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ABSTRACT

This paperpresents setof Virtual Reality-basednteractiontech-
niquesfor spatialanalysisof medical datasets. Computeraided
medicalplanningtools often requirepreciseand intuitive interac-
tion for the quantitatve inspectionandanalysisof anatomicakand
pathologicalstructures.We claim that measurementaskscan be
carriedout moreefciently usingVirtual Reality-basednteraction
tools ratherthan using common2D input devices usedfor med-
ical workstation. Due to the true direct manipulationof three-
dimensionaVirtual objects,measuremertbols canbe usedeasily
in 3D. An evaluationperformedwith a group of 20 subjectspro-
videsevidenceto backup our claims.

CR Categories: H.5.2.[Information Systems]informationinter
facesandPresentation—Interacticstyles

Keywords: 3d measurementpatialanalysis,suigery planning,
directmanipulation

1 INTRODUCTION AND RELATED WORK

In computeraidedmedicaldiagnosisand treatmentplanningit is
not sufcient to just perform qualitatve inspectionof the data.
Quantitatve analysis suchasmeasurementsf distancesyolumes
or angles,is often required. Currently suigeonsoften have to
build their own mentalthree-dimensiona|3D) model of comple
anatomicaktructuresdasedn theinformationextractedfrom two-
dimensional(2D) computed-tomograph(CT) imageswith theaid
of 2D-basedmeasurementools. In contrastto radiologists,who
arehighly trainedin this form of abstractiordueto their daily rou-
tine, analyzing2D imagesds a hardtaskfor suigeonswvho arenatu-
rally more3D-oriented.The problemis intensi ed by theincreas-
ing scanneresolutiongroducinghundredf 2D sliceswhich are
hardly manageableven by skilled radiologists. Theselimitations
leadto a motivation towardsusing 3D visualizationin computer
aidedmedicine especiallyfor sumical planningtasks.

Several groupsalreadypresentecprior work for sumgical plan-
ningervironmentsandsuggesspeci ¢ inputdevicesandVR-based
interactionmetaphorgor their speci ¢ problemdomain[1, 5, 4, 8,
14,16, 11]. In their clinical evaluations suigeonsratedthe devel-
opedtools asusefulandseea strongimpactof thesetools on the
clinical work ow in future. In a state-of-the-arteportconcerning
sumical planningenvironmentg15], interactionis ratedasthe key
to a successfuplanningsystem.

However, quantitatve measuremertbols andcorrespondingn-
teractionelementsare not yet well establishedor 3D visualiza-
tion in general,and not fully addressedn the abore mentioned
sumgical planningpublications. Commercial3D systemsprovide
only very basicmeasurementools. Someresearchsystemscon-
centrateon speci ¢ 3D measurements.g. intra-cranial[10] or
suigery [9, 6]. The mostelaborate3D measurementoolkit was

email: breiting@icg.tu-graz.ac.at

presentedy Preimet al. [17, 18]. They introduceda setof 3D
widgetsincludingdistancdines, rulers,angulameasurementasnd
interactive volumeapproximationsAll widgetsaremanipulatecn
aregulardesktopworkstationusingthe mouse.

While suchdesktop-base@D systemssometimeslaim to pro-
vide morenatural“direct manipulation”of 3D structurecompared
to their 2D precursorsthe style of interactionusing a mouseis
actually indirect when comparedo animmersie Virtual Reality
(VR) setup.Obviously, strongdepthcuesareimportantfor correct
andfastspatialperception22, 26]. As pointedout by Mine [13],
working within armsreachwith a stereoscopitiead-mountediis-
play (HMD) providesstrongdepthcues,allows ne motor control
andtakesadwantageof proprioception Masonetal. [12] show that
an VR setupthat providesvisual feedbackaboutthe moving limb
is extremelyimportantfor humango effectively work in 3D. Wang
and MacKenzie[25] demonstratehat contectual haptic feedback
suchas a physical table surface or hand-heldplate improves 3D
interactionaswell.

All thesestudiesleadusto believe that also3D measurements
which build anintegratedpart of a sugical planningervironment
canbe bettercarriedoutin a VR ervironmentratherthanon a 2D
desktop-basedpplication.In this paper we reporton the 3D mea-
surementoolkit developedfor the Virtual Liver Suigery Planning
(VLSP) system[2]. We startwith an overview of the overall sur
gical planningsystemthenwe describethe designandinteraction
aspectf the newv 3D measuremertbols, andreporton an eval-
uationwith 20 subjectsthat providesencouragingvidenceof the
usefulnes®f our approachFor thedevelopedtools,3D interaction
canfully be exploit in orderto allow an easy-to-useneasurement
toolbox. They caneitherbe usedin a semi-immersie or animmer
sive ervironment.However, thedevelopedpropsareonly usefulfor
semi-immersie setups.

2 VIRTUAL LIVER SURGERY PLANNING SYSTEM

The Virtual Liver Suigery Planningsystemaims at assistingsur
geonsandradiologistsin making sugical decisionsregardingthe
sumical treatmentof liver cancer in particular different kinds
of liver tumor resections. This procedurerequirescareful three-
dimensionalplanningto specifythe tissueto be removed andthe
accesgathto thetumor, in orderto ensurecompleteremoval of the
tumorwhile minimizingtheremoval of healtty tissueandbleeding.
Theliveris nothomogeneoubut structurednto segmentswith in-
dependenblood-feedingvessels.In currentclinical routine using
2D slices,importantquantitatve indicessuchasthe location, vol-
ume and spatialextensionof the tumor or the distancebetweena
majorvessebranchandthetumorareoftenonly estimatedWrong
sumical decisiongesultfrom suchroughestimations.

The VLSP systemusesa VR setupbasedon the Studiestubel
platform[21]. It providesa real-timethree-dimensionatisualiza-
tion of the patients liver, togetherwith a setof tools for interac-
tive analysis. The visualizationis either presentedising a large
screerstereoscopiprojectionsystemwith shutteglasse®r ahead-
tracked stereoscopitiead-mountedlisplay Two-handednterac-
tion is providedthroughatracked penandpanelinterface[23].
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The visualization usesa deformablesurface-basednodel of
liver, vessebystemandtumors.Themodelsarecomputedhrough
(semi-)automatedegmentatiorfrom CT scansandcanbere ned
with interactve sggmentationre nementtools usedby a radiolo-
gists[3]. The resultingsegmentedmodelsare theninspectedoy
the suigeonto plan the intervention. Among other sumical plan-
ningtoolslik e interactive liver ssgmentapproximatioror liver par
titioning, a setof measuremernbolsis requiredfor the quantitatve
assessmemtf importantindices.For instancethevolumeof thetu-
mor or removedtissue the distancebetweena main vesselbranch
andthetumor, or theanglebetweertwo mainvessebranches.

For this reasonwe identi ed togetherwith our clinical partners
the following three-dimensionaieasuremertbols requiredfor a
sumical planningenvironment:

Distancemeasuements free-handedneasuremenigreim-
portantto verify manuallyif arequiredsafetydistancearound
tumorsis guaranteedh all placesor to measurgheminimal
distancebetweentwo tumors. In addition,the measurement
of distancesdbetweentumorsand major vesselbranchesare
oftenrequired.

Volume measuements both absoluteand relative volume
measurementare extremely importantto assesshe size of
the tumor, andthe remainingliver tissueafter the resection.
A measuremerjtig is necessaryor calculatingaccumulated
volumeof differentobjects.

Angular measuements angularmeasurementare mainly
usefulfor determiningpropertiesof the geometriccon gura-
tion of extendedobjects,suchasimportantbranchesof the
vascularstructures.

3 INTERACTIVE MEASUREMENT TOOLS

3.1 DistanceMeasurements

Three distancemeasurementools were developed,which t the
requirement®f quantitatve analysisduring sugical planningpro-
cedures.

3.1.1 Point-To-PointMeasurement

The simplestoption for measuringlistancesallows a userto drag
a three-dimensiondirubberbanding’line by pressingandholding
the button on the pen. Theline is shavn asa thin tubewith con-
ical arravheads(seeFigure 4). Real-timedisplay of the current
lengthallows interactve probingof distancegrom acommonstart
point. After theinitial placemenbf theline, the measuremertan
bere ned by grabbingoneof the line's endpointsandmakingad-
justments. In contrastto desktop3D interaction,userscanzoom
in instantaneouslypy moving closerto the virtual objects. How-
ever, for more preciseplacementfor example,to compensatein-
steadines®f the hand),the virtual sceneneedsto be enlaged by
modifying thezoomparameter

3.1.2 Snap-to-ObjecMeasurement

In somecasesthe useris moreinterestedn preciseinter-structure
distances. Therefore,the distancemeasurementools include an
automaticsnappingo the nearesbbjectsurfaceafter pressinghe
action button. Real-timebehaior of this tool is achieved by us-
ing a kd-treeauxiliary structure. This modecanalsobe usedasa
constrainedneasuremerfor minimal distancesThe nearespoint
on the next surfacefound is marked by a transparensphere(see
Figure4(a)).

3.1.3 Interactve Ruler

A ruler is a very commonfacility for measuringdistancesn real
life. Thereforea tracked physicalruler of about40cmlength(see
Figurel for anoverlayimage)is introducedasaninteractionprop
for fastdeterminatiorof distanceslIt canbe operatedwvith oneor
two handsandaffordsvirtual scalegoverlaidontheruler, or digital
numbersoating over therulerin space).An additionalimportant
featureof theruleris the capabilityof measuringninimal distances
semi-automatically For thataim, the ruler controlsa straightline
usedto intersecbbjects.Thedistancebetweerthenearesintersec-
tionson bothsidesof theruleris interactively reported A collision
betweertheray speci edby theruler's position/orientatiorandthe
boundingboxes of eachobjectis performed. For all intersected
objects afastline-triangleintersectioris calculated.
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Figure 1: An additional props{ the interactive ruler { can be usedfor
measuringdistancesin a semi-automated way. The number displayed
at the center of the ruler indicates the distancesbetweentwo surface
intersection points.

3.2 Volume Measurements

Volume measuremernis extremelyimportantto assesshe size of
thetumor, andtheremaininglivertissue.

3.2.1 DirectVolumeMeasurement

In the direct volume measurementode,the pen mustbe moved
insidethe desiredvolume, which is highlightedfor feedback.By
pressingthe pen's button, a geometricalvolume calculationalgo-
rithm, describedelow, is appliedon-the- y. Severalmeasurement
algorithmsexist in literature which allow volume calculationof
surface-baseabjectsin real-time. For our purpose we usedthe
algorithmpresentedn by Reitingeretal. [19]. The numericinfor-
mationthat hasbeenobtainedis temporarilyattachedo the pen's
tip andcanbe positionedin space.Color codingallows to identify
which measuredaluebelongsto which volume(seeFigure5b).

3.2.2 Measuremeniug

The direct volume measuremenmnethodallows the calculationof
individual objects.However, for treatmenfplanning,a volumecal-
culatoris requiredto measurehe aggrejatedvolume of multiple
objects(e.g., the volume of two or more resectedumors, or the
volumeof multiple liver segments) For this purposewe addedan-
othertracked prop, the measuremenjug, to our toolbox. Virtual
objectscanbedepositedn thejug usingsimpledraganddropwith
the pen. Eachobjectis representedby a color codedvirtual slice
in thejug, with the heightof the slice correspondingo the object's



volume. The overall volumeis displayednumericallyon top of the
jug (seeFigure 2 and6). To improve the overview in caseof a
cluttereddisplaywith mary differentvolumeobjects,the onesde-
positedin thejug canberenderednvisible until thejug is emptied
by aturnover gesture.

Figure 2: The measurementjug, shovn as an overlay image, can be
used as a volume calculator where volumes of individual objects are
summed up. The overall measuredvolume is displayed numerically
on top of the jug.

3.3 Angular Measurements

Angularmeasurementsanbenecessarjor analyzingthevascular
structure. Angles betweenbranchesare often importantfor plan-
ning accesgo the tumorduring intervention. The geometryof the
angularmeasuremertool is similar to the distancemeasurement
tool. Two cylinder-shapedines spanananglein 3D, thelinesare
delimitedby two conic endpointswhile the apex corneris visual-
ized by a sphere(seeFigure 3). By placingthe penandpressing
the button,the userspeci esthe apex andthe two endpoints.Both
conesandthe spherecanthenbefurtheradjustedoy the user

Figure 3: The angular measurementtool can be used for analyzing
the geometry of di erent branchesof the vesseltree.

3.4 Automated Measurements

In additionto manualmeasurementsyhich give full controlto the
user automatedmeasurementf distancesand volumesare pro-
videdfor casesvhenoverall assessmermf objectsis of interest.

3.4.1 Minimal Distances

Minimal distancecalculationcanbeappliedfor two disjointobjects
(for instancetwo tumors). For treatmenfplanningit is sufciently
accurateto calculatethe minimal distanceon the basisof surface
vertices(currentlythrougha bruteforce approachwhich is suf-
cientfor our objects'resolutions).Thaninimal distancemeasure-
mentis triggeredby selectingtwo disjoint objectswith the pen-
cil. After the calculation,a distanceline is dravn indicating the
length and position of the distance. For measuringthe minimal
distancebetweemon-disjointobjects(e.g. onemajor branchof a
vesselstructureanda tumor, if otherbranchesf the vesselstruc-
ture are intersectingthe tumor), automatedalgorithmscannotbe
appliedwithout manuallyaltering the objecttopology However,
theinteractve ruler or the snap-to-objecinodecanbe usedfor this
task.

3.4.2 Objects Extensions

Another automatedcalculationis the maximal object extension
which is necessaryor analyzingthe spatialextensionsof theliver
or tumors. The usersimply selectghe desiredobjectwith the pen,
and the maximal extensionis computed. The calculationis done
through principal componentanalysis(as proposedby [18]), and
theresultis drawvn inside the transparentlyenderedarget object
asthreeorthogonalcylindric lines indicatingthe principal compo-
nents.

4 EVALUATION AND RESULTS

To evaluateour main hypothesighat spatialmeasurementsanbe
moreefciently carriedoutin VR comparedo a traditionalmed-
ical planningsystem,we conductedan evaluationcomparingtwo
conditions:a standardmedicalapplicationcalled OsiriX [28], and
thepresentedneasuremertbolkit of the VLSPsystem

4.1 Evaluation Setup

The rst condition— OsiriX — is a desktop-basedystemwhich is
afrequentlyusedplatformfor medicaldiagnosismainly controlled
by a standardnouse. Several visualizationpossibilitiesare avail-
able suchasvolumerendering,surfacerenderingby thresholding,
anda 2D multi-planarreconstructiofMPR) techniquewhich al-
lows the extractionof aslicein ary positionandorientationof the
3D volume by moving androtating line-modi ers (seeFigure 7).
Oncethe correctslice is found, measurement§.e. distancemea-
surementranbe performed.

For the secondcondition— the VLSP system- we useda semi-
immersve large-screerstereoscopidack-projectionsystemwith
asizeof 3m 2.40 m andaresolutionof 1280 1024. The
subjectwaswearingtracked shutteglassesandpercevesthescene
with 60 framespersecond/ge. The distanceo the projectionwall
wasabout2 meters.Thein uence of differentoutputdevices(e.g.
HMD, shutteglassespn accurag wasnot focusof this evaluation
sincea study hasalreadybeencarriedout by Rolland et al. [20].
For tracking,we utilized anopticaltrackingsystemfrom Advanced
RealtimeTracking(A.R.T.) [27].

The input devices consistedof a tracked pencil and a tracked
semi-transparemtersonalnteractionpanel(PI1P)[23]. Thepenwas
usedfor directinteraction,whereaghe panelwasmainly usedfor
systemcontrol tasksand menus. Multiple buttonson the penal-
lowedacon gurationwherethe rst buttonis for interactiontasks,
the seconds for moving andthethird oneis for scalingthe scene.
For theevaluation,bothmeasuremergropspresentedn theprevi-
oussectionwerenot used.



(a) Using the snap-to-objectnode marks (b) By pressingthe button on the pencil, (c) Line modi ers canbeeditedif thepen-
thenearespointon the next registeredob- the starting point of the distanceline is cil's positionis next to a cone(highlighted
jectwith asphere. shappedo this position. green).

Figure 4: Dierent modes for dragging a distance line in 3D.

(a) Thepencilis usedfor selectingatarget (b) By pressingthe button, the volumeis (c) Thequantitycanbepositionedn space.
object(highlightedin green). calculatedon-the- y and attachedto the
pen'stip.

Figure 5: The pencil is used for triggering a volume calculation for a selected object.

(a) Initially, the objectis selectedby the (b) The selectedobjectis attachedo the (c) By releasingthe button, the objects
pencil (highlightedin green). pencilandcanbedraggedn the measure- volumeis indicatedby a slicein the mea-
mentjug. suremenjug.

Figure 6: The measurementjug can be usedfor calculating the sum of di erent objects. By drag and drop, individual objects can be deposited
in the jug, and the overall volume is displayed numerically on top of the jug.



Figure 7: This screenshotshows a phantom medical dataset viewed
in OsiriX using the 2D MPR technique. The upper left view displays
an axial view from the top, the lower left view shows the interpolation
of the upper red line, and the most right view shows the extracted
slice of the blue lines speci ed in the previous views.

Data Preparation We preparedhreedifferentphantonmed-
ical liver datasetseachcontaininga liver, a vesselree (wheretwo
branchesare marked for angularestimation),andtwo tumors(see
Figure 8). All threedatasetshowv up a variationin tumor sizes,
distancelengthsbetweentumors, and anglesbetweentwo tamget
brancheswvhich were highlighted. Sinceall datasetsvere gener
atedby aprior sggmentationthe VLSP systenrenderedill objects
usinga surfacerepresentationin caseof OsiriX, a 3D voxel-based
datasetvasgeneratedvhereauniquelabelwasassignedo eachin-
dividual object. This datasetould eitherbe browvsedslice-by-slice
in z-directionor investigatedusingthe 2D MPR technique.

Figure 8: Prepared phantom medical datasets which were used for
the evaluation in the VLSP system.

Subjects and Procedure 20subjectgarticipatedn theeval-
uation,12 maleand8 female rangingbetweerl8 and32 yearsold,
with anaverageageof 26. Eachsubjecthadto ratethe experience
for 2D interaction,VR interaction,medicalbackgroundthe VLSP
systemandOsiriX with a scorebetweenl and5 (1 noand5 much
experience) A summaryof theratingsis shavn in the Table 1.

Eachsubjecthad to perform ve differenttaskson eachcon-
dition (angularestimation,minimal distanceestimationaswell as
measurementrelative volume estimation,and volume measure-
ment). The following list describesall taskswhich were carried
outin detail:

Volume estimation: subjectsnvereasledto estimatetherela-
tive volumeof the rst tumorcomparedo thesecondne.For

Experiencein Averagescore
2D interaction 4.35
VR interaction 2.75
Medicalbackground 2.15
VSLP system 1.85
OsiriX 1.05

Table 1: Ratings about the subjects' experiencein certain elds. A
scae between1 and 5 (1 no and 5 much experience) was possible.

this task,they only usednavigation capabilitiesof thevisual-
izationsystemavailableon eachcondition,without the aid of
abuilt-in measuremertbol.

Volume measuement subjectsvereaskedto usethe built-
in volume measurementool (as good as possible)on each
conditionfor recordingthe taskcompletiontime.

Distanceestimation: theuserwasasledto estimatehemin-
imal distancebetweentwo tumorsonly usingnavigation (in-
cludingMPRin 2D). A spheran thedatase{20 mmin diam-
eter)wasusedasreferencalistance.

Distancemeasuement the userwasaskedto usethe built-
in distancemeasuremertbol for measuringhe minimal dis-
tancebetweentwo tumors. In VR, the minimal distancewas
calculatedhreetimes. At rst free-handedsecondusingthe
shap-to-objectacility, and nally usingthe automatednini-
mal distancecalculation.

Angular estimation: the subjectwas asled to estimatethe
enclosingangleof two highlightedbranche®f thevessetree
without usingbuilt-in tools.

SinceOsiriX doesnotsupporiangulameasurementia theMPR
mode,no comparisoncould be made. In addition, OsiriX usesa
thresholdbasedvolume calculationalgorithm, whereaccurag of
thevolumequantitycandiffer for differentuserspeci c thresholds.
However, subjectswvereaskedto measurghe volumeaspreciseas
possiblejn orderto measurehetaskcompletiontime. Sinceaval-
idation of the usedvolumecalculationalgorithmswasnot scopeof
this paper only taskcompletiontime wasrecordedor the evalua-
tion.

For all otherinteractiontaskswerecordedheachievedaccurayg
(relative errorto groundtruth data)andtaskcompletiontime. In ad-
dition, we asledfor measuringheminimal distancesn theVR en-
vironment rst only free-handedthenby usingthe snap-to-object
functionalityand nally usingtheautomatedninimal distancecal-
culation. Sincethe accurag of the automatedlistancecalculation
dependsn the objectsresolution,we were only interestedn the
averagecompletiontime for thistask.

Threedifferentdatasetsvere preparedor evaluation. Onewas
usedfor training on eachtamet application,while the othertwo
were usedfor evaluation(one for the rst condition, onefor the
secondcondition). All datasetsvererandomlydistributedover all
subjects,and within-subjecttask order was also randomized. A
shorttraining of 10 minutesper conditiongave the possibility for
introducingall requiredmeasuremertbols.

4.2 Quantitati ve Results

The meansandstandarddeviationsof all tasksandconditionsare
summarizedn Table2 includingananalysisof variancelANOVA)



comparingboth conditions. Bold valuesindicate better perfor
mancefor a giventask. The rst columncompareghe taskcom-
pletiontime andthe secondonethe accurayg of the measurements
or estimationgtherelative estimationor measuremersgrror).

Theresultsindicateaclearbene t for the VR systemconcerning
the taskcompletiontime. For all tasks,an ANOVA revealedsig-
ni cant betterresultsfor VR interactionconcerningime ef ciency
assuming p-valueof p< 0:05for all tests.Detailscanbeobtained
in Table2, wherebold ANOVA valuesindicatea signi cant bene-
t. The correspondindbox plots comparingcompletiontimes for
varioustasksareshavn in Figure10.

Concerningthe accurag, the VR measurementools also per
form slightly betterfor most of the tasks(comparingmeansand
standardleviationsof 2D andVR). However, no signi cant results
could be achievzed. This canmainly be explainedby the fact, that
exact measurementare also possiblein 2D, if the correctMPR
sliceis found.

For distancemeasurementsye comparedree-handedndcon-
strained(snap-to-object)nteraction. Concerningtask completion
time, the snap-to-objectmode performssigni cantly best. How-
ever, morepreciseresultscould not be achieved by usingthis con-
strainedmeasuremerntbol. We alsorecordedthe averageinterac-
tion time for usingthe built-in minimal distancecalculationin VR,
andobtaineda meantaskcompletiontime of 7 seconds.

4.3 Qualitative Results

In addition,questionnairegvere lled outby subjectsstatingtheir
personapreferenceamong2D andVR for measuremeritisks.Fig-
ure 9 shaws a plot wherethe height of a bar indicatesthe accu-
mulatedscoreof all subjectsfor a certaincondition. For eachin-
dividual task, a clear preferencefor the VR systemis indicated.
One notaworthy obsenation is that distancemeasurements 2D
are preferredby 6 out of 20 subjects. Thesesubjectsstated that
dragginga 2D line on a MPR slice canbe performedeasiey us-
ing the mouse. We concludethat a possibleimprovementof the
VR interactionis to let the userchoosebetweerdirectfree-handed
3D measuremerdndatechniguehatrequirestheuserto specifya
cuttingplanein 3D rst (similarto [7]), thenperformprecisemea-
surementsvithin thatplane.

20

I 20
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15

ang est distest distmea volest vol mea
Task

Figure 9: Personal preference among 2D and VR for measure-
ment/estimation tasks. The bars indicate the accumulated scaing
for an individual task.

5 DiscussioN

This paperpresentech set of interactve VR-basedmeasurement
tools for sumical planning applications. The tools are designed
for computeraideddiagnosisandtreatmenbf liver tumors,but not
limited to this domain.The mainbene t of the new approactcom-
paredto a corventional2D medicalworkstationlike OsiriX is the
true directinteractionpossibility using6 DOF input devices, and
enhancedisual feedbackhroughhead-trackd stereoscopiwisu-
alization.

An evaluationindicatedthatVR-basedneasuremeribolshave a
signi cant bene t comparedo 2D desktop-basedystemsn terms
of taskcompletiontime. Every taskcould be carriedout fasterin
VR thanin the 2D ervironment.Evenin termsof accurag, slightly
betterresultsin mostof thetaskswereachieved. However, achies-
ableaccurag in VR is limited by the usedtrackingsysteminclud-
ing its precisionand calibration. We usedan optical tracking sys-
tem,whichwasratedasoneof thebestin [24]. However, according
to physicians,the achieved precisionby our trackingsystemis ac-
ceptablefor thedevelopedmeasurementsks.

We have alsocarriedout a similar userstudywith asmallgroup
of physiciansin orderto getfeedbaclof potentialusers.Theresults
weresimilar, althoughaccurag errorsconcerningvolumeestima-
tionsin 2D weremuchhigher Thiscanbeexplainedby thefactthat
physicians gspeciallysuigeonswhoarenottrainedto theradiolog-
ical workstationdn their daily routine,did not usethe MPR func-
tionality for estimatingvolumes.This let us believe, thatavailable
functionalityof traditionalradiologicalworkstationss notfully ex-
ploited,which canleadto inaccurataesults.

Ourdiscussionsvith sugeonsalsocon rm thatin daily clinical
routinetime playsanimportantrole, andbettertools may allow a
sumgeonto perform more detailedplanningin the available time,
leadingto a potentially bettertreatment. In addition, the qualita-
tive resultsalsoreveal a clearpreferencdor the VR measurement
tools. Especiallythe interactionwith the tracked penfor measure-
ment tasksgained much positive attention. Also, someof them
statedthatthelearningcurve for VR interactionis muchbetterthan
for desktop-basethouseinteraction. The measuremerjug seems
to be very usefulfor calculatinga sumof differentvolumes. For
instancethe sumof volumesof certainliver segmentsis oftenre-
quired for treatmentplanning. According the type of outputde-
vice, a clearpreferencavastowardsusingprojection-basedystem
insteadof head-mountedlisplay Shutteglassesprovide a more
comfortablefeelingandcanbeusedfor alongerperiodof time.

The mainlimitation of this systemif beingusedin clinical rou-
tine is hardwarecost. Sincea VR setupmustbeinstalled,compo-
nentssuchasa high quality tracking systemor a renderingwork-
stationmustbe afforded. However, the return of investmentmay
be given by saving a lot of time spendon measurementr on the
whole planningprocessn general.

6 CONCLUSION

By the developmentof ef cient andintuitive userinteractiontech-
nigueslik e presentedh this paperwe believe, that3D spatialanal-
ysistools contritutedto increasehe acceptancef the overall sur
gical planningsystem.However, afull scaleevaluationwithin the
clinical work ow will be necessaryo assesshe overall impactin
clinical routine.

For future work, a further evaluation comparing3D desktop-
basedmeasurementools suchas proposedn [18] with the pre-
sentedVR tools would be interesting. Sinceindirect 3D manipu-
latorsarenecessaryor a desktop-basedystemthe comparisorto
directmanipulatiorwith 6 DOF is valuable.



task completiontime (sec) accuracy(rel. error in %)

2D VR ANOVA 2D VR ANOVA
Volumeestimation 8315 4874 | 2770 1834 | F= 2267 | 37129 3217 | 3196 2714 | F=0:32
Volumemeasurement 3458 1043 9:80 9:11 F= 12797 n.a. n.a. n.a.
Distanceestimation 84:84 5046 | 1695 1056 | F= 3648 | 3790 4326 | 4210 2513 | F = 0:15
Distancemeasurement 4565 31:37 | 4310 24:92 9:95 854 851 6:42 F =015
Distance measurement(snap- n.a. 2280 1826 | F= 863 n.a. 8:78 1063 -
to-object)
Angularestimation 77.65 5587 | 1845 1035 | F= 2171 | 27:39 26:80 | 1888 1808 | F= 1:39

Table 2: The overall statistical results of the evaluation shown as means and standard deviations of the estimation/measurement errors and
task completion time. Bold valuesindicate better performance. Except distance estimation, all tasks perform better in the VR setup.
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Figure 10: These box plots compare the task completion time for various tasks. The left box indicates the 2D condition, and the right box the

VR condition.
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