeor more
materialsarestill visible, for examplethe curve acrossthe
pulmonaryartery(topof �gure 8) wheretheboundaryof the
heartdomain(notvisible) is attached.If necessary, suchfea-
turescanbesmoothedby assigningprioritiesto theindivid-
ual surfacecomponents,suchthata vertex attachedto more
thantwo componentsis relaxedwith respectto theunionof
thetwo adjacentmeshesof highest-priority.

We note that our fairing methoddoesnot conserve ma-
terial volume. If this is required,correctionoperators(in-
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Figure 9: Regularization of meshstructure by collapsing
quadrilateralswith twoopposingvalence-threevertices.
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Figure 10: Heartontologyde�ning left andright ventricular
complexesembeddedin theheartdomain.

volving multiple vertices)needto be introduced,in order
to restorethe individual materialvolumesaftereachvertex
manipulation.A non-shrinkingfairingapproachis described
by [Tau00].

Whenanalyzingthemeshesissuedbycontouringandfair-
ing, weobservedagreatnumberof valence-threeverticesin
surfacesdiagonalto the voxel grid. Meshregularity canbe
improvedby anadditionalpasscollapsingall faceswith two
diagonallyadversevalence-threevertices.Theseverticesare
simply re-joinedand their commonfaceis eliminated,see
�gure 9.

a) b)

Figure 11: a) Left ventriclewith atrium (right) and aorta;
b) left ventriclewith mitral andaortic valves.

4. Constructing a Heart Model

Considering the construction of a human heart model
from time-varyingsegmentedMR volumes,therearesome
application-speci�caspectsto mention.In thefollowing, we
summarizetopologicalcorrectionsandnumericalresultsfor
ourheartmodel.

4.1. Validating Model Ontology

Thealgorithmdescribedaboveprovidesonesurfacecompo-
nentfor eachpair of materialsthat have a commonbound-
ary (eachcomponentmay be composedof multiple parts).
Consideringthecomponentsinitially extractedfromourseg-
mentedheartvolume,wearenotableto decidewhethertwo
adjacentmaterialsareconnectedor not.For example,if two
vesselsthat arenot physically connectedtoucheachother
dueto proximity, they will producea commonsurfacecom-
ponent.The correctsolution would duplicatesuchsurface
componentsand merge them with the remainingsurfaces
of both individual vessels.Topologicalerrorsof this kind
areoftenoverlookedduringthesegmentation,which is per-
formedonsingleslices.

The only way to decidewhich meshesneedto be con-
nectedand to eliminate “topological waste” is by taking
into accountan ontologyof heartanatomy, summarizedin
�gure 10. For example,we know that blood coming from
the lungs passesthe left atrium enteringthe left ventricle
throughthemitral valve.Fromtheleft ventricle,it is pumped
throughtheaorticvalve andtheaortainto thebody. Hence,
all surfacecomponentsinvolving the left ventricle,except
for themitral andaorticvalves,canbegroupedto onesingle
component.Analogously, weprocesstheleft atriumandthe
ascendingaorta,which wassubdivided into anupperanda
lowersegment,see�gure 11.

After processingtheleft ventricularcomplex, weconsider
the right ventricle.From heartontology, we know that the
superiorandtheinferior venacava is connectedto theright
atrium,wherethebloodenterstheheartafter traversingthe
body. From there,it entersthe right ventricle throughthe
tricuspidalvalve and is pumpedvia the pulmonaryartery
into the lungs.Again, we can group all meshesbounding
theright ventricle,exceptfor thetricuspidalandpulmonary
valves,togetherandproceedwith theotherstructuresin the
right ventricularcomplex, leaving only their inner bound-
ariesasseparatecomponents.We notethatpotentialbound-
ary meshesbetweenleft andright complex arenow dupli-
catedandrepresentedindependentlyin bothstructures.

The processof identifying surface parts of individual
functionalunits andcombiningthemto a modelconsistent
with heartontologyis illustratedin �gure 12. We observe,
for example,thatinnerstructureslike theright atriumtouch
the heartboundaryand thus producetwo surfacecompo-
nents,onewith theheartdomainandonewith theouterma-
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a) b) c)

Figure 12: Combiningmeshesassociatedwith functionalunits.a) All initially extractedmeshes;b) right ventricularcomplex
with pulmonaryartery; c) left andright ventricularcomplexescombined.

resolution no. faces no.vertices extractiontime fairing time

36� 152� 256 48,821 47,952 0.142sec 0.185sec
71� 304� 512 182,711 179,790 0.895sec 0.697sec

Table1: Meshsizesandcomputationtimesfor contouringandmeshfairing of the�r st timestep.

terial. The combinedmeshesobtainedfor inner structures
aredepictedin �gure 12c).

4.2. Numerical Results

The initial MRI data set has 36 slices in a resolutionof
304� 512 pixels for eachof 22 time steps.Triggeredby
the r-wave of the echocardiogram(ECG), a sequenceof
sliceswasrecorded.Slicesfrom differentheartcycleswere
groupedtogether, accordingto their timely distancefrom the
r-wave.TheECGwasnotpartof thedataset.

Due to the dynamicsof the beatingheart, registration
techniquescompensatinga patient's movementduring the
recordingprocess,for exampleby identifyingcommonland-
marksin consecutive slices,werenot available for the ac-
quisitionof thisdataset.This impliesthatsomeof theslices
combinedto asingletimestepmaynot �t exactly, sincethey
whererecordedwithin differentcycleswheretheheartmay
behaveslightly different.This lackof consistency makesthe
reconstructionproblemevenmorechallenging.Weobserved
that only a combinationof ESDF-basedvolumesmoothing
andmeshfairingprovidesacceptableresults.

All computationswere performedon a consumer-grade
PC equippedwith a 2GHz Processorand 512MB RAM.
Oursoftwareimplementationof thevolumefairingapproach
usedabout30secondsfor computingandfairingtheESDF's
of onetimestep.WenotethataGPU-basedimplementation
of this partwould be feasible,dueto its similarity with the
z-buffer method.Thecomputationtimesfor meshextraction

andfairing(basedon� veconstrainedandoneunconstrained
Laplaciansmoothingsteps)aremuch lower, sinceafter an
initial sweeponly cells involved with the surfaceneedto
be processed.Table 1 shows the resultsfor extractingand
smoothingmeshesfor onetime stepat two differentresolu-
tions(for interactiverendering,weusedthemeshesof lower
resolution).

Wefoundthat22timestepsweresuf�cient for interactive
animationof our heartmodel.Additional time stepscanbe
generatedby volume interpolation,asdescribedin section
3.1. The color plate shows screenshotsof our interactive
rendererusinga clipping planeto visualizethe innerstruc-
turesof theheart.

5. Conclusions

Wepresentedanef�cient androbustmeshextractionmethod
for segmentedvolumesencompassingmultiple materials.
Despiteof topologicalcomplexity and local geometricer-
rorsof the initial volumes,our methodproduceshighly ac-
curateandsmoothmeshes.This wasachieved by the com-
binationof two different fairing approachesprocessingthe
underlyingvolume and the extractedmeshes.The volume
fairing requiresthat structuresto be connectedoverlap in
adjacentslices.For both fairing methods,the movementof
surfacecomponentsis bounded.Ouralgorithmwassuccess-
fully usedto reconstructandvisualizeatime-varyinghuman
heartfrom a setof segmentedmagneticresonanceimages.
Futurework will bedirectedat theinteractive manipulation
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andvalidationof theextractedmesheswith respectto addi-
tionaldata,likeechocardiography.
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