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ABSTRACT

We presentan electroniccolon cleansingalgorithm using a nev segmentationtechniquebasedon sggmentationrays.
Theseraysarespeciallydesignedo analyzetheintensityprofile asthey traversethroughthe datasetWhenthis intensity
profile matchesry of the pre-definegrofiles,theraysperformcertaintaskof reconstructionWe usetheseraysto detect
the intersectionbetweenair and residualfluid, and betweenresidualfluid and soft-tissue. One of the mostimportant
adwantage®f sgmentatiorraysover otherseggmentatiortechniquess the detectionof partialvolumeregions. Segmen-
tation rayscanaccuratelydetectpartial volumeregionsandremove themif needed.Oncepartial volumeis eliminated,
removal of otherunwantedregions(e.g.,taggedluid) is relatively easy Thisapproacho electroniccleansings extremely
fastasit requiresminimal computation.
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1. INTRODUCTION

Cancerof the colon hasbeenreportedto be the secondeadingcauseof deathfrom cancerin the United States. This
mortality couldbereducedf cancerousolonpolypsweredetectedaindremovedin theearlystagef theirmalignang? .
Varioushealthorganizationdik e the AmericanCancerSociety the AmericanCollege of Physiciansandthe World Health
Organizationhave thusrecommendea colon exam every 3 yearsafter the ageof 50, for the detectionof thesepolyps.
Unfortunately most patientsdo not follow their physicians adviceto undego sucha procedurebecauseof the pain,
risk, discomfortandhigh costassociatedvith the currentoptical colonoscop techniquesConsequentlya non-irvasie,
low-cost,accurateandcomfortablealternatve to the existing techiquesvould be extremelyvaluable.

The StateUniversityof New York (SUNY) at Story Brook haspioneeredhedevelopmenibf onesuchsystemgcalled
Virtual Colonoscopy?34® | which usesadvancedcomputergraphicsand visualizationtechniques. The currentsystem
roughlyinvolvesfour steps.First, the patients colonis cleansedndinflatedwith CO, in away similar to thatof optical
colonoscop. Seconda helical CT scanof the patients abdomernis taken suchthatit coversthe entirecolon. This takes
about30-40 secondsand can be donein a single breathhold. The scanproducesseveral hundredslicesof 512x512
resolution. In thethird step,theseslicesarereconstructednto a 3D volumeof 100-250MB. This volumetricdatathen
undepgoesa seriesof pre-processingtageswhich arerequiredfor the virtual navigation. The mostimportantof these
stagess theaccuratesggmentatiorof the colonlumen,whichis theinterior of the colon,from theoriginal CT images.In
thefinal step,we useaccuratevolumerenderingfor virtual navigationthroughthe insideof the colon,to detectpolyps.

All currentcolonoscop techniquesincluding the virtual colonoscop, requirea cleancolonlumenfor accuratede-
tectionof the polyps. Residualmaterialsinsidethe colon could be falselyinterpretedaspart of the colon. Thus,asthe
preparatiorfor colonoscop, the patientundegoesaphysicalbowel cleansing Thisincludeswashingthe colonwith large
amountsof liquids andadministratingnedicationsand enemago inducebowel movements.This bowel preparatioris
often more uncomfortableand unpleasanthanthe examinationitself. An alternatve techniquewhich doesnot require
this uncomfortablecleansingwould be a boonto the patients. As a result,a new bowel preparationschemehasbeen
developedat SUNY Story Brook®” . Thiswould leadto a morecomfortablecolonoscop procedurdor the patients.
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SOFT TISSUES

Figure 1: A traverseslice shaving a partof thecolon.

The basicideaof the new bowel preparatiorschemes to enhancehe intensityof stoolandfluid sothatthey canbe
digitally removedfrom the dataset.The patientis askedto remainon a soft-fooddiet (yogurt, cerealsmashedbotatoes
etc.)for anentireday Threebottlesof a density-enhancinfuid is takenby the patientwith eachmeal. Someadditional
solutionsarealsotaken by the patientfor the purposeof liquidizing andenhancinghe stool. The colonis thendistended
with carbondioxide (CO, gasof approximatelyl000cc)via arectaltube.

A CT scanof the patients abdomernis thentaken andreconstructednto a 3D dataset. The dataseis thenpassed
throughthe segmentatiorprocesdo cleanthe colonlumen,makingit devoid of all residualmaterialsfor avirtual screen-
ing. Accuratesegmentatiorof thecolonlumen,is thusascritical asaccurateenderingfor detectionof malignantpolyps.

In thenext sectiorwe presenthe problemdacedn seggmentingthedatasegeneratedrom thenew bowel preparation.
We alsoshav why contemporaryseggmentationapproachesare not good enoughfor accurateresults. We thendescribe
our new approach.

2. NEED FOR A SOPHISTICATED SEGMENTATION
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Figure2: Intensityprofile atthe boundaryof air andfluid.

The CT dataobtainedafter the new bowel preparationis much more complex thanthe one obtainedfrom a pre-
cleansedowel. The compleity arisesbecausef the large amountfluid andstool residinginsidethe colon (Figure 1).
Although theseunwantedresidueshave beenenhancedthey do not have a clearboundarydueto partial volumeeffect.
Thesituationis evenworsenedy thefinite resolutionandlow contrasof the CT scannerWe now discusgheunusability
of naive sggmentatiorapproaches.



Figure 3. Resultof sgmentatiorby thresholding.

2.1. Segmentation by thresholding

The simplestsggmentationapproachis thresholding. The humanabdomenrconsistsmainly of threedistinct densityre-
gions: air, soft-tissuesandhigh densitymaterials(which includethe bone). A CT scanassigndifferentintensitiesto
thesematerialsandwe classifythembasedon theseintensities.Our previousvirtual colonoscop systemwhich needed
physicalcolon cleansingin the bowel preparatiorstage successfullyusedthresholdingto segmentthe colon lumer?* .
However, with our new bowel preparatiorschemeponesarenot the only high densitymaterialpresenin the abdomen.
Residuafluid andstool,whichwereenhancedalsohave CT imageintensitiessimilar to thoseof bone thuscomplicating
the sggmentation Althoughthresholdinggivesthefastestresults,t hasmary disadwantagesvhich we list below.

First, thresholdingdoesnot remove partial volumevoxels. Figure 2 shows the intensity profile alonga verticalline
from top to bottomasshown in Figure 1. We obsene that, at the boundaryof two regionswith differentintensitieslie
voxels,whoseintensitiesdo not matcheitherof the two regions. We namethesevoxelsthe Partial Volume Effect (PVE)
voxels. Thesevoxels are undesirablesincethey areincorrectly classifiedwhenthresholdingis used. For example,in
Figure2, thevoxelsbetweerthefluid andtheair lie in the soft-tissuarange.Hence they aremarkedassoft-tissuevoxels
andwould notberemoved. Theadwerseeffecton segmentatiorisimmediatelyevidentandis shavn in Figure3. Although
the high densityfluid/stoolhasbeenremaoved,athin soft-tissue-like boundarystill exists,whichis not presentn reality.

Secondthethresholdfor eachrangeof intensitiesarevery sensitve. A slightchangeo thesethresholdsouldleadto
achangdn the outcomeof the sggmentationgspeciallythe contourof theinner surfaceof the colon.

Third, thresholdingalso givesrise to aliasingeffectsat the inner colon boundary It is immediatelyevident when
we take a closerlook at the sggmentedvolume (Figure4). Theintensityvaluesmove sharplyfrom soft-tissuerangeto
air-range.This is undesirabldrom the point of view of thevolumerendering.A sharpboundaryalsomeangheabsence
of thin colonic mucosathatis presenton the inner surfaceof the colon. Colonic mucosais key to the detectionof the
polypsandhenceits removal is undesirable For comparisonwe alsoshaov anexampleinterior surfaceof the colon (the
mucosawhereno stoolwasattachedo it (Figureb).

2.2. Segmentation by morphological operations

A successionf morphologicaloperationssuchasdilatesanderodescould be usedfor segmentatiofi . For example,we
could performa flood-fill on all the fluid andstool regions,andthenusea sequencef dilatesanderodego remove the
PVE voxels. Howeverit is well known thatdilatesfollowedby erodescanfill in holesanderodesollowedby dilatescan
remove nois€ . Thus,they couldaffecttheinnercontourof the colonasit is highly twistedandhasa very roughsurface.

This methodwould alsorequireseedpointsto be placedin eachandevery region filled with fluid or stool for per
formingtheflood-fill. This couldbeacumbersoméaskconsideringhelargenumberof suchregions.In addition,it may
requirealot of humanintervention. This couldalsoslon down the entireprocesf sggmentatiorandmayresultin some
fluid/stoolregionsbeingneglected.



Figure4: Aliasing effectsof segmentatiorby thresholding.

Figure5: A normalcolonicmucosakurfacewithoutfluid or stoolattachedo it.

3. SEGMENTATION USING SEGMENTATION RAY S

The basicideabehindour approacthis that the intersectionof two distinct-densityregions possessea uniqueproperty

This propertyis the uniqueintensity profile at eachintersectionaswe move in a direction normalto the intersection.
While doingso,we passhroughthe PVE voxelspresenattheintersectiorbeforereachingthe otherregion. We canthus

identify thesePVE voxelsaccuratelyandremove them.

Theuniqueintensityprofilesfor differentintersectionarestudiedandstoredbeforehandThesewerefoundto bethe
characteristiof theintersectiorof the two regionsandthey do notdependnthe CT scanningprotocol.

The next stepof our algorithmaimsat detectingthe intersectiondasedon its characteristigproperties.This is done
by castingraysthroughthe volume and comparingthe intensity profile graphsalongthe ray to the intensity profiles of
differentintersections. If thereis a match,the ray hassuccessfullydetectecthe intersection. We call theseraysthe
Segmentation Rays® asthey assistn the segmentation.

We further optimize our algorithmso that we do not castrayswherewe know for surethatthereis no intersection.
Herewe exploit thefactthattheinterior of colonis filled with air. Applying region growing ontheair voxelsfrom aseed
point insidethe colon givesa rough contourof the colonicinterior. We thencastsegmentation rays outwardsfrom the
boundaryof this air region. We arethuscastingraysonly attheintersectiorof air with otherregions.

Oncea ray detectsan intersection,a certaintaskis performed. This primarily involvesremaoving the PVE voxels
presenittheintersectionby eitherclassifyingthe voxelsor alteringtheir intensityvaluesfor reconstructinghe mucosa.
By the endof this, we have detectecandeliminatedmostof the PVE voxels.

For the remainingPVE voxels, which are at the intersectionof fluid and soft tissues,we useVolumetric Contrast
Enhancement which is a volumetricextensionto the contrast enhancement usedin imageprocessingThis resultsin the
reconstructiorof mucosawhich wascompletelylost dueto the high densityfluid. The stepalsoremovestheremainder
of fluid from the colon.



Figure6: A traverseslice before(left) andafter(right) electroniccleansing.

Figure 7: Resultof segmentatiorby thresholding.

4. RESULTS

Ourfully automaticseggmentatiormethodwastestedon avarietyof CT datasetebtainedwith thenew bowel preparation.
We useoneof our casestudydataset®f size512x512x41%o show theresultshere.Sincethe patientdid notundegoary
colon-cleansingprior to the scan,therewasa significantamountof residualfluid insidethe colon. A thin layer of stool
wasfoundto beattachedo the colonicmucosan mary places.

Ouralgorithmremovedall thefluid andstoolvoxelsaccuratelyFigure6). Our methodwasableto detectandremove
stool depositsasthin asone voxel thick which is about0.7 mm. We were alsoableto unearthall the mucosavoxels
lying below thefluid attheintersectiorof fluid with colonwall. We alsocompareour results(Figure9) with thresholding
(Figure7) andvectorquantizationFigure8).

Theaveragetime takenfor electroniccleansingfor datasetsvith about400slicesof 512x512resolutioneach)was1
min on a Linux workstation(900MHz AMD).

5. CONCLUSION

We presentedn electroniccolon cleansingechnologybasedn segmentatiorrays. The advantageof segmentatiorrays
overothersegmentatiorapproachess in thedetectiorof partialvolumeregions. Sgmentatiorrayscanaccuratelydetect
partialvolumeregionsandremove themif neededOncepartialvolumeis eliminated removal of otherunwantedregions
(e.g.,taggedfluid) is straight-forward (e.g., by usingthresholding).This approachto electroniccleansings extremely
fastasit requiresminimal computation.



Figure 8: Resultof sgmentatiorby vectorquantization.

Figure 9: Resultof electroniccleansingusingsegmentatiorrays.
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