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Abstract

Thispaperreportsona new appoad for visualizingmulti- eld MRI or CT datasetsn animmesiveernvironment
with medicalapplications.Multi- eld datasetscombinemultiple scanningmodalitiesinto a single 3D, multi-
valued,dataset.n our apptoad, they are classi ed and rendeed usingreal-timehardware acceleatedvolume
rendering and displayedin a hybrid work ervironment,consistingof a dual powerwall and a desktopPC. For
practical reasondn this ervironmentthe designand useof the transferfunctionsis subdividedinto two steps,
classi cationandexploration. Theclassi cation stepis doneat the desktoptakingadvantae of the 2D mouseas
ahighaccuacyinputdevice Theexploration procesgakesplaceonthepowerwall e presenbur new appoad,
describethe underlyingimplementationissuesyeporton our experienceswith differentimmessiveenvironments,
andsuggestwaysit canbeusedfor collaborative medicaldiagnosisandtreatmenplanning

Catagoriesand SubjectDescriptorgaccordingto ACM CCSy H.5.1[Multimedia Information Systems]Arti cial,
Augmentedand Virtual Realities;.4.10 [Image Representation]Multidimensional;l.4.10 [Image Representa-
tion]: Volumetric;J.3[Life andMedical Sciences]MedicalInformationSystems.

1. Intr oduction

Direct volume renderingis animportantand e xible tech-
niguefor visualizing3D volumetricdata.Thistechniquehas
beenusedwith greatsuccessn medicalimaging applica-
tions, especiallydiagnosigNT01, TKHS03 HWC 03] and
treatmenplanning[LFP 90]. The succes®f thistechnique
andits resultingpopularity canbe attributedto severalfac-
tors. First, volumerenderingdoesnot requirean intermedi-
aterepresentationf the datafor imagegenerationpermit-
ting interactive featureextractionwith immediatefeedback.
Secondpecausehe optical modelusedfor volumerender
ing allows featurego berenderedvith ary degreeof trans-
pareng, it can naturally provide contet without obscur
ing featuresof interestby simultaneouslyrenderingsemi-
transparenphysical or anatomicallandmarks.Finally, the
useof a transferfunction, converting datainto renderable
optical propertiesallows oneto classifyandvisualizefea-
turesthat may not be capturedusing othertraditionaltech-
niguessuchasiso-surfice extraction. In particular multi-
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dimensionatransferfunctionsallow featurego beclassi ed
basedon a uniqguecombinationof datavalues,which helps
to disambiguatalistinct featuresthat may sharedatavalues
with other unimportantfeatures.

Immersve visualizationusing stereoscopidisplayswith
headandhandtracking canenhancevisualizationand data
analysisby providing the userwith a truly three dimen-
sionalview of the datasetThis is especiallyapplicableto
direct volume renderingsince multiple overlappingsemi-
transparenfeaturesmay lead to perceptualambiguitiesin
shapeanddepth. An immersie ervironmentaddressethese
problemsin several ways. Stereopsisand motion parallax
help the userresole spatial feature placementusing nat-
ural and precognitve abilities of the human visual sys-
tem. The coupling of head and hand tracking with di-
rect manipulationof the visualization allows the userto
gain knowledge of the relatve placementand scale of
featureswithin the dataset.Thesetechniquesare impor
tant for medical imaging, diagnosis,and treatmentplan-
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ning [Sht92,SR97 RC94 GELP 96] ashigh resolution3D
scanshecomencreasinglymoreprevalent.

Thegoalof thiswork is to designasystenfor volumeren-
deringin virtual reality thatallows theuserto freely explore
datawithout being burdenedby the traditional ergonomic
problemsof VR or the dif culties of manipulatinga high
dimensionalransferfunction. Suchan ervironmentis par
ticularly applicablefor collaboratve work wheredomainex-
pertsinteractwith eachotherandwith visualizationexperts.
Onesuchapplicationis diagnosiof tumorsthroughthe use
of multiple imaging datasetsThe immersive ervironment
with its high spatialacuity allows for collaboratve sugical
planningamongmultiple domainexperts.

However, the manipulationof a desktopinterface for
multi-dimensionaltransferfunctionsis cumbersomen an
immersie ervironment.To addresshis, we divide thespec-
i cation of multi-dimensionatransferfunctionsinto two in-
dependentasks,which we term classi cation and explo-
ration,anddescribetheir uniqueinterfacecharacteristics.

In the next section,Section2, we describeour physical
VR environmentand identify several key designchoices.
In Section3 we describea novel interface for manipulat-
ing high dimensionatransferfunctionsin VR. In Section4
wedescribemplementationadietailsof ourinterfaceandthe
hardwarethatit involves.Section5 compare®ur suggested
immersve environmentto the CAVE, andshavs how it can
beusedin aclinical ervironment.Finally, we concludewith
resultsandfuturework.

2. A Collaborative Immersive Environment

Ourimmersie volumevisualizationsystemwasdeveloped
basedon threeprimary designcriteria. First, successfubi-

sualizationsretypically accomplishedia collaboratiorbe-
tweenone or more domain and visualizationexperts. Vi-

sualizationsystemscan be complicatedand require exten-
sive knowledgeof boththe hardwareandsoftwarethatcom-
prise them. This is especiallytrue for immersie erviron-

mentsandmoderrnhardwareassistedrolumerenderingech-
nigues.Software and hardwareresourcesnustbe carefully
managedn orderto maintaina high level of interactvity.

Seconduserinterfacesmustbe carefully designedo meet
theneedof theuser Thisissueis particularlyrelevantwhen
we considerthedif cult taskof transferfunctiondesign.Fi-

nally, egonomicfactorsare animportantissuefor immer

sive ervironments.Since the primary mode of userinter

actionis throughheadand handtracked input, the useris

typically encouragedo standand move aboutthe erviron-

ment using hand gestureso manipulatethe visualization.
Thisis in dramaticcontrastto desktopcon gurationswhere
the userviews the visualizationin a comfortablesitting po-

sition andinteractswith it via minimal handmotionsusing
a 2D mouse Fatiguefrom standingandpointing (gesturing)
for long periodscandiscouragehe userfrom spendinghe
time to thoroughlyinvestigate,andthusgain maximalbene-
t from, thevisualizationsession.

Our systemis designedto accommodatenultiple users
eithersitting or standingusing two large stereoscopidis-
playsand a traditional desktopdisplay Figure 1 illustrates
the con guration. Two sideby sidevertical displays(A and
B) are eachcon gured usingtwo projectorswith comple-
mentarypolarization Iters for passie stereo A traditional
desktopdisplay(C) is locatedn front of oneof thelargever
tical displays.The left display (A) is setupto provide head
tracked 3D stereoscopiémagery Theright display(B) can
be con gured asan extensionof theleft displaymakingthe
3D environmentlarger, or asaseparat@D displayproviding
differentviews of the dataandinteractiontools. It canalso
be con guredasa 2D displayreplicatingthe desktops out-
put for an audience The entire workspacehas3D position
andorientationtracking.

g 30/20 g2

Dual Projectors:
Left & Rght eyes

Figure 1: ImmesivevolumerenderingworkspaceThetop
illustration showsthe workspacecon guration. Thebottom
image showsstandinginteraction using the immesive 3D
display

This workspaceallows usersto interactwith the visual-
izationusingthe mostappropriatanodality In atypical ses-
sion, a visualizationexpertdrivesthe visualizationand pro-
vides assistanceaising the 2D display The domainexpert
is allowedto freely explore andinteractwith the visualiza-
tion on ary of the threedisplays.We found thatinteracting
with the virtual environmentwhile sitting not only reduced
fatiguebut alsoimproved the accurag of interactionswith
immersve toolsandvisualization.The preferredpostureus-
ing the3D mousehadoneselbaw resting rmly onthetable
providing additionalstability for ne movements.

3. Immersive Volume Rendering
The use of multi-dimensionaltransfer functions for vol-
ume rendering applicationshas been shavn to dramati-

¢ TheEurographicsAssociation2004.



Kniss,Sdulze Wossnenkler, Lang Hanser/ Multi- eld VolumeRenderingand VR Techniques

cally improve ones ability to classify featuresof inter
estin volume data [KKHar]. The visualizationof nearly
all datasetscan benet from multi-dimensionaltransfer
functions, even scalar datasetsUnfortunately manipulat-
ing high-dimensionalransferfunctionsis dif cult andhasa
steeplearningcune. In our experimentswe foundthatthis
dif culty is further compoundedn animmersve erviron-
mentdueto low accurag in one's ability to selectrelatively
small control pointsandmake ne movementswith 3D in-
put devices. Although recentstudiesdemonstratehat im-
provedaccurag for someinteractionscanbe accomplished
by mappingsmallmovementdo wrist rotations[SWWL01,
we have found the designof goodtransferfunctionsin an
immersve ervironmentto be a tediousandtime consuming
task.

Our solutionto this problemstemsfrom the obsenation
thattherole of transferfunctiondesignfor volumerendering
is essentiallytwo independentasks,classi cation and op-
tical propertyspeci cation. The classi cation stepinvolves
identifying the regionsof the datadomain,or featurespace,
that correspondo uniquematerialsor materialboundaries.
Oncetheseregions have beendeterminedall that remains
for the userto do is assigncolor and opacity making the
classi edmaterialscorrespondingo featuref interestisi-
ble andunimportanmaterialgransparentith thisin mind,
our systemis designedvith two distinctinterfacesfor trans-
fer functiondesign.

3.1. Classi cation

Theclassi cationinterface seerin Figurel A (seecolorsec-
tion for Romannumberedgures), is designegrimarily for

the visualizationexpert. It is mostsimilar to that proposed
in [KKHar], with the additionof aninterfacefor assigning
a nameto eachclassi ed feature.Initially, classi cationis

carriedout asa preprocessingtepprior to the visualization
sessiorusinga 2D desktopcon guration. The visualization
expertattemptdo classifyary andall relevantfeaturesusing
a variety of tools suchasdual-domaininteractionandjoint

histogramanalysis.Oncefeatureshave beenclassi ed and
named,the visualizationexpert can specify the initial op-

tical propertiesand save the classi cation speci cation for

lateruse.

A classi cationinterface,seerin Figurel B, hasalsobeen
developedfor usein theimmersie 3D display Theintentof
this interfaceis to allow the userimmediateaccesgo clas-
si cation parameter$or re nementduringthevisualization
sessionAs notedearlier direct manipulationof classi ca-
tion elementsmay not be appropriatevhenusing 3D input
devices.To addresghis, we alsoprovide the userwith a set
of rotaryknobsfor manipulatingeachdegreeof freedomlin-
earlyandindependentlyAn exampleof theimmersie clas-
si cation tool canbe seenin Figurel B.

3.2. Optical Properties
During the visualizationsessionthe saved classi cationis
loadedwith the datasetandthe domainexpertis presented
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with theinitial optical propertiesspeci edin the classi ca-
tion step.Ratherthanbeingpresentedvith the complicated
classi cation interface, the useris provided with a simpli-
ed materialmixer, seenin Figurel C, which allows oneto
adjustthe optical propertiesassociatedvith eachclassi ed
feature.Eachclassi ed featureis identi ed by name.The
features opacityis speci ed by rotatinga knob widget, its
coloris setusinga standardatolor picker tool.
Themainadwantageof thisinterfaceis thatthe useris not
burdened,or worsedistracted by the complicatedand ab-
stractnatureof the high dimensionafeaturespacan which
materialsare classi ed. Rather usersare provided with the
relevant degreesof freedom,namely;what featureis being
manipulatedhow opaquaet is, andits color.

3.3. Collaboration

While it is expectedthat the visualizationexpert carry out

the classi cation step,it mustoften be donewith the guid-

anceof thedomainexpert.It is frequentlythe casethatfea-
ture classi cation mustbe re ned during the visualization
sessionThe visualizationexpert canchooseto manipulate
thetransferfunctionusingeitherthe 2D desktopinterfaceor

assisthedomainexpertin theimmersive ervironment.

4. Implementation

4.1. Hardware

Our hybrid work environmentconsistsf two rearprojected
passie stereadisplaysandatablein front of them.A video
switching unit is usedto selectwhich PC's outputis used
for eachprojectorand desktopdisplay Our software also
worksin CAVE-like ervironments[CNSD93] lik e the four
screenCUBE at HLRS. Both ervironmentsare driven by
COTS PCswith NV25 based\Vidia graphicscards.

4.2. Software

Ourimmersie volumerenderingapplicationis built on top
of several existing visualizationand scienti c computing
frameawvorks,namelyOpenGL OpenGLPerformerCOVER,
COVISE, Simian,andusingLinux asthe operatingsystem.
Figure2 illustratesconceptuallyhow thesesoftwarecompo-
nentsinteract.

Immersive Volume Rendering

Simian
Cover

Performer|

Covise

OpenGL

Graphics [ CPU&Network | 3D Tracking

Figure2: Softwae frameavorkfor immesivevolumerender
ing.

Simian[KKHO01] is a volumerenderingtool designedo



Kniss,Sdulze Wossnetnkler, Lang Hanser/ Multi- eld VolumeRenderingand VR Techniques

supportmulti- eld volumerenderinglt hasbeendeveloped
at the University of Utah. The entiretool is usedfor clas-
si cation at the desktopandits renderingcodeis extracted
for usein thevirtual environmentswhichrunwith COVISE.
The original Simiansoftwarelacked the capability of pass-
ing the transferfunction widgetson to otherprogramsWe
addedheoptionto write thewidgetparameterso a le.

COVISE is a visualization and scientic com-
puting framevork developed at the University of
Stuttgart [RLR96]. Its virtual reality renderer COVER
[RFL 98] is a standalone,OpenGL Performer based
programthat supportsarbitrary virtual ervironmentsand
inputdevices.Theuserinterfacesoftwareusedin thevirtual
ervironmentsis basedon the volumerenderingapplication
presentedn [SWWLO01] and [WSWLO02]. Performersup-
ports parallel application, culling, and drav processe®n
multiprocessomachinesFor theintegrationof Simian,the
user interface and renderingroutineshad to be separated
and integrated into the application and drav processes,
respectiely.

4.2.1. Material Mixer

The materialmixer (seeFigurel C) is madeup entirely of
standardCOVER menuitems,in this casdabelsfor material
namesandrotary knobsfor the opacity The valuerangeof
theknobsis from “fully transparentto “fully opaque”.

4.2.2. VR Classi cation Interface

The classi cation interface (see Figure | B) consistsof
several groupsof elements.The main rectangularregion
shaws the histogram.Here the transfer function widgets
are located,similar to the Simian transferfunction editor
[KKHO1]. They canbe moved by pointing and clicking at
themwith the 3D wand. Widgets are createdand deleted
with the greeniconsat the left of the window. The “Hist”
button togglesthe display of the histogram.The color disk
andthe“Bright” knobde ne the color of the active widget.
Therotaryknobsatthebottomof thewindow changea wid-
get's geometryandopacity All thewidgetsarelisted atthe
right edgeof thewindow.

5. Results

5.1. Immersive Comparison

As previously stated we have implementedhis systemfor
botha CAVE immersie ervironmentanda power wall im-
mersve ervironment.A comparisorof the two immersie
ernvironmentsfor collaboratve exploration tasksinvolving
medical diagnosisand sumical planning (describedin the
next sub-sectionsivasuseful.While the CAVE ervironment
is anattractive optionfor mary immersve visualizationand
graphicsapplicationswe foundit dif cult to meetour sys-
temdesigngoalsin this workspaceThe CAVE is designed
to function primarily asa singleuserervironment.Because
of limited spaceandthe useof all four displaysasa single
integratedview of the visualization,closecollaborationbe-
tweenthe domainandvisualizationexpertsis dif cult. We

cannotplacea deskor use chairsinside this ervironment
sinceit would interferewith the immersiongestalt,further
limit the available space,and potentially damagethe deli-
cateprojectionsurfacesWe consideredhaving thevisualiza-
tion expertassistin this environmentusingalaptopPCwith
wirelessnetworking. Althoughthis allowedthevisualization
expertto participatein the sessiorfrom within the erviron-
ment,its usewas quite limited. Sincethe laptop's userhas
to carry the unit, it is dif cult to male ne adjustmentsn
theclassi cationinterface andtheuserquickly becomega-
tigued. Thus,the power wall ervironmentwasbettersuited
to our applications.

5.2. A Multi-spectral MRI CaseStudy: Preliminary
Results
We are currently investigating the use of our immersie
volume renderingsystemfor medical diagnosisand sur
gical planningin a collaborationwith the Olgahospitalin
Stutteart. The Olgahospitalis a childrens'hospitalwherea
numberof patientsare treatedfor seizurescausedby cor
tical neurons.In patientswith intractableepilepsy the de-
tection of lesionsin areasof interestcan help to decide
whethersugery to remove the lesionshasa chanceto stop
the seizureswithout creatingsigni cant damageThedetec-
tion of theselesionsis typically doneusingMRI. Unfortu-
natelythelesionsareoftendif cult toidentify in thesescans
becausehey arecharacterizetby subtledifferencesn con-
trast, thickness and sharpnessf the borderbetweerwhite
and gray matter Today theselesionsare diagnosedusing
severalhighresolutiorandhighcontrasMRI sequencethat
arevisually inspectedusing software designedo dealwith
theacquireddataon a slice by slicebasis.

The focus of this study is two fold. First, we intendto
demonstrat¢éheeffectivenesof multi-modalMRI dataclas-
si cation using multi-dimensionaltransferfunctions. Our
hopeis that the tissuecharacteristiceapturedby different
MRI scanningsequencesanbe combinedo betteridentify
tissuetypesand lesions.Secondwe intendto identify the
waysin which ourimmersve visualizationsystemcanassist
in diagnosisandtreatmenplanning.By providing acollabo-
rative environmentthatallows multiple physiciansandvisu-
alizationexpertsto gain spatialawarenes®f the anatomical
featuressumgery canbeplannedasa collaboratve process.

5.2.1. Registration

Figurell shovs an exampleof three MRI scanmodalities
usedin traditionaldiagnosisandthis study Thebottomright
imageis a multi-modal visualization,createdby assigning
eachmodalityto acolorchannelln mary casesthesescans
areacquiredat differentresolutionsandtimes.Thus,anini-
tial co-registrationpre-processingtepis required.Thereare
several approache$or intermodaldataregistrationranging
from completelymanualto fully automatic.Thereare two
widely availableandfreeregistrationtools Automaticimage
Ragistration (AIR) [AIR] and Statistical Parametric Map-
ping (SPM)[SPM]. A comparisorof thesepackagesanbe

¢ TheEurographicsAssociation2004.



Kniss,Sdulze Wossnenkler, Lang Hanser/ Multi- eld VolumeRenderingand VR Techniques

foundin [KAPF97]. Althoughthesetoolsareautomaticwe
discoveredthatsubstantiamanualkegistrationwasrequired,
andthat AIR performedbestwhenthe datasetsvereregis-
teredto within 2 voxelsand3 degreesof rotationalongary
axis.

5.2.2. Classi cation

Oncetheregistrationparameterfiave beendeterminedthe
scansare resampledand combinedinto a single multi-
valued dataset.In addition to the scan intensities, we
add multi-gradientmagnitudemeasurewhich is discussed
in [Sap97 KKHar]. Classi cation is performedmanually
guidedprimarily by joint histogramanalysisFigure3 shavs
anexampleof joint histogramsf co-registeredprotonden-
sity (PD) and T2 MRI scansFigure 3 A, left, shavs how
consideringthe uniquecombinationsof datasaluesin these
scans,using a joint histogram,can help identify features
moreclearlythanthe 1D histogram®f eachdatasetseenat
theleft andtop. Figure3 B, right, shavs how the exclusion
of high multi-gradientmagnitude<anfurtherdisambiguate
homogeneousnaterials,i.e., B shavs a joint histogramof
valuesrepresentingelatively homogeneousaterials.The
labeledmaterialsare: a cerebro-spinaluid, b gray matter
¢ white matter d fat, e backgroundf bonemarrav. Con-
versely ajoint histogramof valueswith high multi-gradient
magnitudeallows usto identify boundariebetweermmateri-
alsor materialmixtures.

Figure 3: Examplejoint-histagram of T2 and Proton Den-
sity (PD) MRI scans A showsthe log-scalejoint histagram
with thecorrespondingcalarhistogramsfor eat scanseen
at theleft andtop. B showsa joint histogram createdby ex-

cludingvalueswith high multi-gradientmagnitudes Thela-

beledmaterialsare: a cerebro-spinal uid, b gray matter c

white matter d fat, e badkground,f bonemarrow.

The desktopclassi cation interface, describedin Sec-
tion 3.1, allows the visualizationexpert to usethe mouse
and place classi cation widgetsat all locationsin the 2D
histogramwherematerialshave beenidenti ed.

For the dataseusedin Figure3 B the classi cationpro-
cesdstrivial for materialsa, d, e,andf, butit requirescareful
re nementandsomeexperienceo correctlydistinguishma-
terialsb andc (grayandwhite matter).Thetransferfunction
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widgetscanoptionally be assignechamesfor the materials
they represent.

Notethatin theclassi cationstepthedomainexpertdoes
notneedto be presentThisis importantbecaus¢hedomain
expert, typically a radiologistor physician,shouldnot have
to spendtime dealingwith technicaldetailsthat do not re-
quirehis expertise.

5.2.3. Exploration

A completeclassi cation is often composedof a dozen
or moreindividual classi ed featureswhich can make the
classi cation interface complicatedand dif cult to manip-
ulate. This emphasizeshe needfor the simpli ed material
mixer interface.Our initial resultssuggesthat our classi-
cation/explorationapproachis appropriatefor this type of
medicaldataand the immersie visualizationcan assistin
understandinghe spatialrelationshipamongimportant3D
structures.

During exploration, the domainexpert usesthe material
mixer andthe color picker to changethe parametersf the
previously de ned materials Dependingon how well thevi-
sualizationexpertwasableto setthe transferfunction, this
will beall thedomainexpertneedgo work with. In ambigu-
ouscasesg.g.,the differentiationof gray andwhite matter
in Figure3 B, thecomple transferfunctioneditorin thevir-
tual ervironmentallows the domainexpertto furtherre ne
the transferfunction parameterswhich he might be ableto
do betterthanthe visualizationexpert, given his greaterdo-
mainknowledge.

In contrastto the classi cation step,the focusof the ex-
plorationis notonthede nition of thetransferfunctions but
ratheron nding spatialfeaturesn the datasethatmaylead
to the diagnosisof a patients illness. For this purpose the
usercanrotatethe datasetzoomin onarbitraryregions,use
clipping planes.or look at the datasefrom differentangles
just by moving the head.All of this having real-timevisual
feedback,including ary changesf the transferfunctions,
providesdoctorsa novel methodto work with their MRI and
CT datasets.

6. Conclusion
This paper presents a new immersive visualization
workspacelayout that emphasizegight collaborationbe-
tweendomainandvisualizationexperts.We achieve this by
providing aworkspacehatcombinegraditionaldesktopand
immersive modesof interaction,emphasizingcomfort and
ergonomics.

We describea novel interfacefor volumerenderingmulti-
eld volumedatasetsn immersve ervironmentsFor appli-
cationareadike medicaldata,in which the datasetgonsist
of acombinatiorof severaldistinctmaterialswe adwocatea
two stepapproacho transferfunction design,classi cation
and optical property speci cation, which can signi cantly
increaseheusability of the systemfor doctors.

The combinationof the proposedvorkspaceanduserin-
terfacedesignshasdemonstratedisefulnessn applications
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like the analysisof both scalarand multi- eld volumedata
from MRI or CT scannersBecausédransferfunctiondesign
is dividedinto a classi cation,which bene tsfrom the fea-
turesof the desktopPC, and an exploration phase ,which

takes adwvantageof the virtual ervironment, the ability to

rapidly switch betweerthetasksandplatformsallows users
to moreef ciently achieve theirvisualizationgoals.

7. Future Work
We intend to continue our multi-spectralMRI collabora-
tion. The preliminaryresultssuggesseveral waysour sys-
tem could be improved. The co-rggistrationstepis tedious
and time consumingin our currentvisualizationpipeline.
This is dueto the factthat datasetsnustbe relatively well
corajisteredbeforeautomatianethodsucceedAs such,we
aredevelopinginteractive andimmersie toolsto assistwith
the initial registrationstep.While manualhistogramanaly-
sis aids in materialclassi cation, automatingthis stepus-
ing statisticalmethodsandsegmentatiorwould improve the
quality of classi cation. Suggeste@xplorationandinterac-
tion tool improvementsinclude interactve local histogram
analysisthat allows the userto investigate valuesin a sub-
setof the data,andaninteractve manualsegmentatiortool
thatallows theuserto markor maskoff localizedfeatureof
interestsothey canbevisualizedin isolation.
Onefrustratingaspectof our classi cationinterface,for
boththedesktopandimmersie versionsjs thatwe canonly
visualizethe featurespaceas2D projectionsWe areinves-
tigatinganimmersie interfacethat permitsclassi cationin
3D, thatis, the systemallows usersto re ne the classi ca-
tion usingthreeaxesof the transferfunctionat once,rather
thanjust two.
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Figure I Dual transferfunctionspeci cationinterfaces.

The left images (A and B) show the classi cation in-
terfaces.A is is the interface usedfor classi cation on
the desktopB is the extendednterfacefor classi cation
in an immesive ervironment.C showsthe the material
mixer

Figurell: Scanswith differentmodalities.Topleft: Fluid
Attenuationinversion Recwery (FLAIR), top right: T2,
bottomleft: PD. At the bottomright is a multi-modalvi-
sualizationcreatedby assigningeac modalityto a color
channel.



