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THE RESPIRATORYTRACT DEPOSITIONMODEL PROPOSEDBY
THE ICRPTASK GROUP

A.C. James, W. Stahlhofen,G. Rudolf,M. J. Egan, W. Nixon,
P. Gehr and J.K. Briant

ABSTRACT

The Task Group has developeda new model of the depositionof inhaledaerosols

in each anatomicalregionof the respiratorytract. The model is used to

evaluatethe fractionof airborneactivitythat is depositedin respiratory

regionshaving distinctretentioncharacteristicsand clearancepathways:the

anteriornares, the extrathoracicairwaysof the naso- and oropharynxand

larynx,the bronchi,the bronchioles,and the alveolatedairwaysof the lung.
-

Drawn from experimentaldata on total and regionaldepositionin human

subjects,the model is based on extrapolationof these data by means of a

detailedtheoreticalmodel of aerosoltransportand depositionwithin the

lung. The Task Group model appliesto all practicalconditions,and for

aerosolparticlesand vapors from atomic size up to very coarse aerosolswith

an activitymedian aerodynamicdiameterof 100 pm. The model is designedto

predictregionaldeposition in differentsubjects,includingadults of either

sex, childrenof variousages, and infants,and also to accountfor anatomical

differencesamong Caucasianand non-Caucasia,_subjects.

The Task Group model representsaerosolinhalabilityand regionaldeposition

in differentsubjectsby algebraicexpressionsof aerosolsize, breathing

rates,standardlung volumes,and scalingfactors for airway dimensions.
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INTRODUCTION

The ICRPTask Group on Human RespiratoryTract Models for Radiological

Protectionwill recommenda new model to evaluatethe depositionof inhaled

aerosols. The Task Group has designedthe model to give defensibleestimates

of depositionin each region of the respiratorytract for which radionuclide

retentionand dose need to be assessed (seearticlesby W. J. Bair, Bailey et

al., and J_,meset al. in this volume). This new depositionmodel is designed

to be used in conjunctionwith the clearanceand dosimetrymodels to provide

defensibleestimatesof doses to radiosensitivetissues in the respiratory

tract (and also of radionuclideactivitytransferredto the blood) for

radiologicalprotectionof both workers and the generalpublic. The new model

is required to be practicaland yet far broaderin applicationthan the

current ICRP Lung Model(1):to includeadultsof either sex, childrenof

various ages, infants,and also subjectsof differentethnicorigins,wherever

such differencesaffectrespiratorytract anatomyand physiology. The

availableexperimentaldata, althoughextensive,apply essentiallyto the

adult Caucasianmale and they relate in the main to a limitedrange of

particlesize (from about 1-pm to 10-pm aerodynamicdiameter). 'TheTask Group

has adoptedboth empiricaland theoreticalmodelingmethods to simulatethe

experimentaldata, and to make predictionsof regionaldepositionbeyond the

observations,for various conditionsof exposure,includinglevelsof physical

exertion,and a particlesize range extendingfrom atomicdimensionsto large

environmentalaerosolscharacterizedby an activitymedian aerodynamic

diameter (AMAD)on the order of 100 _m. This paper outlinesthe methodsused

by the Task Group to model respiratorytract deposition,and their validation

by experimentaldata. The applicationof the Task Group'sproposedmodel to

varioussubjectsis emphasized.

MODELING APPROACH

The approachadoptedby the Task Group is to representeach regionof the

respiratorytract as an equivalentparticlefilter that acts in series,as

shown in Figure I. The depositionin each region is expressedas a function

of the efficiencyof the equivalentfilter,hf, with additionalterms to allow
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for the volume of the preceedingfiltersin the series(2'3). The efficiencies

themselvesare expressedas semi-empiricalfunctionsof particlesize and

certainrespiratoryparamet(,rs.The volumetricterms expressthe effectson

regionaldepositionof tidal volume and variationof anatomicalairwayvolumes

betweendifferentsubjects.

The depositionefficiencyof each region of the respiratorytract is evaluated

by consideringtwo components:nae, which representsparticledepositionby

the "aerodynamic"processesof impactionand gravitationalsettling,and nth'

which representsdepositionby the "thermodynamic"processof particle

diffusionby Brownianmotion. Since aerodynamicand thermodynamicprocesses

act competitivelyto remove particles,it can be shown(4) that the combined

depositionefficiencyof region R is given by Equation (I):

2 ½
n(R) = (_ae2 + nth ) (I)

The Task Group has modeled the fractionaldepositionof aerosolsin the

various regionsof the respiratorytract for discrete values of particlesize,

where the componentof depositiondue to gravitationalsettlingand impaction

is representedin terms of the particleaerodynamicdiameter,dae
(in g_ cm"3/2 pm), and the componentdue to thermodynamicmotion is

representedin terms of the particlediffusioncoefficient,D (in cm2 s'1).

In practice, it is necessaryto considerthat radioactiveaerosolsare

generallypolydlsperse,i.e., they consistof particlesdistributed

lognormallyin size(5). Thus, the depositionof activity in the respiratory

tract is characterizedby the activitymedian aerodynamicdiameter (AMAD)and

the analogousparameteractivitymedian thermodynamicdiameter (AMTD).

To derive referencevaluesof regionaldepositionas functionsof aerosolAMAD

and AMTD, the task,group assumes that the geometricstandarddeviation(_g) in
particlesize varies from unity for vapors in the atomic size range to

approximately2.5 for aerosolswith median sizes on the order of i pm and

larger. The task group proposesto representthis variationof _g with median
aerosol size by Equation(2):
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ag = 1 + 1.5 [1 -(100AMD 1"5 + I) "1] (2)

where AMD (in pm) is the activitymedian aerodynamicor thermodynamicdiameter

of the aerosolconsidered. This assumedvariationof ag is shown in Figure2.

AEROSOLPARTICLE INHALABILITY

The experimentaldata that were reviewedby Vincentet al.(6) on the

efficiencyof the human head as a particle samplerin moving air, are shown in

Figure3. These values are averagedover all radialorientationsof the head

with respect to the air movement. The task group assumesthat the

inhalability(hl), or efficiencywith which particlesin ambientair enter the

nose or'mouth, is representedby Equation(3). This equation includesa term

to allow for increasedinhalabilityof large particlesat high wind speeds:

_- - 2.8 + I)-I]nI I - 0.5 [I - (7.6x 10 4 dae
+ [1.0 x 10.5 U2"75 exp(O.055 dae)] (3)

where d. e is the aerodynamic diameter of the particle and U ris the windspeed
in m s-_'.

Particleinhalabilitydoes not appear to be influencedmarkedlyby breathing

raze or dimensionsof the nose or mouth. Therefore,it is assumedthat

Equation(3) definesinhalabilityof particlesby subjectsof any age, and

under all Conditions. This assumptionis conservativefor large particlesin

still air, where Breysseand Swift(7) found for 30-pm aerodynamicdiameter

particlesthat inhalabilityis only about 30%. To evaluate intakesof large

particlesin indoorenvironments,the task group proposesto use Equation (3)

with wind speed U - O. This yields a constantvalue of 50% for the

inhalabilityof particleslarger than about 30 pm.

DEPOSITIONIN THE EXTRATHORACICAIRWAYS

The Task Group has adoptedan empiricalapproachto model the deposition

efficiencyof the extrathoracicairwaysduring nose or mouth breathing.
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Nasal Deposition

The experimentaldata on nasal depositionof particlesin the size range from

about 1'pm to 10-_m aerodynamicdiameter(for adult male Caucasiansubjects)

are represented(8) in terms of an "aerodynamic"depositionefficiency,nae,'by
Equation(4):

nae(ETnasal) I (2 1 x I0"4 2 -I= " " dae Qnasal + I) (4)

where Qnasal is the componentof the total volumetricairflowrate that is!;
inspiredthroughthe nose (in cm3 s I).

For the thermodynamicsize range, insufficientdata are availablefrom human

subjectsto establisha model of nasal depositionefficiency. Studiesof

particledepositionin hollow casts of the nasal and oral passages,made from

cadaversor from in vivo magneticresonanceimages (MRI),have shown that the

"thermodynamic"depositionefficiencyof the nose (or oral passageway)can be

representedin terms of the particlediffusioncoefficient,D, and the flow

rate, Q, by Equation(5)(9):

i nth(ET)= I - exp(-k D½ Q-I/8) (5)

} The value of the coefficient,k, in Equation (5) is not yet well established.

Measurementsof the depositionof very small particles(unattached218po and

21Zpb) in severalnasal casts have yieldedsignificantlydifferentestimates.

For D expressedin cm2 s"I and Q in cm3 s"I, Cheng et al.(9)obtained k = 19,

whereas Strong and Swift(I0) obtainedk = 11. The lower value of k appears at

presentto be more consistentwith the approximately60% nasal depositionof

unattached218po obtainedin an early study by George and Breslin(11) of human

subjects in vivo. In this case, k - 11 impliesthat the diffusioncoefficient

of unattached218po under the particularconditionsof the in vivo study was

0.035 cm2 s"I. This value is consideredtypicalof unattached21Bpo in indoor

air(12). However,the conditionsof George and Breslin'sexperiment(which

are not known)could possiblyhave yielded 218po with a lowerdiffusion

coefficient,which in turn would imply a higher value of k, approachingthat

obtainedby Cheng et al.(9).
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In the absenceof more definitiveresultsfrom studieswith nasal casts, or of

well-characterizedin vivo measurementsin human subjects,the Task Group

assumesthat the "thermodynamic"depositionefficiencyfor the nasal passages

of an adult Caucasianmale is given by Equation(6):

nth(ETnasal)= I - exp(-11DI/2Q-I/8) (6)

Oral/Laryngeal.Deposition

The depositionefficiencyof the oral cavity and oropharynxis less than that

of the nose. The bulk of depositionin the oral passagewayduring mouth

breathingis consideredto occur in the larynx(2). The experimentaldata from

adult male Caucasiansubjectswho inhaledparticlesin the aerodynamicsize

range indicatethat the oral (laryngeal)depositionefficiencyis represented

in terms of particleaerodynamicdiameter,dae, by Equation '7)(8):

2 0.6 -0.2)I4 -Inae(EToral) - I - [1.1 x I0 "4 (dae t_oral Vt ' + I] (7)

where Qoral is the component of the total volumetric airflow rate that is

inspired through the mouth (in cm3 s"I) and Vt is the tidal volume (in cm3).

There are no human data on oral depositionof particlesin the thermodynamic

size range. However, studieswith hollowcasts of the oral passagewaydown to

the larynx have shown that the depositionefficiencyof this pathwaymay be as

high as 75% of that of the nose for the same flow rate and particlesize(I0).

However, in the absenceof confirmatorydata in vivo, the Task Group assumesa

more conservativeoral depositionefficiencythat is 50% of the nasal value,

as given by Equation(8):

nth(EToral) - I - exp(-5.5D'_Q-I/8) (8)

OronasalBreathing

lt has been shown that even so-called"mouthbreathers"normally inhalepartly

throughthe nose(13'14). Therefore,for the purpose of derivingexposure

standards,it is unrealisticto considerthe example of a pure mouth

breather(15). On the other hand, at a sufficientlyhigh rate of ventilation
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in responseto exercise,a normal "nose breather"will augmentnasal flow by

breathingpart]y throughthe mouth. The task group assumesthat the typical

patternof change betweennasal and oral breathingis that found in adult

subjectsby Niinimaaet al.(13,14). Thus, the proportionof the total airflow

inhalednasallyby mouth breathersis assumedto decrease from 70% at rest to

30% under heavy work. Normalnose breathersare assumedto switch from 100%

nasal breathingto partial(50%) mouth breathingat a total respiratoryrate
of about 2.1 m3 h"I for the adult Caucasianmale.

Scaling for Body Size

Yu and Xu(16)and Swift(17) used the dimensionalfactor I/L3 to scale inertial

depositioneffects in the nose for airwaydimensions. In the absenceof

direct measurementsof the critical lineardimensionof the nasal passageway

in differentsubjects,these authorsassumedthat this parameteris scaledin

proportionto the diameterof the subject'strachea. The Task Group proposes

to adopt the same procedureto evaluatenasal depositionin adult and child

subjectsby referenceto that in the adult Caucasianmale. Thus, Equation(4)

is generalizedto apply for all subjectsas follows:

rlae(ETnasal) I (2 I x 10-4 2 3 -I: " " dae QnasalSFt + I) (9)

where SFt, the scalingfactor,is the ratio of trachealdiameter in the adult

Caucasianmale to that in the subject.

Equation (7) For the "aerodynamic"depositionefficiencyof the oral

passagewayis modified in an analogousmanner.

To scale the "thermodynamic"depositionefficienciesof the nasal and oral

passagewaysFor body size, the flow rate Q in Equations(6) and (8) can be

replacedby the dimensionlessReynoldsnumber,Re(18):

Re = L V/v (I0)

where L - hydraulicdiameter (in c_)
V - fluid velocity(in cm sTM)
v = kinematicfluid viscosity.



Substitutingthe volumetricflow rate Q for V 'inEquation(10) gives:

Re = k' L Q/L2

= k' Q/L (]I)

where k' is a constantterm.

Therefore,the scalingfactorto be appliedto Q in Equations(6) and (8) is

Lref/Ls, where Lref is a characteristicairwaydimensionfor the adult

, Caucasianmale, and Ls is the correspondingdimensionfor the subject
considered. The diameterof thc tracheaprovidesan adequateindex dimension.

Thus, for any subject:

I
nth(ETnasal)= I -,exp(-llD½ {Q SFt}'I/8)' (12)

nth(EToral)_ I - exp(-5.5D½ {Q SFt}'I/8) (13)

Partitionof DepositionBetweenExtrathoracicAirways

In the absenceof a mechanisticmodel to predictthe distributionof deposited

particleswithin the nasal passages,it is assumedfor dnsimetrythat the

activitydeposited in the extrathoracicairwaysduringnasal breathingis

partitionedequallybetweenthe anteriornares (regionETl) and the posterior

nasal passages,which are part of the main extrathoracicregion, ET2. (See

articlesby Bailey et al. and James et al. in this volumefor descriptionsof

the task group'sregionalclearanceand dosimetrymodels). Thus, it is

]

nnasal(ETl)= 0.5 n(ETnasal)Fnasa1

i = _nasal(ET2) (14)
wi_ereFnasaI is the fractionof the inspiredair that is taken in through
a subject'snose.

For the complementaryfractionof the inspiredair that is inhaledthrougha

._ubject'smouth, extrathoracicdepositionoccursonly in region ET2. Thus,

noral(ET2)= n(EToral) VE(oral)/VE(total) (15)

B

I



Q

and the overalldepositionefficienciesof regionsETI and ET2 are given by:

n(ETI) = 0.5 n(ETnasaI) FnasaI (16)

n(ET2) = 0.5 n(ETnasal)FnasaI + n(EToral) (I - Fnasal) (17)

The fractionsof airborneparticlesto which a subjectis exposedthat deposit

in each part of the extrathoracicregionare then given by:

DE(ETl). nl n(ETI) (]8)

DE(ET2). nl n(ET2) (19)

where nl is the particle inhalability(seeEquation[3]).

SUMMARYOF MODELED EXTRATHORACICDEPOSITION

To illustratethe applicationof the task model, fractionaldepositionin each

extrathoracicregion (DE[ETI] and DE[ET2])is shown in Figure4 for various
Caucasiansubjectsengagedin light exerciseand breathingthroughthe nose.

Figure 5 shows the fractionaldepositionin region ET2 for subjectswho are

nominal"mouth breathers." In these figures,depositionis expressedas a

frzctionof the activity presentin the volume of ambientair that is

inspired,and the activityis assumedto be lognormallydistributedas a

function of particlesize.

DEPOSITIONIN THORACIC REGIONS

To evaluateregionaldepositionin the thorax,the Task Group has applied a

theoreticalmodel of aerosoldepositionand gas transportbased on the work of

I Taulbeeand Yu(Ig) and Pack et al.(20). The model was furtherimprovedand
comparedwith experimentaldata byMo J Egan and W. Nixon(21"25). The

" theoreticalmodel evaluatesthe combinedeffectsof convectiveand diffusive

!
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gas transport,and aerosolloss processeswithin the airwaysof the lung. The

structureof the lung is representedexplicitlyby a morphometricmodel,which

was developedjointlyby Egan, Nixon and the Task Group to take into account

airway dimensionsin variousbody sizes and, in the case of infants,

immaturityof the alveolatedairways.

Empiricalobservationsof particleimpactionin hollow casts of the human

bronchi(26) providea basis for the theoreticalmodeling of inertial

depositionin the largerbronchialairways. Inertialdepositionis

insignificantin other parts of the lung. GravitatioF,al settlingof

particles,which occursthroughoutthe airways,is modeledexplicitlyin

relationto physicalairway dimensions(24). Particlediffusionin parts of

the lung where the airflow is viscous (theconductingand.respiratory

bronchioles,and the alveoli) is also treatedexplicitlyin relationto airway

dimensions. However,for the bronchialairwayswhere the airflowis more

complex, this theoreticaltreatmentof particlediffusionneeds to be

correctedempiricallyto accountfor the observationsof Cohen et al,(27) of

enhancedparticledepositionin hollow airwaycasts.

Egan and Nixon'smodel has been validatedby comparingthe predicted

Fractionaldepositionin the thoraxwith experimentaldata from human

subjects. The calculateddepositionfractionsrelate to the numberof

Inspiredparticlespredictedto depositin the thorax,excludingextrathoracic

deposition;therefore,in each experime_italexample show_ for comparisonhere,

the measuredvalues have been correctedto remove the effect of extrathoracic

deposition.

Figure 6 comparesthe calculatedfractionaldepositionin the

tracheobronchiolarairways (the trachea+ bronchi+ bronchioles)with

measurementsof the fractionof inhaledparticlesdepositedin the thorax and

then cleared in a distinct "fast"phase of tracheobronchiolarclearance(28"

30). The comparisonis drawn for four differentbreathingpatterns(denoted

in the figureby a combinationof flow rate, Q, and tidal volume,VT). In

general, the measured "fast-cleared"fractionsare well predictedby the

calculatedtracheobronchiolardepositionfraction(shownin Figure6 by the

I0



solid curves). The overallvalue of the coefficientof determinationr2 is

O.B5.

The dashedcurves in Figure 6 show the effectsof the Task Group'sassumption

that 20% of the tracheobronchiolardeposit is clearedslowly (see articleby
Bailey =2cal. in this volume). As expected,for large particles,the

z assumptionis shown to underestimatethe observedfractionof thoracicI

depositionthat is clearedrapidly. In contrast,for small particles(_<4 pm

diameter),the experimentaldata in conjunctionwith the modeled aeposition

indicatethat rathermore than 20% of the tracheobronchiolardeposit may be

cleared slowly,and is thereforenot detectedin the "fast"phase of thoracic

clearance. Althoughthe Task Group recognizesthis coarsenessirtthe model of

bronchialand bronchiolarclearance,the additionalcomplexityintroducedby

making delayedclearanceparticle-sizedei_)end_ntis, at present,unwarranted

in vie_ of the uncertaintiesassociatedwith the extentof delayedclearance.

Figure 7 shows the complementarypatternsof predicteddepositionin the

i alveolar-interstitialregion,togetherwith the "slow-cleared"deposition
fractionthat was measuredby Stahlhofenet al.(2B'30). In general, it is

| again shown that the observationsare well predictedby the calculated
alveolar-interstitialdeposition,and also that the tack group's assumptionof

20% slc,w tracheobronchiolarclearanceis conservativefor large particles.

For very small particles,there are no human data to test predictedvalues of

regionalthoracicdeposition. However, it is shown in Figure8 that the

i m_:asuredtotal depositionof ultrafineparticlesin the thorax(31) is well
. predictedby Egan and Nixon'stheoreticalmodel.

i FORMULAEFOR REGIONALTHORACICDEPOSITION

For practicalrepresentationof regionalaerosoldepositionin differentsubjects,and under variousbreathingconditions,the task group proposesto

adopt formulaedevelopedby G. Rudolf(B) (at the Gesellschaftfor Strahlen-

und Umweltforschungm.b.H., Frankfurt/Main,FederalRepublicof Germany).

These formulaewere developedto fit regionalthoracicdepositionfor

11
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monodisperseaerosolspredictedby Egan and Nixon'stheoreticalmodel for the

adult Caucasianmale and female,10-year-oldand 5-year-oldchi_.oren,and l-

year-oldand l-month-oldinfants. The proposedformulae are given in Table I,

and the valuesof anatomicaland physiologicalparametersthat are substituted

for each subjectare summarizedin Table 2.

In Figure g, fractionaldepositionpredictedby the Task Group'sformulaefor

the tracheobronchiolarregion as a whole is comparedwith the observations

made by Lippmann(32) and Charland Lippmann(33) from a l_rge group of adult

male subject_at New York University(NYU). In commonwith earlier

theoreticalmode_s(34'35)and with the data of Stahlhofenet al.(2B'30),

Figure g shows that Egan and Nixon_ calculatedvalues (denotedby the solid

curve) underpredictthe NYU data on tracheobronchiolardepositionfor

particleslargerthan O.5-pm diameter. The predictedand observedvalues of

fractionaldepositionin the alveolar-interstitialregion are compared in

Figure 10. :.!nthis case, the figureshows that the NYU observatinnsare, on

the average,underpredictedfor particlesof diameter around1-_m, but

overpredictedfor large particles.

In view of the currentdive_'gencebetweenresults from the principal

experimentalstudiesof regionallung deposition,the Task Group proposesto

take the conservativeapproachof adjustingthe model to yield deposition

values consistentwith the higher tracheobr_nchiolarand alveolar-
This adjustmentof the

= interstitialdepositionobservedin the N'_ studies.

model's predictionsis achievedby applyinga normalizationfactor,@ae'

" developedby J. K. Briant at the PacificNorthwest.Laboratory. The effectsof-

this empiricaladjustmenton the depositionvaluespredictedby the Task

- Group'smodel are shown in Figures9 znd 10 (by the hatchedcurves).

SUMMARYOF MODELEDTHORACICDEPOSITION

Te illustratethe applicationof .he Task Group'smodel in evaluating

fractionaldepositionin the thoracicregio_s of the respiratorytract,

-" Figures 11 through 13 show the values given for bronchial(BB), bronchiolar_

,} q,)
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(bb), and alveolar-interstitialdeposition(AI)for various subjects. These

values relateto Caucasiansubjectswho are engaged in light exercise,and are

breathingnormallythroughthe nose. In these figures,depositionis again

expressedas a fractionof the activitypresentin ambientair, for

polydisperseaerosols.

CONCLUSION

The Task Group has attemptedto compilea practicalmodel of regionalaerosol

depositionin the respiratorytracts of adults,children,and infantsthat is

soundlybased on experimentalhuman data and on the reasonableextrapolation

of these data using empiricaland theoreticalmodeling techniques. Further

developmentof the depositionmodel will addressvariabilityof regional

depositionunder given conditionsof exposure (as far as this can be

determinedfrom the variabilityin experimentaldata), and also respi_-atory

tract depositionof reactiveor solublegases and vapors.
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Table I. Summaryof FormulaeRecommendedby the Task Group to Evaluatethe

Fracti_s" of ActivityDepositedin the ThoracicRegionsof the RespiratoryTract ,

Bronchi a'1 Deposition:

• (2 + 0.17 (I - _ae))]1.15} (1.1)nae(BB) = I - exp{-4x 10-6 SFt2 8 [Q _ae dae

nth(BB) = _th {I - exp[-16SFt (D * _(BB))1"15/2]} (1.2)

where _th is an empiricalcorrectionfactorderivedfrom Cohen et al. (1990)

with a value of I + 80 exp{-[log10(80+ 10/dthO'6)]2}

(BB) is a time constantfor conductionof air throughthe tracheaand

bronchi (in s) with a value of VD(BB) (I + 0.5 VT / FRC) / Q.

DE(BB) = _I _(ET) [I - n(ET)] _(BB) (1.3)

where @(ET), a volumetriccorrectionfactor for extrathoracicdead space,equals

[I - VD(ET) / VT].

B_:on'Ehiolar Deposition: -

,rae(bb)= I - exp(-B_ae dae_) (1.4)

where 8 = O.OOg + 0.165 T(bb)1"5

= _(bb)"0"25 + 0.17 (I - _ae)

Y(bb) = time constantfor conductionof air through the bronchioles(in s)

= VD(bb) (I + O.S VT [ FRC)[ Q

5 (bb))105/2nth{bb) = I - exp[-(70+ 12 SFbb ) (D _ " ] (1.5)

DE{_b) = nl @(ET+BB) (I - n[ET]) (I - _[BB])_(bb) (1.6)

where @(ET+BB),a volumetriccorrectionfactorfor the combineddead space of

the extrathoracicairways,trachea,and bronchi,is given by

{I - (VD[ET]+ VD[BB]) [ VT).
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Table I. (contd)

i'Alveolar- nterstitial Deposition:

I/3 2 (AI)}2/3]_ae(AI) = I -exp[-0.14 SFAI _ae {dae r (I 7)

where r(AI), a time constant for residence of air in the alveolar-interstitial

airways(in s), is given by {VT - VD(EY) - [VD(BB) + VD(bb)] (I + VT / FRC)}/ Q.

_,th(AI)= I - exp[-(-450+ lD00 SFAII)(D r(AI))2/3] (1.8)

DE(AI) : 71 @(total) (I - n[ET]) (I ,-n[BB])(I - ,{bb]) n(AI) (1.9)

where 4(total),a volumetriccorrectionfactor for total respiratorydead spe.ce,

is given by (I - VD(total) / VT).

(a) Value-_-Sof parametersfor Substitutionin the formulaeare given in Table 2.
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Table 2. Values of Anatomicaland PhysiologicalParametersfor SubstiI_ion in, the Task Group'sModel of RegionalDepositionin the RespiratoryTract .

Subjec_
Parameter Man Woman Chi!d/10yChi!d/5yInf.ant/]yInfant/Imo

FRC (cm3) 3300 2660 1500 770 250 110

VD(ET) ' (cm_) 50 40 26 14 5 2
Vn(BB) (cm_) 49 39 28 16 7 4
V_(bb) (cm-) 48 39 31 17 9 7

Sleep: F(normal)_ 1.0 F(mouth)--0.7

0.4S 0. 2 0.240.IS30.079
V_ (_cm-O) 625 450 305 190 75 33

Q (cm3/s) 250 180 173 133 85 44

Rest: F(normal)= 1.0 F(mouth)= 0.7

VE (m3/b) 0.54 0.39 0.38 0.32 0.22 -

VT (cm_) 750 460 330 21o 1o0 -
Q (cm_/s) 300 214 209 175 12o -

Light Exercise: F(normal)= 1.0 F(mouth)= 0.4

vE (m3/b) 1.5 1.26 1.11 0.57 0.35 0.12

VT (cm_) 1250 1000 580 245 125 39
Q (cmJ/s) 833 700 619 318 192 65

Heavy Exercise: F(normal)- 0.47 F(mouth)- 0.3

VE (m3/h) 3 2.7 2.1 - - -
VT (_m_) 1920 1610 760 - - -
Q (cmJ/s) 1667 1503 1140 - - -

,,_

(a) Differentvalues are recommendedfor some non-Caucasiansubjects.
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Figure i. EmpiricalRepresentationof the Inhalabilityof Particlesand their
Depositionin Regionsof the RespiratoryTract During Inhalationand Exhalation
by TransportThrougha Series of Filters.
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