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Abstract— Biomedical researchers are actively interested in
building anatomically explicit computational models of the lung
to further their understanding of pathologies, for example
asthma, which affect the human body. Curr ent methods have
relied on a generic lung airway model which may not accurately
re�ect the physiology of a given subject. Patient speci�c models
are neededto overcomethis limitation. We proposea method for
creating personalized models of the lung fr om Hyperpolarized
Helium MRI images(Hyp. 3He MRI). As Hyp. 3He MRI images
are of insuf�cient resolution to identify lung lobes, an estimate
of lung lobe locations is obtained by registering a lung atlas to
the MRI images.We then usean generative techniqueto createa
lung airway model within the estimatedlung lobe volumes.Initial
testing indicates signi�cant differ ences in predictions of lung
function betweenthe personalizedmodel our approachgenerates
and a generic airway model.

I . INTRODUCTION

The human lungs are a complex system of bifurcating
airwaysthat have beenstudiedusinga variety of models[3],
[5], [6], [7]. In particular, we are interestedin computational
models that can shed light on how diseasesaffecting lung
airwaysresultin lossof lung function.Previouscomputational
work by Tgavalekos et al. [7] invoked an approachcoined
Image-FunctionModeling (IFM) to investigatewhich airways
in asthmacausedegradationin lung function.Tgavalekoset al.
usedPET ventilation imagesanda genericthree-dimensional
lung model developedby Tawhai et al. [6] to predict which
airways in the model contribute to the degradationof lung
function. The lung model representsindividual airways as
a hierarchy of bifurcating cylindrical tubes – the trachea
bifurcatesinto two airways, which then bifurcate systemat-
ically to �ll the volume of the lung space.The diameters
of the airways are randomizedbasedon observed meanand
standarddeviation of airway diametersfound for that partic-
ular generation.Tgavalekos et al. examinedlung function by
mappingventilationdefectsin the correspondingareasof the
three-dimensionallung model.This mappingwasachievedby
scalingthe Tawhai model to �t into the subject's lung cavity.
They then determinedwhich airways had to be closed to
causesuchdropoutsin ventilationwhile matchingoscillatory
mechanicsof the lungs.

Resistanceand elasticity of the lungs are important mea-
sures of lung function and can be routinely measuredin
humansaswell as in computationalmodels[4]. In our work,
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the lung airways are modeledas cylindrical elements.The
resistanceandinertancearedueto tubular air�o w. Thesmaller
the airway, the higher is the resistance.The inertanceresults
from the momentumof air. The complianceis due to the
elasticity of wall and parenchymaltissues.Both resistance
andelastancecanbenumericallyapproximatedfrom Tawhai's
model.Due to the varying impedanceof eachpathdown the
airway tree, various frequenciesof oscillation will produce
varying resistanceand elastance.Testson the model amount
to predictionsof a subject's lung function. Thesepredictions
canbecomparedto measurementsfrom thatsubjectandresult
in a deeperunderstandingof the mechanicsof the lungs.

To date,theIFM approachhasbeenimplementedwith only
thegenericlung modelof Tawhai et al. [6]. This singlemodel
may not accuratelyrepresentlung function in all subjects.
Thereforeit is desirableto constructa personalized3D lung
model for a each subject to predict which airways close
and how the remaining airways constrict in that subject.
Zidowitz et al. [9] have proposeda methodfor personalizing
the Tawhai model. Their approachrelies on featuresseen
in high resolution CT scansthat are not apparentin other
imagingmodalities.Also, Zidowitz's approachmustbe given
lung lobe locations. We proposea method for generating
suchpatientspeci�c three-dimensionallung airway modelsby
automaticallydeterminingthe lung lobe locations.

Thethree-dimensionallung modelof Tawhaiet al. wasbuilt
usinga generativeapproachwithin a speci�c lung volume.For
an anatomicalaccurateresult,this modelshouldbe generated
to �t into the volumes of the lung lobes rather than the
lungs asa whole. Unfortunately, imagesin which ventilation
defectsareeasilydetected,for example,PETandtheHyp. 3He
MRI images(Fig. 1) usedin this paper, are not of suf�cient
resolution to allow for the easy localization of lung lobes.
Estimateson the lung lobe locationsarethereforeobtainedby
mapping the lung �ssure boundariesfrom a lung atlas into
the lung volumesobtainedfrom the MRI images.We then
useTawhai's approachto generatea personalizedmodelto �t
into thesevolumes.We detail our methodbelow andshow a
comparisonof theTawhai modelto our patientspeci�c model.

I I . METHOD

The initial input to our algorithmis a Hyp. 3He MRI of the
lung. The MRI consistedof coronalimageswith 1:2 � 1:2 �
13 mm resolution.Our goal is to constructan anatomically
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Fig. 1. Hyp. 3HeMRI of thelung a healthyindividual (left) anda constricted
asthmatic(right). Brightnessrelatesto degree of ventilation. In the healthy
lung, all regions of the lung are ventilating normally. In the asthmaticlung,
large regionsof the lung are receiving little or no ventilation.

Fig. 2. Cryosectionimagefrom the Visual HumanDataSet.Lung �ssures
are circled in white. Lung lobesand lung boundarieswere handmarked to
build a lung atlas.

feasiblemodelof the lung lobeswithin the boundariesof the
imagedlung. Our algorithm proceedsin the following steps.
1) Segmentthe lung volumesfrom the MRI scan.2) Register
a lung atlasto theselung volumes.3) Divide thelung volumes
into lobesbasedon the lobesfrom the lung atlas.4) Generate
a personalizedairway model into the lung lobe volumes.

In Hyp. 3He MRI of healthy lungs and non-constricted
asthmatics,featureslike the trachea,carina,and lung bound-
aries stand out sharply against the image background.To
segmentout thelung volumes,we �rst applya thresholdto the
MRI scanto isolateareasof high ventilation.Morphological
operatorsare then appliedto �ll small holes in the resulting
volumes.Thetracheaandbronchiareremovedby hand.What
remains is a binary mask of the lung volumes. We also
automaticallygeneratea cloud of points at the boundaryof
this volumeto representthe surfaceof the lung.

We mapa lung atlaswith marked lung lobesto theselung
volumes.The atlas we use was generatedby hand marking
cryosectionimagesfrom the Visible HumanProject[8]. The
visible humanproject shows axial imagesof a human(see
Fig. 2) with resolution1:32 � 1:32 mm. We use imagesat
10 mm intervals in the cranial-caudaldirection to build our
atlas.Both the lung boundaryand the �ssures separatingthe
lung lobesaremarked,and the volumetricmasksof the lung
lobesanda cloud of pointson the lung surfacearecreated.

We thenalign the lung atlaswith theMRI scanby usingan
iterative closestpoint (ICP) algorithm[1] on the lung surfaces
[2]. ICP is sensitive to the initial orientationof thesurfacesto
be registered,so we �rst performa coursemanualalignment
of thetwo volumes.SincetheMRI imagesarecoronalandthe
visible humanprojecthasaxial images,this manualalignment
amountsto a 90 degreerotation of the atlasso that the two

datasetshave the samegeneralcranial-caudaldirection. We
thenusetheICPalgorithmto computeanaf�ne transformation
of the lung surfaceinto the atlassurface.

Once this alignment is complete,we can apply the same
transformationthatalignsthe lung surfacesto mapeachvoxel
in theMRI lung volumeto a correspondingvoxel in thevisual
humandataset.Our goal in this stepis to approximatethelung
lobesin the MRI scanfrom the atlas.We take two passesof
the lung volume to assignall voxels to a lobe. In the �rst
pass,we label eachvoxel in the MRI volumeasbelongingto
thesamelobe asits correspondingvoxel in the lung atlas.An
af�ne transformationis not suf�cient to align all voxelsof the
lung with voxels in theatlas.Becauseof differencesin overall
sizeandshapeof the lungsandthe atlas,somevoxels in the
MRI volumemay mapto voxels that areoutsideof the atlas.
Therefore,we passthroughthe lung volumea secondtime to
assigntheseunlabeledvoxels to a lobe. For eachunlabeled
voxel we �nd its nearestvoxel that was labeledin the �rst
passof the lung volumeandgive it the samelabel.Grouping
all voxels by their label then resultsin separatevolumesfor
eachlung lobe (Figure3).

Fig. 3. Top Left: A surfacemodelof the lung lobesfrom the visible human
dataset.Top Right: A surfacemodelof the lungsfrom a MRI image.Bottom:
A model of lung lobesin the MRI volumeachieved by mappingthe visible
humandataset into the MRI volume.

We then generatethe airway tree model into the resulting
lung lobevolumesfollowing theapproachof Tawhai et al. [6].
Thealgorithmstartsfrom theinitial positionof thetracheaand
createsbranchesthat move in the direction of the lung and
then in the direction of eachof the lung lobes.Volumesare
thencut in two, andsmallerbranchesarecreatedthatmove to
the centroidsof thesesmallervolumes.This processrepeats
itself until branchesbecomeeither too short or the volume
they would move into becomestoo small.

In addition to the lung lobes there are several signi�cant
parametersto this algorithm for which we did not use the
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samevaluesin the Tawhai model.This includesthe number
of points in a volume requiredfor terminatinga branch,the
minimum length of a branch before it becomesa terminal
branch,thelengthanddiametersof airwaysat eachgeneration
of thetree,andthestartinglocationof thetrachea.Theposition
of thestartingpoint of the tracheais approximatedby placing
it 30 mm above the lung volume and 20 mm towards the
front of the lung. The end point is locatedat the centerof
the volume of the lung, and is elevated 20 mm toward the
apex. The diameterof the tracheais alsodifferent,16 mm for
Tawhai and20 mm for our generatedmodel.Thediametersof
airwaysusedin this work arevaluesfrom Tgavalekoset al. [7]
wheretotal lung volumeis assumedto be3 liters at functional
respiratorycapacity. Valuesfor determiningtheterminationof
a branchwereobtainedusinga sensitivity study.

I I I . RESULTS

We testedour algorithmon a singleHyp. 3He MRI scanof
healthylungs.Figure4 visually shows thedifferencebetween
the generic airway tree provided by Tawhai et al. and the
resultsof our algorithm.

Fig. 4. The genericairway treeof Tawhai (top) vs. personalizedairway tree
(bottom). Both a frontal and sagital view are shown. The overall shapeof
the two modelsis signi�cantly different and the personalizedmodel is less
symmetric.

The sensitivity of two algorithmparameterswastested:the
numberof points in a subvolume requiredfor terminatinga
branchandtheminimumlengthof a branchbeforeit becomes
a terminal branch.Theseparameterscontrol when a branch
is determinedto be a terminalbranch.The numberof points
requiredin a subvolumefor a terminalbranchwasvariedfrom
3 to 6 in integer increments,keeping the minimum length
of a branch1.2 mm. Figure 5 shows the resultsof varying
the number of points. Notice that with increasingnumber

of points, thereare fewer airways generated.The numberof
generationsalso decreases.Figure 5 indicatesthat there is a
similar numberof branchesup until generation13 or 14 for all
valuesof the numberof points.After generation14, airways
terminatefasterfor a highervalueof the numberof points.

Another parametertestedwas the minimum length of the
branch.The minimum length of the branchwas varied from
1.1 mm to 1.4 mm in 0.1 mm increments,while keepingthe
numberof pointsrequiredfor terminatingthe branchequalto
5 (Figure 5). The larger the minimum length of the airway,
the fewer numbersof airways are generated.Changesto the
minimumlengthof theairway, however, do not causeaslarge
changesin the numberof airways as varying the minimum
numberof points.Together, thesetwo parameterscanbevaried
to �ne-tune the numberof airways that aregenerated.

Fig. 5. Top: The distribution of branchesfor various numbersof points
requiredfor terminatingthe airways; constantminimum branchlength is 1.2
mm. Bottom: The distribution of branchesfor various lengths of airways
requiredfor terminatingthe airways; constantminimum numberof points is
5.

We also performeda seriesof computationaloscillatory
mechanicstests [7] to compareour model and the generic
Tawhai model. To test how the patient-speci�c airway tree
comparedto the generictree,a seriesof constrictionpatterns
were imposedon both trees.The treeswereconstrictedby 0,
20, 40, and 60 percentwith varying standarddeviation of 0,
20, 40, and60 percent.A total of 16 simulationsresultedfor
eachmodel. From thesesimulationsvariability in resistance
and elastancebetweenthe two models was observed. The
baselinecondition is when no airways are constricted(M=0,
SD=0).Heterogeneousconstrictionconsistsof a low meanof
constrictionwith a high standarddeviation (M=20, SD=60),
and homogeneousconstriction consistsof a high mean of
constriction with a low standarddeviation (M=60, SD=0).
Constrictionpatternsareachievedby progressingthrougheach
airway that is below generation12 in the model and reduces
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thediameterby a percentagedrawn randomlyfrom a Gaussian
distribution of the given meanandstandarddeviation.

Selectedresultsareshown in Figure6 for the personalized
model (solid lines) and the Tawhai model (dashedlines).
PanelsA and B in Figure 6 show the impact of increasing
standarddeviation with meanconstrictionequal to zero. In
general, with increasing standarddeviation, the resistance
becomesmorefrequency dependentandelastanceincreasesat
low frequencies.With a high enoughstandarddeviation, the
elastancejumps up indicating that someairways have been
closed. There is some frequency dependencefor elastance
as well; however, not as much as with the resistance.The
elastanceof the Tawhai modeltendsto be very similar at low
frequencies,but decreasesmore rapidly with frequency for
every standarddeviation.PanelsC andD in Figure6 show the
effect of increasingmeanconstrictionwith standarddeviation
equalto zero (homogeneousconstriction).A large difference
betweenthe two modelsoccurswherethepersonalizedmodel
hasincreasedelastance.This increasedelastancesuggeststhat
thereis moreshuntingoccurringin the personalizedmodel.

Finally, panelsE andF in Figure6 show both themeanand
standarddeviation changingat thesametime.Theelastanceof
the personalizedmodeltendsto be very similar to theTawhai
model at low frequencies,but increasesmore rapidly with
frequency for every standarddeviation. The two modelsare
similar in frequency dependenceof the resistance.However,
they slightly differ in the magnitudeof the resistance.

Our results indicate that the modeling methods in this
work generateairway treesthat arenotablydifferentfrom the
original Tawhai model. When comparingmechanicssimula-
tionswith thegeneralTawhai model,thesimulationsrevealed
an increasedresistanceand less frequency dependenceat
heterogeneousconstriction.Also, the model generatedin our
testis lesssymmetricthentheoriginal Tawhai model,which is
due to the differencesin lung cavities of individual subjects.
Thesedifferencesindicate that it may be important to have
personalizedmodels.

IV. CONCLUSION

Using IFM, Tgavalekos et al. have shown that constriction
of small airways (less than 2 mm in diameter)causelung
function impairment that is presentin asthmatics.The 3D
model usedby Tgavalekos et al. hasbeena genericTawhai
airway model. Our methodhasmadeit possibleto generate
airway models that are patient speci�c. The patient-speci�c
model is different from the original Tawhai model in size
and shape.The personalizedmodel provides a better char-
acterizationof airways of the particularindividual sinceit is
generatedinto the spacefrom which ventilation is mapped.
Our testsshow that therearemeaningfuldifferencesbetween
the personalizedmodel and the original Tawhai model in
the numberof airways, their distribution acrossgenerations,
and the simulatedmechanics.Using personalizedinsteadof
genericairway modelsmaysigni�cantly improve researchers'
ability to understandlung mechanics.

Futurestudiesshouldmorecloselyinvestigatehow changes
in the airway distributions and diametersaffect the IFM
simulations.Other sensitivities with regard to the numberof

Fig. 6. Mechanicssimulationof theresistanceandelastanceof thelung over
a rangeof oscillatory frequenciesfor patternsof variousmeanandstandard
deviation of constrictionof the airways below the 12th generation.Dashed
lines representthe Tawhai model and solid lines representour personalized
model.

terminalairwaysshouldalsobeinvestigated.Futurework may
also improve the mappingof the lung lobesfrom the atlasto
the MRI scan,perhapsby using a non-rigid approachor by
usinga statisticalatlas.
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