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Abstract

We presenta new algorithm extractingandfairing surfacesfrom segmented/olumescomposeaf multiple mate-
rials. In a r st pass,the material boundariesin the volumeare smoothedtonsideringsigneddistancefunctions
for theindividual materials.Secondye apply a marching-cubes-lik contouringmethodproviding initial meshes
de ning materialboundariesNon-manifoldeatuesemege alonglineswheie more thantwo materialsencounter
Finally, the meshgeometryis relaxedin a constainedfairing processWe useour algorithmto constructa heart
modelfrom sggmentedime-varyingmagnetic resonancémages. Information concerningthe heart ontolagy is

usedto memge certainstructuesto functionalunits.

Cateoriesand SubjectDescriptorgaccordingto ACM CCS) G.1.2[NumericalAnalysis]: Approximationof sur
facesandcontourd.3.5 [ComputerGraphics]:Curve, surface,solid, andobjectrepresentations

1. Intr oduction

Sgmentedtaggedyolumesareusedto describehe geom-
etry of multiple solid shapesomposeaf differentmaterials
or associatedvith differentattributes.Volumesof this type
are createdby segmentingcomputertomograply (CT) or
magneticesonancéMR) volumes,see gure 1. Automatic
sgmentationmethodsexist for certainapplications.In the
caseof medicalapplicationshowever, humaninteractionis
oftenindispensabléo recover certainanatomicaktructures.
Manualsegmentatioris mostlyperformedon slicesof avol-

Figure 1: Magneticresonancamage (left) and segmented
image (right).
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ume,degradingthe fairnessof contoursorthogonalo these
slices.

In solid modeling,complex geometricshapesanberep-
resentedby signeddistanceunctions[PT93, whichareeas-
ily transformednto a sgmentedvolume containingmulti-
ple solids associatedvith different materials.Hierarchical
structuredik e octreegprovide a memory-efcient represen-
tation. Sgmentedvolumescan also be obtainedfrom nu-
mericalsimulations]ike computationaluid dynamics.

Sinceevery voxel in a sggmentedvolume is associated
with a uniqueattribute, materialboundariegrenot smooth,
atall. Additional errorsarisingfrom measuremerandseg-
mentatiordegradethequality of suchcontoursRequireds a
contouringmethodextractingandfairing topologicallycor
rectsurfaceboundaries.

In the presentwork, we contribute a contouringmethod
providing smoothmeshedor every boundarybetweentwo
materials.Thesemeshesave consistenboundaryfeatures
at locationswherethreeor more materialsmeet.The union
of all meshesepresenta non-manifoldsurface structure.
Ourfairing processnvolvesthreesteps:

Fairing the underlyingvolume basedon linear combina-
tions of signeddistanceunctions.
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Figure 2: Heart modelextractedfromtime-varyingsegmentedrolume illustrating thein- and de ation of theleft ventricle

Extractionof consistentmeshedor every boundarybe-
tweentwo materials.

Constrained Laplacian smoothing of the extracted
meshes.

In bothfairing stepsthe geometricerroris boundedby the
width of one(or a x ednumberof) grid cells.

The reconstructiorof a beatinghumanheartfrom mag-
netic resonancémagesis a challengingproblemin medi-
cal imaging,sincethe heartis constantlymoving while the
imagesarerecorded.Triggeredby echocardiograntECG),
correspondingMR imagesfrom different heartcycles are
groupedtogetherto individual volumes.Small movements
of the patientor differencedn the heartcycleswill leadto
misalignedslicesin the volume. Theseerrorsmay still be
presentftersggmentatiorandneedto bereducedy proper
fairing.

We useour algorithmfor constructingthe geometryof a
humanheart,illustratedin gure 2, basedon manuallysey-
mentednagnetiaesonancénagesinformationconcerning
theheartontologyis usedto meigecertainstructureso func-
tionalunits,liketheleft ventricularcomple, andto improve
certainaspectf the model. Our methodhasbeendevel-
opedandis well provenfor thereconstructiorof anatomical
structureshut it is notrestrictedto medicalapplications.

Thesearethe contentsof our work: In section2, we sum-
marizerelatedwork. Section3 containsghe methoddescrip-
tion, composef the threeparts:volumefairing, contour
ing, andconstrainedurfacefairing. In sectiord, we present
our constructionof a heartmodelandwe concludein sec-
tion 5.

2. RelatedWork

Surface extraction from volumes(contouring is typically
performed by variants of the marching-cubesalgorithm
[LC87], whereatriangulatedapproximatiorof anisosurbice

is constructedor every cell in a hexahedralgrid de ning a
three-dimensionalensity eld. Lesspopular but muchsim-
plerarecontouringmethodsonthedualgrid associateavith
voxel boundariesThe rst approactof thiskind, elasticsur
facenets[Gib98 LG99 providesquadrilateramesheswith
topologicalambiguities however. Furtherdual methodsare
describedby [JLSW0Z and[Nie04. An interestingexten-
sionis the reconstructiorof sharpfeatureslike ridgesand
cuspgKBSS01,0B02 JLSWO03.

If only one material boundaryis representeda signed
distancefunction (SDF) can be usedto de ne an isosur
face[HDD 92, PT92 CC0Q JS01. This SDF is negative
inside and positive outsidethe material,and the boundary
surfaceis simply the zero set. In additionto a meshrep-
resentingthe surface,normalvectorscanbe sampledfrom
the SDF's gradient. Adaptive volume representationgor
SDF's [FPRJOQLBDMO2] arenot necessarilyessmemory
efcient than surface-based@pproacheskf cient contour
ing of hierarchicalvolumes,basedon octreess also avail-
able[WKE99].

The contouring problem becomesmore dif cult when
only binary volumes[COKLY00, WhiOQ] aregiven,i.e. no
continuousscalar eld exists. In this case,the extracted
meshesieedio besmoothedsuchthatthey still remainvalid
isosurbcesof thegriddedvolume.For example anextracted
surfacecanbeconsideredsagrid composeaf isocureson
threesetsof slices.Constrainedterative smoothingof this
curve network producedair surfacesthatarestill valid iso-
surfacesof the binary data[NGH 03]. Otherfairing meth-
odsincludefeature-sensiie subdiision [OB0Z, Laplacian
smoothing[Gib9§, level sets[Whi0(], diffusion and low-
pass Itering [DMSB99, LM99, Tau0Q HGOQ, as well as
variationalmethoddHHB93, WW92, SK01].

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

¢ TheEurographicsAssociation2005.
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Figure 3: Interpolationbetweertwo slices(left andright upperimage) basedon linear combinationf signeddistancefunc-

tions (bottomrow).

Evenfor tetrahedragridsavarietyof topologicallyinvolved
caseqeedto be consideredBF95. In the caseof continu-
ousmaterialfractionswherethepercentagef every material
canbespeci edfor eachgrid point, ef cient meshingmeth-
odsexist[BDS 03,GSA 03]. A generalizatiorof marching
cubesto sgmenteddatawith associatednaterialprobabil-
ities is describedby [HSSZ97 and was recently usedfor
non-manifoldextraction[ AHOA4].

In contrastto mostotherapproachespur methodrecon-
structs material boundariesfrom segmented(tagged)vol-
umes,only. It is designedor medicalapplicationslike re-
constructionfrom MR volumes,where slices may not be
well alignedcausingsevereartifacts. Thesearereducecdy a
volumeinterpolationandfairing passbasedon linear com-
binationsof signeddistancefunctions. The samemethod
can be usedfor interpolationbetweentime stepsin time-
varying applications.Our meshextractionis ef cient and
simple,sinceit doesnotrely on comple look up tablescon-
tainingall possibletopologicalcasesConstrained.aplacian
smoothings usedfor nal fairing. Topologicalinconsisten-
ciesdueto samplingandsegmentatiorerrorsareeliminated
by anontology-basedlassi cationof boundarymeshes.

3. Mesh Extraction and Fairing

In thefollowing, we presenthe detailsof our method.The
rst stepis afairing proces®f thevolume,reducingartifacts
due to misalignedslices.Secondwe extract meshesrom
thefair volume.Theseneedto be smoothedagain, to avoid
griddingartifacts.Thislaststep,will notcorrecterrorslarger
thanthewidth of onegrid cell, suchthatslicingartifactsneed
to bereducedy preprocessinghevolume.

3.1. Volume Fairing

In the caseof volumesassembledrom individual 2D im-

agesJike MR data,the distance®f theseslicesaregreater
thanthe width of one pixel (in our application,the image
resolutionisep 1mmopposedoes 7mmslicedistance).
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Sincethe slicesassembledo a volumearenot recordedsi-
multaneously(in our casethey even correspondo different
heartcycles),thesemay not t exactly together To reduce
errorsof this kind, materialboundariesn the volumeneed
to besmoothedacrossheslicesin a rst pass.

For volumefairing, we rely on signeddistancefunctions
SDF's. This methodhasbeenusedby Jones/CheJC94
for reconstructingmaterial boundariesfrom a set of con-
tourshy extractingthezerosuréceof a3D SDF. To gainef -
ciengy, ourapproactcomputesSDF's only ontheindividual
slices.In addition, we usethis techniquefor interpolating
andfairing boundarie®f multiple materialsratherthanonly
interpolatingboundarie®f two materialsin casesvhereer
rorsof measuremerdrenotintroducedby certainslices,the
methodcanbe appliedsuccessiely for fairing in the three
canonicaldirections.

We rst considerthe problem of interpolationbetween
two binary slices,i.e. usingonly two differentmaterialat-
tributes,asillustratedin gure 3. We computean Euclidean
signeddistancefunction (ESDF)for the materialboundary
in eachimage.Thereforetheboundarypixelsareinitialized
with zerodistance Startingat this borderthe pixel front is
propagategigeraglgly therebylling therespectie distance
values(l; 2;2; 5;::). Sincethedistancesre lled incre-
mentally thereis no needfor a specialtreatmentof self-
intersectionsin a secondstep the distancemap is trans-
formedinto a signeddistancemap simply by ipping the
signinsidethe featuredomain,resultingin negative values
insideandpositive valuesoutsidethefeature.

After constructinghe ESDF's so(x; y) ands; (x;y) for the
two referencémages additionalimagescanbe obtainedby
linearinterpolationwith respectot 2 [0; 1]:

s(xy) = (1 t)so(xy) + ts(xy): 1)

The correspondingmage s obtainedby lling all pixels
wheres (x;y) is negative with material,see gure 3.

Consideringthe ESDFSs of threeadjacentlicess 1, S,
ands;; 1, fairingis obtainedby replacingthemiddle slice by
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Figure 4: Theeffectof volumesmoothingon the cavitycom-
plex of theleft ventricle
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Figure 5: For every edge connectingvoxelswith two differ-
ent materials,here denotedby A and B, a quadrilatesal is
geneated.

thematerialdistribution derivedfrom
§=(1 2a)s+ a(s 1+ s+1); 2

Wherea 2 [0; %] is a constantrading off smoothnesser-
susaccurag. We notethatthis fairing processanshift the
materialboundaryby atmostoneslice distancees.

Both interpolationand fairing is basedon convex com-
binationsof ESDFS. In the caseof multiple materials,we
needto construcan ESDFsyy; for eachmaterialm andeach
participatingimagei. After computingthe cornvex combina-
tionssm for every material theindividual pixelsof theinter
polatedsliceare lled with thematerialof minimal distance,

m(x;y) = arg minmfsm(x;y)g: (3)
To save memory we storetheblendedESDFof onematerial
in aZ-buffer. Theothermaterialsaresuccessiely processed,
andthe Z-buffer is updatedat eachpixel wherethe Z-buffer

entry is greaterthanthe currentESDF The corresponding
materialindex is simultaneoushstoredin aframebuffer.

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 topologicalfeaturese referto adaptve
matchingtechniquegMSS93.

Gapsbetweeradjacenimaterialsmay occut if thesema-
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Figure 6: Solvingtopological ambiguitiesby virtually mov-
ing the boundarytowardsthe material of lower priority and
by splitting theinvolvedvertices.
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Figure 7: Two-passsmoothingstrategy.

terials are not presentin all participatingimagesof the
corvex combination.To avoid in nite valuesof ESDFS,

the range of each ESDF is bounded by the intenal

[ dmax dmax, wheredmax is the maximalexpecteddistance
of featuresin adjacentslices. If topological information
is available regarding individual componentsomposedf

multiple materials(for examplejoining vesselsde ned by

heartontology),thesecomponentsan be treatedas single
“dummy” materialin a rst passeforeseparatinghepartic-

ipatingmaterialsn asecondpassThistreatmeneliminates
featurelinesbetweerconnectedomponents.

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

3.2. Contouring

The contouringappliedin our methodis similar to the gen-
eralizedmarchingcubesproposedby [HSSZ97 for non-
manifold meshesOur method, however doesnot rely on
continuousmaterial probabilitiesextractedfrom the origi-
nal MR, sincein our applicationtoo mary materialsarein-
volved.In thecaseof threematerialsalookuptableneedso
contain58 topologicallydifferenttriangulationd HSSZ97,
opposedo 14 in the binary case.Sincea cell canbe com-
posedof up to eightmaterialswe decidedto adopta differ-
ent approachthan constructinga lookup tablefor all topo-
logical casesWe obsened that it is much simplerto use
thedualgrid [Gib98 Nie04 composeaf voxelsratherthan
cellsfor contouring.

Betweenevery pair of materials a boundarymeshneeds

¢ TheEurographic#Association2005.
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a) b)

c)

Figure 8: Meshesduring the fairing process(rendeed with at shading).a) heart befoe fairing; b) after one constained

fairing step;c) after ve fairing passes.

to be extracted. The union of all meshesde nes a non-
manifold surface,where only the set of meshesenclosing
one particularmaterialis guaranteedo be a manifold. The
dual-grid approachassumeshat the materialattributesare
associateavith the voxel centersThis correspondso shift-

ing thehexahedralrid by half acell width in eachdirection.
Thematerialboundariexorrespondo a setof quadrilateral
facesenclosinga connecteccomplex of voxels lled with

the samematerial,see gure 5.

For every pair of adjacentgrid voxels with respectto a
6-neighborhoodwe adda quadrilateralface representing
their commonboundaryto our mesh.Every faceis tagged
with both material attributes. Hence,for eachcell (corre-
spondingto the grid usedby MC) intersectecby a surface
componentoneinitial vertex is generatedThis vertex needs
to beduplicatedn certaincasesfor exampleto separatéwo
sheetof the samematerial. However, suchtopologicalcor
rectionsarein generahot unique,sincethereexistsno con-
tinuousdensity eld suggestingvhich materialcomponents
areconnectecndwhich areseparated.

We resole this ambiguity by introducinga priority or-
deringof materialattributes.Materialcomponentsf greater
priority aremergedin ambiguousasesThisisimplemented
by moving the meshcomponentwirtually towardthe mate-
rial of lower priority. Sinceevery faceis associatevith two
materialsthe directionfor this virtual movementis unique.
Consequentlyverticesincidentto facesmoving in opposite
directionsaresplitinto multiple (topological)vertices,asso-
ciatedwith theindividual meshcomponentssee gure 6. In
casesvhereat leastonepolygoncontainsbothcomponents
of a split vertex, we do not performthe split, sincewe want
to generatejuadrilateralspnly. Thesecasesccurin regions
with threeor moreadjacenmaterials.
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3.3. Constrained Fairing of Meshes

The meshesissuedby our contouring method are topo-
logically simple, sincethey are composedof quadrilateral
facesand most verticeshave valencesbetweenthree and
six. Thegeometryhowever, requiressomefairing. Our fair-

ing methodis inspiredby Laplaciansmoothingwhereevery
vertex is replacedby the centroidof its neighbors Sincethe
fairing shouldbe independentf the orderin which thever

ticesareprocessedye performtwo stepsiFirst, thecentroid
of every faceis computed Secondevery vertex is replaced
by the centroidof its incident-facecenters(this is doneby

traversingthefacesagain, to avoid the needof storinglinks

from verticesto faces)see gure 7.

Accuray of the smoothedmeshis enforcedby the con-
straintthat every vertex mustremainin the dual-grid cell,
whereit hasinitially beencreated.Due to this constraint,
the meshcanmove at mostby the width of half a grid cell.
(We notethatthe rangeof movementcanbe augmentedo
allow relaxationacrossmultiple voxels.) This fairing pro-
cedureis repeatedmultiple (say ve) times. Spikesin the
smoothedsurfaceareavoidedby droppingthe constraintin
the lastpassallowing the verticesto leave their originating
voxels. Again, the erroris boundedsinceall incidentfaces
arelocatedin the 27-neighborhoodf the dual-gridvoxel.

Our fairing processs illustratedin gure 8. We obsene
thatfeaturelinesalongcommonboundarie®f threeor more
materialsare still visible, for examplethe curve acrossthe
pulmonaryartery(topof gure 8) wheretheboundaryof the
heartdomain(notvisible)is attachedlf necessarysuchfea-
turescanbe smoothedy assigningprioritiesto theindivid-
ual surfacecomponentssuchthata vertex attachedo more
thantwo componentss relaxed with respecto the union of
thetwo adjacentmeshef highest-priority

We notethat our fairing methoddoesnot consere ma-
terial volume. If this is required,correctionoperators(in-
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Figure 9: Regularization of meshstructue by collapsing
quadrilaterals with two opposingvalence-theevertices.
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Figure 10: Heartontolagy de ning left andright ventricular
complexesembeddedh theheartdomain.

volving multiple vertices)needto be introduced,in order
to restorethe individual materialvolumesafter eachvertex

manipulationA non-shrinkingairingapproachs described
by [Tau0q.

Whenanalyzinghemeshesssuedoy contouringandfair-
ing, we obseneda greatnumberof valence-threeerticesin
surfacesdiagonalto the voxel grid. Meshregularity canbe
improvedby anadditionalpasscollapsingall faceswith two
diagonallyadwersevalence-thregertices.Theseverticesare
simply re-joinedandtheir 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 constructionof a human heart model
from time-varying sggmentedVR volumes thereare some
application-speci caspect$o mention.In thefollowing, we
summarizeopologicalcorrectionsandnumericalresultsfor
our heartmodel.

4.1. Validating Model Ontology

Thealgorithmdescribedabore providesonesurfacecompo-
nentfor eachpair of materialsthathave a commonbound-
ary (eachcomponenimay be composedf multiple parts).
Consideringhecomponentnitially extractedrom ourseg-

mentecheartvolume,we arenotableto decidewhethertwo

adjacentnaterialsareconnectedr not. For example,if two

vesselsthat are not physically connectedouch eachother
dueto proximity, they will producea commonsurfacecom-
ponent.The correctsolution would duplicatesuchsurface
componentsand merge them with the remainingsurfaces
of both individual vessels.Topological errorsof this kind

areoftenoverlooked during the sggmentationwhich is per

formedonsingleslices.

The only way to decidewhich meshesneedto be con-
nectedand to eliminate “topological waste” is by taking
into accountan ontology of heartanatomy summarizedn
gure 10. For example,we know that blood coming from
the lungs passeghe left atrium enteringthe left ventricle
throughthemitral valve. Fromtheleft ventricle,it is pumped
throughthe aortic valve andthe aortainto the body Hence,
all surface componentsnvolving the left ventricle, except
for themitral andaorticvalves,canbegroupedo onesingle
componentAnalogouslywe procesgheleft atriumandthe
ascendingaorta,which wassubdvided into anupperanda
lower sggment,see gure 11

After processingheleft ventricularcomples, we consider
the right ventricle. From heartontology we know that the
superiorandthe inferior venacava is connectedo theright
atrium,wherethe blood entersthe heartafter 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 the otherstructuresn the
right ventricularcomple, leaving only their inner bound-
ariesasseparateomponentsWe notethat potentialbound-
ary meshedetweenleft andright complex arenow dupli-
catedandrepresentethdependentlyn bothstructures.

The processof identifying surface parts of individual
functionalunits and combiningthemto a modelconsistent
with heartontologyis illustratedin gure 12. We obsere,
for example thatinnerstructuredik e theright atriumtouch
the heartboundaryand thus producetwo surface compo-
nents,onewith the heartdomainandonewith the outerma-

¢ TheEurographicsAssociation2005.
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a) b)

c)

Figure 12: Combiningmeshesssociatedvith functionalunits.a) All initially extractedmeshesb) right ventricularcomple
with pulmonaryartery; c) left andright ventricularcompleescombined.

resolution no.faces no.vertices extractiontime fairingtime
36 152 256 48,821 47,952 0.142sec 0.185sec
71 304 512 182,711 179,790 0.895sec 0.697sec

Table1: Meshsizesand computatiortimesfor contouringand meshfairing of the r sttime step.

terial. The combinedmeshesobtainedfor inner structures
aredepictedn gure 12c).

4.2. Numerical Results

The initial MRI dataset has 36 slicesin a resolution of
304 512 pixels for eachof 22 time steps.Triggeredby
the r-wave of the echocardiogram{(ECG), a sequenceof
sliceswasrecorded Slicesfrom differentheartcycleswere
groupedogetheraccordingo theirtimely distancdrom the
r-wave. The ECGwasnot partof thedataset.

Due to the dynamicsof the beating heart, registration
techniguescompensating patients movementduring the
recordingprocessfor exampleby identifyingcommonland-
marksin consecutie slices,were not available for the ac-
quisitionof this dataset.This impliesthatsomeof theslices
combinedo asingletime stepmaynot t exactly, sincethey
whererecordedwithin differentcycleswherethe heartmay
behae slightly different. This lack of consisteng makesthe
reconstructioproblemevenmorechallengingWe obsened
that only a combinationof ESDF-basedolume smoothing
andmeshfairing providesacceptableesults.

All computationsvere performedon a consumeigrade
PC equippedwith a 2GHz Processorand 512MB RAM.
Oursoftwareimplementatiorof thevolumefairingapproach
usedabout30secondg$or computingandfairingtheESDF's
of onetime step.We notethata GPU-basedmplementation
of this partwould be feasible,dueto its similarity with the
z-huffer method . Thecomputatiortimesfor meshextraction
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andfairing (basedn veconstraine@ndoneunconstrained
Laplaciansmoothingsteps)are much lower, sinceafter an
initial sweeponly cells involved with the surface needto
be processedTable 1 shavs the resultsfor extractingand
smoothingmeshedor onetime stepat two differentresolu-
tions(for interactize renderingwe usedthemeshe®f lower
resolution).

We foundthat22time stepsweresufcient for interactve
animationof our heartmodel. Additional time stepscanbe
generatedy volume interpolation,as describedn section
3.1. The color plate shavs screenshotsof our interactive
renderemsinga clipping planeto visualizethe inner struc-
turesof the heart.

5. Conclusions

We presentednef cient androbustmeshextractionmethod
for sgmentedvolumes encompassingnultiple materials.
Despiteof topologicalcompleity and local geometricer
rors of the initial volumes,our methodproduceshighly ac-
curateand smoothmeshesThis wasachiezed by the com-
bination of two differentfairing approachegrocessinghe
underlyingvolume and the extractedmeshesThe volume
fairing requiresthat structuresto be connectedoverlap in
adjacenslices.For both fairing methodsthe movementof
surfacecomponentss boundedOur algorithmwassuccess-
fully usedto reconstrucandvisualizeatime-varyinghuman
heartfrom a setof sggmentedmagneticresonancémages.
Futurework will be directedat the interactve manipulation
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andvalidationof the extractedmeshewwith respecto addi-
tional data like echocardiograph
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