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Figure1: Resultsof threesegmentationstages:(a) Regiongrowing, (b) 2D wave propagation,(c) 2D templatematching,(d) �nal segmenta-
tion resultaftersix iterations,takingabout76son aPCwith a P3@ 850MHz.

Abstract

Segmentationof the tracheo-bronchialtreeof the lungs is notori-
ouslydif�cult. This is dueto thefactthatthesmallsizeof someof
theanatomicalstructuresaresubjectto partialvolumeeffects.Fur-
thermore,the limited intensity contrastbetweenthe participating
materials(air, blood, andtissue)increasesthe segmentationdif�-
culties.

In thispaper, weproposeahybridsegmentationmethodwhichis
basedonapipelineof threesegmentationstagesto extractthelower
airwaysdown to theseventhgenerationof thebronchi.Userinter-
actionis limited to thespeci�cationof aseedpoint insidetheeasily
detectabletracheaat theupperendof thelower airways.Similarly,
the complementaryvasculartree of the lungs can be segmented.
Furthermore,we modi�ed our virtual endoscopy systemto visual-
ize the vascularandairway systemof the lungsalongwith other
features,suchaslung tumors.
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1 Intr oduction

The humanbody consistsof several organsystemswhich control
thenumerousbodyfunctions.Amongthemarethemetabolism,the
circulationof thebloodandotherbody�uids (ie., lymphatic�uids),
andtherespiratoryfunctions.Thelatteronetransportsair into the
body (inhaling) and removesexhaustedair from the body during
theexhale.Theexchangeof theair takesplacein thelungs,which
area complementarysystemof airwaysandblood vessels.Both
systemsaresuppliedthroughlargepipe-like structureswhich split
successively into smallerones,thuscreatingthe tracheo-bronchial
(airways)andbloodvesseltree.

The tracheo-bronchialtree is connectedto the outsidethrough
thetracheawhich splitsinto themainbronchi(left andright lungs)
at the main bifurcation. The inhaled air is distributed through
the bronchialtreedown to the alveoli, wherethe oxygen/carbon-
dioxideexchangebetweenair andbloodtakesplace.Theexhausted
air (enrichedwith carbon-dioxide)is thentransportedbackupto the
tracheaduring the exhale. The tracheo-bronchialtree is comple-
mentedby asystemof pulmonaryvenousandarterialbloodvessels
which transportsthebloodto andfrom theheartinto thelungs.

Several pathologiescan jeopardizea suf�cient lung function.
Among them are tumors, pulmonaryembolism,collapseof the
lungs (atelectasis),pneumonia,emphysema,asthma,and many
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more.For aproperdiagnosisandtreatment,therespectivepatholo-
giesneedto beidenti�ed andin somecasesquanti�ed. In thecase
of lung-surgery(ie., for tumortreatment),this informationis neces-
saryfor theinterventionplanningwheretheanatomicalrelationof
diseasedbronchito non-diseasedareasis requiredpre-operatively,
ie. to provideasafedistanceto essentialstructuresandto determine
resectability. In thesecases,virtual bronchoscopy with a represen-
tationof the vascularstructuresis in particularusefulto represent
thespatialandfunctionalrelationshipin thetargetarea.Anotherex-
ampleof a usefulapplicationof virtual bronchoscopy is modeling
andsimulationof inhaledtherapieswheretheexactamountof drug
depositionin thelungsis investigated[COPHITConsortiumn. d.].
Here,virtual bronchoscopy canbeusedto visualizethe local drug
depositionin thespeci�c bronchies.Finally, virtual bronchoscopy
canbe usedfor the assessmentof complex esophagus-tracheasy-
rinx thatcanbedif�cult to assessin its 3D relationshipwith regular
2D imaging.

The current gold-standardto identify the respective lung
parenchymaandairwaysis computedtomography(CT) thatis per-
formedprior to abronchoscopy, atool for inspectionsof thetrachea
and centralbronchi and deriving tissuesamples. Due to the re-
centtechnicaldevelopmentimproving resolutionandscanvelocity,
multi-sliceCT – in connectionwith virtual bronchoscopy – became
a promisingalternative to bronchoscopy, if tissuesamplesarenot
required.This is ampli�ed by thefactthatopticalbronchoscopy is
limited by smaller, lower airways(third generationandup) or by
obstructions.Nevertheless,evensmallerstructuresof thelowerair-
waysareextremelydif�cult to segmentfrom CT datasets,dueto
leakages,causedby thenotoriouspartial volumeeffect anddueto
thelackof suf�cient contrastto surroundingtissueor air. However,
notethattheclinical bene�tsof virtual bronchoscopy arein princi-
ple limited to thedataacquisitiontechniques;featuresthat cannot
bedetectedby it (heremulti-sliceCT), canalsonot beexposedby
virtual bronchoscopy. Furthermore,the add-onvalueof a virtual
bronchoscopy in contrastto theCT imagingfor tumordiagnosisis
still disputed.

In this contribution,we introducea hybridsegmentationmethod
which is basedonapipelineof threesegmentationstagesto extract
the lower airwaysup to the seventhgenerationof the lungs(with
decreasingsensitivity), startingwith thetracheaasgenerationzero.
Userinteractionis limited to thespeci�cationof aseedpoint inside
the easily detectableupperairways1. Similarly, the complemen-
tary vasculartreeof the lungscanbesegmented.Furthermore,we
modi�ed our virtual endoscopy system[Bartz et al. 2001] to visu-
alizethevascularandairway systemof the lungsalongwith other
features,suchaslung tumors,from anendoscopicpointof view.

In the following partsof this paper, we brie�y review related
work in the�elds of virtual bronchoscopy andsegmentationof the
airwaysin thenext section.Afterwards,we will introducethehy-
brid segmentationmethod,includingall its pipelinestagesin Sec-
tion 2.1. After brie�y describingthe modi�ed virtual endoscopy
system(Section2.6), we presentour resultsandan evaluationof
thesegmentationquality for a diversesetof datasetsfrom healthy
subjects,andsubjectswho aresuffering from diseasesof thelungs
(Section3). Finally in Section4, we presentsomeconclusionsand
point to futureresearchdirections.

1.1 Related Work

Virtual endoscopy is currently one of the most popular research
�elds in medical imaging and is slowly moving into the clinical
routine.Consideringtheextensive work developedin thelastyears
on the �eld of virtual endoscopy, herewe will limit ourselves to
describeonly that work which is directly relatedto virtual bron-
choscopy.

1Otherparametersarepre-de�nedandcanbemodi�ed by theusers.

Theapplicationof virtual endoscopictechniquesto theairways,
hasbeenproposedsince1994[Viningetal.1994;Mori etal.1994].
Typically it useshelical CT as imagingmodality which provides
shortacquisitiontimesandthusminimizesthemotionartifactsdue
to breathingandheartbeating[Rodenwaldt et al. 1997]. The ren-
deringof thevolumetricdatacanbe performedthroughtwo com-
monways:shadedsurfacerendering(polygonalrendering)and(di-
rect) volume rendering[Remy et al. 1998]. For shadedsurface
rendering,a polygonalrepresentationof the surfacemust be ex-
tractedfrom thevolumedata.Mostof theapproachesto virtual en-
doscopy in generalandvirtual bronchoscopy in particular, makeuse
of threshold-basedregion growing methodsasbasicsegmentation
techniqueto obtainthesurfacevoxels[Summersetal. 1996;Remy
et al. 1998; Mori et al. 1998; Ferretti et al. 2001] Oncethe sur-
facehasbeenidenti�ed, thepolygonalrepresentationis generated
with the Marching Cubesalgorithm [Lorensenand Cline 1987].
However, with thesetechniquesanddueto the complexity of the
bronchialstructure,only theupperbronchicouldbeproperlyseg-
mented[Summerset al. 1996]. Law andHengusea combination
of region growing andcenterlineextractionto enhancethe under-
standingof the 3D structureof the bronchialtree[Law andHeng
2000].Morerecently, Kiraly etal. useacombinationof anadaptive
3D region growing, 2D mathematicalmorphology, andanoptional
2D median�lter for increasingtherobustnessof thesegmentation
algorithmwhile improving the quality of the results[Kiraly et al.
2002]. Also recently, Kitasakaet al. useda regular region grow-
ing approachandcontrolledleakingandbifurcationproblemsby
a complex useof local volumeof interesttemplatesthat limit the
regiongrowing area[Kitasakaet al. 2002].

In contrast,Rodenwaldt et al. adopteda differentapproachfor
the reconstructionof the 3D surface from CT data [Rodenwaldt
etal. 1997].They usethe“Navigator” softwareprogram(GEMed-
ical Systems,Buc,France),whichemploysa threshold-basedmod-
i�ed ray castingtechniqueto determineand renderthe walls of
the inner lumen. Also FungandHengusedirect volumerender-
ing throughray castingfor their virtual bronchoscopy application
[Fung andHeng1999]. They arguethat direct volumerendering
hasthe advantagethat no informationpresentin the original data
is discardedduring a segmentationprocess.However it comesat
the cost of requiring intensive parallel renderingin order to pro-
vide interactive frame rates. A different alternative is presented
by Wegenkittl et al. wherean imagebasedrenderingtechniqueis
used,basedon cubicenvironmentmappingof six videosequences
[Wegenkittl et al. 2000]. Althoughthis methodproducesreal time
framerateswith aconsiderableimagequality, it is restrictedto nav-
igation througha �x ed path andpresentshigh pre-processingre-
quirements.Duringthistimeintensivepre-processing,thevideose-
quencesarecomputedeitherusingshadedsurfacerendering,or vol-
umerenderingtechniques.A furtheroverview of existing visualiz-
ationtechniquesappliedto airwaydiseasescanbefoundin [Grenier
etal. 2002].

2 Methods for Vir tual Bronc hoscop y

The segmentationandvisualizationis basedon CT dataacquired
by a SiemensSomatomVolumeZoommulti-sliceCT scanner(ac-
quiresfour spiralsat a time, convolution kernel50, collimationof
1.25mmand incrementof 1mm). For a thoraxexam, it typically
generatesa stackof 250-300imageswith a matrix of 512 x 512
pixels resolutionanda spacingwhich variesin thesub-millimeter
range(i.e., 0.6mm- 0.7mm) for the pixel distanceand 1mm for
theslice distance.Basedon this dataset,we segmentthe tracheo-
bronchialandthebloodvesseltreeof the lungsusingthesegmen-
tation systemSegoMeTex, and other structuresof interest(ie., a
tumor),if available.

Subsequently, we reconstructthe inner surfaceof thesestruc-
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turesandgenerateadditionaldata-structuresneededfor virtual en-
doscopy. Finally, we explorethedatasetby a virtual bronchoscopy
procedureusingtheVIVENDI system[Bartz andSkalej1999].

2.1 Segmentation

The segmentationpipeline consistsof three stages(Fig. 1 and
Fig. 2). In the �rst stage,the tracheaandcentralbronchiareseg-
mentedusingstandard3D region growing methods.

Masked 3D 
region growing

2D wave
propagation

2D template
matching

SegmentationDataset

Iteration

Figure2: Segmentationpipeline.

Partial volume effects and limited resolutionof the CT scan
(which essentiallycausethis effect) renderthis methodasnot sat-
isfactory for segmentationsof further generationsof the bronchi,
sinceborderingvoxels cannotbe suf�ciently differentiatedfrom
tissuevoxels2. Therefore,a 2D wave propagationis initiated to
completethe upperandcentralbranches.Finally, a 2D template
matchingprocedureis usedto segmentsmall lumen,which might
beonly asinglevoxel large.A feedbackloopof thewholepipeline
repeatsthestagesuntil no meaningfuladditionscouldbe madeto
the previous segmentation(Fig. 2). Figure1d shows the �nal re-
sultsof � ve iterations.However, somedatasetsmight requireup to
15 iterations.

2.2 Masked 3D Region Growing

No airway

Uncertain

Definitely airway

Figure3: Logarithmichistogramof CT dataset.

If we analyzethehistogramof theCT datasetof the thorax,we
candifferentiatethe intensityvaluesin the voxels into threecate-
gories(Fig. 3). All valuesbelow -950 HU (Houns�eld Units) can
be classi�ed asde�nitely airway, and the intensityvaluesabove
-775 HU asnon-airway. All voxels valuesbetweenthis isovalue
interval (from -950HU to - 775HU) canpossiblybelongto airway,
thusthey areclassi�edasuncertain.

2Thepartialvolumeeffect is averaginglow intensityair valueswith mid-
dle intensitybronchiwall or tissuevalues.Theresultingvoxel valuecannot
safelyclassi�edasairway or wall.

Basedonthisanalysis,the3D regiongrowing algorithmextracts
all voxels which arede�nitely airway, startingat theseedpoint in
thetrachea.To preventtheleakinginto theparenchymaof thelungs
in smallerairways (ie., in emphysema),we usea maskingtech-
niquefrom textureanalysis;if theaveragegrayvalueof a 3� 3� 3
voxel cubecenteredat the currentvoxel is within the save range
(below -950 HU), we considerthis voxel asbeingpart of the air-
way. Otherwise,the respective voxel is not classi�ed asairway in
this stage.While this maskingtechniquepreventsleakage,it also
impedesthesegmentationof smallerbronchi.However, weusually
accomplishthe segmentationof the bronchialtree up to the �fth
generation,whereasthe borderingvoxels are often not included,
sincetheirvoxel valuesbelongto theuncertainvoxel valueinterval
(seeFig. 1a/bandFig. 4).

In theseconditerationof thesegmentationpipeline,the 3D re-
giongrowing algorithmrunswith thesamethresholdontheborder-
ing voxelsof thepreviously selectedvoxels.

2.3 2D Wave Propagation

Startingfrom segmentedvoxelsof thepreviousstep,2D waveprop-
agationtriesto reconstructbronchiwallswithin asingleCT slice.It
startsat eachboundaryvoxel of theairway voxels from 3D region
growing andpropagateswaves to detectthe walls of the bronchi
(Fig. 4b). Voxels at positionX in the uncertain areasareclassi-
�ed by fuzzy logic rulesthat considerthe densityvalueV(X) (in
Houns�eld) , the largestlocal N4 neighborhood(in 2D) gradient
G(X), andif voxels in thelocal N4 neighborhoodarealreadyclas-
si�ed aswall pixels(noairway) in a previouswave W(X):

fwave(X) = cv � V(X) + cg � G(X) + cw � W(X); (1)

with cv = 1;cg = 1;cw = 0:75:

whereV(X) andG(X) aremappedinto theclosedinterval [1.0,0.0],
andW(X) is either1 – if thereis a classi�ed wall pixel in the N4
neighborhood— or 0 – otherwise.Essentially, if fwave(X) � cwall ,
thevoxel is classi�edaswall3.

Critical to the wave propagationis the evaluationof the classi-
�ed airway areas,if they really belongto theairways. To achieve
this goal, theadditionalvoxelssegmentedby eachwave aremoni-
toredby aprotocolthatveri�es theshapeandsizeof eachbronchus
candidate,usinga setof default parameters(Fig. 4b). As metric,
wecountthenumberof voxelsselectedby then wavespropagating
within a plane(BPSn for BronchusPlainSize),andthewave diam-
eter(WDn) of thecurrentwave n asthenumberof selectedvoxels
of waven. Furthermore,wede�ne theaveragenumberof voxelsof
the�rst n waves(AWDn for AverageWaveDiameter).

Segmentsof the tracheo-bronchialtree are identi�ed by se-
quencesof asairway classi�ed voxels in a wave. Figure4b shows
two sequencesmarked by the red points, thus depictinga bifur-
cation. The shaperules essentiallyassumethat no wave detects
segmentsplits in morethantwo subsequentsegmentsat a bifurca-
tion. A third segment(of not yet selectedvoxels) in one2D wave
propagationtest(in oneslice) is henceforthconsideredasleakage
into the lungsandis consideredinvalid. At eachbifurcation, the
segmentidenti�cation processstartsagainrecursively.

As closerexaminationof thedatasetsshowed,two veryclosebi-
furcationswerenever locatedcloseenoughto bedetectedasa third
segmentby the 2D wave propagation,thus they were not falsely

3Typically, cwall = 1:74.
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(a) (b) (c)

Figure4: Completionof bronchiwalls; (a) shows the resultof the3D region growing (blue). Thegreenrectanglemarksthezoomedarea
shown in (b). (b) shows thewave propagationin progress.Thecyanboundaryvoxel is chosenasstartingpoint. Theyellow circlesmarkthe
propagatedwavesandtheredpointsmark theairway candidatevoxels. Theblackpointsfailedtheleakingtest,sincethenumberof voxels
of that wave was increasingtoo fast. Note that the actualwaveshave a Rhombus-like shape,driven by the N4-neighborhood.(c) shows
thecompletionof thatsegmentationby 2D wave propagation(red). Thevoxels (within thebody) in the iso-rangeof de�nitely airway are
markedin blue,of theuncertain rangein black/grey, andof theno airway rangein white.

identi�ed asleakage.

WDn > dmax (2)

WDn=WDn� 1 > dWDratio (3)

BPSn > dsize (4)

AWDn � AWDn� 1 > dAWDcurrent (5)

AWDmax� AWDmin > dAWDlongterm (6)

The size rules limit the growing of the wave propagation4. If
the diameterof a bronchicandidateexceedsa certainsize(Equa-
tion 2), or if thewave diameteris increasingtoo fastfrom thepre-
vious wave (Equation3, seealsoblack points in Fig. 4b), the re-
spectivesegmentrecursionis terminatedandtheresultsareconsid-
eredinvalid. Furthermore,if candidatesgrow spontaneously(while
shrinkingbefore)or theoverall in planevoxel sizeBPSn of thecan-
didatebecomesunrealisticallylarge (Equation4), the recursionis
againterminatedandtheresultsaresetinvalid. The last two rules
(Eqn.5 and6) test the currentandlong-termgrowth of the wave
front. Speci�cally, they test if the segmentsareshrinking(asas-
sumed)or growing. Theprotocolstartstestingafter the �rst three
waves,sincethey frequentlyshow anunstablebehavior. Duringthe
wavepropagation,all invalid resultsareremovedfrom thesegmen-
tation.However, initial correctresults(ie., for the�rst p waves)are
preserved.

To follow a bronchusthroughseveral slices,virtual wavesare
propagatedin neighboringslices. If oneof thesevirtual wavesis
similar to theshapeandsizeof thewave propagationin thecurrent
slice,anotherrecursivewavepropagationin theneighboringsliceis
initiated.Speci�cally, therecursive testingof wavesin neighboring
sliceis initiatedonly for no-branchingsegmentsthathaveclassi�ed
wall elementsfrom 2D wave propagation.Furthermore,thesewall
elementsmayonly differ by onevoxel to thewall elementsof the
new neighboringslicesegment.

Similar to the �rst stepof the pipeline, 2D wave propagation
usesalmostthe sameparametersin the subsequentiteration;only
theperipheralbronchidiameteris reducedsincethelower airways
(highergenerations)only grow smaller.

4Weusedmax= 6:1mm; dWDratio = 1:75; dsize= 500mm2;
dAWDcurrent = 1:13; dAWDlongterm = 3:0.

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 areaswheretheairwaysmight
havethesizeof only onevoxel. To selectthesevoxels,but still pre-
venttheleaking,weapplya2D templatematchingtechniquewhich
evaluatesthecandidateareabelow templateswith theisovaluecat-
egory uncertain (between-950 HU and -775 HU). This stageis
organizedin two steps;the �rst stepestablishestemplatesthatare
usedin thesecondstepto evaluatethelocal voxel neighborhood.

First, 2D templatematchingapplies2D region growing starting
from the boundaryvoxels of the previous segmentations(Fig. 5).
The thresholdsare varied – from the upperthresholdof the un-
certain isovalueinterval (-775HU) – until thenumberof selected
voxels is below thecritical limit (ie., 35 voxels),sinceit canbeas-
sumedthatthey did not leakout. Basedon thisselectedvoxel area,
circulartemplatesof varyingsizesaregenerated.

In the secondstep,we apply a 2D region growing andusethe
templatesto differentiatethe thresholds;below the template,we
areusingthe upperuncertain threshold(-775 HU), while we are
usingthe original templatethresholdoutsideof the template. By
moving thetemplatesover thelocal area,we generatevariousseg-
mentationcandidates(seeFig. 5b-e)which areagainevaluatedby
a setof fuzzy rules. This time, we considerthe averagedensity
valueV0(X) of the templateareaandthe(�ltered5) averagegradi-
entG(X) to thesurroundingvoxelsin theN8 neighborhood(within
a singleslice). Thebestpossibleresultis thenselectedandadded
to thesegmentation(Fig. 5f andFig. 1d).

ftemplate(X) = cave� V0(X) + cgrad � G(X); (7)

with cave= 0:25andcgrad = 0:75:

Here,V0(X) is mappedfrom [-1024,-775]to [0.0,1.0],andG(X)
is mappedinto the range[0.0, 1.0]. Illustratively, this meansthat
acceptedcandidateshave a low averagedensityvalue anda high
boundarycontrast. The candidatewith the largest ftemplate � 0:7
(Eqn.7) is acceptedasairway (Fig. 5f andFig. 1d).

However, if thesizeof thetemplatecontrolledareais largerthan
twice asmuchasfor thepreviousslice,a leak-outis assumed,thus

5In orderto reducedataartifacts,we clampthegradientrange.
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(a) (b) (c)

(d) (e) (f)

Figure5: Templatematching:(a) shows a peripheralairway. 2D seedingis startedon pixelsof thecategory uncertain. Theresultis marked
blue(b). Fromtheretheseedingareatemplates(white polygonwith blackdot pattern)areformedandtestedon differentlocationsaround
theseeding.Theseedingis repeatedon thecategory uncertainandtemplate(markedby a pattern,(c) to (e)). (f) shows thebestresultafter
theclassi�cation.

theareaof thecurrentsliceis assumedinvalid.

In the subsequentiterations,voxels which have alreadybeen
unsuccessfullytestedfor inclusion, are excluded from template
matching. This is mainly to save time – 2D templatematchingis
thesinglemosttime consumingstageof thesegmentationpipeline
– andthey usuallydo notcontributein lateriterations.

2.5 Segmenting Blood Vessels

Tosegmentthebloodvessels,weareusingthesamethreestageseg-
mentationpipeline,basedon a datasetthat wasscannedwhile in-
jectinga iodine-basedcontrastagentto enhancethecontrastof the
blood�lled vesselsto theneighboringtissue.In addition,thelower
(de�nitely airway) andupper(no airway) thresholdsareadapted
to theintensityvaluesof thecontrastagent�lled bloodvessels(130
HU, 250HU). Notethatthis timewearelookingfor ahigherinten-
sity structure,in contrastto thevery low intensityof theairways.

Similar to the tracheo-bronchialtree,thepulmonaryarterytree
hasthe tendency that its diameteris decreasingwhile descending
to the arteriolelevel of the arterial tree. If the segmentationpro-
ceedsto the complementaryvenousvesseltree, the diameterwill
increaseagain,triggeringtheleakagedetectorsof thesegmentation
pipeline. Thus,only the arterial tree is segmented.However, the
varying quality of thecontrastagentdistribution in thebloodves-
selscausesalsoa varying quality of its segmentation.Therefore,
no �x edHouns�eld thresholds– in contrastto theairway segmen-
tation– canbeused;they needto beadaptedto thespeci�c datasets.
Furthermore,additionalmanualeditingmayberequiredto achieve
thenecessaryquality (seealsoSection3 andFig. 8c).

2.6 Vir tual Endoscop y

Basedon the generatedsegmentation,we reconstructthe iso-
surfaceof thesegmentation(seeFig. 7c)usingthestandardMarch-
ing Cubesalgorithm[LorensenandCline 1987]. Herewe usethe
segmentationasa templateto restrictthe iso-surfaceextractionto
thevolumecellsthatcontainsegmentedvoxels.However, thedirect
reconstructionfrom a (binary)segmentationcanresultin a bumpy
appearance,causedby interpolationartifactsdue to high density
differencesbetweenthevoxelsof thesegmentationandthenot se-
lectedsurroundingvoxels. Therefore,we add one layer/shellof
voxelsto theboundaryvoxelsof segmentationthatreducesthis ef-
fect. Theapplicationof morecontinuousdistance�elds canfurther
reducethiseffect. However, it mightalsoreducereconstructedseg-
mentationdetails. In somecases(ie., 7th generationbronchi in
Fig. 7c), this canresultinto holesthatareclearlyvisible from the
outside,but negligible for mostof the interior viewpoints. A fall-
backto thebinarysegmentationtemplatecanreducethis artifact.

For thevirtual endoscopicexploration,we usethereconstructed
models (ie., tracheo-bronchialtree and pulmonaryblood vessel
tree) and render those independently. Usually, we assumea
viewpoint inside a bronchus,hencewe render its surface semi-
transparentand the pulmonaryvesselsopaque.However, we can
alsoassumeaviewpoint insidethebloodvessels.Consequently, the
transparency parameterswould be switched. Independentlyfrom
the chosenviewpoint location,the enclosingstructureis rendered
semi-transparent,while the outsidestructureshouldbe rendered
opaque.Notethatalsootherstructures(i.e.,a tumor)canbeadded
to thescene.In this case,therenderingparametersneedto becho-
senaccordingly.

To determinethe visibility of the scenecomponents(tracheo-
bronchial tree, pulmonaryarteries,and tumor(s)),we renderthe
front-to-backsortedopaquecomponentsusingvisibility drivenren-
dering algorithm as describedin [Bartz and Skalej 1999], where
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Figure6: Reconstructionof iso-surfaceof dataset2. Thedifferent
octreeleaf blocksarecodedin differentcolors.

we useanoctree-basedscenedecompositionto organizethescene
in hierarchicaloctreeblocks,in which the leaf blockscontainthe
actualscenegeometry(seeFig. 6 andTable1). Finally, thesemi-
transparentcomponent– usuallythetracheo-bronchialtree– is ren-
dered.If we usethementionedvisibility driven renderingfor this
component,we tradeoff renderingquality6 and renderingspeed
[Bartzet al. 2001].

For the actual virtual bronchoscopy, we start in the trachea
(Fig. 7a)andtraversethetracheo-bronchialtree(Fig. 7b) to thetar-
get region of interest. Interestingstructuresor pathologiescanbe
documentedfor furtherevaluation.As wewill show in thenext sec-
tion, we traversethe tracheo-bronchialtreeandseethepulmonary
arteriesanda tumorof thelungs(Fig. 8).

We choosean indirect volume rendering techniquefor our
visualizationcomponentdue to the requiredhigh sustained,full
quality renderingperformanceof morethan30fps. Therefore,we
did not useany meshreductionapproach,but visibility drivenren-
dering.

For thesamereasons,we optedagainsta directvolumerender-
ing approachthatmight beableto generatehigherquality images.
A texture-mapping-basedvolumerenderingapproachwill alsoen-
countersevere memoryproblems,sincethe label (segmentation)
volume and the volume datasetitself are requiredfor the proper
rendering.Finally, notethat in contrastto a commonmisconcep-
tion, we still needa segmentationpipelinefor the successfulseg-
mentationof the structuresof interest;a classi�cation by (multi-
dimensional)transferfunctionsis not ableto differentiatebetween
the low intensityairways,theemptyspacebetweentheairwaysin

6Theocclusionculling partof thevisibility calculationassumesopaque
rendering.If we neverthelessrendercomponentssemi-transparent,we will
experienceminor poppingartifacts[Bartzet al. 2001].

thelungs,andthespaceoutsideof thebody.

3 Results

Thesegmentationmethodwassuccessfullytestedondatasetsfrom
22 patients(approximately6600 datasetslices),who were sepa-
ratedinto threegroupsof normalsubjects(n=8),emphysema(n=5),
andlungdiseaseswith increaseddensity, suchaspneumonia(n=9).
The resultsof the segmentationwerecomparedto segmentations
using only the threshold/region growing method– which is still
the widely usedstate-of-the-artfor segmentationof the tracheo-
bronchialtree– andassessedby an experiencedchestradiologist,
whoalsoidenti�ed falsepositive segmentationresults7.

The reliability of the segmentationis statisticallymeasuredby
the sensitivity and the positive predictive value. The sensitivity
describeshow reliablethosebronchibranchesarecorrectlyfound
(correctlyfound bronchibranches/ existing bronchibranchesde-
tected by the radiologist). In contrast, the positive predictive
value (PPV) describesthe accuracy that only existing branches
aredetectedby thesegmentationpipeline(correctlyfoundbronchi
branches/ (correctlyfoundbronchibranches+ foundfalsepositive
bronchi branches)).Therefore,one can interpretthe PPV as the
speci�city (which describesthe reliability that negative casesare
detectedasnegative) of leaked(invalid) bronchibranches.Theac-
tual speci�city couldnot bedetermined,sincethenumberof “cor-
rectnegative” bronchies(nobronchies)cannotbemeasured.

Thepresentedhybridsegmentationmethodidenti�ed bronchiup
to the �fth generationwith a sensitivity of morethan85%, up to
the sixth generationwith a sensitivity of more than 58%, and a
PPV of more than 90%. Beyond the sixth generation,the sensi-
tivity dropsjustbelow 30%,while thePPVmaintainsits high level.
For emphysemapatients,thePPV wasslightly reduceddueto the
damageof thealveoli which increasedthe leakingsinto falsepos-
itive branches.For pneumoniapatients,the sensitivity (and to a
smallerextent thePPV)aresigni�cantly reducedcomparedto the
otherdatasets.This is dueto the increaseddensityin theairways
whichincreasesthedif�culties of trackingtheinnersurfacetremen-
dously.

While almostall parameters(propagationdiameter, etc.)arepre-
speci�ed– excepttheseedpoint –, they canbeoptimizedfor indi-
vidual datasets.However, the segmentationresult is only slightly
improvedcomparedto the“standard”setting. We considerthis as
stability featureof oursegmentationapproach.

Two of thesegmentationpipelinestagesareworking only on in-
dividualsliceimages.Consequently, theidenti�cation of structures
which grow orthogonalto the slicesis not alwayspossiblein the
sameiteration. As it turns out, however, the masked 3D region
growing of the next iteration– followed by the other2D pipeline
stages– is ableto compensatefor thiseffect. As notedbefore,usu-
ally � ve to seven iterationsaresuf�cient for a segmentationof the
tracheo-bronchialtree,which is usablein our applicationcontext.
Only in few cases– ie., like thepreviously mentionedpathological
cases–, thealgorithmrequiresup to 15 iterations.Overall, a typ-
ical segmentationprocesstakesbetween20 and100 secondson a
PC with an Intel PIII CPU runningat 850MHz. A breakdown of
this this timecanbefoundin Table1.

Theiso-surfaceextractionfor dataset1 (shown in Figure7) gen-
erated1.1M trianglesfor the tracheo-bronchitreeand822K trian-
glesfor thepulmonaryarterytree(Table1). In contrast,thepolyg-
onalcomplexity of thedataset2 (Figure8) is signi�cantly smaller,
mostlydueto lessre�ned segmentationresultsin theuppergenera-
tions;thetracheo-bronchitreeconsistsof lessthan300K triangles,
thepulmonaryarterytreeof 340K triangles,andthetumorof only

7Usually, anexperiencedradiologistcanidentify the tracheo-bronchial
treeup to theeighthgeneration.
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Figure7: Virtual endoscopy of dataset1: (a) View in tracheadown to main bifurcation,(b) approximatelythe seventhgenerationof the
lower airways,mainly segmentedby 2D templatematching.Thediamondshapeinterpolationartifactsaredueto high zoomfactorin this
close-up.They arevery typical for MarchingCubesreconstructediso-surfacescloseto thedatasetresolution(c) shows anannotatedoutside
representationwith thetracheo-bronchialtree(grey) andpulmonaryarteries(red)from aview behindthepatientbody(left imagesideis left
patientside).

Model Complexity # Polygons # Octree
LeafBlocks

Tracheo-bronchialTree 1,148,032 222
PulmonaryArtery Tree 822,906 116
SegmentationPipeline Time # Voxels[%]
Masked3D RegionGrowing 3% 70
2D Wave Propagation 11% 27
2D TemplateMatching 86% 3
Total SegmentationCosts 76s 100
RenderingPerformance FramesperSecond
OpaqueDisplay 53
TransparentDisplay 36

Table1: Breakdown of typical scenecomplexity, segmentationand
renderingcosts(dataset1). Notethatdueto organizationalreasons
thetimingsfor thesegmentationweregeneratedona PCwith a P3
@ 850MHz, while therenderingwasperformedonaPCwith aP4
@ 2.8GHz.

44K triangles.Sincewe successfullyapplya visibility drivenren-
dering approach(Section2.6), we achieve a suf�cient rendering
performanceof thefull resolutionpolygonmodels.

After thesegmentation,we exploreda subsetof the22 datasets
interactively (morethan30fpson a standardPC8, seealsoTable1)
usingthevirtual endoscopy software[Bartz andSkalej1999]. The
exploration exposeda high quality reconstruction,even of small
structuresthroughoutthedataset.In Figure7, we show two snap-
shotsfrom a regularvirtual bronchoscopy. Theleft image(Fig. 7a)
shows the endo-view from the trachealooking down to the main

8In thefull opaquemode,aLinux PCequippedwith anP4CPUrunning
at 2.8GHzandanATI Radeon9700Prographicsacceleratorrenderedmore
than1.1M triangles(tracheo-bronchialtreeis visible only) at 53fps. In the
semi-transparentmode,it achieved 36fps renderingthe tracheo-bronchial
and the pulmonaryartery treesof almost2M triangles. All geometryis
arrangedin trianglestrips,compiledin OpenGLdisplaylists.

bifurcation,wherethetracheo-bronchialtreesplitsinto theleft and
right lungs. Figure 7b shows the limits of the currentlypossible
segmentation;thevirtual endoscopeis locatedapproximatelyin the
seventh generationof the lower airways. Due to the high zoom-
factors,the typical diamond-shapeinterpolationartifactsof trilin-
earinterpolationon thevoxel cell grid areexposed.Blood vessels
werevisualizedto provide morecontext information(Fig. 7c).

In Figure8, we show a morecomplex situation,wherethesur-
roundingarterialbloodvesselsarevisible throughtheinnersurface
of thetracheo-bronchialtree.Figure8c shows a tumor in theright
lung in green.At thesametime,poorcontrastandbeamhardening
artifactsof the voxels of the pulmonaryarteriesexposesegmen-
tation dif�culties; the blood vesseltree is only incompletelyseg-
mented(Fig. 8c).

4 Conc lusions and Future Work

In this contribution, we discusseda novel segmentationalgorithm
which consistsof a pipeline of three segmentationstages. The
segmentationresultswerecombinedwith VIVENDI, a virtual en-
doscopy systemto provide a (virtual) bronchoscopicexploration
mode.Basedon a high-qualitysegmentation,meaningfulfeatures
couldbe visualized.Whereasthesegmentationprovided goodre-
sultsfor a large variety of patients,it encounteredproblemsiden-
tifying all airways with pneumoniapatients,or pulmonaryblood
vesselstructures.

Virtual bronchoscopy is a valuabletool for the localizationand
measurementof stenosisfor treatmentplanning. However, mild
stenosis,submucosalin�ltration, andsuper�cial spreadingtumors
cannotbe identi�ed, sincethey are usually not picked up by the
CT data,andhencethey arenot visualizedthroughthevirtual en-
doscopy system.

Future Work

Futurework will focus on the extensionof the last two pipeline
stagesinto 3D.While wedonotexpectabettersegmentationresult,
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Figure8: Virtual endoscopy of dataset2: (a) Semi-transparentrenderingof view in tracheaat main bifurcation. The pulmonaryarteries
(red)arevisible throughthe innersurfaceof the tracheo-bronchialtree. (b) shows thesamesituationfurtherdown thebronchi. The tumor
(green)enclosesthebronchi(grey). (c) shows anannotatedoutsiderepresentationof anotherdatasetwith thetracheo-bronchialtree(grey),
pulmonaryarteries(red),anda lung tumor(green)in theleft lung (view from behindthepatient).

3D operationswill reducethe numberof requirediterationsteps,
thusit will reducetherequiredtime. Furthermore,we arelooking
into improving thestabilityof thealgorithmsfor datasetswith poor
tissuecontrast,like thebloodvesselsin Figure8.
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