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We analyzethe problem of Ruid Bow in a bifurcating structurecontainingrandom blockagesthat
canbe removed by Ruid pressure.We introducean asymmetrictree model and bnd that the predicted

pressure-wlumerelationis connectedo the distribution

of the generatiomumber of the treeOs

terminal sggments. We usethis relation to explore the branchingstructureof the lung by analyzing

experimentalpressure-glume datafrom doglungs. The

extractedfrom the datausing the model

agreeswvell with experimentaldataon the branchingstructure.We canthusobtaininformationaboutthe
asymmetricstructureof the lung from macroscopicnonirnvasive pressure-lume measurements.
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The problemof RBuid Bow throughbifurcatingstructures
is of considerableurrentinteres{1b7]. However, thecase
whenthe structurecontainsrandomblockagegshatcanbe
removed by the Ruid pressurehasbeenstudiedonly for
thesimplecaseof symmetricbranchind7,8]. Herewe ad-
dressthe problemof forcing Ruid (liquid or gas)through
asymmetricallyoranchednediain the presenc®f random
closures.Suchsystemsare often encounterediuring 3uid
Bow in an organ system,suchas circulation of blood or
fBow of air in thelung, wherethepathwaysanbeblocked,
leading to potentially lethal situations[9,10]. Here we
develop a model of the pressure-elume cune of
thelung, andobtaina surprisingconnectiorbetweenung
inRation and branchingstructure. Specibcally btting the
modelto experimentalpressure-slume dataprovidesin-
formationabouta key microscopicpropety of the airway
tree,namely the distribution of the generatiomumbersof
the treeOgerminal sggments. Since experimentsmeasur-
ing cures of aninf3ating lung are noninvasie, this
methodprovidesa way to studyOmlcroscoplcmanchlng
structuresfrom OmacroscopicO  datawithout the use
of invaswve techniques.

During expiration, peripherakirwaysin a diseasedung
tend to collapse,blocking the Row of air, if the surface
tensionof the lining Buid is abnormallyhigh [11]. We
assumethat the lung is completelydegassedand all the
airways are blocked at the beginning of the inspiratoy
cycle. Theseblockagescanbe removed during inf3ation
if pressure reacheghe critical openingthresholdof the
sgment [12,13]; is slowly increaseduntil all closed
segmentsopen.

Sincethe airwaysare arrangedn a treelike branching
structure the openingof one seggmentis not possibleun-
til all sgmentsconnectingit to the root of the tree are
open. If the thresholdpressureof a daughtersegmentis
smallerthanthat of its parent,the daughteropenssimul-
taneouslywith the parent.This mechanisnalsoappliesto
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subsequengenerationsleadingto avalancheof opening
of airways[14].

The processof airway openingvia avalanchediasbeen
studiedfor symmetricbinary trees[7,8,14,15]. The vol-
ume of inhaled air during inspiration follows a simple
power law, andthe numericalvalue of the exponentwas
showvn to be equalto the generatiomumber  of theter-
minal segments|[8],

(1)

The reallung is asymmetricwith mary branchesniss-
ing. Hence,to testthe depaturesfrom the simple powver
law behaior of Eq. (1), we experimentallydeterminethe

curvesof two isolateddog lung lobes,labeled and

. We in3atethe lobesthroughthe main bronchus from
the collapsedstateto totallobe capacityat an in3ationrate
suchthat the time to regain equilibrium after an airway
opensis nagligible comparedo thetotal time of in3ation.
The measured curvesareshavn in Fig. 1.

Over 90% of the air volume recruitedinto a lung is
containedn theterminalalveoli (air sacs)16]. Assuming
thatall alveoli areidenticalandinelastic,the volumeof air
at ary pressuras propotional to the numberof ventilated
alveoli. The alveolar elasticityis signibcantnearthe end
of the inspiratoy cycle, after mostair sacshave opened
[17]. However, we areinterestedn the air intake dueto
the avalancheprocess,not the elastic expansion,and so
we concentraten the region of the cunesin Fig. 1
belav the points of inBection, wherethe elasticity of the
air sacscanbe ignored. The curves are normalizedsuch
thatboththe and atthe point of inf3ectionare unity
asshaowvn in Fig. 2. Examiningthe curneon alog-log
scale(Figs. 2c and2d) we canseethata singlepower law
[Eqg. (1)] is not sufbcientto describethe data.

Next we develop a modelto accountfor the asymmet-
ric branchingof the airway tree. Eachair sacis labeled
with anindex going from 1to  (the total numberof
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FIG. 1. Experimentallydetermined  curnesof twoisolated
doglunglobes and , obtainedduringinRationfrom collapsed
stateto totallobe capacity in an in3ationtime of 120 's. Pressure
andairow aremeasuredisinga ValydineMP-45transduceand
ascreerpneumotachometeattachedo anothevalidyneMP-45
transducerrespectiely.

air sacsin thelung). The stateof beingopenor closedfor
eachair sac, , at pressure is thendescribedoy a vari-
able whichis (if theair sacis open)or O (if it is
closed). We normalize  suchthatthe sumof all is
unity whenall air sacsareopen. We debne the depth,
for air sac , asthennumberof generationbetweertheair
sacandtheroot of thetree,which is equalto the number
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FIG. 2. Pressure-®ume data of dog lung lobes, normalized
with the inRection point of the curvesin Fig. 1 setto

The open circles correspondto measureddata points, while
the solid lines shav the cunesO busing Eq. (5). (a) and (b)
correspondo thedataobtainedfrom two distinctlobes and .
(c) and (d) demonstratehe correspondingdpts in a log-log plot,
emphasizingthe region of small pressuresvhere the small-
part of the distribution is dominant.
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of blockageghathave to be removed to openall segments
beforethe air sac canbe ventilated. The variable is
dependentiponthethresholdoressuresf all the sgments
alongthis path. Eachsegmentalong the pathis denoted
by a pair of indices , Wwheretheindex identipesthe
air sac it connectsandthe formerindex describeghe
numberof generationseparatinghe sgmentfrom the air
sac [18]. A segment is openonly
if its thresholdpressure, , is lessthanthe pressure .
The thresholdpressure  of all sgments,independent
of generation,is dravn from a uniform distribution be-
tweenO and1 [15,19], athresholdpressureof 1 beingthe
pressureat the inRection point. This amountsto saying
that all air sacsare openwhen reachesthe inf3ection
point[20]. Sincetheair sac is openonly if all sggments
areopen, is given by

— ()

where is the unit stepfunction.

To compareour results with experimentaldata, it is
necessar to averageover all conbgurationsof threshold
pressures . Thevolume, , containedin the lung
at pressure is thus given by the averagedcount of all
openair sacs,

®3)

where representanaverageover all conbgurationsof
thresholdpressures . Using Eqg. (2), we obtain

- —

Equation(4) allows usto express in termsof the
numberof sggmentsalongthe pathfrom air sac to the
root of the tree. Thusthe brancheswhich are not along
this pathdo not affect the calculationof the averagestate
of air sac . Hencethetreeis effectively pattitioned into
asetof unbranchedgipes. Finally we obtainthe aver-
agedvolumeasa functionof inspiratoly pressuréoy using
Egs.(3) and (4),

— (5)

where is thefractionof air sacswith depth , i.e.,the
distribution of generatiomumberof theterminalsegments.

The expressiorEq. (5) for the volume, , isapoly-
nomial containingdifferentpowersof , unlike the result
for a symmetrictreein Eqg. (1) wherea unique exponent
correspondgo the singledepth . The resultof Eq. (1)
canberecoveredfrom Eq. (5) by using . The
degreeof asymmety is thusmanifestedn thewidth of the
distribution . We notethat Eq. (5) combinesthe ef-
fects of the tree structure,as characterizedy the depth
distribution , andthe dynamics characterizedy

We bt the experimentaldatawith polynomialsof order
48, whichis theknown maximumdepthin adoglung[16].
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The coetbeients of the polynomial are constrainedsuch
that , for all ,and . The
large numberof coefbcientsmakessimple regressionex-
tremely unstable andwe usean additive diagonaltermin
the coetbcient matrix to regularize the results. The raw
bt thus obtainedis then Pne-tunedby randomlyupdating
eachcoefbcient by a small amountand recalculatingthe
ptting errorssimultaneouslyn the normalandlogarithmic
scalesto ensurethe accurag of the coefbcientsfor small

. The btted curvesaredisplayedpothon linear (Figs. 2a
and 2b) andlog-log scaleg(Figs. 2c and 2d).

The distributions thus obtained(Fig. 3) have two
distinct regions, a narrov peak for and a broad
distribution for . Thetermsin the brstregion
contritute to the cune at small  whenvery few air
sacsare ventilated(Figs. 2c and 2d). The secondpatt of
the distribution hastwo main peaksin the region

We compare to aknown modelfor theairwaytree
structure the Horspeld model[16] whichis anasymmetric
self-similardescriptionof averagedexperimentaldataob-
tainedby physicalmeasurementsn a polymercastof the
airway tree. Thesmall- patt of the distribution
that we obtain from our datadoesnot correspondo the
branchingstructureof the tree sincethe Horsbeld model
doesnot have terminalswith depths (Fig. 3). We
attribute the existenceof the small- part of to the
airway wall elasticity andthe volume of air containedin
the airwaysbeforeary air sacsopen. The brst few seg-
mentsof the airway tree are held open by cattilaginous
rings, andthe expansionof thesesegmentsat low  also
contritutesto the small- part of . We ignore this
region whenfocusingon the branchingstructureandnor-
malizethe Horsbeld modelto only the areaunderthe sec-
ond patt of the distribution. This normalizeddistribution
obtainedusingthe Horgbeld modelis shavn asa solidline
in Fig. 3.

The Horgbeld distribution correspond#n shapeandpo-
sition with the obtainedby btting the data.We
are also able to recover the two main peaksat approxi-
mately their correct positions. However, the Horspeld
modelis justa simpleandidealizeddescriptionof the dog
lung. In contrastwith our approachwe canalsoidentify
the variationin structureamongspeckbc samplesascanbe
seenin the differencesbetweerthe distributionsfor lobes

and in Fig. 3.

Theestimatedlistributionsfall off fasterthanthe Hors-
Peld modelin the region of higher due,we believe, to
an underestimatiorof the maximum thresholdpressure,
i.e., the pressureat which all airwaysare opened. Our
assumptionthat the maximum thresholdpressureof the
segmentscorrespondo the pressuret the point of inf3ec-
tion is true whenthe distribution of thresholdpressuress
uniform andgeneratiorindependenf20]. However, if the
thresholdpressuresire generatiordependentthe point of
inRBectionunderestimatethe maximumthresholdpressure
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FIG. 3. Distributionsof air sacdepths, , obtainedby bt-
ting the datafor two dog lung lobes and , shavn in
(a) and(b), respectiely, usingEq. (5). The solid lines shawv the
distribution from the experimentaldataof the Horspeld model,
normalizedto theareaunderthe patt of the distribution resulting
from the tree branchingstructure

[15,21]. To estimatethe effect of generatiordependence,
we simulatedinfation of randomly branchedtreesusing
asimplegeneratiordependenthresholdpressuralistribu-
tion with overlappingdomains.We found that the inf3ec-
tion point shifts to a pressuresmallerthanthe maximum
thresholdpressurejndependenbf the exact distribution
or the degreeof randomnes branching.We thusignore
a region of the cune wherethe dynamicprocessof
airway openingis still active. The high pressuren this
region would allow a more signibcant contritution from
the openingof the deepemir sacgEq. (5)], which we are
unableto probeaccurately However, in real lungs,these
air sacs arefew in number(Fig. 3) and do not
contribute signibcantly to the shapeof the cune.
The elasticity of the air sacscan also affect the ob-
taineddistribution . The elasticvolume of eachair
sac is describedby , Where
,and areparametersleterminedy btting experimen-
tal data[22]. We expand , where
arefunctionsof , ,and . Themeasuredolumeis
now given by the productof the fraction of openair sacs,
, and the elasticvolume of eachair sac,
Equation(5) is thenreplacedby the expression

, Where Thus
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the coefbcientsof expansion  of the relationship
are a convolution of the relative frequenciesof terminal
generationnumbers and the coefrcients of expan-
sion of the elasticterm . Using literaturevaluesof

, and [22], we bnd that the effect of elasticityon the
estimatedstructureis minimal.

In summay, in this papernwe introducea statisticalme-
chanicalmodelof Ruid Row throughabifurcatingstructure
in the presenceof randomblockageshatareremoved by
fBuid pressureWhenappliedto the cune of thelung,
themodelallows usto estimateheterminalstructureof the
airway tree from global nonirvasve measurementmade
at the top of the tree. We note that corventionally the

cune hasbeeninterpretedas a measureof the elas-
tic propeties of the lung tissue. Here we take advantage
of the fact that Buid blockageshave a profoundinf3uence
on the characteristicof the curve which allows us
to extract structurefrom data. Sincethe estimatedstruc-
ture comparedavorably to available morphologicaldata,
our approactshouldbe usefulin clinical situationsaswell
asin developmentalstudies. This approachshouldalso
be applicableto otherasymmetricallybranchediological
and physicalsystems.
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