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Abstract. The diagnosisof intracranialaneurysmsandthe planningof related
interventionsis effectively assistedy spiral CT-angiographyandinteractive di-
rect volume rendering.Basedon 3D texture mapping,we suggesta hardware
acceleratedpproachwhich providesfastand meaningfulvisualizationwithout
time—consumingre—processingnteractve tools provide reliablemeasurement
of distanceandvolumeallowing to calculatethe size of vesselsandaneurysms
directly within the 3D viewer. Thereby the expensve materialrequiredfor coil-
ing proceduress estimatednore precisely Interactvely calculatedshadedso—
surfaces,presentedn [1] were evaluatedin respectof enhancedgerceptionof
depth.Basedon the integrationinto Openliventor global overview and simul-
taneoudetailinformationis provided by communicatingvindows allowing for
intuitive and user-guidednavigation. Due to an averageof 15-20minutesre-
quired for the completemedicalanalysis,our approachis expectedto be use-
ful for clinical routine.Additional registrationandsimultaneousisualizationof
MR andCT-angiographygivesfurtheranatomicabrientation.Severalexamples
demonstraté¢he potentialof our approach.

1 Intr oduction

Currentclinical routine is supportedby differentimaging modalitieswhich allow to
performangiographigroceduresThey provide importantinformationfor the diagno-
sisof a diversity of vesselpathologiesDSA (Digital Subtiaction Angiagraphy)is the
mostestablishedmagingtechniquéor cerebrabloodvesselandtheir malformations.
Althoughthereis a certainrisk of complicationgdueto its invasive nature DSA is the
methodof choicefor cerebrahneurysmgroviding optimalspatialandtemporakesolu-
tion. However, in caseof complex topologythe superpositiorf vesselsnalkestheanal-
ysisdifficult sincethe resultingprojectionimagescontainlittle depthinformation(see
Fig. 1). Thereforefomographidmagingtechniquedike CTA (Computediomagraphy
Angiography) and MRA (Magnetic Resonancéngiography) gain growing attention
sincethey provide three—dimensiongBD) information.

Intracranialaneurysmsare berry—like blisters of the cerebralarterieswhich are
causedy aweaknes®f all vessewall layers.They incidentallyoccurin 1 to 5 out of
100individuals[2] ascongenitalesionor afteradiseasef thevesselwall. As amajor



risk, hemorrhagenay causeseriousdamageo thebrain, if theruptureof ananeurysm
occurs.In preparatiorof interventionalprocedure®r suigery a clearunderstandingf
the surroundingvesselsituationis required.The locationand size of the neckwhich
is the connectiorbetweerthe aneurysmandthefeedingvessel stronglyinfluenceghe
furtherstratey. In generaltherearetwo method=f treatmentwith surgeryperformed
in mostcasesMore recently analternatve procedureallows to directa platinumcoil
into theaneurysmnusinganintra-vasculamccessln orderto performafastandprecise
analysighechoiceof theimagingmodalitycombinedwith anappropriatesisualization
approachareof greatimportance.

Aiming at 3D imagingmodalities,aneurysmswvith a diameterof 3 — 11 mm are
reproducedvith similarquality. However, in caseof MRA it is still difficult to delineate
the neckandsmall arterialbrancheglueto the natureof the resultingimages.Above
all, ameaningfulvisualizationrequiresseveralhoursof pre—processingspresentedh
[3]. Thereforeasproposedn [4], we useCTA which providesthe highestsensitvity
for lesionsof arbitrarysizeincludingsmall(> 3 mm)andlarge(> 11 mm)aneurysms.

Sinceit is difficult to integratetheinformationof tomographicliceimagego acor
rect3D model,reconstructioris efficiently assistedy technique®f volumerendering.
For theanalysisof angiographiacatasetsmaximumintensityprojectionhaspositioned
itself asoneof themostpopularvisualizationtechniquesHowever, usingonly thehigh-
estgray valuealongevery ray of sight, it prohibitsto distinguishoverlappingvessels
clearlyandto seeintra—asculambnormalitiesAlternatively, technique®f surfaceren-
deringbecamevery popular[3, 5] which allow to computeimagesinteractiely based
on anintermediategeometricmodel. However, its calculationrequirestime—intensie
segmentatiorwhich mustberepeatedor every correctionof theresult.

In orderto overcometheselimitations, we suggestirectvolumerenderingwhich
usesthe entiredatavolume, giving insight to interior and superimposedhformation.
In orderto provide interactve manipulationof the visualizationparametersvhich is
essentiafor the analysisin practice[6], we proposeto usehardwareaccelerateD
texture mapping[7] which we expectto be commonlyavailableon PCsin the nearfu-
ture. After a shortsurwey of our visualizationapproachin section2, we briefly review
theinteractve calculationof iso-valuerepresentationism section3 which hasbeenpre-
viously publishedin [1]. Their integrationwasevaluatedfor the diagnosisof cerebral
aneurysmsn respecibf enhancegberceptionof depth.Subsequentlyin section4, we
suggesintuitive manipulationbasedon the integrationinto Openlrventor In sections
5 and6 toolsarepresentedvhich considercorvenientmeasuremendf aneurysmsnd
theregistrationof MR andCT basedon a hardwareaccelerateépproachwhich was
introducedin [8]. Finally, the strategyy of the medicaldiagnosids presentedn section
7 with severalexamplesdemonstratinghe valueof our approach.

2 DirectVolumeRendering

For the visualizationof tomographidmagedata,directvolumerenderingprovedto be
very suitable .t allowsto apply userdefinedransferfunctionswhich assigna specific
color and opacityto all voxels of a certainscalarvalue. Accordingto [9], all known
approachesf direct volumerenderingcanbe reducedto the transporttheory model



whichdescribeshepropagatiorof light in materials Approximationsof theunderlying
equationof light transferhave beendevelopedanddiffer considerablyin the physical
phenomenghey accounfor andin theway theemeging numericalmodelsaresolved.

The large amountof dataof a typical tomographicscanmakesthe interactive ma-
nipulationof the volumeobjectdifficult which is essentiafor the easeof interpretation
andthe corvenientanalysisn medicalpractice. Therefore basedn ray—castingliffer-
entoptimizationtechniquesvereproposed10, 11] which allow to traversethevolume
datamoreefficiently. Alternatively, thetime—intensie re—samplingf the original data
is circumwentedby voxel basedprojectionmethodq12]. More recently considerable
acceleratiorwasachieredby expressinghe rotationof a volumeobjectby a 2D shear
andaconsecutieimagewarp[13]. However, mostimpressve frameratesareobtained
with specialpurposehardware[14,15].

The 3D texture mappinghardwareof high—endgraphicscomputersgprovidesahuge
amountof trilinear interpolationoperationsandtherebyallows to performdirectvol-
umerenderingat high imagequality andinteractve framerates[7]. After corverting
the volume datasetto a 3D texture, it is loadedto the respectre memory In a first
stepequidistantplanesparallelto the viewport are clipped againstthe boundingbox
of the volume dataset. Subsequentlythe resulting polygonsare projectedonto the
imageplane.During rasterizatiorthey aretexturedwith their correspondingmagein-
formationdirectly obtainedfrom the 3D texture by trilinear interpolation.Finally, the
3D representatiotis produceddy successie blendingof the textured polygonsback-
to-front ontothe viewing plane.Sincethis procesaisesthe blendingandinterpolation
capabilitiesof the underlyinghardware,the time consumedor the generatiorof an
imageis neggligible comparedo softwarebasedapproachednteractve frameratescan
beachiezedevenwhenappliedto datasetsof high resolution.

3 Fastlso—Surfaces

Semi-transparemépresentationgroducedvith directvolumerenderingechniquesl-
low to seesuperimposedtructuresHowever, for somedirectionsof view the spatial
relationis evaluatedmucheasierif lighting effectsareintegrated(seeFig. 2). If inter
active navigationthroughcomplex vessektructuress ervisagedshadedurfacesassist
to improve the userssenseof orientation.

Differentapproachekk etheMarchingCubesalgorithm[16] provideiso—aluerep-
resentationsf structuresontainedn volumedatasets However, asa majordravback,
time—intensie calculationsare requiredfor every changeof the iso—alue prohibit-
ing interactive manipulationln addition,the compleity of theintermediategeometric
modelrapidly exceedghe availablerenderingcapacity

As presentedn [1], interactve manipulationof iso—alue surfacesand realistic
lighting effects are possibleif hardware assisted3D texture mappingandtwo frame
buffer operationsareapplied.This requiresto definea cut planefor every scanline of
theresultingimagewhich hasanorientationorthogonato theviewing plane Applying
therenderingoroceduredescribedn section2, thecorrespondingmageinformationof
every cut planeis interpolatedwithin the 3D texture memoryandwritten to the frame
buffer. After accessingts contentsall datavaluesrequiredfor a completescanline



aresimultaneouslavailablein real-time Usinga standarday—castingprocedurehey
haveto becalculatedseparatelyor every pixel of thecurrentscanline alongraysin the
directionof view. After checkingthe obtainedcut planefor the currentiso—aluethe
identified 2D locationsarere—projectedo their 3D positionswithin the volume data.
Interpolationof the neighboringvoxel gradientsfinally providesthe surfacenormals
requiredfor theshadingprocedure.
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Fig. 1. IntracranialaneurysmDSA (left) and  Fig.2. Comparisonof semi—transpareriteft)

directvolumerenderingof CTA (right). andshadedso-suréce(right) representation.

4 Manipulation and Navigation

The presentedpproachouilds on top of a framework basedon Openlrventorwhich
waspreviously presentedn [1]. Thereby a variety of functionality is availablewhich
ensuredntuitive manipulation.As a basis,a standardizednterfaceis offered which
providesaselectiorof sophisticate®@D viewersincludingvariouseditors light sources
andotherfeatures Additionally, several built—in manipulatorsare availablewhich are
attachedo an objectafter selection.They considerablysupporta corvenientnaviga-
tion within 3D spaceif a 2D input device is applied.Consequentlythe userguided
interactve inspectionandanalysisof anangiographicvolumedatasetis accelerated.

In orderto inspectinterior structures independentlip planesprovide anintuitive
way to virtually cut off partsof the volumedataset.As canbe seenin Fig. 4, thewall
of theaneurysnwaspartly removedin orderto view the connectiorto arelatedvessel
from inside. Alternatively, choosingnormalrenderingmodeand full opacityfor the
wholedataset,clip planesassistheclinicianto inspecthelocal grayvalueinformation
atsliceswith arbitraryorientation.

In mary situationsduringthe analysisof anangiographidatasetit is necessaryo
inspectdetailinformationby approachinghe structuresvery closely However, at the
sametime, it is desirableto view thelesionfrom a moredistanteye—point. Therefore,
two communicatin@D displaysareprovided(seeFig. 3) whichallow for anindividual
adjustmenif the cameraposition. Within the right window typically local informa-
tion is focusedwhile a more distantview point gives global overview of the vessel
situationwithin the left window. In orderto provide improved orientationa geometric



representatiomnf the viewing frustum of the right window is integratedinto the left
display Therebythe smallarronv connectedo a spherdandicatesthe directionof view
andthe eye—point.Optionally, if the cameraparametersf the right window change,
the positionof the camereof the left window remainsunchangedeitherrelative to the
arrov—spheranodelor to thevolumeobject. Therebythe usergetstheimpressiorof a
passingrolumeobijectin thefirst casepr of anarrow whichflies throughthefixeddata
set. Alternatively, if the arrov—spheremodelis selectedn the left window different
manipulatorsare attachedwvhich allow to changethe viewing parametersf the right
window from a moredistantviewing point. Finally, if the"fly-mode” option of Open-
Inventoris appliedinteractve andusercontrollednavigationwithin vesselss possible
which providesendoscopiwiews of the sacor theneckof ananeurysm.

(i v e

Fig. 3. Navigationinsidea vesselapproachinghe aneurysmThe arrov within the left window
indicateghedirectionof view of theright window

5 Measurements

For the preparatiorof interventionsit is helpful to have informationaboutthe size of
theaneurysmthesizeof vesselor thedistancebetweeradjacenstructuresTherefore,
simpleinteractize toolsare providedwhich allow for measuremenirectly within the
3D viewer (seeFig. 5). Therebythe calculationof the distancebetweertwo pointsis
performedn—the—flyafterplacingthecorrespondingnarkersin 3D spaceFindingthe
right positionis assistedy appropriatenanipulatorsnheritedfrom the Openlrventor
toolkit. But, more efficiently the correctlocation can be identified, if additionalclip
planesareusedto reducethe degreesof freedom.

If treatmentwvith a platinumcaoil is ervisagedadditionalknowledgeaboutthe vol-
umeof theaneurysnallows betterestimatiorof therequiredexpensve material.Using
simple geometricobjectsthe actualshapeof an aneurysmnor vesselis approximated.
During aniterative procedurghe shapeof the selectedbjectis distortedwith an ap-
propriatemanipulatorof Openlrventorwhile the quality of thefit is visually inspected
by rotatingthewholescene.



Fig. 4. Clip planes:inspectinterior structures Fig.5. On-the—fly measuremenbf volume
(left) andgrayvalueinformation(right). (left) anddistancgright).

6 Registration

In orderto provide furtheranatomicabrientationan additionaltool is providedwhich
allows for fastregistrationof the angiographicCT datawith MR. As presentequst re-
cently[17], voxel basedapproachegainedmoreattentionsincethey allow to perform
retrospectie andaccuratealignment.Taking into accountthe entiregray valueinfor-

mationatgeometricallycorrespondingrid positionsthesimilarity of theinvolveddata
setsis optimizedusinga functionalwhich evaluateshe quality of alignment.Having

introducedmutualinformation [18,19], a very generalfunctionalis available which

provedto provide very robustregistration.However, the optimizationprocedurevhich

is requiredto re—sample¢hevolumedata typically consumes hugeamountof trilinear
interpolationoperationsEnsuringfastperformancavhich is fundamentafor medical
applicationsan approackhis provided which integratesregistrationinto the procesof

visualization,assuggestedh [8]. Similar to the techniqueusedfor directvolumeren-
deringthe methodusesthe imagingandtexture mappingsubsystenof graphicscom-
puters.Thereby all trilinear interpolationoperationsare completelyperformedwith

hardwareassiste®D texture mapping.The histogramsf the datasetswhich arenec-
essaryfor the calculationof mutualinformationare obtainedwith differenthardware
acceleratedmagingoperationsUsing similar hardware supportedoroceduresas ap-
pliedto visualization the procesf registrationis considerablhaccelerated.

7 Strategy of Data Analysis

The visualizationandinspectionof CTA datasetsis performedaccordingto a specific
protocolin orderto ensurea fastand consistentanalysis.After transferringthe data
from the scanneito a graphicsworkstationthe rangeof gray valueswhich describes
the vesselinformationis transformedinearly to a new representatiomvhile dataval-
uesbelow aresuppressedndthoseabove aremappedo maximumvalue.Dueto the
stretchingof the histogramin the areaof interest,subsequenmnanipulationof transfer
functionsfor color andopacityvaluesis performedin a morecorvenientway. Apply-
ing pre—definedookup tables,a fastand meaningfulinitial visualizationis obtained.
Subsequentthe transferfunctionsareadjustednteractively to theindividual dataset
by simplemanipulatioroperationsvhile theresultis reviewedby a skilled user



In the beginning, thewhole datavolumeis loadedin orderto detectall aneurysms.
Pre—definedye pointsanddirectionsof view allow for afastacces®f themostimpor-
tantareador themedicalanalysis Subsequentithe usermayrotate translateor zoom
the 3D representatiomteractvely in orderto inspectdetailinformation.Following the
stepof identification,boundingboxesare appliedwhich definea sub-wlumearound
every aneurysmwhich wasdetectedReducingthe amountof dataallows to focuson
theessentiatletailsof the vessetopologyandensureseal-timemanipulation.

For thedocumentatiomf every case snapshotsof the currentvisualizationcanbe
takenat ary time of the analysis Additionally, shortmovie sequencearerecordedn
orderto provide anenhancegberceptiorof depth.

8 Resultsand Discussion

All imagedatawas obtainedwith a SiemensSomatonrPlus 4 spiral-CT scannerFor
the angiographyl00 ml of non—ioniccontrastagentwereinjectedwith a delaytime
dependenotn thecirculationtime anda flow rateof 3 ml/sec.With the lowestpossible
table—feedindaslicethicknessof 1 mm, volumedatasetswith aresolutionof 0.2x 0.2
x 0.5 mmwerereconstructedThe appliedimagingtechniqueprovedto be optimal for
smallvesselsandaneurysméncludingthoseof thebasilarartery All visualizationwas
performedon a SGlindige?> Maximumimpactanda SGIOnyxRealityEnginell which
provide 4 Mbytesand 16 Mbytesof 3D texture memoryrespectiely. Concerninghe
amountof availabletrilinear interpolationoperationghe underlyinghardware hasthe
sameorderof magnitude.

Subsequentlyimagedataof threepatientsis presentedvhich was obtainedwith
the proposedapproach.The overvien imageof Fig. 6 shavs the location of a large
basilarbifurcation aneurysnrelative to the surroundingvesselsituation.Choosinga
closersemi—transparentpresentatiothe connectiongo the basilarartery and both
posteriorcerebralrteriesareclearly corveyed.Within Fig. 7 ananeurysnof theright
anteriorcommunicatingartery(ACoA) is delineatedIntra-operatie views (before and
after applyinga clip for treatmentdemonstraté¢he similarity betweerrealandvirtual
presentationFinally, Fig. 8 shavs an aneurysnof the middle cerebralartery (MCA)
bifurcation. The closesemi-transparentisualizationof the aneurysmclearly depicts
the connectedresselsandtheir locationrelative to the lesion. (seethe color pageat:
http://www9.inf ormatik.uni-erlangen.de/eng/gallery/vis/med/miccai.hnl)

Our experimentshave shovn thatthe visualizationmethodis of majorimportance
for the diagnosticvalue of the obtainedimages.In comparisonto exclusively using
shadedsurfacerepresentationslirectvolumerenderinghasprovedto beanoptimalvi-
sualizatiorapproachn orderto delineatehesacandtheneckof intracranialineurysms
includingthesurroundingresselsBesidegheability to shav opaquevessektructures,
the semi-transparemepresentations mostinformative sinceit corveysimportantin-
formationaboutthe relationbetweerthe vesselsandthelesion.Above all, the ability
of real-timeimagegeneratiorandintuitive manipulationbasedon the functionality of
Openlrventoris mostimportantfor a corvenientanalysis.Sincemotion enhanceshe
perceptiorof depth theunderstandingf comple vessekituationds therebyimproved
considerably



Additionally, integrating shadedvesselobtainedby interactive extraction of iso—
valuesurfacesprovedto make the understandingf the spatialrelationof neighboring
objectsmuch easier Especially if a fixed directionof view is chosensuperimposed
structuresare inspectedmore corveniently Selectinghybrid visualizationconsisting
of asemi—transparerndaiso—surbcerepresentatiorimprovedeaseof orientationis
providedinsidecavities or duringa usercontrolledflight throughvessels.

In comparisorto otherapproachewhich performextensive sggmentationthe pro-
posedmethodonly providesrelative informationabouttheactualvesselwall dueto the
softdelineationbasedon transferfunctionsfor color andopacityvalues.However, the
interactvity of thewholevisualizationprocessallows a skilled userto changeparame-
tersimmediatelyandto evaluatetheresultsby directvisualfeedbackAs furthersource
of informationwhichensureshequality of the3D visualizationclip planesof arbitrary
orientationareoptionallyintegratedwhich provide the original gray valuesof the data
set.As amajoradvantageof our approachall visualizationproceduresandthe medical
diagnosisareperformedn lessthan15-20.

Theinteractive tools which allow to measuralistanceandvolumeinformationdi-
rectlywithin the3D viewer provide valuableinformationaboutthesizeandthedistance
of structuresSinceclip planesof arbitrary orientationare usedfor the placemenbf
markers,eitherthe 3D visualizationof objectsor the original gray valueinformation,
optionally shavn on every plane,is usedto find the correctlocation. Measurements
performedwith a phantomdatasetconfirmedthe precisionof the obtainedesults.

9 Conclusion

A fastandinteractve approachwaspresentedor the visualizationandanalysisof in-
tracranialaneurysmsUsingdirectvolumerenderingbasedn 3D texture mappingand
spiral CT angiographythe neckof the aneurysnmandthe surroundingvesselsare opti-
mally corveyedincludingsmallaneurysmandcomplex vessetopology Improvingthe
perceptiorof depthiso—suracerepresentationareintegrated.Basedon Openlrventor
andcommunicatingvindows intuitive manipulationrandcornvenientuserguidednavi-
gationareensuredFurtherfunctionality comprisegoolsfor hardwareacceleratedeg-
istrationandfor volumeanddistancemeasurement he presentedesultsdemonstrate
thevalueof ourapproactwhich provedto effectively assispre—operatie planningdue
to the shortamountof time requiredfor the completemedicalanalysis.
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Fig. 6. Basilarbifurcationaneurysnwith closerview shaving theconnectedessels.

Fig. 7. Aneurysmof anteriorcommunicatingrteryandcomparisorwith intra—operatie views.
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Fig. 8. Aneurysmof middle cerebrahrterybifurcationandrelatedvessels.




