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THE RESPIRATORY TRACT DEPOSITION MODEL PROPOSED BY
THE ICRP TASK GROUP

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

ABSTRACT

The Task Group has developed a new model of the deposition of inhaled aerosols
in each anatomical region of the respiratory tract. The model is used to
evaluate the fraction of airborne activity that is deposited in respiratory
regions having distinct retention characteristics and clearance pathways: the
anterior nares, the extrathoracic airways of the naso- and oropharynx and
larynx, the bronchi, the bronchioles, and the alveolated airways of the lung.
Drawn from experimental data on total and regional deposition in human
subjects, the model is based on extrapolation of these data by means of a
detailed theoretical model of aerosol transport and deposition within the
lung. The Task Group model applies to all practical conditions, and for
aerosol particies and vapors from atomic size up to very coarse aerosols with
an activity median aerodynamic diameter of 100 um. The model is designed to
predict regional deposition in different subjects, including adults of either
sex, children of various ages, and infants, and also to account for anatomical
differences among Caucasian and non-Caucasiau subjects.

The Task Group model represents aerosol inhalability and regional deposition
in different subjects by algebraic expressions of aerosol size, breathing
rates, standard Tung volumes, and scaling factors for airway dimensions.
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INTRODUCTION

The ICRP Task Group on Human Respiratory Tract Models for Radiological
Protection will recommend a new model to evaluate the deposition of inhaled
aerosols. The Task Group has designed the model to give defensible estimates
of deposition in each region of the respiratory tract for which radionuclide
retention and dose need to be assessed (see articles by W. J. Bair, Bailey et
al., and James et al. in this volume). This new deposition model is designed
to be used in conjunction with the clearance and dosimetry models to provide
defensible estimates of doses to radiosensitive tissues in the respiratory
tract (and also of radionuclide activity transferred to the bicod) for
radiological protection of both workers and the general public. The new model
is required to be practical and yet far broader in application than the
current ICRP Lung Model(l): to include adults of either sex, children of
various ages, infants, and also subjects of different ethnic origins, wherever
such differences affect respiratory tract anatomy and physiology. The
available experimental data, although extensive, apply essentially to the
adult Caucasian male and they relate in the main to a limited range of
particle size (from about 1-um to 10-pm aerodynamic diameter). The Task Group
has adopted both empirical and theoretical modeling methods to simulate the
experimental data, and to make predictions of regional deposition beyond the
observations, for various conditions of exposure, including levels of physical
exertion, and a particle size range extending from atomic dimensions to large
environmental aerosols characterized by an activity median aerodynamic
diameter (AMAD) on the order of 100 um. This paper outlines the methods used
by the Task Group to model respiratory tract deposition, and their validation
by experimental data. The application of the Task Group’s proposed model tc
various subjects is emphasized.

MODELING APPROACH

The approach adopted by the Task Group is to represent each region of the
respiratory tract as an equivalent particle filter that acts in series, as
shown in Figure 1. The deposition in each region is expressed as a function
of the efficiency of the equivalent filter, ng, with additional terms to allow
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for the volume of the preceeding filters in the series(2’3). The efficiencies
themselves are expressed as semi-empirical functions of particle size and
certain respiratory parameters. The volumetric terms express the effects on
regional deposition of tidal volume and variation of anatomical airway volumes
between different subjects.

The deposition efficiency of each region of the respiratory tract is evaluated
by considering two components: Nae which represents particle deposition by
the "aerodynamic" processes of impaction and gravitational settling, and Nth
which represents deposition by the "thermodynamic" process of particle
diffusion by Brownian motion. Since aerodynamic and thermodynamic processes
act competitively to remove particlies, it can be shown(4) that the combined
deposition efficiency of region R is given by Equation (1):

M(R) = (ngq2 + ngpl)™ (1)

The Task Group has modeled the fractional deposition of aerosols in the
various regions of the respiratory tract for discrete values of particle size,
where the component of deposition due to gravitational settling and impaction
is represented in terms of the particle aerodynamic diameter, dae

(in g"'2 cm"3/2 pm), and the component due to thermodynamic motion is
represented in terms of the particle diffusion coefficient, D (in cm2 s'l).
In practice, it is necessary to consider that radioactive aerosols are
generally polydisperse, i.e., they consist of particles distributed
Tognormally in size(s). Thus, the deposition of activity in the respiratory
tract is characterized by the activity median aerodynamic diameter (AMAD) and
the analogous parameter activity median thermodynamic diameter (AMTD).

To derive reference values of regional deposition as functions of aerosol AMAD

and AMTD, the task group assumes that the geometric standard deviation (ag) in
particle size varies from unity for vapors in the atomic size range to
approximately 2.5 for aerosols with median sizes on the order of 1 um and
larger. The task group proposes to represent this variation of o with median

g
aerosol size by Equation (2):



ag « 1+ 1.5[1- (100 AMD!-5 4 1)°1 (2)
where AMD (in um) is the activity median aerodynamic or thermodynamic diameter
of the aerosol considered. This assumed variation of o is shown in Figure 2.

AEROSOL PARTICLE INHALASILITY

The experimental data that were reviewed by Vincent et a1.(6) on the
efficiency of the human head as a particle sampler in moving air, are shown in
Figure 3. These values are averaged over all radial orientations of the head
with respect to the air movement. The task group assumes that the
inhalability (nI), or efficiency with which particles in ambient air enter the
nose or mouth, is represented by Equation (3). This equation includes 2 term
to allow for increased inhalability of large particles at high wind speeds:

mp=1-05(1-(.6x10%d.28+ 1)
+ [1.0 x 1075 U2-75 exp(0.055 d_,)] (3)

where d,, is the aerodynamic diameter of the particle and U is the windspeed

i

inms °.

Par+icle inhalability does not appear to be influenced markedly by breathing
rate or dimensions of the nose or mouth. Therefore, it is assumed that
Equation (3) defines inhalability of particles by subjects of any age, and
under all conditions. This assumption is conservative for large particles in
still air, where Breysse and Swift(7) found for 30-um aerodynamic diameter
particles that inhalability is only about 30%. To evaluate intakes of large
particles in indoor environments, the task group proposes to use Equation (3)
with wind speed U = 0. This yields a constant value of 50% for the
inhalability of particles larger than about 30 um.

DEPOSITION IN THE EXTRATHORACIC AIRWAYS

The Task Group has adopted an empirical approach to model the deposition
efficiency of the extrathoracic airways during nose or mouth breathing.
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Nasal Deposition

The experimental data on nasal deposition of paftic]es in the size range from
about 1-um to 10-um aerodynamic diameter (for adult male Caucasian subjects)
are represented(s) in terms of an "aerodynamic" deposition efficiency, Nae» DY
Equation (4):

4 2 8
Nae(ETpasar) =1 - (2.1 x 1077 d 0" Qpagay +1)°° (4)

where Qnasa1 is the component of the total volumetric airfiow rate that is
inspired through the nose (in cn’ s'l).

For the thermodynamic size range, insufficient data are available from human
subjects to establish a model of nasal deposition efficiency. Studies of
particle deposition in hollow casts of the nasal and oral passages, made from
cadavers or from in vivo magnetic resonance images (MRI), have shown that the
"thermodynamic" deposition efficiency of the nose (or oral passageway) can be
represented in terms of the particie diffusion coefficient, D, and the flow
rate, Q, by Equation (5)(9):

1¢p(ET) = 1 - exp(-k 0% Q"1/8) (5)

The value of the coefficient, k, in Equation (5) is not yet well established.
Measurements of the deposition of very small particles (unattached 218Po and
212Pb) in several nasal casts have yielded significantly different estimates.
For D expressed in em? 571 and Q in cm3 s'l, Cheng et al.(g) obtained k = 19,
whereas Strong and‘Swift(lo) obtained k = 11. The lower value of k appears at
present to be more consistent with the approximately 60% nasal deposition of
unattached 218p, obtained in an early study by George and Bres]in(ll) of human
subjects 7n vivo. In this case, k = 11 implies that the diffusion coefficient
of unattached 218po under the particuiar conditions of the 7n vivo study was
0.035 cm2 sl This value is considered typical of unattached 218Po in indoor
air(lz). However, the conditions of George and Breslin’s experiment (which
are not known) could possibly have yielded 218Po with a Tower diffusion
coefficient, which in turn would imply a higher value of k, approaching that
obtained by Cheng et a].(g).



In the absence of more definitive results from studies with nasal casts, or of
well-characterized in vivo measurements in human subjects, the Task Group
assumes that the "thermodynamic" deposition efficiency for the nasal passages
of an adult Caucasian male is given by Equation (6):

7th(ETnasar) = 1 - exp(-11 0% q'1/8) - (6)

Oral/Laryngeal Deposition
The deposition efficiency of the oral cavity and oropharynx is less than that
of the nose. The bulk of deposition in the oral passageway during mouth
breathing is considered to occur in the 1arynx(2). The experimental data from
adult male Caucasian subjects who inhaled particles in the aerodynamic size
range indicate that the oral (laryngeal) deposition efficiency is represented
in terms of particle aerodynamic diameter, dye» by Equation 17)(8):

Mae(ETopay) = 1 = [1.1 x 107% (d, 2 4y 01?8 v, 02104 4 1p7] (7)

oral

where Q 1 s the component of the total volumetric airflow rate that is

ora 3 -1
s”7) and V; is the tidal volume (in cm

inspired through the mouth (in cm 3).
There are no human data on oral deposition of particles in the thermodynamic
size range. However, studies with hollow casts of the oral passageway down to
the larynx have shown that the deposition efficiency of this pathway may be as
high as 75% of that of the nose for the same flow rate and particle size(10),
However, in the absence of confirmatory data in vivo, the Task Group assumes a
more conservative oral deposition efficiency that is 50% of the nasal value,
as given by Equation (8):

mep(ETopay) = 1 - exp(-5.5 D% q"1/8) (8)

Oronasal Breathing

It has been shown that even so-called "mouth breathers” normally inhale partly
through the nose(l3’l4). Therefore, for the purpose of deriving exposure
standards, it is unrealistic to consider the example of a pure mouth
breather(ls). On the other hand, at a sufficiently high rate of ventilation
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in response to exercise, a normal "nose breather” will augment nasal flow by
breathing partiy through the mouth. The task group assumes that the typical
pattern of change between nasal and oral breathing is that found in adult
subjects by Niinimaa et a1.(13’14). Thus, the proportion of the total airflow
inhaled nasally by mouth breathers is assumed to decrease from 70% at rest to
30% under heavy work. Normal nose breathers are assumed to switch from 100%
nasal breathing to partial (50%) mouth breathing at a total respiratory rate
of about 2.1 m®> h™! for the adult Caucasian male.

Scaling for Body Size ~

Yu and Xu(ls) and Swift(17) used the dimensional factor 1/L3 to scale inertial
deposition effects in the nose for airway dimensions. In the absence of
direct measurements of the critical linear dimension of the nasal passageway
in different subjects, these authors assumed that this parameter is scaled in
proportion to the diameter of the subject’s trachea. The Task Group proposes
to adopt the same procedure to evaluate nasal deposition in adult and child
subjects by reference to that in the adult Caucasian male. Thus, Equation (4)
is generalized to apply for all subjects as follows:

42 3, qy-1 <
12e(EThasat) = 1 - (2.1 x 1074 d, 2 q .0 sF3 + 1) (9)

where SFy, the scaling factor, is the ratio of tracheal diameter in the adult
Caucasian male to that in the subject.

Equation (7) for the "aerodynamic" deposition efficiency of the oral
passageway is modified in an analogous manner.

To scale the "thermodynamic" deposition efficiencies of the nasal and oral
passageways for body size, the flow rate Q in Equations (6) and (8) can be
replaced by the dimensionless Reynolds number, Re(18

Re = L V/u (10)

where L = hydraulic diameter (in gT)
V = fluid velocity (in cm s™*)
v = kinematic fluid viscosity.
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Substituting the volumetric flow rate Q for V in Equation (10) gives:
Re = k' L Q/L2
= k' Q/L (11)

where k’ is a constant term.

Therefore, the scaling factor to‘be applied to Q in Equations (6) and (8) is
Lref/Ls’ where L.o¢ is a characteristic airway dimension for the adult
Caucasian male, and Ls is the corresponding dimension for the subject
considered. The diameter of thec trachea provides an adequate index dimension.
Thus, for any subject:

neh(ETnasat) = 1 - exp(-11 D% (Q SFt}Dl/B) (12)
men(ETopay) = 1 - exp(-5.5 0% (q sF,)71/8) (13)

Partition of Deposition Between Extrathoracic Airways

In the absence of a mechanistic model to predict the distribution of deposited
particles within the nasal passages, it is assumed for dosimetry that the
activity deposited in the extrathoracic airways during nasal breathing is
partitioned equally between the anterior nares (region ETl) and the posterior
nasal passages, which are part of the main extrathoracic region, ETZ. (See
articles by Bailey et al. and James et al. in this volume for descriptions of
the task group’s regional clearance and dosimetry models). Thus, it is
assumed that

(ETy) = 0.5 n(ETpasa1) Frasal
= nasal(ET2) (14)

"nasal

where Fnasa] is the fraction of the inspired air that is taken in through

a subject’s nose.

For the complementary fraction of the inspired air that is inhaled through a
subject’s mouth, extrathoracic deposition occurs only in region ETZ. Thus,

noral (ET2) = n(ET,pa1) Vploral)/Ve(total) (15)
8
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and the overall deposition efficiencies‘of regions ET1 and ET2 are given by:

n(ETy) = 0.5 n(EThasal) Fnasal - (16)

n(ETy) = 0.5 n(EThasal) Fpasal + M{ETgpat) (1 - Fnasa1) | - (17)

The fractiohs of airborne particles to which a subject is exposed that deposit
in each part of the extrathoracic region-are then given by:

DE(ET,) = ny n(ETy) | (18)
DE(ET,) = ny n(ET,) | (19)

where n; is the particle inhalability (see Equation [3]).

SUMMARY OF MODELED EXTRATHORACIC DEPOSITION

To illustrate the application of the task model, fractional deposition in each
extrathoracic region (DE{ETI] and DE[ET2]) is shown in Figure 4 for various
Caucasian subjects engaged in light exercise and breathing through the nose.
Fiqure 5 shows the fractional deposition in region ET2 for subjects who are
nominal "mouth breathers." In these figures, deposition is expressed as a
fraction of the activity present in the volume of ambient air that is
inspired, and the activity is assumed to be lognormally distributed as a
function of particle size.

DEPOSITION IN THORACIC REGIONS

To evaluate regional deposition in the thorax, the Task Group has applied a
theoretical model of aerosol deposition and gas transport based on the wnrk of
Taulbee and Yu(lg) and Pack et a]_(20). The model was further improved and
compared with experimental data by M. J. Egan and W. Nixon(21-23), The
theoretical model evaluates the combined effects of convective and diffusive

9
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gas transport, and aerocol loss processes within the airways of the lung. . The
structure of the lung is represented explicitly by a morphometric model, which
was developed jointly by Egan, Nixon-and the Task Group to take into account
airway dimensions in various body sizes and, in the case of infants,
immaturity of the alveolated airways.

| Empirical observations of particle impaction in hollow casts of the human

hronchi (26) provide a basis for the theoretical modeling of inertial
deposition in the larger bronchial airways. Inertial deposition is
insignificant in other parts of the lung. Gravitational settling of
particles, which occurs throughout the airways, is modeled explicitly in
relation to physical airway dimensions(24). Particle diffusion in parts of
the lung where the airflow is viscous (the conducting and. respiratory
bronchioles, and the alveoli) is also treated explicitly in relation to airway
dimensions. However, for the bronchial airways where the airflow is more
complex, this theoretical treatment of particle diffusion needs to be
corrected empirically to account for the observations of Cohen et a].(27) of
enhanced particie deposition in hollow airway casts.

Egan and Nixon’s model has been validated by comparing the predicted
fractional deposition in the thorax with experimental data from human
subjects. - The calculated deposition fractions relate to the number of .
inspired particles predicted to deposit in the thorax, excluding extrathoracic
deposition; therefore, in each experimental example showr for comparison here,
the measured values have been corrected to remove the effect of extrathoracic
deposition.

Figure 6 compareé the calculated fractional depcsition in the
tracheobronchiolar airways (the trachea + bronchi + bronchioles) with
measurements of the fraction of inhaled particles deposited in the thorax and
then cleared in a distinct "fast" phase of tracheobronchiolar c]earance(za'
30). The comparison is drawn for four different breathing patterns (denoted
in the figure by a combination of flow rate, Q, and tidal volume, VT)' In
general, the measured "fast-cleared" fractions are well predicted by the
calculated tracheobronchiolar deposition fraction (shown in Figure 6 by the

10
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solid curves). The overall value of the coefficient of determination rZ is
0.85.

The dashed curves in Figure 6 show the effects of the Task Group’s assumption
that 20% of the tracheobronchiolar deposit is cleared slowly (see article by
Bailey ot al. in this volume). As expected, for large particles, the
assumption is shown to underestimate the observed fraction of thoracic
deposition that is cleared rapidly. In contrast, for small particles (s 4 um
diameter), the experimental data in conjunction with the modeled deposition
indicate that rather more than 20% of the tracheobronchiolar deposit may be
cleared slowly, and is therefore not detected in the "fast" phase of thoracic
clearance. Although the Task Group recognizes this coarseness in the model of
bronchial and bronchiolar clearance, the additional compiexity introduced by
making delayed clearance particle-size denendent is, at present, unwarranted
in view of the uncertainties associated with the extent of delayed clearance.

Figure 7 shows the complementary patterns of predicted deposition in the
alveolar-interstitial region, together with the "slow-cleared" deposition
fraction that was measured by Stahlhofen et a].(28'30). In general, it is
again shown that the observations are well predicted by the calculated
alveolar-interstitial deposition, and also that the task group’s assumption of
20% slew tracheobronchiolar clearance is conservative for large particles.

For very small particles, there are no human data to test predicted values of
regional thoracic deposition. However, it is shown in Figure 8 that the
mezasured total deposition of ultrafine particles in the thorax(31) is well
predicted by Egan and Nixon’s theoretical model.

FORMULAL FOR REGIGNAL THORACIC DEPOSITION

For practical representation of regional aerosol deposition in different
subjects, and under various breathing conditions, the task group proposes to
adopt formulae developed by G. Rudo1f(8> (at the Gesellschaft far Strahlen-
und Umweltforschung m.b.H., Frankfurt/Main, Federal Republic of Germany).
These formulae were developed to fit regional thoracic deposition for
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monodisperse aerosols predicted by Egan and Nixon's theoretical model for the
adult Caucasian male and female, 10-year-old and 5-year-old chilaren, and 1-
year-o01d and 1-month-old infants. The proposed formulae are given in Table 1,
and the values of anatomical and physiclogical parameters that are substituted
for each subject are summarized in Table 2.

In Figure 9, fracticnal deposition predicted by the Task Group’s formulae for
the trachesbronchiolar region as a whole is compared with the observations
made by kippmann(BZ) and Chan and Lippmann(33) from a iarge group of adult
male subjects at New York University (NYU). In common with earlier
theoretical mode?s(34’35) and with the data of Stahlhofen et al.(28'30),
Figure 9 shows that Egan and Nixon'. calculated values (denoted by the solid
curve) underpredict the NYU data on tracheobronchiolar deposition for
particles larger than 0.5-um diameter. The predicted and observed values of
fractional deposition in the alveolar-interstitial region are compared in
Figure 10. In this case, the figure shows that the NYU observations are, on
the average, underpredicted for particles of diameter around 1-pm, but
overpredicted for large particles.

In view of the current diveigence between results from the principal
experimental studies of regional lung deposition, the Task Group proposes to
take the conservative approach of adjusting the model to yield deposition
values consistent with the higher tracheobrnnchiolar and alveolar-
interstitial deposition observed in the Ny studies. This adjustment of the
model’s predictions is achieved by applying a normalization factor, ¥,.,
developed by J. K. Briant at the Pacific Northwesi Laboratory. The effects of
this empirical adjustment on the deposition values predicted by the Task
Group's model are shown in Figures 9 2nd 10 (by the hatched curves).

SUMMARY OF MODELED THORACIC DEPOSITION

To illustrate the application of *he Task Group's mndel in evaluating
fractional deposition in the thoracic regio=s of the respiratory tract,
Figures 11 through 13 show the values given for bronchial (BB), bronchiolar

19
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(bb), and alveolar-interstitial deposition (AI) for various subjects. These
values relate to Caucasian subjects who are engaged in light exercise, and are
breathing normally through the nose. 1In these figures, deposition is again
expressed as a fraction of the activity present in ambient air, for
polydisperse aerosols.

CONCLUSION

The Task Group hac attempted to compile a practical model of regional aerosol
deposition in the respiratory tracts of adults, children, and infants that is
soundly based on experimental human data and on the reasonable extrapolation
of these data using empirical and theoretical modeling techniques. Further
development of the deposition model will address variability of regional
deposition under given conditions of exposure (as far as this can be
determined from the variability in experimental data), and also respiratory
tract deposition of reactive or soluble gases and vapors.
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Table 1. Summary of Formulae Recommended by the Task Group to Evaluate the
Fractzggs of Activity Deposited in the Thoracic Regions of the Respiratory
Tract\®/, .

. Bronchial Deposition:

’lae(BB) _“ 1 - exp(_4 X‘IO—G sFt2.8 [Q wae dae(z + 0.17 (1 - ‘l’aE))]l.IS) (1.1)

nen(BB) = ¥y (1 - exp[-16 SF, (D * r(BB))!+15/2)) (1.2)
where ¥ 1s ar empirical correction factor derived from Cohen et al. (1990)
with a value of 1 + 80 exp(-[log;((80 + 10/d,,0®)1?)
r(BB) is a time constant for conduction of air through the trachea and
bronchi (in s) with a value of VD(BB) (1 +0.5 VT / FRC) / Q.
DE(BB) = ny; &(ET) [1 - n(ET)] n(BB) | (1.3)

~ where ¢(ET), a volumetric correction factor for extrathoracic dead space, equals
[1 - VD(ET) / VT].

BronchioTar Deposition:

nae(bb) = 1 - exp(-B \Fae dae7) (1.4)
where B = 0.009 + 0.165 r(bb)!+>
y = r(00)7%2 4017 (1 - vy,
r{(bb) = time constant for conduction of air through the bronchioles (in s)
= Vp(bb) (1 + 0.5 V5 / FRC) / Q
nip(bb) = 1 - exp(-(70 + 12 SF.3) (D r(bb))!-05/2) (1.5)
DE{pb) = n; ¢(ET+BB) (1 - n[ET]) (1 - n[BB]) n(bb) (1.6)

where ¢(ET+BB), a volumetric correction factor for the combined dead space of
the extrathoracic airways, trachea, and bronchi, is given by

(1 - (VplET] + vp[BB]) / VT).
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Table 1. (contd)

Alveolar-interstitial Deposition:

mae(AD) = 1 - exp[-0.14 SFy; v, 173 (4,2 +(A1))¥/3) (1.7)

where r(AI), a time constant for residence of air in the alveolar-interstitial
airways (in s), is given by (Vy - Vp(ET) - [V(BB) +Vp(bb)] (1 + V5 / FRC)) / Q.

ngp(AI} = 1 - exp[-(-450 + 1000 SF,;) (D r(AI))2/3) (1.8)

DE(AI) = »ny ¢(total) (1 - n[ET]) (1 - n[BB]) (1 - nibb]) n(AI) (1.9)

where ¢(total), a volumetric correction factor for total respiratory dead space,
is given by (1 - VD(total) / VT)'

(a) Values of parameters for substitution in the formulae are given in Table 2.
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Table 2.

Values of Anatomical and Physiological Parameters for Substitg}ion in

the Task Group’s Model of Regional Deposition in the Respiratory Tract

‘ , _Subject
Parameter Man Woman Child/10y Child/5y Infant/ly Infant/lmo
FRC (cm3) 3300 2660 1500 770 250 110
Vp(ET) (cm3) 50 40 26 14 5 2
Vp(BB) (cm3) 49 39 28 16 7 4
Vp(bb) (cm) 48 39 31 17 9 7
SF, 1 1.075 1.247 1.543  2.221  2.989
SFep 1 1.075 1.163  1.260 1.6 2.0
SFaT 1 1.075  1.301 1.719 2.0 2.0
Sleep: F(normal) = 1.0 F(mouth) = 0.7
Ve (m¥y) 0.45 032 031 024 0.153  0.079
Vi (cm®) 625 450 305 190 75 33
Q (cm3/s) 250 180 173 133 85 44
Rast: F(normal) = 1.0 F(mouth) = 0.7
Ve (m3/g) 0.54  0.39  0.38  0.32  0.22 -
vy (cm®) 750 460 330 210 100 :
Q (em3/s) 300 214 209 175 120 ;
Light Exercise: F(normal) = 1.0 F(mouth) = 0.4
Ve (m3/g) 1.5  1.26 1.11  0.57  0.35  0.12
Vs (cm®) 1250 1000 580 245 125 39
Q (cm3/s) 833 700 619 318 192 65
Heavy Exercise: F(normal) = 0,47 F(mouth) = 0.3
Ve (m3/g) 3 2.7 2.1 - - -
Vy (cm®) 1920 1610 760 . - :
Q (em3/s) 1667 1503 1140 - - ;

(a) Different values are recommended for some non-Caucasian subjects.
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