3D Digital CleansingUsing SegmentationRays

SamangLakare, Ming Wan, Mie Sato,and Arie Kaufmari

Centerfor VisualComputing(CVC)
andDepartmenbf ComputerScience
StateUniversityof New York at Story Brook
Story Brook,NY 11790-4400

Abstract

e proposea novelapproad for segmentatioranddigital cleans-
ing of endoscopimrgans. Our methodcan be usedfor a variety
of sgmentationneedswith little or no modification. It aims at
fulfilling the dual and often conflicting requirements of a fastand
accurate sggmentatiorand also eliminatesthe undesiable partial
volumeeffectwhich contempoary approachescannot.For sgmen-
tation anddigital cleansingweusethepeculiarcharacteristicsex-
hibited by the intersectionof any two distinct-intensityregions. To
detecttheseintersectionave castraysthroughthe volume,which
we call the sggmentationrays as they assistin the sggmentation.
Wethenassociatea certaintaskof reconstrutionandclassification
with ead intersectionthe ray detects. We further usevolumetric
contrastenhancementd reconstrut surfacelost by segmentation
(if any),which aidsin improvingthe quality of the volumerender
ing.

Keywords: Volume Sggmentation,SegmentationRays, Partial
Volume Voxels, Volume Rendering, Virtual Endoscopy Virtual
Colonoscopy

1 Introduction

Over the last decade,volume renderingtechniqueshave grown
rapidly, and currently are able to generateaccurateresultsat in-
teractve framerates. As a resultof this, a lot of researchtoday
focuseon usingtheserenderingechniquedor virtual screeningf
organsin the humanbody [7]. Often theseorganshave comple
structureswvhich requirecarefulsegmentatiorbeforethey arefit to
be screened.Thus, for accuratediagnosisof a patient,segmenta-
tion plays a very importantrole. In addition, a speedydiagnosis
could be crucial for thesevirtual techniquego be ableto replace
the contemporaryechniguesomeday.

Sgymentationneedsfor the virtual screeningtechniquescould
rangefrom simplethresholdingo carefulremoval of unwantedna-
terial. Segmentationcould alsogetcomplicateddueto partial vol-
umeeffect, which cancausaunwantedandnon-&isting surfaceso
pop up during rendering.With our method,we eliminatethis par
tial volume effect by detectingand eliminatingall partial volume
voxels. Ourapproachs aflexible one,andcanbe usedfor avariety
of segmentationneedswith little or no modification. It combines
the contemporarythresholdingand flood-fill techniqueswith two
new techniguesnamely sggmentatiorraysandvolumetriccontrast
enhancement.
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We explain our sggmentationalgorithm using an example ap-
plication of an upcoming virtual screeningtechnique, Virtual
Colonoscopy3][4][9], whichis beingdevelopedat the StateUni-
versity of New York (SUNY) at Story Brook. We now briefly out-
line the segmentatiorrequirement®f the virtual colonoscopysys-
temandprevioussolutionsbeforeexplaningour solutionusingour
new method.

2 The Experiment

The aim of virtual colonoscopyis to detectpotentially cancerous
growths in the colon, called polyps, by letting the doctor virtu-
ally fly throughthe colon. This eliminatesthe needfor the painful
and highly uncomfortableoptical colonoscopyexam that the pa-
tientwould otherwisehave to go through.Early detectiorof polyps
is importantbecauseheir removal, beforethey getmalignant,can
completelycure the patient[8]. Polypswith a diameterof more
than5 mm areconsideregotentiallymalignantandneedto bere-
moved. Thus,thevirtual colonoscopyimsatdetectinghesmallest
of polyps.

Oneproblemwith all currentcolonoscopyechniquess thatthey
requirea cleancolonlumenfor accurateletectiorof polyps.Resid-
ual materialinside the colon could be falsely interpretedas part
of the colonin virtual colonoscopyandin optical colonoscop, it
could hinderthe movementof the cameraand/orthe doctor’s view
of the colon, with the chancehatsomepolypsmight remainunde-
tected.Thus,aspreparatiorfor the colonoscopythe patientunder
goesa physicalcolon cleansing.This includeseitherwashingthe
colonwith large amountsof liquids or administratingmedications
andenemado inducebowel movements. This colon preparation
is often more uncomfortableand unpleasanthanthe colonoscogy
examinationitself.

To makethe virtual colonoscopysystemeven morefriendly to
the patient,it is necessaryo bypassthe physicalcleansingof the
colon. Thus,thereis aneedfor sggmentingheresiduaimaterialout
of the colon, giving a cleancolonto the renderingalgorithm. As a
first stepto accomplishthis segmentationa new bowel preparation
schemewasdevelopedat SUNY Story Brook [5][10]. This helps
segmentatiorby enhancindhestoolandfluid (theresidualmaterial
in thecolon)densities.

A CT scanof the patients abdomenis thentakenand recon-
structednto a3D datasetThedatasebbtaineds muchmorecom-
plex thantheoneobtainedwith apre-cleansedolon. Thecomplex-
ity arisesbecausef thelarge amountof fluid andstoolresidingin-
sidethe colon (Figurel1). Althoughtheseunwantedresidueshave
beenenhancedthey do not have a clearboundarydueto partial
volumeeffect. Thesituationis evenworsenedy thefinite resolu-
tion andlow contrasiof the CT scannerWe now briefly summerise
theshortcoming®f contemporansegmentatioralgorithmsfor this
problem.

Segmentationby thr esholding
The simplestsegmentationapproachs thresholding. The human
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Figure2: Intensityprofile at the boundaryof air andfluid.

abdomerconsistanainly of threedistinctdensityregions: air, soft-
tissue,andhigh densitymaterials(which includethe bone). A CT
scanassigndlifferentintensitiesto thesematerialsandwe classify
thembasedon theseintensities. For a physically cleansectolon,
thresholdingwould be enoughto accuratelysegmentthe colon for
renderingin virtual colonoscopy[3][4]. However, with the new
bowel preparationscheme,bonesare not the only high density
materialpresentin the abdomen.Residualfluid and stool, which
areenhancedvith barium, alsohave CT imageintensitiessimilar
to thoseof bone,thus complicatingthe segmentation. Although
thresholdinggives the fastestresults, it hasmary disadwantages
whichwe list below.

First, thresholdingdoesnot remaove partial volumevoxels. Fig-
ure 2 shows the intensity profile along a vertical line from top to
bottomasshown in Figurel. We obsene that at the boundaryof
two regionswith differentintensitieslie voxels, whoseintensities
do not matcheitherof the two regions. We namethesevoxels the
Partial VolumeEffect (PVE) voxels. Thesevoxels areundesirable
sincethey areincorrectlyclassifiedwhenthresholdings used.For
example,in Figure2, thevoxelsbetweerthefluid andtheair lie in
the soft-tissuerange.Hence they aremarkedassoft-tissuevoxels
andwould not be removed. The adwerseeffect on sggmentations
immediatelyevidentandis shown in Figure 3. Although the high
densityfluid/stoolhasbeenremored, a thin soft-tissue-likebound-
ary still exists,whichis notpresenin reality.

Secondthethresholddor eachrangeof intensitiesarevery sen-
sitive. A slight changeto thesethresholdscould leadto a change
in the outcomeof the sggmentation especiallythe contourof the
innersurfaceof thecolon.

Third, thresholdingalsogivesriseto aliasingeffectsattheinner

Figure3: Resultof sgmentatiorby thresholding

Figure4: Aliasing effectsof segmentatiorby thresholding

Figure5: A normal colonic mucosalsurfacewithoutfluid or stool
attachedto it.

colonboundary It is immediatelyevident whenwe take a closer
look atthesegmentedrolume(Figure4). Theintensityvaluesmove
sharplyfrom soft-tissugangeto air-range.Thisis undesirablérom
the point of view of thevolumerendering.A sharpboundaryalso
meanghe absencef colonicmucosaa thin soft-tissudayer) that
is presenbn theinnersurfaceof the colon. Colonicmucosas key
to thedetectionof the polypsandhenceits removal is undesirable.
For comparisonwe also shov an exampleinterior surfaceof the
mucosaof the colonwith no residualstool attachedFigure5).
Segmentationby morphological operations

A successiornf morphological operations,such as dilates and
erodescould alsobe usedfor segmentation2]. For example,we
could perform a flood-fill on all the fluid and stool regions, and



thenusea sequencef dilatesanderodego remove the PVE vox-
els. However it is well known thatdilatesfollowed by erodescan
fill in holes,and erodesfollowed by dilatescanremove noise[2].
Thus,they couldaffecttheinnercontourof thecolon,asit is highly
twisted.

This methodwould alsorequireseedpointsto beplacedin each
andevery region filled with fluid or stoolfor performingthe flood-
fill. Thiscouldbeacumbersomeaskconsideringhelarge number
of suchregions.In addition,it mayrequirealot of humaninterven-
tion. This couldalsoslow down the entireprocesf segmentation
andmayresultin somefluid/stoolregionsbeingneglected.

Other segmentationapproaches
Recently Liang et al. [6][10] reportedthree approacheso colon
segmentation.Thefirst two arevery slow (3 hoursand30 minutes
respectiely onaPentiumll), which limit their clinical application.
Thethird approachwhich takes6 minuteson a PC platform,gen-
eratedeaturevectorsfor eachvoxel andthenappliesthresholding.
Thus, the result may be dependenbn strict thresholds which is
undesirableTheirapproachalsoremoressomecolonmucosa/ox-
elswhich may resultin the incorrectdetectionof polyps. Wyatt et
al. [11] describedanotherfully automaticseggmentation but their
methoddoesnot aim at accurag andis very slow (60-65minutes
onanSGl onyx).

We now outline our algorithm for segmentationand digital
cleansing. We then descibeat length how we useit to success-
fully tacklethe problemswe describedabove for digital cleansing
of thecolonandhow it canbe appliedto ary situationwith similar
demanddor segmentation.

3 Our Algorithm

The crux of our algorithm is basedon the unique characteristic
propertyat the interesectiorof two distinct-intensityregions. This
uniquecharacteristigs the intensityprofile aswe move in a direc-
tion approximatelynormalto theintersectingsurfaces.

Themain constituent®f our algorithmarethe useof segmenta-
tion rays. Thesearenamedsobecauséehey assisin seggmentation.
Whentheseraystraversethroughthe volume, they comparetheir
intensity profile with somepre-definednes. If the ray crossesan
intersectionbetweentwo regionsin an approximatelynormal di-
rection, it finds a matchandthenperformscertaintasksof classi-
fication and reconstructiorat the intersection. Dependingon the
application,the rayscanbe programmedo detectcertainspecific
intersectionandperformcertainspecifictasks.Thisleadsto avery
fastandeffective sqgmentatiorapproactwhich cansuccessfullyget
rid of the partialvolumeeffect.

Thefollowing is a brief descriptionof the stepsinvolvedin our
algorithm. We leave the implementationatletailsto the next sec-
tion wherewe show the applicationof our algorithmto solve the
segmentationproblemsin virtual colonoscopy The next section
alsodescribehow we automatedeachof thesestepsfor the given
application.

Approximate intensity basedclassification
In this step,we approximatelyclassify the intensity valuesin the
histogramof the datasetinto distinct regions. The classification
dependsn the numberand type of distict regions presentin the
dataset. An importantpoint to noteis that the region boundaries
in the histogramare definedby approximatethresholdswhich are
flexible. The uniqueintensity profilesat differentintersectionsare
thenstudiedandstored.

Regiongrowing
The algorithmthentakesa seedpoint lying inside a region which
the userwantsto segment. Fromthis seedpoint, we usethe naive
region growing to mark all the voxels that belongto the selected
region andwhich are connectedo the startvoxel, untill we reach
voxelsthatno longerbelongto the selectedegion.
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Figure6: Histogramof the CT dataset.

Selectingstarting points for segmentationrays
Beforewe go on to castseggmentatiorrays,we needto selectvox-
els from which theseraysemanate.The selectionof thesevoxels
is critical to the overall speedof the algorithm. The fewer the vox-
els, the fasterthe algorithm. Also, the nearerthesevoxels are to
theintersectiorof differentregions,thefastertheraysdetectinter
sections.The simplestandfasteststratgy would be to assignthe
boundaryvoxels of the selectedegion asthe startingpoints.

Detectingintersectionsusing segmentationrays
After the startingpointsare selectedthey are queuedn. Oneby
onethesepointsareremoved from the queueandfrom eachpoint,
segmentatiorraysare castin all possibledirections. Theraysare
alwaysdirectedin oneof the26-connected-neighlbdirections.We
checkwhich of the neighboringvoxels doesnot belongto the se-
lectedregion andcasta seggmentatiorray in thatdirection. Oncea
ray detectsanintersectionijt performsits giventaskandquits. The
rays which do not find ary intersectionafter traversing a certain
distancearestoppedandignored.

Volumetric contrast enhancement
In thefinal step,the unwantednaterialsareremovedfrom the vol-
ume by applying a programmedtransferfunction. This process
is similar to contrastenhancemetrin image processing.Using a
smoothtransferfunction, we get unaliasedboundariesvhich im-
prove the quality of volumerenderingsignificantly.

4 Digital Colon Cleansing

In this sectionwe explain anexampleapplicationof our algorithm.
We useour algorithmfor digitally cleansingthe colon for virtual
colonoscopyWe now shav how we implementedeachstepof our
algorithmandhow we automatecdeachof thosestepsto getafully
automaticsggmentation.

4.1 Approximate intensity-based classification

A closerlook at the histogramobtainedfrom the dataseimmedi-
ately revealstwo distinct-intensityregions (Figure 6). Region 1,
whichwe call the AIR region, is on thelower endof the histogram.
Voxels with intensitieslying in this region are thosethat belong
to air (from a prior knowledgeof the CT intensities). This region
canbe characterizedy just one threshold,Tarrnign. Region 2
includesintensitiesthat makeup the centerof the histogram. We
namethis region the ST (for Soft Tissue)region. This region is
characterizetby two thresholdsT st .., andT'st ;4,. Thevoxels
with theseintensitiesbelongto the soft-tissue. Along with soft-
tissue,this region also hassomePVE voxels (somevoxels at the
intersectiorof the AIR andhigh intensityregionsbelongto this re-
gion). Thereis alsoa third region, Region 3, which makesup the
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higherend of the histogram,andincludesvoxels which belongto
fluid, stoolandbones.We namethis region FSB (for Fluid, Stool
andBone)andcharacterizét by asinglethresholdevel, Trss o -
Thus,we chooseto broadlyclassifythe volumeinto threemainre-
gions.

We namethe two regions which lie in betweenthe three re-
gionsdefinedin theabove classificatiorasPV1andPV2(for Partial
Volumevoxels).PV1is characterizethy two thresholdsT arrpign
andT'st;..,- It includesthe colon mucosavoxels (mucosais the
thin layer on the interior side of the colon) and somePVE vox-
els. Similarly, PV2is characterizedby two thresholdsl s 1,4, and
TrsBiow- ThisregionincludesPVE voxelsalongwith somestool
voxels whoseintensitiesare lowered becauseof the neighboring
lower intensityvoxels.

The thresholdsdescribedabore are automatically calculated
from the histogram. The first two peaksin the histogramconsti-
tute the AIR voxelsandhencewe setT arrpiqn to theright of the
secondpeak. The next two peaksare the ST voxels and we set
Ts7i0w anNdT st 4, aroundthem.Dueto thelack of apeakin the
histogramfor FSBvoxel intensitieswe useprior knowledgeof the
contrastenhancindluid andits intensityandassignit t0 Trss 0. -
Sinceour algorithmdoesnot dependn exactthresholdvalues the
choiceof above thresholdss flexible.

4.2 Region growing and start points for segmen-
tation rays

To detectand mark the interior AIR region of the colon, we need
seedpointsthat are definitely insidethe colon. We have deviseda
simplestratgy to automaticallyandaccuratelyflocateseedpoints.
Thebasicideais to look for anFSBregion voxel andcheckif there
is AIR immediatelyabove it. If this conditionis satisfied,one of
the AIR voxelsis storedasa seedpoint. This stratgly worksaccu-
rately becausehefluid, which is insidethe colon, forms a smooth
horizontalsurfacedueto gravity (Figure7). Hence thereis air on
top of thefluid, andthis air is definitelyinsidethecolon. Any point
inside this air can be the seedpoint for our algorithm. The only
otherhigh intensity materialwhich is outsidethe colon, the bone,
is surroundedy soft-tissueandthe above conditionwill fail.

Theabove stratgy is implementedy goingthrougheachverti-
cal scan-lineandcheckingfor the above condition. If a seedpoint
is found, it is storedin anarray In the end,we have all possible
seedpointsin thearray Next, we usesomeof theseseedpointsto
marktheinterior of the colonby region growing.

We now useregion growing to get the boundaryof the AIR re-
gion. We usethenaive dilate-andstrateyy to dotheregion growing.

Figure8: AIR boundarydetectedy regiongrowing
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Figure9: Four differenttypesof intersections.

To makethis computationallyefficient, we usea queueto storethe
voxelswhoseneighbordhave notbeenexplored.We starttheregion
growing by placingthe seedpointin thequeue Now we explainthe
naive dilate-andstratgy we use.

In eachiteration,thefirst voxel in the queueis removed andits
neighborsareinspected.If a non-masked\IR voxel is found, it is
insertedntothequeuejf amaskedAIR voxelis found,it isignored,;
andif a nonAIR voxel is found, thenthe currentvoxel is marked
asaboundaryvoxel andis storedin a boundaryvoxel(BV) queue
After all the neighborsareinspectedthe currentvoxel is removed
from the queueandis maskedo indicatethatit is processedThe
iterationsendwhenthereareno morevoxelsleft in the queue.We
usethevoxelsin the BV queueasthestartingpointfor segmentation
rays. Thisgivesthebestresultsbecaus¢heintersectiorof AIRwith
otherregionsis in theimmediateneighborhoof thesevoxels.

We usea 6-connectiorfor detectinga neighboringnon-masked,
AIR voxel, but a 26-connectiorfor checkingthe boundarycondi-
tion. A 6-connectiorgivessmallerqueuelengthsandis thusmore
efficient. A 26-connectiorfor boundarydetectionincreasesheac-
curag of ouralgorithm(Section4.3).

4.3 Detecting
rays

inter sections using segmentation

Ournext stepexploitsthe peculiarcharacteristicattheintersection
betweenAlR andthe otherregions, namely ST andFSB It is at
theseintersectionghatmostof the PVE voxels occurandthis step
aimsatremaoving them. This is animportantstepasit removesall
the thin stool depositsaandgivesanimproved contourto the colon,
whichis critical to the detectionof the polyps.



Fromthe previous step(Section4.2) we getall the voxelslying
on the roughcontourof the colon (Figure8) in theform of the BV
queue All thevoxelswhich surrounahis AIR region belongto one
of thefollowing threetypesof intersectiongFigure9) :

1. AIR- STintersection.
2. AIR- Fluid intersection.

3. AIR- Stoolintersection.

We now differentiatebetweenFluid and Stool for two reasons.

Firstly, sinceboneis notin the picture arymore, we cannotrefer
to theintersectionasAIR - FSB Secondlya thin layer of stoolis
attachedo the colonic mucosaat mary places(Figure9) andwe

chooseo referto suchintersectionssthe AIR - Stoolintersection.

By Fluid we referto relatively large high-intensitydepositswhich
aremainly fluid (Figure9).

Characterizing the intersections
We now needto characterizeaheseintersectionsn orderto dis-
tinguish betweerthem. The characteristigpropertieswereformed
from a carefulstudyof the intensityprofilesat eachintersectioras
we movedin adirectionnormalto the intersection.We shav here
the generalintensity profilesat eachof the intersectionsaand note
their characteristics.

TheAIR- STintersection
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Figure10: Intensityprofile at AIR - STintersection.

In Figure10 we show the intensityprofile atthe AIR - ST inter
section.Froma carefulanalysisof this intensityprofile we charac-
terizedthe AIR - STintersectiorby thefollowing properties

e A gradualncreasén thegradientastheintensitieamove from
AIRto PV1to ST andpossiblyto PV2

o After thefirst zeroor negative gradient the intensityvalueis
still in the ST region.

e Theintensitiesneverreachthe FSBregion.

o No morethanonePV2regionvoxel is presenbeforetheneg-
ative or zerogradient.

TheAIR - Fluid intersection

Figure 11 givestheintensity profile atthe AIR - Fluid intersec-
tion. The following characteristicsvereassociatedvith this inter
section:

e A sharprisein the gradientasthe intensity valuesgo from
AlIRto FSB

o An FSBvoxel is reachedwithin 3 voxels after the last AIR
voxel.
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Figurell: Intensityprofile at AIR - Fluid intersection.

e Thefirst negative or zerogradientdoesnot bring theintensity
valuebelow the FSBrange.

TheAlR - Stoolintersection
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Figure12: Intensityprofile at AIR - Stoolintersection.
From Figure 12 we characterizehis intersectiorby the follow-
ing properties
e Theintensityvaluessharplyincreasdrom AlIRto PV2or FSB

o After thefirst negative or zerogradientheintensityvaluelies
in PV2

An intersectioris saidto befound,whenall thepropertiesvhich
characterizé aresatisfied.Our next stepuseshesecharacteristics
to detectintersections.
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Figurel3: Sgmentatiomaysbeingsentto detecintersectionsThe
dashedaysare not castif weuse6-connectiorboundarycheding.
(A: AIRvoxels B : AIRboundaryvoxels.)



Casting segmentationrays
We castsegmentationraysfrom eachof the AIR boundaryvoxel
(storedin the BV queue)outwards,in searchof a matchingchar
acteristics. If the ray detectsan intersectionbasedon the above
properties thenwe performa certaintaskthat is associatedvith
eachtypeof intersectionpr elsetheray is simply ignored.

To determingthe directionof eachsegmentatiorray originating
from avoxel, we examineall its 26-connectedeighbors.Theones
thataremarkedasAlIR areignoredandwe castraysin thedirection
of all otherneighbors. For simplicity, we show this in 2-D (Fig-
ure 13). ThevoxelsmarkedA arethe AIR voxelsandthosemarked
B arethe AIR boundaryvoxels. We show rayssentfrom only one
boundaryvoxel for clarity. Among all the rays,the onesthat are
mostperpendiculato theintersectiorwill mostdefinitely detectit;
otherswill be simplyignored.

In Section4.2 we mentionedthat we use 26-connectionfor
checkingif the AIR voxel is on the AIR boundary By doing so,
we avoid holesthatwould otherwiseappeadueto the lack of rays
in someparts. To understandhis, considerthe dashedaysin Fig-
ure 13. The voxels from which they originatewill not be marked
asthe boundaryoxelsif we use6-connectiorboundarychecking,
thusleaving holes.

We now discussthe taskswe performwhenaray detectsanin-
tersectionThetasksmainly involve classifyingthe voxelsinto one
of the threemain regions (Section4.1) and altering the intensity
valuesto whatthey would have beenin the absenc®f the residual
fluid andstool.
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Figure14: Classificationof voxelsonthe AIR - STintersection.

TheAIR- STintersection
In this casewe markthelasttwo voxelsof theray asthe colonwall
voxels and mark the voxels precedingthem as the mucosavoxels
(Figure 14). Colonic mucosalies on theinterior of the colonwall
andhencewe usesucha classification.An importantpoint to note
hereis thatwe arenotaimingatanaccuratalistinctionbetweerthe
colonwall andmucosaWe areonly interestedn anaccuraténner
contourof the colonwhich shavs the polyps.

TheAIR - Fluid intersection
Sinceour goal is removal of all Fluid voxels, we remove all the
voxelsonthis intersectionthuseliminatingall partialvolumevox-
els that resultedfrom the intersection. We remaove the voxels by
markingthemasAIR voxels andassigninghemanintensityvalue
of T'arr,,,, (Figurels). Theremoval of the remainingfluid vox-
elsis fairly simple becauseheir intensitiesarein the FSBregion
andwill bedealtwith in thelaststepof our algorithm.

TheAIR - Stoolintersection
Due to the presenceof high-intensitystool voxels, the thickness
of the colonic mucosaincreases.To overcomethis problemand
reconstructhemucosawe carefullyremove thestool voxelsalong
theray andmove the mucosavoxelsaheado their correctposition.
We show oneexampleof thereconstructiorin Figure16.
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Figurel5: Classificationof voxelsonthe AIR - Fluid intersection.
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Figure16: Reconstructiorand classificationat the AIR - Stoolin-
tersection.

By the end of this stepof our algorithm, we have successfully
removed all partial volumevoxelsthatwerein the PV1region and
somethatwerein thePV2region. We arenow left with all thehigh-
intensityvoxels of FSBrangeandthe partialvolumevoxelsonthe
Fluid - STintersectionThefinal stephandleghesevoxels.

4.4 Using volumetric contrast enhancement to re-
construct mucosa and remove fluid
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Figurel7: Reconstructiorat the Fluid - STintersection.

In thefinal stepof our algorithm,we reconstructhe mucosaat
theFluid - STintersectiorandremorve the hight-intensityFSBvox-
elsthatarestill remainingin thedatasetWe useatechniquesimilar
to the Contrast Enhancementisedin imageprocessing[lL Since



we extendit to a volume, we call it the Volumetric Contrast En-
hancementWe shawv the contrastenhancingeconstructiorgraph
in Figurel7.

The key ideabehindthis graphis thatif a voxel on the Fluid
- ST intersectionhasan intensity closerto the FSB region, then
the probability of thatvoxel beingan FSBvoxel is very high. The
lower intensityof the probableFSBvoxel is attributedto the effect
of the surroundindow intensityvoxels. Thus,the closerthevoxel
intensityis to the FSBregion, thelower the reconstructedhtensity
will be (sincewe are aiming to remove the FSB voxels). Simi-
larly, a voxel with an intensity closerto the ST region will have
a reconstructedntensity closerto the averageST intensity This
reconstructiorgraphcanbe implementedy a simplelookuptable
takingjustonepasghroughthedatasetThus,this stepis extremely
fast. We preferthe curve over a straightline to increasehecontrast
betweenthe two regions without aliasingeffects. This resultsin
smootheandmoreaccuratémagesfrom volumerendering.

Figure18: Reconstructethucosaat a Fluid - STintersectionafter
sementation.

5 Results

Our sggmentatioralgorithmwastestedfor the virtual colonoscopy
systemand now, is an integral part of its preprocessingipeline.
By doing automatichistogramclassificationand seedpoint detec-
tion, thealgorithmgave afully automaticsolutionto segmentation
anddigital coloncleansing We testedhe algorithmon a variety of
datasetsWe useoneof thedatasetsf size512x512x411o0 demon-
stratethe results. Sincethe patientdid not undego ary physical
colon-cleansingprior to the scan therewasa significantamountof
residualfluid insidethecolon. A thin layer of stoolwasfoundto be
attachedo the colonicmucosan mary places.

Our algorithmremoved all the fluid andstool voxels accurately
(Figures19 and 20). Our methodwas ableto detectand remove
stooldepositaasthin asonevoxel thick whichis about0.7 mm. We
werealsoableto unearthall themucosasoxelslying below thefluid
attheintersectiorof fluid with the colonwall. Dueto the mucosa
voxels, therewas no aliasingeffect at the newly detectednterior
surfaceof the colon (Figure18).

Sincethecruxof ouralgorithm- characterizingheintersections
- is doneby our cognitive skills, we claim thatour algorithmgives
justasaccuratearesultasa manualsegmentationln fact, sincewe
donotmissevenasingleintersectionpuralgorithmcouldbebetter
thanmanualsegmentation.

The total time for the whole segmentationprocessfor the se-
lecteddatasetvas58 second®nanSGIOnyx2 (R10000,195MHz)
and35 second®n aLinux PC(AMD Athelon,750MHz). Thisis
thefastestimereportedor colonsegmentatiorwhich alsoincludes
digital cleansing.

Thispapershavedtheapplicationof our sggmentatioralgorithm
for virtual colonoscopy The algorithm,or its parts,could be used

for ary applicationrequiring a similar complex segmentation. It
will be especiallyusefulwhentherearepartial volumeeffect con-
cerns.

6 Conclusion and Future Work

In this paperwe have describedan algorithmfor fastandaccurate
segmentationwith the ability to remove the partial volume effect.
This algorithmis a very generalalgorithmwhich canbe usedby
ary applicationwith sggmentatiorrequirementsimilar to thoseof
virtual colonoscop.

In the future work, we planto build aninteractve segmentation
systembasedon our algorithmin which the usercaninteractvely
configureall the parametersequiredby the algorithm. This will
includetheability to pick intersectiorcharacteristicesingamouse
andassigninglassification/reconstructiadasksto theraysthatfind
a perticularintersection.Sincethe algorithmis extremelyfast,we
alsoplan to addvisual feedbackby renderingand displayingthe
seggmentediatasesftereachoperationby theuser
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@ (b)

Figure19: A cross-sectioof the CT datashawing colon (a) beforesggmentationand(b) after segmentation.

@ (b)

Figure20: Volumerenderedmagesshowing (a) presencef fluid beforesggmentationand(b) fluid removed after sggmentation.



