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Theoretical calculations are made on total and regional deposition of inhaled particles in the human respiratory
system based upon various current lung models. It is found that although total deposition does not vary
appreciably from model to model, considerably large differences are present in regional deposition. Deposition
profiles along the airways from different models also show very different patterns. These differences can be
explained in terms of airway dimensions and the number of structures in different models. Extension to explain

intersubject variability is also made.
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introduction

It has been well recognized that the deposition of inhaled
particles in the human lung depends upon the anatomic
structure and physical dimensions of the airways. Earlier
theoretical investigations of particle deposition were based
upon simplified airway models of Findeisen” and Landahl.”’
Calculated regional depositions by the Task Group on Lung
Dynamics(s) using Findeisen’s lung model have consistently
overestimated alveolar deposition and underestimated tra-
cheobronchial deposition when they are compared with the
experimental data.” In recent years, because more accurate
and detailed morphological measurements of the airways
are available, several new airway models have been pro-
posed. Although all these models have similar arrange-
ments, they differ considerably in numbers of structures and
a1rway dimensions. This is due partly to the use of different
lung casts for measurement and partly to different airway
identification schemes. In this paper, a theoretical study is
made on total and regional deposition of inhaled particles in
the lung based upon various current lung models. The pur-
pose is to find how particle depositions are different in these
models, and through comparisons with experimental data it

*Presented at the American Industrial Hygiene Conference May
25 - 29, 1981, Portland, Oregon.

is hoped that a proper airway model for depositionstudy can
be identified.

lung models

Earlier model of the airways by Findeisen (Table I) consists
of only a few generations. Starting with the trachea,
Findeisen subdivided the branching airways and the pulmo-
nary spaces into nine sections based on a functional con-
cept. The last section contains 5.2 X 10" alveolar sacs. A
similar division of the airways was made by Landahl, with
minor modification in physical dimensions.

Moderndescription of the airway structure was pioneered
by Weibel® based upon detailed measurements of a lung
cast. In Weibel’s symmetric lung model A (Table II), the
airways are assumed to be a dichotomous branching system
consisting of 23 generations. Beginning from the [ 7th gener-
ation, increasing numbers of alveoli are present on the air-
way walls, and the last three generations of airways are
completely covered with alveoli. Thus, the alveolar space
in this model consists of all the airways in the last
seven generations.

Weibel’s model has been widely used in the literature for
studying gas diffusion and particle deposition because of its
simplicity. In a real lung, the airways are believed to be

TABLE |
Lung Model of Findeisen Adjusted to 3000 cm® Lung Volume

Numberof Length Diameter Accumulative
Lung Parts Airways L (cm) d (cm) Volume {cm®)
Trachea 1 9.479 1.12 9.36
Main Bronchi 2 5.601 .646 13.02
1st Order Bronchi 12 2.585 .345 15.90
2nd Order Bronchi 100 1.293 172 18.91
3rd Order Bronchi 770 431 129 23.26
Terminal Bronchioles 54%X10 269 052 52.58
Respiratory Bronchioles 1.1X10° 129 .043 73.30
Alveolar Ducts 2.6 X 10 017 017 177.82
Alveolar Sacs 5.2 X 10 026 026 3000
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TABLE 1l
Lung Model of Weibel Adjusted to 3000 cm® Lung Volume

Generation Numberof Length Diameter Bend Angle Accumulative

Number Airways L (cm) d (cm) (degree) Volume* {cm?)
0 1 10.260 1.539 95.5 19.06
1 2 4.070 1.043 55.9 25.63
2 4 1.624 710 32.8 28.63
3 8 .650 479 194 29.50
4 16 1.086 .385 404 31.69
5 32 915 .299 43.8 33.75
6 64 .769 .239 46.0 35.94
7 128 650 197 47.3 38.38
8 256 .647 .159 49.3 4113
9 512 462 132 50.2 44.38

10 1024 .393 11 50.7 48.25
11 2048 .333 .093 51.3 53.00
12 4096 282 .081 49.8 59.13
13 8192 231 .070 47.2 66.25
14 16 384 197 .063 445 77.13
15 32768 AT .056 43.4 90.69
16 65 536 141 .051 394 109.25
17 131 072 121 .046 139.31
18 262 144 100 .043 190.60
19 524 288 .085 .040 288.16
20 1048578 071 .038 512.94
21 2 097 152 060 .037 925.04
22 4194 304 .050 .035 1694.16
23 8 388 608 .043 .035 3000

*including alveolar volume

TABLE I
Lung Model of Olson et al. Adjusted to 3000 c¢m® Lung Volume

Generation Numberof Length Diameter Bend Angle Accumulative

Number Airways L (cm) d (cm) (degree)  Volume* (cm®)
[0] 1 10.707 1.606 95.5 21.69
1 2 3.765 1.160 46.5 29.65
2 4 2.703 .839 46.2 35.62
3 7 2.088 642 46.6 39.65
4 20 1.642 504 46.6 46.21
5 33 1.303 402 46.5 51.67
6 88 .955 321 : 42.6 58.49
7 143 .870 .268 46.6 65.48
8 232 696 214 46.6 70.90
9 609 580 178 46.6 © 80.51

10 986 473 145 46.6 88.28
11 2580 .385 119 46.5 99.28
12 4180 319 .098 46.5 109.34
13 6760 ..253 .080 48.6 117.99
14 17710 224 .066 45.0 13157
15 28 660 176 .054 48.6 143.10
16 46 310 .145 048 46.3 1563.57
17 121 400 071 .045 16840
18 196,400 071 .058 209.56
19 514 200 .089 .067 398.42
20 832 000 .089 .031 481.74
21 1 346 300 .089 .031 789.21
22 3524 600 071 .031 1545.97
23 5702 900 .054 .031 3000

*including alveolar volume

asymmetric, and Weibel’s model thus overestimates the lung cast. The corresponding distal airway morphology was
number of airway structures. Models of asymmetric airways examined by Parker e al.” However, these references did
were first proposed by Horsefield and Cumming® based not present a complete lung model which can readily be used
upon the measurement of the tracheobronchial tree of their for deposition study. An average complete asymmetric lung
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TABLE IV
Lung Model of Hansen and Ampaya Adjusted to 3000 cm® Lung Volume

Generation Numberof Length Diameter Bend Angle Accumulative

Number Airways L {cm) d {(cm) (degree) Volume* (cm?)
0 1 10.046 1.508 95.4 17.89
1 2 3.987 1.021 55.9 24.49
2 4 1.691 .695 32.8 .26.82
3 8 636 469 19.4 27.21
4 16 1.063 .376 404 29.74
5 32 .895 .293 43.7 31.67
6 64 753 .234 46.1 33.75
7 128 636 192 47.4 36.00
8 2566 636 165 494 38.62
9 512 452 129 50.4 41.65

10 1024 385 109 50.5 45.29
11 1908 327 .092 51.1 49.72
12 3555 277 080 49.8 55.48
13 6624 226 .068 47.2 62.79
14 12 343 192 .062 44.5 72.41
15 23 000 A1 .052 30.7 77.87
16 46 000 .090 .043 86.97
17 92 000 .090 .043 106.09
18 ) 184 000 .081 .044 142.13
19 437 000 061 .048 213.31
20 1 035 000 .047 047 343.90
21 2 484 000 . .054 .061 680.49
22 5842 000 .040 .039 1161.80
23 8 602 000 .038 .036 1863.36
24 8418 000 028 .029 2620.45
25 3358 000 .026 .027 2884.69
26 1333400 .020 .024 3000

*including alveolar volume

s

’ TABLE V
Lung Model of Yeh and Schum Adjusted to 3000 cm® Lung Volume

Generation Numberof Length Diameter Bend Angle Branching Gravity  Accumulative

Number Airways L {cm) d (cm) {degree) Angle 6° Angle ¢° Volume* (cm?)
0 1 8.139 1.636 71.3 0 0 17.11
1 2 3.549 1.270 40.0 33 20 26.10
2 4 1.449 .920 22.6 34 31 29.95
3 8 .785 673 16.7 22 43 32.18
4 16 810 .530 21.9 20 39 35.04
5 32 .822 .467 25.2 18 39 39.55
6 64 724 .354 293 19 40 4411
7 128 .783 .304 36.9 22 36 51.37
8 256 .706 .262 38.6 28 39 61.11
9 512 .543 .209 37.2 22 45 70.67

10 1024 453 .161 40.2 33 43 80.12
11 2048 .363 127 41.0 34 45 89.53
12 4096 292 .096 43.6 37 45 98.20
13 8192 224 .075 42.8 39 60 106.28
14 16 384 173 .069 41.6 39 60 114,12
15 32768 137 .049 40.1 51 60 122.51
16 65 536 109 .044 35.5 45 60 133.35
17 131 072 .098 .041 45 60 154.21
18 262 144 .075 .038 45 60 190.78
19 524 288 .065 .037 45 60 268.78
20 1048576 .057 .036 45 60 476.08
21 2097 152 .051 .036 45 60 875.12
22 4194 304 .046 .035 45 60 1650.79
23 8 388 608 .043 .035 45 60 3000

*including alveolar volume
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Figure 3 — Cumulative lung volume versus airway generation
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20 22

model, compatible with these measurements, has been pro-
posed by Olson er al.,”® as set forth in Table 1I1. Olson’s
model resembles closely the model of Weibel. The numbers
of airways at high orders are, however, considerably less.

Hansen and Ampaya® have performed a study of human
parenchyma by a three dimensional enlarged reconstructed
human acinus. They demonstrated a greater increase in the
respiratory bronchiolar and ductual cross-sectional area and
alveolar surface area in comparison to Weibel’s model. By
using Weibel’s data for the first 10 generations of the airways
and their data for generations 15-26, the diameter and length
of the airways for all generations can fit smoothly into two
simple mathematical equations. Table IV presents the data
of this model. Again, fewer airway structures than Weibel’s
at high order airways are found.

More recently, Yeh and Schum™® presented an airway
model for each lobe of the lung from the measurements of a
different cast. Their data include the branching angle and the
angle of inclination with gravity at each airway generation.
The average data of the airways for the whole lung are listed
in Table V. The number of airways at each generation,
however, follows the same dichotomous model.

In our calculation, we have adopted those lung models
from Weibel, Olson, Hansen and Ampaya, and Yeh and
Schum. A comparison of their structural differences was
made by scaling their original data to an initial lung volume
of 3000 cm®. Figures | through 3 show, respectively, the
comparison of airway diameter, number of airways, and
cumulative volume versus airway generation based upon the
data given in Tables 11 to V. The cross-sectional area versus
the distance from the trachea for all models is also shown in
Figure 4. It is seen that the model of Olson et al. has the
largest airway depth, largest dead space volume and the
fewest and smallest airways beyond the 20th generation,
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while a corresponding opposite situation occurs in Hansen
and Ampaya’s model.

mathematical deposition model

The deposition model used for present calculation is the one
that we developed previously.’” The model treats the air-
ways as a one-dimensional distributed system in which the
airway depth or the generation number is used as an inde-
pendent variable. This formulationenables us toexpress the
combined deposition efficiency in a simple form, i.e. the
combined deposition efficiency is the algebraic sum of all
individual deposition efficiencies. In addition, the model
takes intoaccountairway expansionand contractionduring
breathing in a natural manner, and it offers a simple
mathematical solution for calculating deposition.

It has been shown before that our model provides satisfac-
tory deposition predictions at all flow rates and particle
sizes. For better comparison with experimental data, we
have included in the model several additional refinements.
First, new empirical deposition efficiencies in the nose and
mouth are introduced. These formulae were derived from a
comprehensive analysis of recent experimental data of head
deposition™® and therefore are more reliable than the pre-
vious nasal deposition expression of the Task Group on
Lung Dynamics. For inspiration, the nasal deposition effi-
ciency has the form

pdzQ

Mg = —0.014 + 0.023 log (1a)

for pd®Q < 337 g pm’sec’

and

10
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Figure 6 — Total deposition fraction for mouth-breathing calculated from different lung models. Experimental points are from
Heyder, et al,"” Ofor 5 subjects and Foord, et al.,"® Afor 6 subjects. All experiments were performed at 1000 ¢m?® tida! volume and
15 resp/min. with equal period for inspiration and expiration and no pause.
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= —0.959 + 0397 log __pdQ (1b)
1 ' ' (g pm’sec’)
for pd2Q > 337 ¢ pmsec™

where p is the particle mass density, dp the particle diameter
and Q the air flow rate. For expiration, the nasal efficiency is

pdiQ

Ty = 0033+ 0.003 log = =5 (2a)
for pd2Q < 215 g um®sec™
and
pd:Q
Mg = 0851 +0.399 log -5 ot (2b)
for pd2Q > 215 g um’sec™
Also, the inspiratory mouth efficiency is in the form
= —1117 +0.324 log 24;Q (3a)

(g pm’sec’)
for pd2Q > 3000 g um?sec™

o

and

62

M = 0 (3b)
for pd2Q < 3000 g umZsec™

and the expiratory efficiency through the mouth is assumed
to be zero.

In the tracheobronchial tree, a different impaction deposi-
tion formula is adopted to replace the empirical formula
which we derived previously. We assume each airwaytobea
bend, with the bend angle 8 equal to

L
6= 2 (4)
where L and d are respectively the length and diameter of the
airway, and 4d is the radius of the bend. Using the impaction

efficiency for a bend, we obtain™®

= 0.7686(St) for St<l (5)

where St= pd2u/(9 nd)is the Stokes number (p and d, being
particle mass density and diameter respectively, u the fluid
viscosity, d the airway diameter and u the axial fluid veloc-
ity). Figure 5 is a comparison of the calculated efficiency
from Equation (5) for different airway generations with the

Am. Ind. Hyg. Assoc. J (43) January, 1982



experimental data from a cast measurement by Schlesinger
et al." Good agreement is found for all particle sizes and
flow rates.

Other minor revisions in the model include the use of
turbulent diffusion deposition formula when Reynolds
number exceeds 2000, and an explicit correction of sedi-
mentation deposition due to the orientation angles of the
airways. The deposition formulae used in the model are
summarized in the Appendix.

deposition results and discussion

For inter-model comparisons, monodisperse aerosol with
unit mass density, identical initial lung volume (or Func-
tional Residual Capacity) and the same breathing pattern
have to be used. For this purpose, we have chosen the initial
lung volume to be 3000 cm®, tidal volume to be 1000 cm® and
breathing frequency to be 15 cycles/min. The breath-
ing cycle consists of equal time period for inspiration
and expiration with no respiratory pause. This corre-
sponds to a control breathing pattern used frequently
in many experiments."®"”

The dimensions of the airways for different lung models
for deposition calculationare scaled toa volume of 3500 cm®
corresponding to the initial lung volume plus one-half of the
tidal volume. The scaling law for any linear dimension is
assumed to follow one-third power of the lung volume.

Figures 6 and 7 show total deposition versus particle size
at nose and mouth breathing calculated from the lung mod-
els of Weibel, Olson et al., Hansen and Ampaya, and Yeh
and Schum. A few experimental data points"®” are also
shown there for comparison, since these data were obtained
from the control breathing experiments under the same
breathing condition. It is seen from these figures that the
deposition curves for all current lung models do not differ
greatly from each other, and they all compare reasonably
well with the experimental data. The results calculated from
Findeisen’s model shown there, however, are consistently
higher for all particle sizes. For d, > 0.5 pm, deposition
differences for different lung models are less for nose-
breathing than that for mouth-breathing as more particles
are captured in the head region.

" Regional depositions are shown in Figures 8 and 9 for all
lung models. Differences in deposition in this case are con-
siderably larger than that in total deposition. For d, < 0.5
pm where diffusion mechanism dominates, these differences
may reach up to 17%. The model of Hansen and Ampaya
exhibits the lowest tracheobronchial depositionand the cor-
responding highest pulmonary deposition. It is due to the
smallest dead space volume and shorter path length which
compensate for its smallest tracheobronchial diameters
when compared to other models. On the contrary, it has the
largest aerosol volume penetrating into the pulmonary
region where pulmonary airway diameters are about the
same as other models. It is noticed also that the model of
Olson et al. gives the lowest pulmonary deposition with the
corresponding high tracheobronchial deposition. Despite its
relatively large tracheobronchial diameters, the dead space
volume is the largest and thus smallest aerosol volume pene-

American Industrial Hygiene Association JOURNAL (43) 1/82

trating to the pulmonary region with the longest distance
from the trachea.

For0.5 um<d,<2.5 um, sedimentation dominates. The
model of Yeh and Schum has the least tracheobronchial
deposition and the highest pulmonary deposition. It is
caused by the largest tracheobronchial diameters, smaller
dead space and the shortest airway pathway. Olson’s model
again gives the lowest pulmonary deposition with a medium-
high tracheobronchial deposition which can be explained
as before,

For d, > 2.5 um, impaction deposition becomes increas-
ingly dominant. Depositions in the nose or mouth and in the
tracheobronchial region increase rapidly as the particle size
increases. This results in a decline of alveolar deposition for
very large particles. It is seen from the deposition curves that
the model of Yeh and Schum in this particle size range
continues to give the lowest tracheobronchial deposition
and the highest pulmonary deposition. However, the model
of Olson et al. has larger airway diameters in the tracheo-
bronchial region than those in the models of Weibel and
Hansen and Ampaya. Thus, alveolar deposition in Olson’s
model becomes larger for d, > 5 um.

) = Hyder et al. (1980)
1.01- Weibel
~—=—-0lson et al.
09 —-~— Hansen and Ampaya
—--— Yeh and Schum
08
(ol o

Deposition Fraction
(@)
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Figure 12 — Total deposition fraction versus initial lung
volume for different particle sizes and breathing patterns. (A)
dy=2.7 um, Q= 250cm®/secand T.V.= 1500cm’, (B)d, = 2.7
pm, Q=500cm’/secand T.V.= 1000¢m?®, and(C)d, = 0.7 um,
Q= 500 cm®/sec and T.V. = 1000 cm’. The breathing cycles
consist of equal period for inspiration and expiration with no
pause. The experimental data are by Heyder et al"® for
14 subjects.
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In Figures 10 and 11, deposition profiles along airway
generation are plotted for different lung models when parti-
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APPENDIX

Deposition Efficiencies per Airway Generation

1. Impaction

n;, = 0.768 8 (St) (A-1)
where
2
_ pdpu .
St 9 ud
and
L
= — = 1
0 ad bend angle

64

in which

p = mass density of the particle
d, = diameter of the particle

u = mean flow velocity

U = air viscosity

d = diameter of the airway

L = length of the airway
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2. Sedimentation 3. Diffusion

N = 2 [26/T—€2B — 3/1—€B + sin? °]  (A-2) (i) Turbulent Flow
T
where e = 4.0 AV (1 —0.444 A+ ) (A-3)
3uL (ii) Laminar Flow
€ = sin ¢
4 ud n = 1—0.819¢4%4 —0,0976¢ %22 — 0.0325¢ 732
in which — 0.0509¢ 1259828 (A-4)
us = settling velocity of the particle
¢ = angle of inclination of the airway to the vertical where
In the present calculation for all lung models, we have A = P§£
used sin ¢ = /4 which corresponds to the case of a d"u
system of randomly orientated airways. The use of tabu- in which
lated values of ¢ from the model of Yeh and Schum in n whie
the calculation gives very small effect. D = Diffusion coefficient of the particle
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