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ABSTRACT

This paperpresentsa setof Virtual Reality-basedinteractiontech-
niquesfor spatialanalysisof medicaldatasets. Computer-aided
medicalplanningtools often requirepreciseandintuitive interac-
tion for thequantitative inspectionandanalysisof anatomicaland
pathologicalstructures.We claim that measurementtaskscanbe
carriedout moreef�ciently usingVirtual Reality-basedinteraction
tools ratherthan using common2D input devices usedfor med-
ical workstation. Due to the true direct manipulationof three-
dimensionalvirtual objects,measurementtoolscanbeusedeasily
in 3D. An evaluationperformedwith a groupof 20 subjectspro-
videsevidenceto backupourclaims.

CR Categories: H.5.2. [InformationSystems]:InformationInter-
facesandPresentation—Interactionstyles

Keywords: 3d measurement,spatialanalysis,surgery planning,
directmanipulation

1 I NTRODUCTI ON AND REL ATED WORK

In computer-aidedmedicaldiagnosisandtreatmentplanningit is
not suf�cient to just perform qualitative inspectionof the data.
Quantitative analysis,suchasmeasurementsof distances,volumes
or angles,is often required. Currently, surgeonsoften have to
build their own mentalthree-dimensional(3D) modelof complex
anatomicalstructuresbasedontheinformationextractedfrom two-
dimensional(2D) computed-tomography (CT) images,with theaid
of 2D-basedmeasurementtools. In contrastto radiologists,who
arehighly trainedin this form of abstractiondueto their daily rou-
tine,analyzing2D imagesis ahardtaskfor surgeonswhoarenatu-
rally more3D-oriented.Theproblemis intensi�ed by the increas-
ing scannerresolutionsproducinghundredsof 2D sliceswhich are
hardlymanageableeven by skilled radiologists.Theselimitations
leadto a motivation towardsusing3D visualizationin computer-
aidedmedicine,especiallyfor surgicalplanningtasks.

Several groupsalreadypresentedprior work for surgical plan-
ningenvironmentsandsuggestspeci�c inputdevicesandVR-based
interactionmetaphorsfor their speci�c problemdomain[1, 5, 4, 8,
14, 16, 11]. In their clinical evaluations,surgeonsratedthedevel-
opedtools asusefulandseea strongimpactof thesetools on the
clinical work�o w in future. In a state-of-the-artreportconcerning
surgical planningenvironments[15], interactionis ratedasthekey
to asuccessfulplanningsystem.

However, quantitative measurementtoolsandcorrespondingin-
teractionelementsare not yet well establishedfor 3D visualiza-
tion in general,and not fully addressedin the above mentioned
surgical planningpublications. Commercial3D systemsprovide
only very basicmeasurementtools. Someresearchsystemscon-
centrateon speci�c 3D measurements,e.g. intra-cranial[10] or
surgery [9, 6]. The most elaborate3D measurementtoolkit was
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presentedby Preim et al. [17, 18]. They introduceda set of 3D
widgetsincludingdistancelines,rulers,angularmeasurementsand
interactivevolumeapproximations.All widgetsaremanipulatedon
a regulardesktopworkstationusingthemouse.

While suchdesktop-based3D systemssometimesclaim to pro-
videmorenatural“direct manipulation”of 3D structurescompared
to their 2D precursors,the style of interactionusing a mouseis
actually indirect whencomparedto an immersive Virtual Reality
(VR) setup.Obviously, strongdepthcuesareimportantfor correct
andfastspatialperception[22, 26]. As pointedout by Mine [13],
working within armsreachwith a stereoscopichead-mounteddis-
play (HMD) providesstrongdepthcues,allows �ne motorcontrol
andtakesadvantageof proprioception.Masonet al. [12] show that
an VR setupthatprovidesvisual feedbackaboutthemoving limb
is extremelyimportantfor humansto effectively work in 3D. Wang
andMacKenzie[25] demonstratethat contextual haptic feedback
suchas a physical table surfaceor hand-heldplate improves 3D
interactionaswell.

All thesestudiesleadus to believe that also3D measurements
which build an integratedpart of a surgical planningenvironment
canbebettercarriedout in a VR environmentratherthanon a 2D
desktop-basedapplication.In this paper, we reporton the3D mea-
surementtoolkit developedfor theVirtual Liver SurgeryPlanning
(VLSP) system[2]. We startwith an overview of the overall sur-
gical planningsystem,thenwe describethedesignandinteraction
aspectsof the new 3D measurementtools, andreporton an eval-
uationwith 20 subjectsthat providesencouragingevidenceof the
usefulnessof ourapproach.For thedevelopedtools,3D interaction
canfully be exploit in orderto allow an easy-to-usemeasurement
toolbox.They caneitherbeusedin asemi-immersiveor animmer-
siveenvironment.However, thedevelopedpropsareonly usefulfor
semi-immersivesetups.

2 V I RTUAL L I VER SURGERY PL ANNI NG SYSTEM

The Virtual Liver Surgery Planningsystemaimsat assistingsur-
geonsandradiologistsin makingsurgical decisionsregardingthe
surgical treatmentof liver cancer, in particular different kinds
of liver tumor resections.This procedurerequirescareful three-
dimensionalplanningto specify the tissueto be removed andthe
accesspathto thetumor, in orderto ensurecompleteremoval of the
tumorwhile minimizingtheremoval of healthy tissueandbleeding.
Theliver is nothomogeneousbut structuredinto segmentswith in-
dependentblood-feedingvessels.In currentclinical routineusing
2D slices,importantquantitative indicessuchasthe location,vol-
umeandspatialextensionof the tumor or the distancebetweena
majorvesselbranchandthetumorareoftenonly estimated.Wrong
surgicaldecisionsresultfrom suchroughestimations.

TheVLSP systemusesa VR setupbasedon theStudierstube1

platform[21]. It providesa real-timethree-dimensionalvisualiza-
tion of the patient's liver, togetherwith a setof tools for interac-
tive analysis. The visualizationis either presentedusing a large
screenstereoscopicprojectionsystemwith shutterglassesor ahead-
tracked stereoscopichead-mounteddisplay. Two-handedinterac-
tion is providedthrougha trackedpenandpanelinterface[23].

1http://www.studierstube.org



The visualization usesa deformablesurface-basedmodel of
liver, vesselsystem,andtumors.Themodelsarecomputedthrough
(semi-)automatedsegmentationfrom CT scans,andcanbere�ned
with interactive segmentationre�nement tools usedby a radiolo-
gists [3]. The resultingsegmentedmodelsare then inspectedby
the surgeonto plan the intervention. Among othersurgical plan-
ning toolslike interactive liversegmentapproximationor liverpar-
titioning, asetof measurementtoolsis requiredfor thequantitative
assessmentof importantindices.For instance,thevolumeof thetu-
mor or removedtissue,thedistancebetweena mainvesselbranch
andthetumor, or theanglebetweentwo mainvesselbranches.

For this reasonwe identi�ed togetherwith our clinical partners
the following three-dimensionalmeasurementtools requiredfor a
surgicalplanningenvironment:

� Distancemeasurements: free-handedmeasurementsareim-
portantto verify manuallyif arequiredsafetydistancearound
tumorsis guaranteedin all places,or to measuretheminimal
distancebetweentwo tumors. In addition,the measurement
of distancesbetweentumorsand major vesselbranchesare
oftenrequired.

� Volume measurements: both absoluteand relative volume
measurementsareextremely importantto assessthe sizeof
the tumor, andthe remainingliver tissueafter the resection.
A measurementjug is necessaryfor calculatingaccumulated
volumeof differentobjects.

� Angular measurements: angularmeasurementsaremainly
usefulfor determiningpropertiesof thegeometriccon�gura-
tion of extendedobjects,suchas importantbranchesof the
vascularstructures.

3 I NTERACTI VE M EASUREM ENT TOOL S

3.1 DistanceMeasurements

Threedistancemeasurementtools were developed,which �t the
requirementsof quantitative analysisduringsurgical planningpro-
cedures.

3.1.1 Point-To-PointMeasurement

Thesimplestoption for measuringdistancesallows a userto drag
a three-dimensional“rubberbanding”line by pressingandholding
the button on the pen. The line is shown asa thin tubewith con-
ical arrowheads(seeFigure 4). Real-timedisplay of the current
lengthallows interactive probingof distancesfrom a commonstart
point. After the initial placementof the line, themeasurementcan
bere�ned by grabbingoneof the line's endpointsandmakingad-
justments. In contrastto desktop3D interaction,userscanzoom
in instantaneouslyby moving closerto the virtual objects. How-
ever, for morepreciseplacement(for example,to compensateun-
steadinessof the hand),the virtual sceneneedsto be enlargedby
modifying thezoomparameter.

3.1.2 Snap-to-ObjectMeasurement

In somecases,theuseris moreinterestedin preciseinter-structure
distances.Therefore,the distancemeasurementtools include an
automaticsnappingto thenearestobjectsurfaceafterpressingthe
actionbutton. Real-timebehavior of this tool is achieved by us-
ing a kd-treeauxiliary structure.This modecanalsobeusedasa
constrainedmeasurementfor minimal distances.Thenearestpoint
on the next surfacefound is marked by a transparentsphere(see
Figure4(a)).

3.1.3 InteractiveRuler

A ruler is a very commonfacility for measuringdistancesin real
life. Therefore,a trackedphysical ruler of about40cmlength(see
Figure1 for anoverlayimage)is introducedasaninteractionprop
for fastdeterminationof distances.It canbeoperatedwith oneor
twohands,andaffordsvirtual scales(overlaidontheruler, ordigital
numbers�oating over theruler in space).An additionalimportant
featureof theruler is thecapabilityof measuringminimaldistances
semi-automatically. For that aim, the ruler controlsa straightline
usedto intersectobjects.Thedistancebetweenthenearestintersec-
tionsonbothsidesof theruler is interactively reported.A collision
betweentherayspeci�edby theruler'sposition/orientationandthe
boundingboxes of eachobject is performed. For all intersected
objects,a fastline-triangleintersectionis calculated.

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 distancesbetween two surface
intersection points.

3.2 VolumeMeasurements

Volumemeasurementis extremely importantto assessthe sizeof
thetumor, andtheremainingliver tissue.

3.2.1 DirectVolumeMeasurement

In the direct volumemeasurementmode,the penmustbe moved
insidethe desiredvolume,which is highlightedfor feedback.By
pressingthe pen's button, a geometricalvolumecalculationalgo-
rithm, describedbelow, is appliedon-the-�y. Severalmeasurement
algorithmsexist in literature which allow volume calculationof
surface-basedobjectsin real-time. For our purpose,we usedthe
algorithmpresentedin by Reitingeret al. [19]. Thenumericinfor-
mationthathasbeenobtainedis temporarilyattachedto thepen's
tip andcanbepositionedin space.Color codingallows to identify
whichmeasuredvaluebelongsto whichvolume(seeFigure5).

3.2.2 MeasurementJug

The direct volumemeasurementmethodallows the calculationof
individual objects.However, for treatmentplanning,a volumecal-
culator is requiredto measurethe aggregatedvolumeof multiple
objects(e.g., the volume of two or more resectedtumors,or the
volumeof multiple liversegments).For thispurpose,weaddedan-
other tracked prop, the measurementjug, to our toolbox. Virtual
objectscanbedepositedin thejug usingsimpledraganddropwith
the pen. Eachobject is representedby a color codedvirtual slice
in thejug, with theheightof theslicecorrespondingto theobject's



volume.Theoverall volumeis displayednumericallyon top of the
jug (seeFigure 2 and 6). To improve the overview in caseof a
cluttereddisplaywith many differentvolumeobjects,theonesde-
positedin thejug canberenderedinvisible until thejug is emptied
by a turnovergesture.

Figure 2: The measurementjug, shown 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

Angularmeasurementscanbenecessaryfor analyzingthevascular
structure. Anglesbetweenbranchesareoften importantfor plan-
ning accessto thetumorduring intervention. Thegeometryof the
angularmeasurementtool is similar to the distancemeasurement
tool. Two cylinder-shapedlinesspanananglein 3D, the linesare
delimitedby two conicendpoints,while theapex corneris visual-
ized by a sphere(seeFigure3). By placingthe penandpressing
thebutton,theuserspeci�estheapex andthetwo endpoints.Both
conesandthespherecanthenbefurtheradjustedby theuser.

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

3.4 AutomatedMeasurements

In additionto manualmeasurements,which give full controlto the
user, automatedmeasurementof distancesand volumesare pro-
videdfor caseswhenoverall assessmentof objectsis of interest.

3.4.1 Minimal Distances

Minimal distancecalculationcanbeappliedfor two disjointobjects
(for instancetwo tumors).For treatmentplanningit is suf�ciently
accurateto calculatethe minimal distanceon the basisof surface
vertices(currentlythrougha bruteforce approach,which is suf�-
cient for our objects' resolutions).Theminimal distancemeasure-
ment is triggeredby selectingtwo disjoint objectswith the pen-
cil. After the calculation,a distanceline is drawn indicating the
length and position of the distance. For measuringthe minimal
distancebetweennon-disjointobjects(e.g. onemajorbranchof a
vesselstructureanda tumor, if otherbranchesof thevesselstruc-
ture are intersectingthe tumor), automatedalgorithmscannotbe
appliedwithout manuallyaltering the object topology. However,
theinteractive ruleror thesnap-to-objectmodecanbeusedfor this
task.

3.4.2 Object's Extensions

Another automatedcalculation is the maximal object extension
which is necessaryfor analyzingthespatialextensionsof the liver
or tumors.Theusersimply selectsthedesiredobjectwith thepen,
andthe maximalextensionis computed.The calculationis done
throughprincipal componentanalysis(asproposedby [18]), and
the result is drawn inside the transparentlyrenderedtarget object
asthreeorthogonalcylindric lines indicatingtheprincipalcompo-
nents.

4 EVAL UATI ON AND RESULTS

To evaluateour mainhypothesisthatspatialmeasurementscanbe
moreef�ciently carriedout in VR comparedto a traditionalmed-
ical planningsystem,we conductedan evaluationcomparingtwo
conditions:a standardmedicalapplicationcalledOsiriX [28], and
thepresentedmeasurementtoolkit of theVLSPsystem.

4.1 Evaluation Setup

The �rst condition– OsiriX – is a desktop-basedsystemwhich is
a frequentlyusedplatformfor medicaldiagnosismainlycontrolled
by a standardmouse.Several visualizationpossibilitiesareavail-
ablesuchasvolumerendering,surfacerenderingby thresholding,
anda 2D multi-planarreconstruction(MPR) techniquewhich al-
lows theextractionof a slice in any positionandorientationof the
3D volumeby moving androtating line-modi�ers (seeFigure7).
Oncethe correctslice is found,measurements(i.e. distancemea-
surement)canbeperformed.

For thesecondcondition– theVLSP system– we useda semi-
immersive large-screenstereoscopicback-projectionsystemwith
a size of 3 m � 2.40 m and a resolutionof 1280� 1024. The
subjectwaswearingtrackedshutterglasses,andperceivesthescene
with 60 framespersecond/eye. Thedistanceto theprojectionwall
wasabout2 meters.Thein�uence of differentoutputdevices(e.g.
HMD, shutterglasses)on accuracy wasnot focusof this evaluation
sincea studyhasalreadybeencarriedout by Rollandet al. [20].
For tracking,weutilizedanopticaltrackingsystemfrom Advanced
RealtimeTracking(A.R.T.) [27].

The input devices consistedof a tracked pencil and a tracked
semi-transparentpersonalinteractionpanel(PIP)[23]. Thepenwas
usedfor direct interaction,whereasthepanelwasmainly usedfor
systemcontrol tasksandmenus. Multiple buttonson the penal-
lowedacon�gurationwherethe�rst buttonis for interactiontasks,
thesecondis for moving andthethird oneis for scalingthescene.
For theevaluation,bothmeasurementpropspresentedin theprevi-
oussectionwerenotused.



(a) Using the snap-to-objectmodemarks
thenearestpointon thenext registeredob-
jectwith asphere.

(b) By pressingthe button on the pencil,
the starting point of the distanceline is
snappedto thisposition.

(c) Line modi�ers canbeeditedif thepen-
cil' s positionis next to a cone(highlighted
green).

Figure 4: Di�erent modes for dragging a distance line in 3D.

(a)Thepencil is usedfor selectinga target
object(highlightedin green).

(b) By pressingthe button, the volume is
calculatedon-the-�y and attachedto the
pen's tip.

(c)Thequantitycanbepositionedin space.

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

(a) Initially, the object is selectedby the
pencil(highlightedin green).

(b) The selectedobject is attachedto the
pencilandcanbedraggedin themeasure-
mentjug.

(c) By releasingthe button, the object's
volumeis indicatedby a slice in themea-
surementjug.

Figure 6: The measurementjug can be used for 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.



Axial view

Extracted MPR slice

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 Wepreparedthreedifferentphantommed-
ical liver datasets,eachcontaininga liver, a vesseltree(wheretwo
branchesaremarked for angularestimation),andtwo tumors(see
Figure8). All threedatasetsshow up a variation in tumor sizes,
distancelengthsbetweentumors,and anglesbetweentwo target
brancheswhich werehighlighted. Sinceall datasetsweregener-
atedby aprior segmentation,theVLSPsystemrenderedall objects
usingasurfacerepresentation.In caseof OsiriX, a3D voxel-based
datasetwasgeneratedwhereauniquelabelwasassignedto eachin-
dividual object.This datasetcouldeitherbebrowsedslice-by-slice
in z-directionor investigatedusingthe2D MPRtechnique.

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

Subjects and Procedure 20subjectsparticipatedin theeval-
uation,12maleand8 female,rangingbetween18and32yearsold,
with anaverageageof 26. Eachsubjecthadto ratetheexperience
for 2D interaction,VR interaction,medicalbackground,theVLSP
system,andOsiriX with ascorebetween1 and5 (1 noand5 much
experience).A summaryof theratingsis shown in theTable1.

Eachsubjecthad to perform � ve different taskson eachcon-
dition (angularestimation,minimal distanceestimationaswell as
measurement,relative volume estimation,and volume measure-
ment). The following list describesall taskswhich were carried
out in detail:

� Volumeestimation: subjectswereaskedto estimatetherela-
tivevolumeof the�rst tumorcomparedto thesecondone.For

Experiencein Averagescore

2D interaction 4.35

VR interaction 2.75

Medicalbackground 2.15

VSLPsystem 1.85

OsiriX 1.05

Table 1: Ratings about the subjects' experience in certain �elds. A
score between 1 and 5 (1 no and 5 much experience) was possible.

this task,they only usednavigationcapabilitiesof thevisual-
izationsystemavailableon eachcondition,without theaid of
abuilt-in measurementtool.

� Volume measurement: subjectswereaskedto usethebuilt-
in volume measurementtool (as good as possible)on each
conditionfor recordingthetaskcompletiontime.

� Distanceestimation: theuserwasaskedto estimatethemin-
imal distancebetweentwo tumorsonly usingnavigation(in-
cludingMPRin 2D). A spherein thedataset(20mmin diam-
eter)wasusedasreferencedistance.

� Distancemeasurement: theuserwasaskedto usethebuilt-
in distancemeasurementtool for measuringtheminimal dis-
tancebetweentwo tumors. In VR, theminimal distancewas
calculatedthreetimes.At �rst free-handed,secondusingthe
snap-to-objectfacility, and�nally usingtheautomatedmini-
maldistancecalculation.

� Angular estimation: the subjectwasasked to estimatethe
enclosingangleof two highlightedbranchesof thevesseltree
withoutusingbuilt-in tools.

SinceOsiriX doesnotsupportangularmeasurementsin theMPR
mode,no comparisoncould be made. In addition,OsiriX usesa
thresholdbasedvolumecalculationalgorithm,whereaccuracy of
thevolumequantitycandiffer for differentuser-speci�c thresholds.
However, subjectswereaskedto measurethevolumeaspreciseas
possible,in orderto measurethetaskcompletiontime. Sinceaval-
idationof theusedvolumecalculationalgorithmswasnot scopeof
this paper, only taskcompletiontime wasrecordedfor theevalua-
tion.

Forall otherinteractiontasks,werecordedtheachievedaccuracy
(relativeerrorto groundtruthdata)andtaskcompletiontime. In ad-
dition, weaskedfor measuringtheminimaldistancesin theVR en-
vironment�rst only free-handed,thenby usingthesnap-to-object
functionalityand�nally usingtheautomatedminimaldistancecal-
culation. Sincetheaccuracy of theautomateddistancecalculation
dependson the objectsresolution,we wereonly interestedin the
averagecompletiontime for this task.

Threedifferentdatasetswerepreparedfor evaluation. Onewas
usedfor training on eachtarget application,while the other two
were usedfor evaluation(one for the �rst condition, one for the
secondcondition). All datasetswererandomlydistributedover all
subjects,and within-subjecttask order was also randomized. A
shorttraining of 10 minutesper conditiongave the possibility for
introducingall requiredmeasurementtools.

4.2 Quantitati veResults

Themeansandstandarddeviationsof all tasksandconditionsare
summarizedin Table2 includingananalysisof variance(ANOVA)



comparingboth conditions. Bold values indicate better perfor-
mancefor a given task. The �rst columncomparesthe taskcom-
pletiontime andthesecondonetheaccuracy of themeasurements
or estimations(therelativeestimationor measurementerror).

Theresultsindicateaclearbene�t for theVR systemconcerning
the taskcompletiontime. For all tasks,an ANOVA revealedsig-
ni�cant betterresultsfor VR interactionconcerningtimeef�ciency
assuminga p-valueof p< 0:05for all tests.Detailscanbeobtained
in Table2, wherebold ANOVA valuesindicatea signi�cant bene-
�t. The correspondingbox plots comparingcompletiontimesfor
varioustasksareshown in Figure10.

Concerningthe accuracy, the VR measurementtools also per-
form slightly betterfor most of the tasks(comparingmeansand
standarddeviationsof 2D andVR). However, nosigni�cant results
could be achieved. This canmainly be explainedby the fact, that
exact measurementsare also possiblein 2D, if the correctMPR
sliceis found.

For distancemeasurements,we comparedfree-handedandcon-
strained(snap-to-object)interaction. Concerningtaskcompletion
time, the snap-to-objectmodeperformssigni�cantly best. How-
ever, morepreciseresultscouldnot beachievedby usingthis con-
strainedmeasurementtool. We alsorecordedthe averageinterac-
tion time for usingthebuilt-in minimal distancecalculationin VR,
andobtainedameantaskcompletiontimeof 7 seconds.

4.3 Qualitati veResults

In addition,questionnaireswere�lled out by subjects,statingtheir
personalpreferenceamong2D andVR for measurementtasks.Fig-
ure 9 shows 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.
Onenoteworthy observation is that distancemeasurementsin 2D
arepreferredby 6 out of 20 subjects.Thesesubjectsstated,that
dragginga 2D line on a MPR slicecanbeperformedeasierby us-
ing the mouse. We concludethat a possibleimprovementof the
VR interactionis to let theuserchoosebetweendirectfree-handed
3D measurementanda techniquethatrequirestheuserto specifya
cuttingplanein 3D �rst (similar to [7]), thenperformprecisemea-
surementswithin thatplane.
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Figure 9: Personal preference among 2D and VR for measure-
ment/estimation tasks. The bars indicate the accumulated scoring
for an individual task.

5 DI SCUSSI ON

This paperpresenteda set of interactive VR-basedmeasurement
tools for surgical planningapplications. The tools are designed
for computer-aideddiagnosisandtreatmentof liver tumors,but not
limited to thisdomain.Themainbene�t of thenew approachcom-
paredto a conventional2D medicalworkstationlike OsiriX is the
true direct interactionpossibility using6 DOF input devices,and
enhancedvisual feedbackthroughhead-trackedstereoscopicvisu-
alization.

An evaluationindicatedthatVR-basedmeasurementtoolshavea
signi�cant bene�t comparedto 2D desktop-basedsystemsin terms
of taskcompletiontime. Every taskcould be carriedout fasterin
VR thanin the2D environment.Evenin termsof accuracy, slightly
betterresultsin mostof thetaskswereachieved. However, achiev-
ableaccuracy in VR is limited by theusedtrackingsysteminclud-
ing its precisionandcalibration. We usedanoptical trackingsys-
tem,whichwasratedasoneof thebestin [24]. However, according
to physicians,theachievedprecisionby our trackingsystemis ac-
ceptablefor thedevelopedmeasurementtasks.

We have alsocarriedout a similar userstudywith a smallgroup
of physiciansin orderto getfeedbackof potentialusers.Theresults
weresimilar, althoughaccuracy errorsconcerningvolumeestima-
tionsin 2D weremuchhigher. Thiscanbeexplainedby thefactthat
physicians,especiallysurgeons,whoarenottrainedto theradiolog-
ical workstationsin their daily routine,did not usetheMPR func-
tionality for estimatingvolumes.This let usbelieve, thatavailable
functionalityof traditionalradiologicalworkstationsis not fully ex-
ploited,whichcanleadto inaccurateresults.

Our discussionswith surgeonsalsocon�rm thatin daily clinical
routinetime playsan importantrole, andbettertoolsmayallow a
surgeonto perform more detailedplanningin the available time,
leadingto a potentiallybettertreatment. In addition, the qualita-
tive resultsalsoreveala clearpreferencefor theVR measurement
tools. Especiallythe interactionwith thetrackedpenfor measure-
ment tasksgainedmuch positive attention. Also, someof them
statedthatthelearningcurvefor VR interactionis muchbetterthan
for desktop-basedmouseinteraction.Themeasurementjug seems
to be very useful for calculatinga sumof differentvolumes. For
instance,thesumof volumesof certainliver segmentsis oftenre-
quired for treatmentplanning. According the type of output de-
vice,aclearpreferencewastowardsusingprojection-basedsystem
insteadof head-mounteddisplay. Shutterglassesprovide a more
comfortablefeelingandcanbeusedfor a longerperiodof time.

Themain limitation of this systemif beingusedin clinical rou-
tine is hardwarecost. Sincea VR setupmustbe installed,compo-
nentssuchasa high quality trackingsystemor a renderingwork-
stationmustbe afforded. However, the returnof investmentmay
be given by saving a lot of time spendon measurementor on the
wholeplanningprocessin general.

6 CONCL USI ON

By thedevelopmentof ef�cient andintuitive userinteractiontech-
niqueslikepresentedin thispaper, webelieve,that3D spatialanal-
ysis toolscontributedto increasetheacceptanceof theoverall sur-
gical planningsystem.However, a full scaleevaluationwithin the
clinical work�o w will benecessaryto assesstheoverall impactin
clinical routine.

For future work, a further evaluationcomparing3D desktop-
basedmeasurementtools suchas proposedin [18] with the pre-
sentedVR tools would be interesting.Sinceindirect 3D manipu-
latorsarenecessaryfor a desktop-basedsystem,thecomparisonto
directmanipulationwith 6 DOF is valuable.



task completion time (sec) accuracy(rel. error in %)

2D VR ANOVA 2D VR ANOVA

Volumeestimation 83:15� 48:74 27:70� 18:34 F = 22:67 37:29� 32:17 31:96� 27:14 F = 0:32

Volumemeasurement 34:58� 10:43 9:80� 9:11 F = 127:97 n.a. n.a. n.a.

Distanceestimation 84:84� 50:46 16:95� 10:56 F = 36:48 37:90� 43:26 42:10� 25:13 F = 0:15

Distancemeasurement 45:65� 31:37 43:10� 24:92 9:95� 8:54 8:51� 6:42 F = 0:15

Distance measurement(snap-
to-object)

n.a. 22:80� 18:26 F = 8:63 n.a. 8:78� 10:63 –

Angularestimation 77:65� 55:87 18:45� 10:35 F = 21:71 27:39� 26:80 18:88� 18:08 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 values indicate 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.


