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Abstract:

Image processinglgorithms,CAD-CAMtoolsandrapid prototyping(RP) techniquesare ableto produce
complex lumenartery replicas. Thiswork presentsa systenfor manufacturinghe lumenof humancarotid

from computedomayraphyacquisition. The pipe-lineof manufacturingprocessof a humancarotid lumen
replicationis presentedEach stage of the pipe-lineis briefly discussedTedhnical detailsof the 3D surface
reconstructiorphase basedon the OpenCascadegeometricmodellingsoftwar, andthe RP manufaturing
procesdasedon FusedDepositionModellingare presented.
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1 Introduction

RapidPrototyping(RP) is anemeging techniqueusedin industryfor manugcturingprototypes
[11]. RP canbe considereda nenv imaging technique. Its capability to physically reproduce
geometricalcomplex shapeds getting increasinginterestin medicine[5]. Stereolithographic
biomodellinghasalreadybeenusedin craniofacial sugeryfor managemendf deformities trau-
masandtumours. Accurateanalysisof ComputedTomography(CT) and MagneticResonance
Imaging(MRI) dataof a patientis acommonpracticein vascularsuigery. Suigeonstry to men-
tally reconstruct virtual 3D sugicalanatomymodel. Physicalmodelscanhelpin thisimportant
taskproviding the physicianwith a visualandtactile support[8], [4]. Physicalreplicascanalso
facilitate experimentalstudiesof computationalvascularfluid dynamicg[3]; they alsopermitin
vitro reproduction®f flowsin living subjectdeforeandaftersumgery.

The CT dataaretransmittedfrom the acquisitionclinical apparatuso the graphicsworksta-
tion. Thereplicamanugcturingprocessstartswith makinga segmentatiorstep. It is necessary
to extractthe setof points (curves)which representshe lumen. This stepis a semi-automatic
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processaidedby animageprocessingool. Thesepointsarelinked togethey by usingcommesr
cial CAD-CAM systemdo build 3D surfaces. This stepis calledthe geometricreconstruction.
BSplineareusedto definethe geometryof curvesandsurfaces. The last stageof the pipeline
is Rapid Prototyping. At this point the surfacesare tessellatedo obtainthe meshof triangles
in STL formatwhich is theinput formatfor the RP device; RP device builds the objectusinga
layerby-layermanufcturingprocess.

Pentecosgroup[10] usedadigital photomicrograpli10 micrometersectionthicknesshppa-
ratusto reconstructhecardiacbloodspaceof humanembryonicheart(approximatelythegreatest
dimensionof the embryois 3.5mm). The curvesrepresentinghe lumenweremanuallytraced
fromthephotosandreconstructed surfacedy usingMayasoftware(http://wwwaliaswavefont.-
com). Thereplicaswerebuilt usinga SteredLithographicApparatugSLA) with layersthickness
of 0.0254mm.

Lermusiauxwork [7] reportsthe useof CT scanacquisition(the reconstructiorinterval of
2.5mm every 1.3mm andapitch of 0.7) with contrastiquid andwithout cardiacsynchronisation
during the acquisitionprocedure.An unspecifiedsemi-automatiémageprocessingool, driven
by the operator is usedto generatea structuredpoints cloud andto computethe interpolated
surfacesrom adjacensections.The STL modelis slicedin 0.1mm crosssectionsSLA 250(3D
SystemgCorp. Valencia,CA) is usedto build the physicalreplicasin epoxyresin. The system
was developedto reconstructabdominalaortic aneurysm(AAA). Threedayswere requiredto
producethefinal replica.

Renaudingroup[2] usedMRI apparatuga 3D MR angiographl .57 andstaticMR imaging
echosettingwith 1mm pixel size dimension)to develop a completephantomof the coronary
arteriesdedicatedo 2D or 3D angiographidmaging. The systemcanalsobe usedto construct
a realisticphantomof stenose®f the coronaryarteries. The CAD Euclid system(from Matra-
Renaulthttp://wwwmatra-datavision.com/was usedto build 3-D anthropomorphighantoms.
The sggmentationvasdoneby using parametriccurves (B-Spline) startingfrom centerlines of
thevesselsnanuallycomputedy anexpertoperator Phantomsverebuilt usinga SLA technique
(manufbcturingprecisionis under0.1mm thatcanbeimprovedtill 0.01mm ). The phantomcan
alsobeusedfor testing3D reconstructiorof vessels.

Friedman[1] useda slightly differentapproachto manufcturingvascularreplicasthat can
be usedfor testingin vitro reproductiorof flows in living subjects:a MRI acquisitionapparatus
(1.5T GE). 3D time-of-flight imaging sequencés usedto producesixty sectionsl.5mm thick
with a pixel sizeof 0.8 x 1.6mm. Pointswere Fourierinterpolatedto 0.8 x 0.8mm hasbeen
used.He usedanad-hocimageprocessingoutinemanuallydriven by the operatorto define120
pointsfor eachlumencurves. Thesepointswereequallyspacediroundheperimeterof eachaxial
section.A CAD systemwasusedto interpolatethesepointsin BSplinesurfaces.Thesesurfaces
weretransferredby using IGES format) to the powerful commercialCAD-CAM systemCatia
(http://wwwecatia.com). Both,two mold partingplanesandthetool pathfor numericalcontrolled
processwnerecreatedn CATIA. A replicaof real arterywasmilled out by a machinableplastic
device. The distancebetweeneachfinal step of the cutterwas 0.012mm producingscallops
0.008mm high. Theruntime was3.5 h.

Our studyfollows a previous work madeat CRS4o0n the developmentof the ViVa system
[3]. In this work we have investigatedhe applicability of RP techniquein the vascularsuigery
field. We focusedon applyingRPtechniqueo the carotidlumenreconstructiorof ahumanartery
acquiredhroughComputedlfomography(CT).
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2 Materialsand methods

2.1 Dataacquisition

Digital datawereobtainedby spiral CT on a patientaffectedby carotidaneurysmThe examina-
tion wasperformedusingaPicker scannerttheBrotzuHospitalin Cagliari. Datawastransferred
to our workstationby using DICOM3 (http://medical.nema.q) standardprotocol. We consid-
ered48 CT imagesfor this case. The distancebetweenslides(derived from CT acquisition)is
1mm.

2.2 Segmentation

The picture sggmentationis a
semi-automatiprocessrivenbythe
enduser(operator).

In this stageeachCT imageis fil-

teredto extract pointsbelongingto

thelumenboundary

Figure 1 shaws a typical CT im-

ageatterfiltering. The lumento be
reconstructeds the boundarylayer _

which separatesiark pixels (inside rigure 1: Acquisitionand segmentationsteps. The left
lumen)from grey pixels(intima).  jmage showsthe filtered CT image of a carotid (2.1).
For the segmentationwe used The right image showsthe resultsobtainedapplying

gsnale (http:/wwwcs.wisc.edu/comy, o s mentatiorstepandinterpolatingthe pointsby a
putervision/pojects/gsna&htm) li- BS I?ﬂecurve(seeZpZ) P gthep y
brary The segmentationprocess P e

startsopeninga CT image, selectingthe region of interest(ROI) on the imageand positioning
a contourof 3-D pointsinsidethe lumenregion. At this point, an iterationloop startsmoving
pointsto lumenregions.

Whenall pointsreachthelumenboundarytheevolving processtopsandthecartesiartoordinates
of eachpointis storedin anindexedvectorof 3D vertices.This stagds costantlymonitoredby the
operatorthatfixesthe numberof iterationsandsomeotherparametersThis vectorrepresentshe
geometricconstraintdor requestednterpolationcurve. This segmentatiorprocedurds repeated
semi-automaticallyor eachCT image. This proceduregenerate24 slides,eachonestoring128
3D vertices(Fig. 1).

2.3 Geometric reconstruction

Thelumenreconstructions realisedusingthe OpenCASCADE (OC) (http://wwwopencascade
com) software. OC is a powerful 3D modellingapplicationdevelopmentplatform. It consistsn
reusableC++ objectlibrariesanddevelopmentoolsthatareavailableasOpenSource.

OCis usedto createdomainspecific3D graphicapplicationssuchas: ComputerAided Engi-
neering(CAE), ArchitectureEngineeringConstructionAEC) andGeographidnformation Sys-
tem(GIS), CAD-CAM.

We usethe OC’s Boundary RepresentatioriBRep) scheme[6] to managethe model re-



Eurographicsltalian Chapter July 11-12- 2002

constructionof the lumen and to corvert it in STL format. In fact, the topological li-
brary supportedby this programallows us to build the valid topological datastructureof the
artery

The setof parameterizeghoints producedby the segmentationand storedin a file, are divided
in horizontalplanes.Thesepointsarestoredinto anarrayof gp_Pnt (OC datastructure).We in-
terpolatepointsbelongingto the sameplaneby a BSplinecurve usingthe GeomApi_Interpolate
class of OC. We use Bspline becausesuch a representatiorpresentsa local control fea-
ture. This meansthat modifying one control point (vertex) only affects the part of the curve
near that control point (Figure 1).
In orderto obtaina valid Brep ob-
ject of the OC classTopoDSSolid,
we computethe previous interpo-
lation algorithm for eachslide by
BRepBuilder API_MakeShelland
BRepBuilder API_MakeSolid clas-
ses.

Theleft imagein Figure2 shovsthe

Bspline surfacesobtainedinterpo- gigyre 2. Reconstructiorstep. The image on the left
lating two adjacentBspline cunes. showgwo Bsplinecurvesobtainedin thegeometricre-

The inner surfacerepresentshe re- ; ;
. constructionand sggmentatiorsteps2.3).
guestedarterylumen. This surface 9 P(2.3)

hascontinuity C2. The outersurfacerepresentan offsetsurfacenecessaryo give theright man-
ufacturingthicknesgo thephysicalreplica. Theinnerandthe outersurfacesarecappednthetop

(right image)andon the bottomby holedplanedishesin orderto computea valid BRepscheme
with OpenCascad@.3)

This solutionis obtainedovercomingboth,numericalproblemsdueto the BSplinecurves/suréce
computatiorandproblemsdueto topologicalaspectsn thedefinitionof theBRep(ex: orientation
of computedsurfaces).At this point, the solid modelis completedcandits BReprepresentavalid

3D solid [6]. Laststepis the tessellatiorof the BRepwith trianglesby StLAPI_Writer classof

OC. This classproduceghe meshof trianglethatis storedin a outputfile usingthe STL format

(Fig. 3)

The numberof trianglesproducedby StLAPI_Writer classis keptlow (settingtessellation
parameter®f OC) becausdhe FDM apparatuslefinesan upperboundlimit on the numberof
triangles.Becauseahe STL file hasbeengeneratedrom a valid BReprepresentatiomo manual
operationis neededrom the RP operatorto fix it. Surfacemodelof the carotidlumenin each
of the above specimensvascorvertedto STL formatin the previous stepandtransmittecto our
prototyping centerProto21. Proto21lusesa RP machinewith FDM technology FDM means
FusedDepositionModelling, andis atechniquevherebydigital surfacemodelsarecorvertedto
scalemodelsof resinor wax. It worksby meansf amoving headwhichis drivenonthe XY plane
by the coordinateglatain the 3D wireframesurfacemodel. While moving, this headextrudesa
fusedwire of materialwhich solidifiesproducingathin layer(0.178to 0.5 mm) of the object.

2.4 Rapid Prototyping

Thenthe workplanemaovesdown along Z-axis of exactly the thicknessof the layer created,
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andanotherayeris built up over the previous. The processgyoeson layer by layer, andcreates
a pretty accuratesolid resinmodel. ===
In our caseresinwasABS andthe g
machinewasa Stratasy$sDM 2000 W
[9]. The manufcturingorientation
is shavn in Figure3. This position
hasbeenchoserin orderto havethe
maximummanufcturingresolution
alongthe lumenaxis. This meshis
obtainedfrom OpenCASCADE by
thetessellatiorprocessandstoredin Figure3: Rapld Prototyping Themeshof trianglespo-
STL formatduringthegeometriae- sitionedin themanufacturingStratasysFDM 2000po-
constructiorstep(see2.3). sition is shownon theleft. Theright image showsthe
madining path of the FDM disposal(SSLformat) on
a manufacturingcrosssection(see2.4).

3 Discussion and conclusions

Lumenreplicascanhelpvascularsuigeonsn diagnosyandtheragy of particularcarotiddiseases.
In orderto beableto planetheoperationyascularsurgeonsneedto know, with greataccurag, the
anatomyof the part. The physicalmodelprovidesa visualanda tactile supportthatcanimprove
thecommunicatiorguality betweersuigeonandsumgical equipebetweersuigeonandthe patient.
Replicasarealsoimportantfor training scope .Lumenreplicasof humancarotidoffersameanto
visualiseinternalanatomicfeaturedifficult to seeotherwise.

Thefirst productionof thelumenreplicais shovn in Figure4. The FDM techniques fairly
cheap. Its costis continuouslydecreasingand dependf the heightof the arteryto be manu-
factured. The building procesdor the lumenreplicawasratherfast, it took four hoursto build
a complete3D lumenreplica. For future modelswe are planningto usetransparentnaterials
(silicone)insteadof ABS. We arealsoplanningto include markingsto distinguishpathological
areadrom healthyones.

The systemdevelopedso far is a prototype.
It is a partof undegoing researchproject: Lab-
oratory for AdvancedPlanningand Simulations
(http:/lwwwecrs4.iti~ laps)).

Preliminaryresultspresentedhereindemon-
strate mainly how to use the Open Cascade
library and FDM techniqueto build a lumen
replica. It provides a software ervironment
wherewe canverify differentinterpolationand
blending surface algorithms supportedby OC.
. o We have also checled the capability of OC to
co_ns_tructlono_f the carotld_ln FDM. The generateorrecttessellategeometriesvhichcan
printing stege is about30 minutes. automaticallybe sentto the FDM device without
ary furtherinterventionof the RP operator Next phaseof this studywill be devotedto segment
comple carotid CT datato automaticallyextract complex geometricand topologicalfeatures
(reconstructiorof the carotid bifurcation). This technique developedin collaborationwith the

Figure4: Thisimage showthe physicalre-
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RadiologyDept. andthe VascularSugery Dept. of the OspedaleBrotzu of Cagliari, will be
used,n thenext stageof the project,to reconstructhe carotidreplicasof 10 patientswith differ-
entcarotidpathologiesn orderto studyapplicability of this techniqueto a minimum numberof
cases.
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