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Abstract

Sementationof the tracheo-bronchialree of the lungsis notori-
ouslydif cult. Thisis dueto thefactthatthe smallsizeof someof
theanatomicabtructuresaresubjectto partialvolumeeffects. Fur-
thermore,the limited intensity contrastbetweenthe participating
materials(air, blood, andtissue)increasegshe segmentationdif -
culties.

In this paperwe proposea hybrid sgmentatiormethodwhichis
basednapipelineof threesggmentatiorstagego extractthelower
airwaysdown to the seventhgeneratiorof the bronchi. Userinter-
actionis limited to thespeci cationof aseedpointinsidetheeasily
detectabld@racheaatthe upperendof thelower airways. Similarly,

the complementarwasculartree of the lungs can be sggmented.

Furthermorewe modi ed our virtual endoscop systento visual-
ize the vascularand airway systemof the lungs alongwith other
featuressuchaslungtumors.
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1 Introduction

The humanbody consistsof several organsystemswhich control
thenumerousodyfunctions.Amongthemarethe metabolismthe
circulationof thebloodandotherbody uids (ie.,lymphatic uids),
andthe respiratoryfunctions. The latter onetransportsair into the
body (inhaling) and removes exhaustedair from the body during
the exhale. The exchangeof theair takesplacein thelungs,which
are a complementarysystemof airways and blood vessels. Both
systemsare suppliedthroughlarge pipe-like structuresvhich split
successiely into smallerones,thuscreatingthe tracheo-bronchial
(airways)andbloodvesselree.

The tracheo-bronchiafreeis connectedo the outsidethrough
thetracheawhich splitsinto the mainbronchi(left andright lungs)
at the main bifurcation. The inhaled air is distributed through
the bronchialtree down to the alveoli, wherethe oxygen/carbon-
dioxideexchangebetweerair andbloodtakesplace. Theexhausted
air (enrichedwith carbon-dioxide)s thentransportedackupto the
tracheaduring the exhale. The tracheo-bronchialreeis comple-
mentedby a systenmof pulmonaryvenousandarterialbloodvessels
whichtransportghebloodto andfrom the heartinto thelungs.

Several pathologiescan jeopardizea sufcient lung function.
Among them are tumors, pulmonary embolism, collapseof the
lungs (atelectasis),pneumonia,emphysemaasthma,and mary
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more. For aproperdiagnosisandtreatmentthe respectie patholo-
giesneedto beidenti ed andin somecasegjuanti ed. In thecase
of lung-sugery(ie., for tumortreatment)thisinformationis neces-
saryfor theinterventionplanningwherethe anatomicatelationof
diseasedronchito non-diseasedreads requiredpre-operatiely,
ie. to provide asafedistanceo essentiastructuresandto determine
resectability In thesecasesyirtual bronchoscop with arepresen-
tation of the vascularstructuress in particularusefulto represent
thespatialandfunctionalrelationshign thetargetarea.Anotherex-
ampleof a usefulapplicationof virtual bronchoscop is modeling
andsimulationof inhaledtherapiesvherethe exactamountof drug
depositionin thelungsis investigatedCOPHIT Consortiumn. d.].
Here,virtual bronchoscop canbe usedto visualizethelocal drug
depositionin the speci ¢ bronchies.Finally, virtual bronchoscop
canbe usedfor the assessmerdf complex esophagus-trachesy-
rinx thatcanbedif cult to asses its 3D relationshipwith regular
2D imaging.

The current gold-standardto identify the respectre lung
parenchymandairwaysis computedomography(CT) thatis per
formedpriorto abronchoscop atool for inspection®f thetrachea
and centralbronchi and deriving tissuesamples. Due to the re-
centtechnicaldevelopmentmproving resolutionandscanvelocity,
multi-slice CT —in connectiorwith virtual bronchoscop— became
a promisingalternatie to bronchoscop if tissuesamplesare not
required.Thisis ampli ed by thefactthatopticalbronchoscop is
limited by smaller lower airways (third generatiorand up) or by
obstructionsNeverthelessevensmallerstructuref thelower air-
ways are extremely dif cult to segmentfrom CT datasetsdueto
leakagescausedy the notoriouspartial volumeeffect anddueto
thelack of sufcient contrasto surroundingissueor air. However,
notethatthe clinical bene tsof virtual bronchoscop arein princi-
ple limited to the dataacquisitiontechniquesfeatureshat cannot
be detectedby it (heremulti-slice CT), canalsonot be exposedby
virtual bronchoscop Furthermorethe add-onvalue of a virtual
bronchoscop in contrastto the CT imagingfor tumordiagnosids
still disputed.

In this contritution, we introducea hybrid sggmentatiormethod
whichis basedn a pipelineof threesggmentatiorstagedo extract
the lower airways up to the seventhgeneratiorof the lungs (with
decreasingensitvity), startingwith thetracheaasgeneratiorzero.
Userinteractionis limited to the speci cationof aseedpointinside
the easily detectableupperairways'. Similarly, the complemen-
tary vasculartree of the lungscanbe segmented.Furthermorewe
modi ed our virtual endoscop system[Bartz etal. 2001]to visu-
alize the vascularandairway systemof the lungsalongwith other
featuressuchaslung tumors,from anendoscopigoint of view.

In the following partsof this paper we briey review related
work in the elds of virtual bronchoscop andsegmentatiorof the
airwaysin the next section. Afterwards,we will introducethe hy-
brid sggmentationmethod,includingall its pipelinestagedn Sec-
tion 2.1. After briey describingthe modi ed virtual endoscop
system(Section2.6), we presentour resultsand an evaluationof
the segmentationquality for a diversesetof datasetgrom healthy
subjectsandsubjectawvho aresuffering from diseasesf thelungs
(Section3d). Finally in Section4, we presensomeconclusionsand
pointto futureresearchdirections.

1.1 Related Work

Virtual endoscop is currently one of the most popularresearch
elds in medicalimaging andis slowly moving into the clinical

routine.Consideringhe extensive work developedin thelastyears
on the eld of virtual endoscop, herewe will limit oursehesto

describeonly that work which is directly relatedto virtual bron-

choscop.

10therparametersrepre-de nedandcanbe modi ed by theusers.
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Theapplicationof virtual endoscopitechniquedo the airways,
hasbeenproposedincel994[Vining etal. 1994;Mori etal. 1994].
Typically it useshelical CT asimaging modality which provides
shortacquisitiontimesandthusminimizesthe motion artifactsdue
to breathingandheartbeating[Rodenvaldt et al. 1997]. Theren-
deringof the volumetricdatacanbe performedthroughtwo com-
monways: shadedurfacerenderingpolygonalrenderingand(di-
rect) volume rendering[Remy et al. 1998]. For shadedsurface
rendering,a polygonalrepresentatiorof the surface must be ex-
tractedfrom thevolumedata.Most of theapproacheso virtual en-
doscop in generabndvirtual bronchoscopin particular make use
of threshold-basedegion growing methodsasbasicsegmentation
technigueo obtainthe surfacevoxels[Summersetal. 1996;Remy
et al. 1998; Mori et al. 1998; Ferrettiet al. 2001] Oncethe sur
facehasbeenidenti ed, the polygonalrepresentatiotis generated
with the Marching Cubesalgorithm [Lorensenand Cline 1987].
However, with thesetechniqguesand dueto the complity of the
bronchialstructure,only the upperbronchicould be properly seg-
mented[Summerset al. 1996]. Law andHengusea combination
of region growing andcenterlineextractionto enhancehe under
standingof the 3D structureof the bronchialtree [Law andHeng
2000]. Morerecently Kiraly etal. useacombinatiorof anadaptve
3D region growing, 2D mathematicamorphology andanoptional
2D median lter for increasinghe robustnesof the sggmentation
algorithmwhile improving the quality of the results[Kiraly etal.
2002]. Also recently Kitasakaet al. useda regular region grow-
ing approachand controlledleaking and bifurcation problemsby
a complex useof local volume of interesttemplateghat limit the
region growing area[Kitasakaetal. 2002].

In contrast,Rodenvaldt et al. adopteda differentapproactfor
the reconstructiorof the 3D surfacefrom CT data[Rodenvaldt
etal. 1997]. They usethe“Navigator” softwareprogram(GE Med-
ical SystemsBuc, France)which emplgs athreshold-basechod-
ied ray castingtechniqueto determineand renderthe walls of
the innerlumen. Also Fungand Hengusedirect volume rendef
ing throughray castingfor their virtual bronchoscoyp application
[FungandHeng 1999]. They amuethat direct volume rendering
hasthe advantagethat no information presentin the original data
is discardedduring a segmentationprocess.However it comesat
the costof requiring intensive parallel renderingin orderto pro-
vide interactve framerates. A differentalternatie is presented
by Wegenkittl et al. whereanimagebasedrenderingtechniqueis
used,basedn cubicervironmentmappingof six videosequences
[Wegenkittl et al. 2000]. Although this methodproducegealtime
framerateswith aconsiderablémagequality, it is restrictedo nav-
igation througha x ed path and presentshigh pre-processinge-
quirementsDuringthistimeintensie pre-processinghevideose-
guencesrecomputeckitherusingshadedurfacerenderingpr vol-
umerenderingtechniquesA furtheroverview of existing visualiz-
ationtechniquesppliedto airway diseasesanbefoundin [Grenier
etal. 2002].

2 Methods for Virtual Bronchoscop y

The segmentationand visualizationis basedon CT dataacquired
by a SiemensSomatomVolumeZoom multi-slice CT scanneac-
quiresfour spiralsat a time, corvolution kernel50, collimation of
1.25mmandincrementof 1mm). For a thoraxexam, it typically
generates stackof 250-300imageswith a matrix of 512 x 512
pixels resolutionanda spacingwhich variesin the sub-millimeter
range(i.e., 0.6mm- 0.7mm)for the pixel distanceand 1mm for
the slice distance.Basedon this datasetwe segmentthe tracheo-
bronchialandthe blood vesseltree of the lungsusingthe sggmen-
tation systemSegoMeTex, and other structuresof interest(ie., a
tumor),if available.

Subsequent|ywe reconstructthe inner surface of thesestruc-
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turesandgeneratexdditionaldata-structureaeededor virtual en-
doscop. Finally, we explorethe dataseby avirtual bronchoscop
procedurausingthe VIVENDI systemBartz andSkalej1999].

2.1 Segmentation

The segmentationpipeline consistsof three stages(Fig. 1 and
Fig. 2). In the rst stage,thetracheaandcentralbronchiare seg-
mentedusingstandardD region growing methods.

Segmentation

lA Iteration A
Masked 3D 2D wave 2D template
region growing propagation matching

Figure2: Sgmentatiorpipeline.

Partial volume effects and limited resolutionof the CT scan
(which essentiallycausethis effect) renderthis methodasnot sat-
isfactory for segmentationsf further generation®f the bronchi,
since borderingvoxels cannotbe sufciently differentiatedfrom
tissuevoxels®. Therefore,a 2D wave propagationis initiated to
completethe upperand centralbranches.Finally, a 2D template
matchingprocedurds usedto sgmentsmall lumen,which might
beonly asinglevoxel large. A feedbacKkoop of thewholepipeline
repeatghe stagesuntil no meaningfuladditionscould be madeto
the previous segmentation(Fig. 2). Figure 1d shavs the nal re-
sultsof veiterations.However, somedatasetsnight requireup to
15iterations.

2.2 Masked 3D Region Growing

-y

No airway

= Uncertair

)

Definitely airway

Ml

Figure3: Logarithmichistogramof CT dataset.

If we analyzethe histogramof the CT datasebf the thorax,we
candifferentiatethe intensity valuesin the voxels into threecate-
gories(Fig. 3). All valuesbelav -950HU (Houns eld Units) can
be classi ed asde nitely airway, andthe intensity valuesabore
-775HU asnon-airway. All voxels valuesbetweenthis isovalue
interval (from -950HU to - 775HU) canpossiblybelongto airway,
thusthey areclassi edasuncertain.

2Thepartialvolumeeffectis averagingow intensityair valueswith mid-
dleintensitybronchiwall or tissuevalues.Theresultingvoxel valuecannot
safelyclassi edasairway or wall.
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Basedonthisanalysisthe 3D region growing algorithmextracts
all voxels which arede nitely airway, startingat the seedpointin
thetracheaTo preventtheleakinginto theparenchymaf thelungs
in smallerairways (ie., in emphysema)we use a maskingtech-
niguefrom textureanalysisjf theaveragegrayvalueofa3d 3 3
voxel cubecenteredat the currentvoxel is within the save range
(belov -950 HU), we considerthis voxel asbeingpart of the air-
way. Otherwise the respectie voxel is not classi ed asairway in
this stage. While this maskingtechniquepreventsleakagejt also
impedeghe segmentatiorof smallerbronchi. However, we usually
accomplishthe segmentationof the bronchialtree up to the fth
generationwhereasthe borderingvoxels are often not included,
sincetheir voxel valuesbelongto the uncertainvoxel valueintenal
(seeFig. la/bandFig. 4).

In the secondteration of the segmentationpipeline,the 3D re-
giongrowing algorithmrunswith thesamethresholdontheborder
ing voxels of thepreviously selectedioxels.

2.3 2D Wave Propagation

Startingfrom sggmentedsoxelsof thepreviousstep,2D wave prop-
agationtriesto reconstrucbronchiwallswithin asingleCT slice. It

startsat eachboundaryvoxel of the airway voxels from 3D region

growing and propagatesvavesto detectthe walls of the bronchi
(Fig. 4b). Voxels at position X in the uncertain areasare classi-
ed by fuzzy logic rulesthat considerthe densityvalue V(X) (in

Houns eld) , the largestlocal N4 neighborhoodin 2D) gradient
G(X), andif voxelsin thelocal N4 neighborhoodirealreadyclas-
si ed aswall pixels(no airway) in a previouswave W(X):

fwave(X) =cy V(X)+cg G(X)+ cw W(X);
withcy = 1;¢g= 1,00 = 0:75:

1)

whereV(X) andG(X) aremappednto theclosedntenal [1.0,0.0],
andW(X) is either1 — if thereis a classi ed wall pixel in the N4
neighborhood— or 0 — otherwise Essentiallyif fywavd(X)  Cwalls
thevoxel is classi ed aswall®.

Critical to the wave propagations the evaluationof the classi-
ed airway areas|f they really belongto the airways. To achieve
this goal,the additionalvoxels segmentedby eachwave aremoni-
toredby aprotocolthatveri es theshapeandsizeof eachbronchus
candidateusinga setof default parametergFig. 4b). As metric,
we countthenumberof voxelsselectedy then wavespropagating
within a plane(BPS, for BronchusPlainSizepndthe wave diam-
eter(WDy) of the currentwave n asthe numberof selected/oxels
of wave n. Furthermorewe de ne theaveragenumberof voxels of

the rst n waves(AND,, for AverageWave Diameter).

Sgmentsof the tracheo-bronchialree are identi ed by se-
guencef asairway classi ed voxelsin awave. Figure4b shavs
two sequencesnarked by the red points, thus depictinga bifur-
cation. The shaperules essentiallyassumethat no wave detects
segmentsplitsin morethantwo subsequerdegmentsat a bifurca-
tion. A third segment(of not yet selectedsoxels) in one2D wave
propagatiortest(in oneslice)is henceforthconsideredasleakage
into the lungsandis considerednvalid. At eachbifurcation,the
segmentidenti cation processstartsagainrecursvely.

As closerexaminationof thedatasetshaved,two very closebi-
furcationswereneverlocatedcloseenougho bedetectedasathird
segmentby the 2D wave propagationthusthey were not falsely

STypically, cyan = 1:74.
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Figure4: Completionof bronchiwalls; (a) shawvs the resultof the 3D region growing (blue). The greenrectanglemarksthe zoomedarea
shawvn in (b). (b) shavs thewave propagationin progressThe cyanboundarywoxel is choserasstartingpoint. Theyellow circlesmarkthe
propagatedvavesandthered pointsmark the airway candidatevoxels. The black pointsfailed the leakingtest,sincethe numberof voxels
of that wave wasincreasingtoo fast. Note that the actualwaves have a Rhomlus-like shape driven by the N4-neighborhood.(c) shavs

the completionof that segmentationby 2D wave propagationred). The voxels (within the body)in the iso-rangeof de nitely airway are
markedin blue,of theuncertain rangein black/gre, andof theno airway rangein white.

identi ed asleakage.

WDn > dmax 2

WDp=WDp 1> OwD,y, 3)
BPS > dsize (4)

AND,  ANDp 1> dawDoyrer (5)
ANDmax ANDmin > dANDmngerm (6)

The sizeruleslimit the growing of the wave propagatiofl. If
the diameterof a bronchicandidateexceedsa certainsize (Equa-
tion 2), or if thewave diameteris increasingoo fastfrom the pre-
vious wave (Equation3, seealsoblack pointsin Fig. 4b), the re-
spectve sgmentrecursions terminatecandtheresultsareconsid-
eredinvalid. Furthermoreif candidategrow spontaneouslgwhile
shrinkingbefore)or theoverallin planevoxel sizeBPS, of thecan-
didatebecomeaunrealisticallylarge (Equation4), the recursionis
againterminatedandthe resultsaresetinvalid. Thelasttwo rules
(Egn.5 and®6) testthe currentandlong-termgrowth of the wave
front. Speci cally, they testif the sggmentsare shrinking (as as-
sumed)or growing. The protocolstartstestingafterthe rst three
waves,sincethey frequentlyshav anunstablebehaior. Duringthe
wave propagationall invalid resultsareremovedfrom the sggmen-
tation. However, initial correctresults(ie., for the rst p waves)are
presered.

To follow a bronchusthroughseveral slices, virtual waves are
propagatedn neighboringslices. If one of thesevirtual wavesis
similarto theshapeandsizeof the wave propagatiorin the current
slice,anotherecursve wave propagationn theneighboringsliceis
initiated. Speci cally, therecursve testingof wavesin neighboring
sliceis initiatedonly for no-branchingsegmentshathave classi ed
wall elementdrom 2D wave propagation Furthermorethesewall
elementsmay only differ by onevoxel to the wall elementsf the
new neighboringslice sggment.

Similar to the rst stepof the pipeline, 2D wave propagation
usesalmostthe sameparametersn the subsequeniteration; only
the peripherabronchidiameteris reducedsincethe lower airways
(highergenerationspnly grow smaller

4We usedmax= 6:1mn dwp,.;, = 1:75; dsize= 500mn?;
dAWDcurren =113 dAWDIongerm = 30.

2.4 2D Template Matching

Without the usedcareful validity testing,the previous two stages
would leak into the surroundingarea,if the airways becometoo

smallto bepickedup,in particularin areasvheretheairwaysmight

have thesizeof only onevoxel. To selecthesevoxels,but still pre-

venttheleaking,we applya2D templatematchingtechniquenhich

evaluateghe candidateareabelav templateswith theisovaluecat-

egory uncertain (between-950 HU and-775 HU). This stageis

organizedin two steps;the rst stepestablishesemplateghatare

usedin thesecondstepto evaluatethelocal voxel neighborhood.

First, 2D templatematchingapplies2D region growing starting
from the boundaryvoxels of the previous segmentationgFig. 5).
The thresholdsare varied — from the upperthresholdof the un-
certain isovalueinterval (-775HU) — until the numberof selected
voxelsis below thecritical limit (ie., 35 voxels), sinceit canbeas-
sumedhatthey did notleakout. Basedon this selected/oxel area,
circulartemplatesof varyingsizesaregenerated.

In the secondstep,we apply a 2D region growing and usethe
templatesto differentiatethe thresholds;belov the template,we
areusingthe upperuncertain threshold(-775 HU), while we are
usingthe original templatethresholdoutsideof the template. By
moving thetemplatesover thelocal area we generatevarioussey-
mentationcandidategseeFig. 5b-e)which areagainevaluatedby
a setof fuzzy rules. This time, we considerthe averagedensity
valueVYX) of thetemplateareaandthe ( Itered®) averagegradi-
entG(X) to thesurroundingroxelsin the N8 neighborhoodwithin
asingleslice). The bestpossibleresultis thenselectedandadded
to the sggmentation(Fig. 5f andFig. 1d).

fremplate(X) = Cave VO(X) + Cgrad  G(X); (7)
with Cave= 0:25and Cgrag = 0:75:

Here,V{X) is mappedrom [-1024,-775]to [0.0,1.0],andG(X)
is mappedinto therange[0.0, 1.0]. lllustratively, this meansthat
acceptectandidatehave a low averagedensityvalue anda high
boundarycontrast. The candidatewith the largest fienpiate  0:7
(Egn.7) is acceptea@sairway (Fig. 5f andFig. 1d).

However, if thesizeof thetemplatecontrolledareais largerthan
twice asmuchasfor the previousslice,a leak-outis assumedthus

5In orderto reducedataartifacts,we clampthegradientrange.
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(f)

Figure5: Templatematching:(a) shavs a peripherakirway. 2D seedings startedon pixels of the category uncertain. Theresultis marked
blue (b). Fromtherethe seedingareatemplategwhite polygonwith black dot pattern)areformedandtestedon differentlocationsaround
the seeding.The seedings repeatedn the categyory uncertainandtemplate(marked by a pattern,(c) to (e)). (f) shavs the bestresultafter

theclassi cation.

theareaof thecurrentsliceis assumednvalid.

In the subsequeniterations, voxels which have alreadybeen
unsuccessfullytestedfor inclusion, are excluded from template
matching. This is mainly to save time — 2D templatematchingis
the singlemosttime consumingstageof the sggmentatiorpipeline
—andthey usuallydo not contributein lateriterations.

2.5 Segmenting Blood Vessels

To sggmentthebloodvesselswe areusingthesamehreestageseg-
mentationpipeline,basedon a datasethat was scannedwhile in-
jectingaiodine-basedontrastagentto enhancehe contrastof the
blood lled vesselgo theneighboringissue.ln addition,thelower
(de nitely airway) andupper(no airway) thresholdsareadapted
to theintensityvaluesof thecontrastagentlled bloodvesselg130
HU, 250HU). Notethatthistime we arelooking for ahigherinten-
sity structurejn contrasto thevery low intensityof theairways.

Similar to the tracheo-bronchialree, the pulmonaryarterytree
hasthe tendeng thatits diameteris decreasingvhile descending
to the arteriolelevel of the arterialtree. If the segmentationpro-
ceedsto the complementarywenousvesseltree, the diameterwill
increaseagain triggeringtheleakagaletectorof the sggmentation
pipeline. Thus, only the arterialtreeis segmented. However, the
varying quality of the contrastagentdistribution in the blood ves-
selscausesalsoa varying quality of its sggmentation. Therefore,
no x edHouns eld thresholds- in contrastto the airway segmen-

tation—canbeusedthey needto beadaptedo thespeci c datasets.

Furthermoreadditionalmanualeditingmayberequiredto achieze
thenecessarguality (seealsoSection3 andFig. 8c).
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2.6 Virtual Endoscop y

Basedon the generatedsegmentation, we reconstructthe iso-
surfaceof thesggmentation(seeFig. 7c) usingthe standardvlarch-
ing Cubesalgorithm[LorensenandCline 1987]. Herewe usethe
se@mentationasa templateto restrictthe iso-surhiceextractionto
thevolumecellsthatcontainsegmented/oxels. However, thedirect
reconstructiorfrom a (binary) segmentationcanresultin a bumpy
appearancecausedby interpolationartifactsdue to high density
differencedetweernthevoxels of the segmentatiorandthe not se-
lected surroundingvoxels. Therefore,we add one layer/shellof
voxelsto the boundaryoxels of sgmentatiorthatreduceghis ef-
fect. Theapplicationof morecontinuoudistanceelds canfurther
reducethis effect. However, it mightalsoreducereconstructedey-
mentationdetails. In somecases(ie., 7th generationbronchiin
Fig. 7c), this canresultinto holesthat areclearly visible from the
outside,but negligible for mostof the interior viewpoints. A fall-
backto the binary segmentatiortemplatecanreducethis artifact.

For thevirtual endoscopi@xploration,we usethereconstructed
models (ie., tracheo-bronchiatree and pulmonary blood vessel
tree) and render those independently Usually we assumea
viewpoint inside a bronchus,hencewe renderits surface semi-
transparentind the pulmonaryvesselsopaque. However, we can
alsoassumeaviewpointinsidethebloodvesselsConsequentithe
transpareng parametersvould be switched. Independentlyfrom
the chosenviewpoint location, the enclosingstructureis rendered
semi-transparentyhile the outsidestructureshould be rendered
opaque Notethatalsootherstructuregi.e.,atumor)canbe added
to thesceneln this casetherenderingparameterseedto becho-
senaccordingly

To determinethe visibility of the scenecomponentgtracheo-
bronchialtree, pulmonaryarteries,and tumor(s)), we renderthe
front-to-backsortedopaquecomponentsisingvisibility drivenren-
dering algorithm as describedn [Bartz and Skalej 1999], where
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Figure6: Reconstructiorof iso-surbiceof datase®. Thedifferent
octreeleafblocksarecodedin differentcolors.

we usean octree-basedcenedecompositiorto organizethe scene
in hierarchicaloctreeblocks,in which the leaf blocks containthe
actualscenegeometry(seeFig. 6 and Tablel). Finally, the semi-
transparentomponent usuallythetracheo-bronchiatee—is ren-
dered. If we usethe mentionedvisibility drivenrenderingfor this
componentwe trade off renderingquality® and renderingspeed
[Bartzetal. 2001].

For the actual virtual bronchoscop we startin the trachea
(Fig. 7a)andtraversethetracheo-bronchiatee(Fig. 7b) to thetar-
getregion of interest. Interestingstructuresor pathologiescanbe
documentedor furtherevaluation.As wewill shav in thenext sec-
tion, we traversethe tracheo-bronchiaree and seethe pulmonary
arteriesandatumorof thelungs(Fig. 8).

We choosean indirect volume rendering techniquefor our
visualizationcomponentdue to the requiredhigh sustained full
quality renderingperformanceof morethan30fps. Thereforewe
did not useary meshreductionapproachbut visibility drivenren-
dering.

For the samereasonsyve optedagainsta direct volumerender
ing approachthatmight be ableto generatehigherquality images.
A texture-mapping-basegblumerenderingapproactwill alsoen-
countersevere memory problems,since the label (segmentation)
volume and the volume datasetitself are requiredfor the proper
rendering. Finally, notethatin contrastto a commonmisconcep-
tion, we still needa segmentationpipelinefor the successfukeg-
mentationof the structuresof interest;a classi cation by (multi-
dimensional}ransferfunctionsis not ableto differentiatebetween
the low intensityairways,the empty spacebetweerthe airwaysin

6Theocclusionculling partof thevisibility calculationassumespaque
rendering.If we neverthelessendercomponentsemi-transparentye will
experienceminor poppingartifacts[Bartz etal. 2001].
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thelungs,andthe spaceoutsideof the body

3 Results

The seggmentatiormethodwassuccessfullftestedon datasetérom
22 patients(approximately6600 datasetslices), who were sepa-
ratedinto threegroupsof normalsubject{n=8),emphysem#én=5),
andlungdiseasesvith increasedlensity suchaspneumonign=9).
The resultsof the sggmentationwere comparedto sggmentations
using only the threshold/rgion growing method— which is still
the widely usedstate-of-the-arfor seggmentationof the tracheo-
bronchialtree— and assesselly an experiencecdchestradiologist,
who alsoidenti ed falsepositive segmentatiorresults .

The reliability of the segmentationis statisticallymeasuredy
the sensitvity and the positive predictive value. The sensitvity
describeshow reliablethosebronchibranchesre correctlyfound
(correctlyfound bronchibranched existing bronchibranchegle-
tected by the radiologist). In contrast, the positive predictve
value (PPV) describesthe accurayg that only existing branches
aredetectedby the sggmentatiorpipeline(correctlyfound bronchi
brancheg (correctlyfoundbronchibranches foundfalsepositive
bronchibranches)). Therefore,one caninterpretthe PPV as the
speci city (which describeghe reliability that negative casesare
detectedhsnegative) of leaked (invalid) bronchibranchesTheac-
tual speci city could not be determinedsincethe numberof “cor-
rectnegative” bronchiegno bronchiesannotbe measured.

Thepresentedhybrid sgmentatiormethoddenti ed bronchiup
to the fth generationwith a sensitvity of morethan85%, up to
the sixth generationwith a sensitvity of more than 58%, and a
PPV of morethan90%. Beyond the sixth generationthe sensi-
tivity dropsjustbelav 30%,while the PPV maintaingts high level.
For emphysemaatients the PPV wasslightly reduceddueto the
damageof the alveoli which increasedhe leakingsinto falsepos-
itive branches. For pneumoniapatients,the sensitvity (andto a
smallerextentthe PPV) aresigni cantly reducedcomparedo the
otherdatasets.This is dueto the increasediensityin the airways
whichincreaseshedif culties of trackingtheinnersurfacetremen-
dously

While almostall parameter§propagatiordiameteretc.) arepre-
speci ed— exceptthe seedpoint—, they canbe optimizedfor indi-
vidual datasets.However, the sggmentationresultis only slightly
improved comparedo the “standard’setting. We considerthis as
stability featureof our segmentatiorapproach.

Two of thesegmentatiompipelinestagesreworking only onin-
dividual sliceimages.Consequentltheidenti cation of structures
which grow orthogonalto the slicesis not always possiblein the
sameiteration. As it turnsout, however, the masled 3D region
growing of the next iteration— followed by the other2D pipeline
stages-is ableto compensatéor this effect. As notedbefore,usu-
ally veto seveniterationsaresufcient for a sgmentatiorof the
tracheo-bronchiatree, which is usablein our applicationcontext.
Only in few cases-ie., like the previously mentionedbathological
cases-, the algorithmrequiresup to 15 iterations. Overall, a typ-
ical sgmentationprocesgakesbetween20 and 100 secondn a
PCwith anIntel PIll CPU runningat 850MHz. A breakdan of
thisthistime canbefoundin Tablel.

Theiso-surhceextractionfor datasetfl (shawvn in Figure7) gen-
eratedl.1M trianglesfor the tracheo-bronchireeand 822K trian-
glesfor thepulmonaryarterytree(Tablel). In contrastthe polyg-
onalcomplity of thedatase® (Figure8) is signi cantly smaller
mostlydueto lessre ned segmentatiorresultsin theuppergenera-
tions;thetracheo-bronchireeconsistof lessthan300K triangles,
the pulmonaryarterytree of 340K triangles,andthe tumor of only

“Usually an experiencedradiologistcanidentify the tracheo-bronchial
treeup to the eighthgeneration.
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Figure 7: Virtual endoscop of datasetl: (a) View in tracheadowvn to main bifurcation, (b) approximatelythe seventh generatiorof the
lower airways, mainly segmentedby 2D templatematching. The diamondshapeinterpolationartifactsare dueto high zoomfactorin this
close-up.They arevery typical for MarchingCubesreconstructedso-surficescloseto the datasetesolution(c) shavs anannotatedutside
representatiowith thetracheo-bronchiaree(grey) andpulmonaryarterieqred)from aview behindthe patientbody (left imagesideis left

patientside).

Model Complexity # Polygons # Octree
LeafBlocks
Tracheo-bronchialree 1,148,032 222
PulmonaryArtery Tree 822,906 116
SegmentationPipeline Time | # Voxels[%]
Masked 3D Region Growing 3% 70
2D Wave Propagation 11% 27
2D TemplateMatching 86% 3
Total SggmentationCosts 76s 100
Rendering Performance FrameserSecond
OpaqueDisplay 53
TransparenbDisplay 36

Tablel: Breakdavn of typical scenecompleity, segmentatiorand
renderingcosts(datasetl). Notethatdueto organizationateasons
thetimingsfor the segmentationrweregeneratedn a PCwith aP3
@ 850MHz, while therenderingvasperformedona PCwith aP4
@ 2.8GHz.

44K triangles. Sincewe successfullyapply a visibility drivenren-
dering approach(Section2.6), we achieze a sufcient rendering
performancef thefull resolutionpolygonmodels.

After the segmentationwe exploreda subsebf the 22 datasets
interactizely (morethan30fpson astandard®C8, seealsoTable1)
usingthevirtual endoscop software[Bartz and Skalej1999]. The
exploration exposeda high quality reconstructiongven of small
structureghroughouthe dataset.In Figure7, we shaw two snap-
shotsfrom aregularvirtual bronchoscop Theleft image(Fig. 7a)
shaws the endo-viev from the trachealooking down to the main

8|n thefull opaquemodeaLinux PCequippedvith anP4CPUrunning
at2.8GHzandan ATl Radeor@700Prographicsacceleratorenderednore
than1.1M triangles(tracheo-bronchiatreeis visible only) at 53fps. In the
semi-transpareninode, it achieved 36fps renderingthe tracheo-bronchial
and the pulmonaryartery treesof almost2M triangles. All geometryis
arrangedn trianglestrips,compiledin OpenGLdisplaylists.
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bifurcation,wherethetracheo-bronchiatreesplitsinto theleft and
right lungs. Figure 7b shaws the limits of the currently possible
segmentationthevirtual endoscopés locatedapproximatelyin the
seventh generationof the lower airways. Due to the high zoom-
factors,the typical diamond-shapinterpolationartifactsof trilin-
earinterpolationon the voxel cell grid areexposed.Blood vessels
werevisualizedto provide morecontext information(Fig. 7c).

In Figure8, we shav a more comple situation,wherethe sur
roundingarterialbloodvesselsrevisible throughtheinnersurface
of thetracheo-bronchiatree. Figure8c shavs atumorin theright
lungin green.At the sametime, poorcontrasiandbeamhardening
artifactsof the voxels of the pulmonaryarteriesexposeseggmen-
tation dif culties; the blood vesseltreeis only incompletelyseg-
mented(Fig. 8c).

4 Conclusions and Future Work

In this contritution, we discussed novel segmentatioralgorithm
which consistsof a pipeline of three sggmentationstages. The
segmentatiorresultswere combinedwith VIVENDI, avirtual en-
doscopy systemto provide a (virtual) bronchoscopiexploration
mode. Basedon a high-quality segmentationmeaningfulfeatures
could bevisualized. Whereaghe sggmentationprovided goodre-
sultsfor a large variety of patients,it encounteregroblemsiden-
tifying all airwayswith pneumoniapatients,or pulmonaryblood
vessebtructures.

Virtual bronchoscop is a valuabletool for the localizationand
measuremendf stenosisfor treatmentplanning. However, mild
stenosissubmucosain Itration, andsuper cial spreadingumors
cannotbe identi ed, sincethey are usually not picked up by the
CT data,andhencethey arenot visualizedthroughthe virtual en-
doscopy system.

Future Work

Futurework will focuson the extensionof the last two pipeline
stagesnto 3D. While we donotexpectabettersggmentatiorresult,
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Figure 8: Virtual endoscop of datase®: (a) Semi-transparentenderingof view in tracheaat main bifurcation. The pulmonaryarteries
(red) arevisible throughthe inner surfaceof the tracheo-bronchiatree. (b) shavs the samesituationfurtherdown the bronchi. The tumor
(green)encloseghe bronchi(grey). (¢) shavs anannotatedutsiderepresentationf anotherdatasetvith the tracheo-bronchiaree(grey),

pulmonaryarteries(red),andalung tumor(green)in theleft lung (view from behindthe patient).

3D operationswill reducethe numberof requirediteration steps,
thusit will reducethe requiredtime. Furthermorewe arelooking
into improving thestability of thealgorithmsfor datasetsvith poor
tissuecontrastlik e the bloodvesselsn Figure8.
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