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Abstract

The Insight Toolkit initiative from the NationalLibrary of Medicinehasprovided a suite
of state-of-the-arseggmentationandregistrationalgorithmsideally suitedto volumevisu-
alizationandanalysisA volumevisualization

applicationthateffectively utilizesthesealgorithmsprovidesmary bene ts:it allows ac-
cesgo ITK functionalityfor non-programmerdt, createsavehiclefor sharingandcompar
ing sgmentationtechniquesandit senesasa visualdeluggerfor algorithmdevelopers.
This paperdescribeghe integration of image processingunctionalitiesprovided by the
Insight Tookit (ITK) into VolView , avisualizationapplicationfor high performancerol-
umerendering A free versionof this visualizationapplicationis publicly availableandis
includedonthe CDROM accompaying thisissue.Theprocesdgor developingl TK plugins
for VolView accordingto the publicly available API is describedn detail,andan appli-
cationof ITK VolView pluginsto the sggmentationof Abdominal Aortic Aneurysmsis
presented.
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Fig. 1. Volumerenderingof the Visible Womandatasetgeneratedvith VolView .

1 Intr oduction

Throughthe Insight Toolkit initiative from the NationalLibrary of Medicine, ex-
pertsin the eld of imageprocessinghave createda suite of state-of-the-arsey-
mentationand registrationalgorithmsideally suitedto volume visualizationand
analysis Sincethis functionalityis providedasatoolkit ratherthananend-useap-
plication,accesss limited to researcherwith fairly advancedorogrammingskills.

Volume visualizationand analysisis a key tool in a variety of healthcareappli-
cations.It is widely usedin radiationoncology sumgical planning,confocalmi-
croscopy, andeducationln mary of theseapplications propersegmentationand
registrationof medicaldatais critical to producingthe most ef cacious results.
This taskis alsogenerallyconsideredo be the mostchallengingstepin effective
volumevisualization.

1.1 Goals

Theoverall goalof this effort is to aid in thedevelopmentdeployment,andre ne-
mentof sggmentatiorandregistrationalgorithmsto bene t heathcaredelivery, ed-
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ucation,andresearchOur methodfor achiesing thisis to provide accesso the I TK
algorithmsfrom VolView , anend-uservolumevisualizationapplication.lt bene-
ts practitionersby allowing themto make useof The Insight Toolkit's advanced
algorithmswith alow learningcurwe. It assistsalgorithmdevelopersby proving a
simpleapplicationinto which they caninserttheir algorithms,allowing for quick
performanceavaluationson a numberof differentdatasetandin comparisono
otheralgorithmsalreadyin the application.It bene ts theresearclcommunityby
providing a meansof disseminatingnew algorithmsto augmenthe technicalde-
scriptionsprovidedin journalsandconferenceproceedingsFinally, it senesasa
visual dehuggerby allowing visualinspectionof the resultsof a techniquewhich
aids developersin the evaluationand veri cation of new algorithms,and assists
practitionersn creatingmorecomplex methodsrom availablebuilding blocks.

1.2 Benets

Therearea numberof speci ¢ bene tsto integrating TK segmentationand reg-
istrationtechniqueswith VolView asplugins.For the practitioner educatorand
algorithmdeveloperthe detailedbene tsinclude:

For the PractitionerandEducator:

Expandaccess Enablepractitionersandeducatorso easilyandroutinelymalke
useof Insight's algorithmswith little to no learningcurve from within aturnkey
application.As opposedto direct use of the Insight toolkit, no programming
experiencewould berequired.

Facilitatecommunication Mostendusertoolsprovide nolink betweertheend-
usersandthe algorithm developers.ldeally a practitionerusing an application
shouldbe ableto contactthe authorof a particularalgorithmsheis using.This
promotescommunicationyalidation,andintegration of algorithmsinto health
caredelivery.

Promoteevaluation- Provide a mechanisnwherea practitionerandresearcher
can collaborateto evaluatenew algorithms.Algorithms should be capableof
beingemailedto the practitioner(or downloadedfrom a web site) andinserted
into the practitioners application.

For the Algorithm Developer:

Facilitatedeployment- Theapplicationwill be createdsuchthatnew algorithms
canbeeasilydeployedto userswithoutrequiringnew versionf theapplication.
This removesthe limitation of mostturnkey systemshatprovide new function-
ality at scheduledeleaseshatoccuronly onceor twice ayear andit encourages
bothearlyandrapidfeedbackesultingin shorterdevelopmentycles.
Increasedissemination Researchersaneasilyprovide alink to aturnkey ap-
plicationthatallowsreadergo evaluateatechniquelescribedn atechnicalpub-



lication.

Improve testing- Many segmentationand registrationalgorithmsare complex
andcanbedif cult to evaluateandtest.Oftenvalidationcanbestbe performed
by visualinspectionof theresultsof thealgorithm.

Thebene tsbuild onandleveragehepowerful featuref bothITK andVolView .
ITK includesa wide rangeof seggmentationand registrationtechniqueswith the
ability to processnary differentdatatypes.Segmentatiortechniquesncludeboth
regiongrowing techniquesuchascon denceconnectedisolatedconnectedRGB
con denceconnectedaswell aslevel settechniguesuchasfastmarching,shape
detectionwatershedand geodesicactive contours.ITK' s registrationtechniques
include intensity basedregistrationfor a variety of transformationgangingfrom
rigid throughfully deformablewith a rangeof optimizersincluding gradientde-
scent,conjugategradient,and evolutionaryalgorithms.Finite-elementechniques
can also be usedas the basisof deformableregistrationtechniquegqlbanezand
Schroeder2003).

1.3 \WlView Featues

VolView's featuresa wide rangeof functionality to facilitate viewing and inter-
actingwith volumetric data.lt was developedas an end userapplicationon top
of the VisualizationToolkit VTK (Schroederet al., 1998). The developmentof
VolView beganin early 1999,andthe fth versionof the software, VolView
2.0,wasreleasedn SeptembeR003.Duringthistime VolView hasmaturedo a
full-featuredvolumevisualizationandimageprocessingackagdeaturing:

high performance/olumerenderingon standard®C hardware

supportfor awide variety of datatypesfrom singlecomponenshortto RGBA
volumes

a powerful editorfor materialclassi cation

adjustabldighting parameter$o enhancestructuralunderstanding

interactve annotatiorelementdgor markingpositionsmeasuringanglesanddis-
tancesgcroppingthevolume,etc.

compositeandMIP projectionsin parallelor perspectre

orthogonalMPR, andlightboximageviews

arich setof imageprocessingunctionalitythatis extensible
collaboratiorbetweerremotesiteswith transferableontrol

[LISA:] Volumerenderingcitation: (KaufmanandSobierajski1995).



Fig. 2. Peerto peercommunicatiorin VolView . Two distantsitescanalternatecontrol of
thevisualizationandimageprocessingarametersv/olView will presenthesamedisplay
atbothsitesandtransferdataasneededrom onesiteto the other

1.3.1 CollaborativeMode

Thecollaboratvefunctionalityin VolView wasdevelopedaspartof aresearclef-

fort with theUniversityHospitalof Trondheimin Norway. Patientsrequiringstents
for abdominalaortic aneurysmavould travel to the main hospitalfor treatment.
Thesepatientsrequire monitoring after the procedurethat alsoinvolved the pa-

tient traveling, sometimesnary hundredsf miles, to the University hospitalfor

afollow-up CT scan.Using VolView , theregional hospitalsareableto perform
the follow-up scanswith a collaboratve VolView sessionFig. 2) betweenthe
radiologistat the regional hospitalandthe expertat the university hospitalusedto

analyzethe scan.This reduceghe costof careof the patient,minimizestheimpact
onthepatientslife, andincreaseshe knowledgein theregional hospitals.

1.3.2 Additionof Plugins

By developing a plug-in using the public API, researchersan accesgheir nev
imageprocessinglgorithmsfrom within a full-featuredvisualizationapplication.
This allows algorithmdeveloperso quickly verify andimprove their new process-
ing techniquesSinceVolView is ableto renderavarietyof datatypes thisallows
theresearchegreatfreedomin designinghenew algorithm.VolView canrender
ary singlecomponentatatypefrom 8 bit integersthrough64 bit oating pointval-
ues,andcanalsorendermulti-componentlatasuchasregisteredMR/CT studies
or processedolor (RGBA) volumes.

Thesepluginsareevenmoreusefulwithin acollaboratve setting.Thisallows asey-
mentationresearcheto seekan expertopinion duringthe algorithmdesignphase
whereboththe researcheandclinician caninteractandevaluatethe performance
of the sggmentatioron avariety of datasets.
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Fig. 3. Sharingalgorithmswith VolView . Pluginscanbedevelopedfor VolView . These
pluginsimplementimage processingnethodsuchas sggmentationand registration.The
pluginscanbe sharedetweendistantsites,they could be sentby email, or storedin web
accessiblgpages.Oncetransferredthey canbe loadedin VolView at run-time without
having to restartthe application.

2 Plugin Architecture

Thissectiondescribeshe majorissuesandrequirementvolvedin theintegration
of ITK algorithmsinto VolView ! . Beforediscussinghe designconsidehow such
pluginsmaybeused.

A researchers looking for an algorithmto segmenta tumor from within the
liver. A searchontheInternetyieldsawebpagethatdiscusses new algorithm
within the Insight Toolkit thatlooks applicable.The researchecanthendown-
load a plug-in for this algorithmandrun the freely available volumerendering
andanalysisapplication.The applicationwill provide additionaldocumentation
on how to usethe algorithm,what parameterganandshouldbe adjustedand
who to contactwith questionsandfeedbackTheresearcheusesthe algorithm
but nds acasefor whichit fails. He thencancontactthe algorithmdeveloperto
discusghisfailureandpossiblyprovideinsightinto asolution.Thealgorithmde-
velopemodi es thealgorithmandproducesnew plug-inwhichis thenemailed
to theresearcheilheresearchecanthenevaluatethe modi ed algorithmonthe
datathatcausedheearlierfailure.

Experimentiocally with ITK algorithmsfor which new pluginsarewritten on-
site. The numberof plugins currently distributed is limited. However, all the
elementsrequiredfor creatingnew plugins are publicly available, this makes
possiblefor anyoneto createnew pluginsin theirin-housedevelopment.
Createpluginsfor new imageprocessingnethodsandsendthemto othersites
for evaluationwithout having to exposethe sourcecode,nor requiringthe other
site to exposetheir data.In the casesn which local developmentscannot be
publicly sharedthe pluginsmake still possibleto provide portionsof executable
codethatcanbeevaluatedoy othersites.

Provide implementationgor methodsbeingpublished.It orderto facilitatethe
veri cation of reproducibilityfor work publishedn scienti ¢ andtechnicajour-

1 A freeversionof VolView is now availableaspartof a projectsponsoredy the Na-
tional Library of Medicine(NLM). This versionis includedin the CDROM accompaying
thisissue.



nals,authorswould be ableto postpluginsimplementingtheir publishedmeth-
ods.In thisway, their peeran thecommunitywould beableto rapidly reproduce
their resultswithout being confrontedto the discouragingoarrier of having to
implementanalgorithmdescribedn pseudo-codé apaper
Facilitatedeployment.New release®f algorithmscanbe deployedwithout hav-
ing to wait for full release®f the application.The modularseparatiorbetween
VolView andthepluginsfacilitateto updatethepluginswithouthaving to make
ary changesn theapplication.

Distribute specializepluginsascommercialproducts Currentpluginshasbeen
written for very genericimageprocessingasks.However, very specializedlu-
gins could be written for speci ¢ applicationsand could be distributedin the
form of commercialproducts.The greatadvantageof beingVolView plugins
is that all the visualizationand userinteractionfunctionalitiesare obtainedfor
free. Theplugin developercanthenfocusonly on theimageprocessingspects
of herwork.

Hosting pluginsrepositories Specializedluginsthat arein the public domain
couldbemadeavailablein binaryform. In combinationwith adequate&uerying
protocolsthey couldsene assupportresourcesor grid-like computation.

TheseUse-Casesmply a numberof requirementsThe following list illustrates
someof thefundamentatequirements$or a successfuplugin architecture.

Pluginsmustbe e xible sothatthey canbe compiledon onecomputerandthen
emailed(or downloaded)}o anotheresearcher

Most sggmentatiortechniquesequirethatthe clinician specifya numberof pa-
rameterr seedpointsfor the segmentationThis dictatesthatthe plugin mech-
anismmust provide for a graphicaluserinterface so that the usercan select
parameterandadjustvaluesor seedpoints.

Pluginsmust provide built-in documentatiordescribinghow to usethem and
whatthedifferentparametersontrol.

For computationallyexpensve pluginstheremustbesomeindicationof progress
andtheability to cancelthe computationf it is takingtoo long.

For memoryintensive pluginsVolView mustbe ableto estimatehow much
memorywill be requiredto run the plugin. Someseggmentationtechniquege-
quire alarge amountmemoryfor intermediateesultswhich for alarge medical
datasetaneasilyexceedthe computers memory

The plugin mustreceve a full descriptionof the input dataincluding aspects
suchasdimensionsspacing,datatype, units aswell asspecifyingthosesame
propertiedor the outputit will produce.
Thearchitecureshouldsupportpluginsthatcanprocessheir datain-placeor in
piecesfor lower memoryconsumptioraswell aspluginsthatcannot.
Somepluginsmay producesurfacegor meshes)nsteadof anoutputvolume.

A plugin may requiremorethanonevolumeof input data.This is commonfor
mary level setsggmentationtechniqueghatrequirea featureimageaswell as
aninitial sgmentatiorto operate.
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Fig.4. UML Sequenc®iagramillustratingthebasicinteractiondbetweervolView andthe
Plugin.

2.1 Plugin- \olView Interactions

Themostinterestingaspecbf the mechanisnusedfor integratingl TK capabilities
into VolView is thedecouplingbetweerbothsystemsITK methodsdo nothave
to beexposedo theinternalstructureof VolView , noris VolView exposedatall

to the existenceof ITK methodsA plain C-languagenterfacehasbeende ned in

VolView , thatallowsvery genericmethoddo interfacewith theinternaldatarep-
resentationAnotherinterestingaspecbf theintegrationis thatit isimplementedn

theform of run-timeplugins.This meanghatarny numberof ITK methodsandpro-
ceduresanbeaddeddynamically Theonly requiremenis thatthe sharedibraries
in whichthe ITK methodsareimplementednustbe placedin a speci c directory
whereVolView will look for them.

Theexecutionof apluginconsistof threekey functions:Initialization, UpdateGU|
andProcessDataUponloadingthe pluginthelnitialization functionis calledonce
to specifythestaticpropertieof theplugin. Thisincludestheplugin'sterseandfull

documentationname supportof in-placeor in-piecesprocessingif it only gener
atesasurface,andnumberof GUI elementsMost of thesepropertiesaresetusing
ageneridnterfacethancanbeeasilyextendedor future capabilities For example:

info->SetProperty(info, VVP_NAME, "Threshold");

info->SetProperty(info, VVP_GROUP,"Utility");

info->SetProperty(info, VVP_SUPPORTS_IN_PLACE_PROCESSING1");
info->SetProperty(info, VVP_SUPPORTS_PROCESSING_PIECES, "1%);
info->SetProperty(info, VVP_NUMBER_OF_GUI_ITEMS, "3");

Thenthe UpdateGUIfunctionis calledto handlethe dynamicelementsf the plu-
gin suchascreatingandupdatingthe userinterfaceandde ning the propertiesof



Fig. 5. GUI entriesshavn on VolView asde ned by the Plugin UpdateGUI()method.At
left, parameter$or the ITK FastMarchindevel setsegmentatiormethod.At right, param-
etersfor theITK GeodesicActieContourevel setsggmentatiomrmethod.

the outputdata.Thesearedynamicbecauseastheinput datachangegor new data
is loaded)the propertiesnay changelUpdateGUImaybeinvoked mary timesand
it is guaranteedtb beinvokedatleastonceafterarny new datasetis loadedor when
theinput datais changedby a plugin for example).Constructionof the GUI ele-
mentsis alsoperformedthrougha genericAPI to facilitatefuture capabilities For
example

VVP_GUI_LABEL, "Threshold Value");
VVP_GUI_TYPE, VVP_GUI_SCALE);
VVP_GUI_DEFAULT, "0");

, VVP_GUI_HELP,

"The value to compare against");

/* set the range of the slider based on the input volume */

info->SetGUIProperty(info,
info->SetGUIProperty(info,
info->SetGUIProperty(info,
info->SetGUIProperty(info,

Ll o
I 1

[

sprintf(tmp, "%f  %f %f",
info->InputVolumeScalarRange[0],
info->InputVolumeScalarRange[1], 1.0);
info->SetGUIProperty(info, 1, VVP_GUI_HINTS , tmp);

It is worth notingthatin the exampleabove therangeof the GUI scale(a slider)is
basedon the actualscalarrangeof the currentvolume.If a new volumeis loaded
thenthe rangeof the scalewill changeto matchthe new volume.Figure5 shaws
someof the GUI dynamicallycreatedoy ITK plugins.

The ProcessDatdunction is invoked when the userrequestghat the plugin be
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Fig. 6. Data ow diagramof the volview plugin. Datais exportedfrom VolView in a
plain C-Languagestructure.This structureis importedinto anITK pipelineandprocessed
usingparametersransferredrom VolView 's GUI. Theresultis exportedinto the plain
C-Languagsstructureandimportedbackinto VolView .

executedThisfunctionprocessetheinputvolumeto producetheresultingsurface
and/oroutputvolume. It receves a pointerto a C structurecontainingpointers
to the input and output buffers. If the plugin supportsprocessingn piecesthen
the procesdatafunction may be invoked mary times,oncefor eachpiece.In the
ProcessDatéunctionthe valuesof the GUI elementsaretypically usedto control
the processingkor example:

/* obtain the upper threshold from the GUI */
double vl = atof(info->GetGUIProperty(info, 1, VVP_GUI_VALUE));

The ProcessDatéunction fully encapsulatean ITK pipelinefor performingthe
desiredimage processingand analysisfunctionalities.The pipeline is createdat
thebeginningof thefunctionanddestrgyedattheendof thefunction's scope This
functionshouldtake careof thedetailsinvolvedin transferringdatafrom VolView
tothelTK pipelineandfrom the outputof the pipelinebackto VolView .

Figure6 shavs thedata o w betweenVvolView andthelTK plugin. Within Pro-
cessDatan|TK pipelineis instantiatecandthe datais processedssingthe param-
etersprovided by the GUI. During the processing|TK eventsaretranslatednto
VolView refreshcallsthatdisplaymessageandupdateaprogresdaronthe GUI.
At the endof the processingthe resultingdatasetis exportedinto a C-Language
structureandpassedackto VolView .

The plugin hasa coupleof mechanisméor displayinginformationin VolView 's
GUIL. It canfor example displaya messagen thestatusbar, updatea progresdar,
reporterrorsandreport nal dataon the executionof the plugin (e.g. numberof
iterationsof a Iter, nal errormetric).Plugin executioncanalsobe abortedfrom
theGUI.
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Fig. 7. Life cycle of aVolView plugin.A singleheaderle de nestheinterfacebetween
VolView andthe plugins.This headerprovidesthe plain C-languagedatastructuredor
importingandexportingdata,andde nesthesignatureof thefunctionsto beimplemented
by every plugin.

2.2 PluginLife Cycle

The processof developinga VolView plugin is depictedin Figure7. A single
public headerle de nestheplain C-Languagealatastructuresusedfor exporting
andimporting data,andfor transferringGUI parameterdetweenthe VolView
GUI andtheplugin.A plugindevelopermustimplementa setof C-Languagdunc-
tionsthatwill beinvokedby VolView duringits interactionswith the plugin. The
sourcecodeof the pluginis compiledandpackagedn theform of asharedibrary.
No librariesfrom VolView arerequiredduring this processThe sharedibrary
containingthe plugin is nally copiedinto a speci c directory of the VolView
binary installation. This particulardirectoryis searchedy VolView at start-up
time. Any sharedibrariesfoundin this directorywill be dynamicallyloaded.The
nameof thelibrary shouldconformto thenameof theplugininitializationfunction.

The developmentcycle of a plugin is totally decoupledrom VolView 'sinternal
code.The singlecommunicatiorbridgebetweerthe pluginsandthe applicationis
theheaderle de ning thedataandGUI structuresA developerof a new plugin,
mustsimply implementthe methodsde ned in the public headerle.

3 Writing aPlugin

This sectiondescribeshebasicstepsrequiredfor writing a new plugin. Theexam-
ple hereillustratestheimplementatiorof asimple Iter having only oneparameter
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to besetfrom the GUI.

3.1 De ning thepluginname

Thepluginnamewill determinghenameof thesharedibrary usedfor deployment.

It will alsodeterminethe nameof the initialization function. For examplea plu-

gin namedvwvITKGradientMag ni tu de will bedeployedin asharedibrary with
namelibvvITKGradie nt Magni tu de.s oin Unix, andvvITKGradientMa gni tu de.d |l
onMS-Windows.Itsinitializationfunctionwill becalledvvITKGradientMa  gnit udel nit () .

3.2 Theinitialization function

Theinitialization function of the plugin mustconformto the following API

extern "C" {

void VV_PLUGIN_EXPORTwITKGradientMagnitudelnit(vtkVVPIlugininfo *info)
{

}

}

wherethe symbol VV_PLUGIN_EXPORTandthe structurevtkVVPIugininfo are
bothde nedin thepublicheaderle vtkVVPIlugininfo h.

This initialization functionis invoked by VolView at start-uptime, just afterthe
sharedibrary hasbeendynamicallyloaded.

Thetypical contentof this functionis shavn below.

{
vvPluginVersionCheck();
/I setup information that never changes
info->ProcessData = ProcessData;
info->UpdateGUI = UpdateGUI;
info->SetProperty(info, VVP_NAME, "Gradient Magnitude IR (ITK)");
info->SetProperty(info, VVP_GROUP,"Utility");
info->SetProperty(info, VVP_TERSE_DOCUMENTATION,
"Gradient Magnitude Gaussian 1IR");
info->SetProperty(info, VVP_FULL_DOCUMENTATION,

"This filter applies IR filters to compute the equivalent of convolving
the input image with the derivatives of a Gaussian kernel and then
computing the magnitude of the resulting gradient.");

info->SetProperty(info, VVP_SUPPORTS_IN_PLACE_PROCESSING(");
info->SetProperty(info, VVP_SUPPORTS_PROCESSING_PIECES, "0");
info->SetProperty(info, VVP_NUMBER_OF_GUIL_ITEMS, "1");
info->SetProperty(info, VVP_REQUIRED_Z_OVERLAP, "0");
info->SetProperty(info, VVP_PER_VOXEL_MEMORY_REQUIRED, "8");

12



First,themacrovvPluginVersio  nCheck( ) mustbecalledin orderto verify that
the plugin API conformsto the currentversionof VolView 'sbinarydistribution.
Whentheversionsgdo notmatch,the pluginis notexecutedandanerrormessagées
reportedo theuserat run-time.

Oncetheversionnumberhasbeenvalidatedtheinfo structures initialized. The
ProcessData is setto thepointerof thefunctionthatwill performthecomputation
ontheinputdata.Settingthe functionasa functionpointerallows alot of freedom
ontheimplementatiorof thefunction.

TheUpdateGUI pointerin theinfo structures alsosetto afunctionpointer The
roleof thisUpdateGUI functionisto initialize theGUI parameterfom thePlugin.
In this function we specifyall the propertiesof all the GUI widgetsrelatedto the
parametersf the plugin.

The function SetProperty() is usedto de ne generalpropertiesof the plugin.

Someof thesepropertiesaredisplayedontheGUI asinformativetext. For example,
the textual nameof the plugin, a tersedocumentatiorand an extendeddocumen-
tation. The propertiesareidenti ed by tags.This enforcesfurtherthe decoupling
betweerthe internalrepresentationf informationin VolView andthe structure
of codein the plugin. For examplethetag VVP.NAMESpeci esthatthe stringbeing
passedsthird agumentof the SetProperty() methodshouldbe usedfor the

text labelof the pluginin the GUI.

Othernon-GUI propertiesarealsosetwith this method.For example,we specify
whetherthis Iter is capableof performingin-placeprocessingr not, whetherit

allows to procesgatain pieces(streaming)or not. We alsoprovide anestimation
of the memoryconsumptiorthatwill resultfrom the executionof the lter. This
lastinformationis providedin the form of anestimationof numberof bytesto be
usedper pixel of theinput dataset. Memory consumptiorestimationis of funda-
mentalimportancefor the successfutouplingbetweenvolView andthe plugin.

VolView will usethisfactorfor makingsurethethatsystemhasenoughmemory
for completingthe processingf the plugin. Note thatthis estimationis not based
onthesizeof the nal datasetproducedasoutputbut onthetotalamountof mem-
ory requiredfor intermediatgrocessingln otherwords,it shouldprovide thepeak
of memoryconsumptiorduring the plugin execution.The initialization function,
in this casevwITKGradientM agnit udel ni t( ), will becalledonly onceduring

the start-upprocessf VolView .

3.3 TheProcessDatdunction

ThefunctionProcessData()  is the onethatactuallyperformsthe computations
onthedata.The signatureof this functionis

13



static int  ProcessData(void *inf, vtkVVProcessDataStruct *pds)

wherethe rst argumentis actuallya pointerto avtkVVPIugininfo structureand
canbedowncastedo it by doing

vtkVVPlugininfo *info = (vtkVVPlugininfo *)inf;

The secondargumentto ProcessData()  is the vtkVVProcessDa taStr uct .
This structuresarriestheinformationonthedatasetto beprocessedncludingthe
actualbuffer of pixel datathe numberof pixelsalongeachdimensionsn spacethe
pixel spacingandthe pixel typeamongothers Of particularinterestn this structure
arethemembersnData thatis apointerto thedatabuffer of theinputdataset,and
theoutData thatis a pointerto the outputdatasetbuffer. The ProcessData()
function is expectedto extract the datafrom the inData pointer processt and
storethe nal resultsin theoutData buffer.

Thetypical startingcodeof this functioninvolvesextractingthe metainformation
aboutthe dataset. The following codeshaws for example,how to extractthe di-
mensionsandspacingof the datasetfrom the vtkvVVProcessDa ta Struc t and
vtkVVPIlugininfo structures.

SizeType size;
IndexType start;

double origin[3];
double spacing[3];
size[0] = info->InputVolumeDimensions|[0];
size[1] = info->InputVolumeDimensions[1];
size[2] = pds->NumberOfSlicesToProcess;
for(unsigned int  i=0; i<3; i++)
origin(i] = info->InputVolumeOrigin[i];
spacing[i] = info->InputVolumeSpacing]i;
start[i] = 0

}

Using this information,the imagedatacanbe importedinto an ITK imageusing
theitkimportimage  Fi lte r.

RegionType region;

region.Setindex( start  );

region.SetSize( size );

m_ImportFilter->SetSpacing( spacing );

m_ImportFilter->SetOrigin( origin );

m_IlmportFilter->SetRegion( region );

m_ImportFilter->SetimportPointer( pds->inData, totalNumberOfPixels, false );

Theoutputof theimport Iter isthenconnectedstheinputof thel TK datapipeline
andthe pipelineexecutioncanbetriggeredby callingUpdate() onthelast lter.

m_FilterA->SetIinput( m_ImportFilter->GetOutput() );
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m_FilterB->SetInput( m_FilterA->GetOutput() );
m_FilterC->SetInput( m_FilterB->GetOutput() );
m_FilterD->SetInput( m_FilterC->GetOutput() );

m_FilterD->Update();

Finally the outputdatacanbe copiedinto the pointerprovidedby VolView . This
is typically doneusinganITK imageiteratorthatwill visit all the pixels.

outputimage = m_Filter->GetOutput();
typedef itk::ImageRegionConstlterator< OutputimageType > OutputlteratorType;
OutputlteratorType ot( outputimage, outputimage->GetBufferedRegion() );

OutputPixelType * outData = static_cast< OutputPixelType * >( pds->outData );

ot.GoToBegin();

while( lot.ISAtEnd() )
{

*outData = ot.Get();
++o0t;

++outData;

}

Whenmemoryconsumptions critical, it is more corvenientto actually connect
the outputmemorybuffer provided by VolView to the outputimageof the last
Iter inthelTK pipeline.This canbedoneby invoking thefollowing linesof code
beforeexecutingthepipeline.

m_FilterD->GetOutput()->SetRegions(region);

m_FilterD->GetOutput()->GetPixelContainer()-> Setlmpo rtPoin ter(
static_cast< OutputPixelType * >( pds->outData ),
totalNumberOfPixels, false);
m_Filter->GetOutput()->Allocate( );

The currentdistribution of ITK providessupportfor not having to write this same
codefor eachnew plugin. A templatedclassis availablefor providing thesebasic
servicesNew pluginsonly needto de ne their own ITK pipelinesandinvoke the
methodof the baseclassin theappropriateorder

3.4 Refeshingthe GUI

Given that the executionof mostimageprocessingalgorithmstake considerable
timeon 3D datasets,t is importantto provide somefeedbacko theuserasto how
theprocessings progressingThisalsogivesa chanceo theuserfor cancellingthe
operationf theexpectedotal executiontime is excessvely long.

Thisnoti cation canbedonefromtheProcessData() by callingtheUpdateProgress()

methodof thevtkVVPIlugininfo structure.

float  progress = 0.5; /I 50% progress
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info->UpdateProgress( info,  progress, "half data set processed");

Thisfunctionwill updatetheprogressdaronVolView 's GUI andwill setthelast
string as a messagen the statusbar. Thereis a balanceto be found concerning
the frequeng with which this function shouldbe invoked. If invokedtoo often, it
will negatively impactthe performanceof the plugin sincea considerabl@amount
of time will bespentin GUI refreshinglf not calledoftenenoughjt will produce
theimpressionthat the processings failing andthe applicationis not responding
to theusercommandsrnymore.

This concludesour descriptionof the integrationbetweenTK andVolView in
the form of plugins. Although a good numberof detailshave beenomitted here,
this descriptionshouldprovide a goodstartingpoint for guiding developersin the
processof writing new plugins. You arealwaysencouragedo postary questions
to the ITK users-listwherewe anticipatethatthe topic of VolView pluginswill
becomea commonsubject.

4 Plugins Avaliable

Thefollowing list detailsthe ITK pluginsthatareavailableat thetime of submis-
sionof thisdocument . The modularityof the pluginsfacilitatesthe growth of the
numberof pluginsbecauseanybody canwrite new pluginsand make themavail-
ableto thepublic. Theentriesin thislist specifyif they arebuild usingcomponents
from the VisualizationToolkit (VTK), theInsightToolkit (ITK) or they arewritten
in plainC. It is entirelypossibleto combinel TK andVTK componentén thesame
plugin. The groupingof pluginsin thelist below is alsore ected in the GUI by
settingthemin menusandsubmenus.

NoiseSuppression
Gaussiarsmooth(VTK)
MedianFilter (VTK)
MedianFilter (ITK)
Dilate Filter (ITK)
ErodeFilter (ITK)
CurvatureFlow Filter (ITK)
CurvatureAnisotropicDiffusionFilter (ITK)
GradientAnisotropicDiffusionFilter (ITK)
SegmentatiorModels
Deformablemodel(ITK)
EdgeDetection

2 We anticipatethatthis list will grow rapidlyin thetime following thereleasesf ITK 1.4
andthefreeversionof VolView .
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Canry edgedetection(ITK)

Utility
GradientMagnitude(VTK)
GradientMagnitude(ITK)
GradientMagnitudelIR (ITK)
Crop(C)

Threshold(C)

Merge Volumes(C)
Boundary(C)
Componenfrithmetic (C)

Level SetsSegmentation
Geodesidctive ContourFilter (ITK)
Geodesidctive ContourModule (ITK)
WatershedVodule (ITK)
ShapeDetectionModule (ITK)
FastMarchingFilter (ITK)
FastMarchingModule (ITK)

Canry Sggmentatiori_evel SetModule (ITK)

Region Growing Segmentation
Con denceConnectedITK)
IsolatedConnectedI TK)
Connectedhreshold(ITK)

RGB Con denceConnectedITK)

Intensity Transformations
Sigmoid(ITK)

IntensityWindowing (ITK)

SurfaceGeneration
Iso-surbice(VTK)

Anti-Alias (ITK)

The term Moduleis usedin this list to indicatethe casesn which pre-processing
andpost-processindters werepackagedn singlepluginwith theaimof providing
aself-containedpeci c functionality.

5 Application to Abdominal Aortic Aneurysm Segmentation

The capabilitiesof ITK pluginsfor solving real scalemedicalimageproblemsare
demonstratedh this sectionin an applicationto the segmentationof Abdominal
Aortic AneurysmgAAA) from CT scansThe datafor this experimentsvaspro-
vided by SINTEF, Unimed, Norway. The segmentationprocedurevasdeveloped
in acollaboratiorbetweerKitwareandSINTEE

AAAs areachronicdegeneratie diseasavith life-threateningmplications.While
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Fig. 8. Visualizationof a typical AAA CT datascanin VolView . Theaortais enhanced
with theuseof acontrastagent. Themageontheupperright illustratesa volumerendering
of the aorta. The kidneys are visible on the upperpart of this volume rendering,while
the spineis visible behindthe aorta. The imageson the left are sucessie slicesalongthe
inferior-superioraxis. The imageon the lowerright illustratesan obliquereslicing of the
data.Theplaneusedfor reslicingis presenteavith greensphere®ntheupperrightimage.

AAAs arethoughtto arisethrougha localizedform of arterialwall injury super
imposedon variouspredisposindactors their naturalhistoryis oneof progressie
structuraldeterioration gradualexpansion,and eventualrupture.Pathologicpro-
cessesontrituting to the changesobseredin AAAs include chronicin amma-
tion, destructve remodelingof the extracellularmatrix, and depletionof vascular
smoothmusclecells. Thesechangesesultin progressie aorticdilatationaccompa-
niedby alterationsn vessegeometryredistritution of hemodynamievall stresses,
anddiminishedtensilestrength(Steinmetztal., 2003).

A commontreatmentfor AAA consiston the insertionof a vasculargraft that
createsa barrier betweenthe blood o w and the wealenedvascularwall of the
aneurysmslmagingthe patientbeforeandafterthe graft insertionis fundamental
for controlingtheef cacy of theprocedureTheimagesconsideredherecorrespond
to CT scansacquiredafterthe grafthasbeenimplanted.Figure8 shovsa CT scan
of theabdominakegion. The network-like structureof the graftis visible on slices
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Fig. 9. Resultsof the segmentatiorof AAA data.The uppefright imagepresents combi-

nationof volumerenderingandpolygonalrendering.Theregionsin red correspondo the

volumerenderingof the original CT data.The polygonaldatais the surfaceof the segmen-

tation obtainedwith ITK plugins.Thethreeimageson the bottomshawv the superposition
of the sgmentationboundaryon top of the original data. The boundarywidth hasbeen
increasedn orderto enhancats visibility.

onthebottomof the gure.

The aortaandthe aneurysmwere segmentedusing exclusively a sequencef op-
erationscombiningITK pluginsandVolView native plugins.We anticipatethat
theentireprocedurewill berewritten asavery specializegluginin which mostof
the Iter parametersvill be pre-de nedto valuestailoredfor this particularmed-
ical applicationand only the remainingrelevant free parametersill be exposed
to the user This is indeedan exampleof how the pluginscanbe usedfor rapidly
prototypinganimageanalysisapplicationandthenproceedo a fully customized
implementation.

FigurelOillustratesthe procedurdor sggmentingthe aortaandthe aneurysnpre-
sentedn Figure9. Detailson the operationgerformedin this procedureare pe-
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Fig. 10. Procedurausedfor segmentingthe abdominalaortaandthe aneurysmfrom CT
scandatasetisingITK plugins.

sentedbelow.

Crop region of interest. The original datasetcovereda large region aroundthe
aortaandthe aneurysmin orderto speedup computationghis original datawas
croppedA region of interestwasselectedusingthe interactve croppingoptionin
VolView andthenexecutingthe Crop pluginin the Utility group.Figure8 shaws
arenderingof the datasetafterthe croppingoperation.

Smoothingwith Gradient Anistropic Difussion. The original CT datahasa sig-
ni cant amountof texture that canbe classi ed asnoise.Sincethe segmentation
methodsto be usedin the following stepsrely on the homogeneityof the image,
it is desirableto attenuatehe noisepresenin theimage.The Gradientanisotropic
diffusion Iter implementedn ITK performsedge-preservingmoothingThistype
of Itering is decribedn (PeronaandMalik, 1990;Whitaker andXue, 2001).The
advantageof this smoothingis that noiseis attenuatedn homogeneousegions
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without signi cantly degradingthe edgesof anatomicabtructuresThe parameters
usedfor thisimagewere:lterations=5Conductance=3.0d;imeStep=0.05.

Manual selectionof seedpoints in the Aorta Usingthe Markers menuinterface
de ned in VolView we selecteda numberof seedpointsalongthe medialline
of the Aorta, including the bifurcation on the inferior region. Approximately 15
seedpointswereselectedor this sggmentationPluginshave accesdo theinternal
VolView datastructureusedfor representingdD markers. Somesegmentation

Iters usethe markersasseedpoints.This is the casefor both of the sggmentation

Iters usedhere,the region growing methodCon denceConnectedandthe level

setmethodFastMarching.

Con dence ConnectedRegion Growing lter . This ITK plugin was executed
using as input the image smoothedwith anisotropicdiffusion and a set of seed
points(3D markers)placedalongthe medialline of the aorta.The algorithmuses
theseedpointsto initialize aregion growing processn which theinclusionof new
pixelsontheregionis regulatedby thestatisticalcharacteristicef thegraylevelsin
theregion. Thefollowing parametersvereselectedor runningthisplugin: Number
of iterations=2 Variancemultiplier=1.5,Initial neighborhood=2.

Median Filter The binaryimageresultingfrom the region growing segmentation
hasalundantnoisein the boundariesaswell as multiple small internalholes.In

orderto smoothit while still having a binary image,the Median ltering plugin

was used.When a median lter is appliedon a binary imageit behaeslike a

majority voting cellularautomataandits effectsaresimilarto a curvatureweighted
front propagation(Wolfram, 1994).Thus, it canbe usedfor fusing structuresand
removing smalldetails.

Manual selectionof seedpoints in the Aneurysm Giventhatin this dataseta
graft stenthasalreadybeenimplantedin the patient,blood o w is minimumin the
region betweerthe aneurysnwall andthe graft. Thereforethe contrastagentdoes
not penetratehis region andtheintensitylevel underCT is lower thanthe oneof

theblood o wing in the aorta.The sggmentationof the aneurysnshouldbe done
independentlyof the segmentationof the aortadueto the large differencein they

intensitydistributions.A level setmethodis usedhereto segmentthe Aneurysm.
This level setmethodrequiresthe de nition of aninitial setof seedpoints.Using

the Markers menuinterfacede ned in VolView we selecteda numberof seed
pointsin the region betweenthe aneurysmwall andthe graft. Approximately10

seedpbointswereselectedor this sggmentation.

FastMar ching Level Set Thefastmarchinglevel setmethods describedn Adal-
steinssorand Sethian(1995) and Sethian(1996). It was selectedfor performing
the sggmentationof the aneurysmbecauset hasvery low computationakimes.
The Iter wasrun with parametersMaximumvalue 80, Lower basin=0.1] ower
boundary=20.0Sigma=1.0This sggmentatiormethodwasappliedusingthe Fast
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Marching Module plugin, which providesthe necessarypre-processingnd post-
processindor this lter . As partof the pre-processingheimageis smoothedvith
a Gaussiarkernel,its gradientmagnitudes computedandits intensityis reversed
usinga Sigmoid lter . Thetime-crossingnapproducedoy thefastmarching lter
is post-processeaasingsimpleintensitywindow in orderto producehighintensities
insidethe segmentedobjectandlower intensitieselsavhere.The segmentationof
theaneurysmis very underestimatedn the regionsof high curvature.This defect
is correctedafterfusingthis sggmentatiorwith the oneof theaorta.

Maximum Intensity. Theresultof the Aorta segmentatiorandthe Aneurysmseg-
mentationwerefusedtogetherusinga Max lter. This Iter computeghe output
pixels asthe maximumvalue of the homologouspixelsin the two input images.
Theresultin this caseis a single-componentatasetcombiningthe sggmentation
of theaortaandtheaneurysmin termsof Fuzzylogic, thiscanbeseenasan AND
operation.

GeodesicActive Contours level set.After bothsegmentatiorhave beencombined,
they needto be blendedtogether This canbe doneby generatinga level setfrom
thesegmentatiorandmakingit evolve usingthegeodesi@ctive contouralgorithm.
This algorithmallowsto de ne aweightingfor the curvaturetermon thecomputa-
tion of the front propagatiorspeedaswell asanadwectiontermbasedon a vector
eld (Sethian,1996).In thelTK implementationthevector eld is computedising
thegradientof thegradientmagnitude This vector eld pointsalwaysto theedges
of theinputimage.This modulewasexecuteddonewith a curvaturescaling= 4.0,
iterations=40@&ndmaximumRMS error= 0.01.

Thresholding TheresultingLevel setis thresholdedn orderto producea binary
imagerepresentinghe zeroset.

Median Filter Threeiterationsof Median Iter areappliedwith kernelsize5x5x5
in orderto smoothandfusethetwo structuresBy controlingthenumberof iteration
thatthis lter is run,we cancontrolhow muchsmoothingandfusionis performed
in theimage.

The binary datasetresultingfrom this medial lter is presentedhereasthe nal
segmentatiorof theaortaplusaneurysnsystem.

Figure8 presents visualizationof thecroppedAAA CT scanusedasinputto the
segmentationprocess.The region of interesthasbeenreducedto the abdominal
sectionbetweerthekineys andthehip. Figure9 presentshe samedatasetwith the
overlayof the segmentatiorobtainedwith ITK plugins.

In orderto supportevaluationof sggmentatiorandregistrationdataVolView al-
lowsto megetwo or moredatasetsinto a singledatasetof multiple-components.
With this mechanisnit is possibleto simultaneouslyisualizethe resultsof a seg-
mentationmethodoverlayedon top of the original data,or visualizea registered
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imagesuperimposetb theimageusedasa referenceThis multi-componentisu-
alizationfeatureis exploitedin Figure9 in orderto presenthesegmentatiorof the
aortaandtheaneurysnsuperimposetb theoriginal CT scandataset.

6 FutureWork

Futurework on VolView will befocusedonthefollowing aspects

Createsupportfor anopencommunity Thiswill includeanopenrepositoryfor new
plugins.They would bemadeavailablein theformsof sourcecodeand/orcompiled
sharedibraries.A commonrepositoryof Datawill be createdor providing basic
examplesof commonlyusedimagemodalities A periodic,probablyweekly, event
will beorganizedn whichuserswill beableto submitmedicalimageproblemsand
thoseproblemswill bediscussedy membersf thelTK andVTK communities.

Provide tutorialsfor creatingnew plugins
Createpluginsfor imageregistration.Currentpluginsarefocusedon sggmentation.
Developpluginsascommerciaproducts

Extendthe remotecollaborationcapabilitiesof VolView. In particularthe option
of broadcastingvill be added.Currentlyonly peerto-peercommunicatioris sup-
ported.Supportfor chatexchangewill alsobeadded.
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