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Predicting the amount of particle deposition in the human lung
following exposure to airborne particulate matter is the first step
toward evaluating risks associated with exposure to airborne pol-
lutants. Realistic deposition models are needed for accurate predic-
tions of deposition in the lung, but a major limitation is the degree
to which the lung geometry can be accurately reconstructed. Mor-
phometric data for the entire airway tree of the human lung are not
available. So far, idealistic lung structures have been used for depo-
sition calculations. In this study, 10 statistical lung structures based
on morphometric measurements of Raabe et al. (1976) were gener-
ated for the conducting airways of the human lung. A symmetric, di-
chotomous branching alveolar airway structure was attached to the
end of the conducting airway tree of each lung structure. The total
volume of the alveolar region was the same among the lung geome-
tries. Using a mathematical scheme developed previously (Anjilvel
and Asgharian 1995), regional, lobar, and per-generation deposi-
tions of particles were calculated in these geometries. The results
were compared to deposition predictions using typical-path and
five-lobe symmetric lung geometry models. All three lung models
showed very similar regional and generation-by-generation depo-
sition results. Lobar deposition was found to strongly depend on
the detailed morphometry of the lung structure that was used.

Various deterministic models of particle deposition in the
respiratory tract have been formulated to calculate the deposi-
tion of inhaled particles in humans and animals. The models
range from empirical models that do not incorporate lung ge-
ometry (Rudolf et al. 1986, 1990) to mathematically complex,
many-path (multiple-path) models that are based on a lung struc-
ture constructed from actual airway measurements (Anjilvel and
Asgharian 1995; Asgharian and Anjilvel 1998). In addition, a
stochastic lung deposition model using statistical relationships
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of airway parameters to reconstruct the lung geometry has been
devised (Koblinger and Hofmann 1985, 1990). Empirical and
typical-path lung models are useful for quick calculation of par-
ticle deposition but produce limited information. These models
are useful for obtaining average regional and overall deposition
of particles in the lung. More detailed and site-specific infor-
mation can be gained by using many-path and stochastic mod-
els in which more accurate assessment of the lung structure is
included.

A recent study comparing these two models in rats revealed
that both models produce similar regional deposition (Hofmann
etal. 2000). In the deterministic, multiple-path model of particle
deposition, the conducting airways were selected from morpho-
metrical measurements obtained in rats (Raabe et al. 1976). An
eight-generation, dichotomous branching, symmetric acinar re-
gion proposed by Yeh et al. (1979) was attached to the terminal
airways. In the stochastic model, the conducting airways for the
first few upper generations were selected from the measurements
of Raabe et al. (1976). The remaining airways in the conducting
and pulmonary region were reconstructed from frequency dis-
tributions (or probability density functions) of airway lengths,
diameters, and branching angles that were based on morphom-
etry measurements of Raabe et al. (1976). In rats, interanimal
variability is negligible for the conducting airways (Menache
et al. 1991) but is significant in the acinar region. For this rea-
son, a hybrid model that used the conducting tree structure of
the multiple-path model and the acinar structure of the stochas-
tic model was created and compared to the multiple-path and
stochastic models. All three models showed similar deposition
in the tracheobronchial region (Hofmann et al. 2000). Thus the
differences in alveolar deposition were mainly due to differences
in acinar structure.

In humans, there is no comprehensive morphometry data set
comprising the entire conducting airways of the lung. Only lim-
ited measurements on adult males are available (e.g., Weibel
1963; Horsfield and Cumming 1968; Phalen et al. 1985;
Nikiforov and Schlesinger 1985). These models provide only
limited information, e.g., average dimensions in all airway gen-
erations (Weibel 1963), average values in bronchial airways
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(Phalen et al. 1985), and average dimensions =+ coefficient of
variation in large bronchial airways (Nikiforov and Schlesinger
1985). The models are based on symmetric lung structure
(Weibel 1963; Phalen et al. 1985; Nikiforov and Schlesinger
1985). Yu and Diu (1982) investigated the effect of lung struc-
ture on particle deposition in different airway generations. The
lung structures were normalized to the same functional residual
capacity (FRC).

Yeh et al. (1979) proposed two geometric structures for the
conducting airways: a typical-path symmetric model with di-
chotomous branching pattern and a five-lobe model. In the five-
lobe model, each lobe had a typical-path symmetric and dichoto-
mously branching pattern. However, each lobe had a different
structure. The alveolar regions in both lung structures were also
assumed to be symmetric and dichotomous branching. Employ-
ing the mathematical analogy used for particle deposition in
the rat lung (Anjilvel and Asgharian 1995), the two lung data
sets were used to create a typical-path and a limited multiple-
path model of particle deposition (Subramaniam et al. 2000).
The deposition results of the typical-path model were consistent
with the previous mathematical models, including the trumpet
model (Yu 1978). The regional and overall deposition results
were similar for both typical-path and five-lobe symmetric but
structurally different models. In addition, the five-lobe symmet-
ric model was capable of predicting lobar and lobar regional
deposition. The lobar deposition results indicated that deposi-
tion among various lobes can be significantly different. Thus
the common practice of using regional deposition predictions
from a typical-path model to assess lung response as a result
of exposure to airborne pollutants may not be adequate. Some
uncertainties regarding the lobar deposition predictions of the
five-lobe symmetric model remain since some inconsistencies
from the experimental data were observed (Subramaniam et al.
2000).

The use of a five-lobe symmetric structure lung to predict
particle deposition represents improvement over the typical-path
models currently in wide use. However, the symmetric structure
within each lobe poses a limitation on the ability of the model to
predict site-specific deposition patterns. Thus a more accurate
assessment of the lung structure is needed. Establishing a truly
multiple-path model of particle deposition based on an asym-
metric lung geometry that matches human airway structure and
dimensions closely is highly desirable.

A statistical lung structure was proposed by Koblinger and
Hofmann (1985) for humans. Based on morphometric mea-
surements, various statistical probability density functions de-
scribing airway parameters were derived for the reconstruc-
tion of the human airway tree. The lung geometry has been
used in a stochastic model to calculate particle deposition in
a stochastically average human lung (Koblinger and Hofmann
1990; Hofmann and Bergmann 1998). In the deposition model,
reconstruction of the entire airway tree was avoided by using a
Monte-Carlo technique that required the selection of only one
pathway at a time for the computation of particle deposition.

Deposition fractions were calculated without producing the en-
tire respiratory tract. However, the statistical relationships be-
tween airway parameters can feasibly be used to reconstruct the
entire airway tree from the distribution functions of the airways.
The reconstructed airway tree can then be used in a mathemati-
cally deterministic lung deposition model for particle deposition
calculations.

Based on the arguments stated above concerning the need
for a complete deterministic model of the entire human airway
tree and due to impracticality in measuring the entire human
airway tree, the available measurements and statistical relation-
ships among various airways employed in the stochastic model
were used to construct 10 five-lobe, asymmetric, structurally
different human airway trees. These lung structures, combined
with the mathematical formulation used in the multiple-path
model of particle deposition in rats (Anjilvel and Asgharian
1995), formed a truly multiple-path model of particle deposi-
tion in humans. The model was used to calculate the deposition
of inhaled particles in different regions, lobes, and each gener-
ation of the human lung. The calculated results were compared
against the deposition results obtained using the typical-path and
five-lobe symmetric-path lung geometries.

DESCRIPTION OF THE LUNG GEOMETRY

Different lung structures were used here for particle deposi-
tion calculation. However, these different lungs were all based
on the same morphometric measurements (Raabe et al. 1976).
The lung structures referred to an adult, healthy, and nonsmok-
ing male person.

Yeh et al. (1979) used morphometrical measurements of
Raabe et al. (1976) for a single human cast to create a symmetric,
dichotomous branching, typical-path and a five-lobe symmetric
but structurally different lung geometry. These simplified ge-
ometries are employed here to calculate particle deposition.

A stochastic morphometric model of the human lung was
used (Koblinger and Hofmann 1990) to construct a tracheo-
bronchial tree describing the randomness and asymmetry of
the airway branching system. The lung model is based on dis-
tributions of morphometric parameters such as length, diame-
ter, branching angle, cross-sectional area of the daughter tubes,
gravity angle, and correlations between these parameters as a
function of airway generation (Koblinger and Hofmann 1985).
In the morphometric model used in the earlier developed de-
position model, the lung geometry in a specific generation is
based on a series of random selections for every generation. In
the present model, in contrast, each airway tube is based on a
single selection from the individual parameter distributions. For
this reason, the construction of one tracheobronchial tree rep-
resents the bronchial tree of an individual person rather than a
population-averaged lung. However, several calculations with
different selections from the distributions can be performed to
simulate the lungs of individual subjects and to illustrate inter-
subject variability. Ten such geometries were constructed here
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for the conducting region of the lung. These lungs were based on
the same structural relationships, varying primarily in their lung
volumes. These lungs were examined visually by plotting them
three dimensionally. They resembled realistic lung structures
of humans. Slight underestimation of intersubject variability in
human population may result from the use of these lungs pro-
vided that structural differences affect particle deposition.

Sufficient morphometric measurements are not available to
reconstruct the entire alveolar region. Based on theoretical con-
siderations, Yeh et al. (1979) reconstructed a regular dichoto-
mous alveolar branching structure regarding the number and
dimensions of alveolar airways that were used in their typical-
path model. The human bronchial tree in the current model was
supplemented by attaching identical alveolarregions of Yeh et al.
(1979) to the end of each terminal bronchiole. The terminal air-
ways provided the root tree for each alveolar acinus. The struc-
ture of the alveolar region was similar to the last seven genera-
tions of the typical-path model of Yeh et al. (1979) for humans.
The length, diameter, and branching pattern of the alveolar ducts
in the current stochastic lungs remained the same as those in the
Yeh et al. (1979) model. Since the numbers of terminal airways
in the typical-path and stochastic lungs were different, so were
the numbers of alveolar regions (2'® = 65,536 in the Yeh et al.
model and 20,285-54,093 in the stochastically-generated lungs).
The dimensions of the alveolar sacs in the stochastic lungs were
adjusted such that the total alveolar volume remained the same
in all the lungs. Thus each alveolar volume in each stochas-
tic lung was 2'°/N times the alveolar volume of that of Yeh
et al. (1979), where N is the number of terminal airways of that
stochastic lung. The alveoli were distributed among the seven
generations of the pulmonary region in the same proportions as
those in the Yeh et al. (1979) model. The airway measurements
of Yeh et al. (1979) were made at total lung capacity. In the
current study, the airway length and diameter were scaled down
to a FRC of 3300 ml in all the lungs. During respiration, the
airways were assumed to expand and contract uniformly. Thus
the airway dimensions at a given tidal volume (V) were further
normalized to FRC + V7 /2.

PARTICLE DEPOSITION MODEL

The symmetric typical-path or five-lobe symmetric lung
structures of Yeh et al. (1979) are simplified assumptions of
a more general asymmetric lung geometry. The same mathe-
matical formalism for particle deposition was used to calculate
deposition in all lung geometries. The flow in each airway was
assumed to be proportional to its distal volume. The details of
the mathematical formalism used to calculate particle deposi-
tion in the rat lung are given elsewhere (Anjilvel and Asgharian
1995; Asgharian and Anjilvel 1998).

Particle deposition in different regions of the lung was cal-
culated for unit density particles ranging from 0.01 to 10 um in
diameter. Deposition fractions were calculated for a functional
residual capacity of 3300 ml, a tidal volume of 625 ml, and a
breathing frequency of 12 breaths per minute (minute ventila-

tion = 7500 ml). Particles were assumed to enter the lung via an
endotracheal tube (i.e., there was no upper respiratory tract vol-
ume). A breathing frequency of 12 breaths per minute with equal
breathing time during inhalation and exhalation was assumed.
No pause between inhalation and exhalation was used.

RESULTS AND DISCUSSION

Total Deposition Fraction

The deposition fractions of particles ranging from 0.01 to
10 um in diameter in the entire lung, tracheobronchial, and
alveolar regions are shown in Figures 1 through 3, respectively,
for the typical-path, five-lobe symmetric, and stochastic lung
geometries. Ten stochastic lung geometries were generated, and
the deposition fraction in each was found. The mean deposition
fractions =+ standard deviation of the deposition fractions for the
10 lung geometries were calculated and plotted in the figures.
The overall deposition fraction for the three lung structures is
shown in Figure 1. The five-lobe symmetric and stochastic lung
geometries predicted similar deposition results that were slightly
lower than that of typical-path lung model. The predicted depo-
sition fraction line of five-lobe symmetric lung fell within the
standard deviation of the stochastic lung deposition fractions,
indicating that these two geometries essentially predicted the
same deposition fractions. Since all three lung geometries pro-
duced similar overall deposition fraction when assessing total
deposition fraction, any model can be used for prediction. In the
tracheobronchial region (Figure 2), similar findings were also

L' r —o—gtochastic
—e=— 5-lobe symmetric
—v— typical-path symmetric

0.8

0.6

Deposition Fraction

0 ! | 1
0.01 0.1 1 10
Particle Diameter, um

Figure 1. Total deposition fraction of unit density particles in
the three lung geometries for various particle diameters. Lung
functional residual capacity was 3300 ml, and minute ventilation
was 7500 ml.
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Figure 2. Tracheobronchial deposition fraction of unit density
particles in the three lung geometries for various particle diame-
ters. Lung functional residual capacity was 3300 ml, and minute
ventilation was 7500 ml.

observed. Both lobar models gave similar deposition fraction
predictions that were slightly lower than those for the typical-
path model. Deposition fraction in the alveolar region is shown
in Figure 3 for all lung geometries. Deposition fraction in the
alveolar region of the stochastic model showed greater variation

0.7 -

—e— stochastic
—&— 5-lobe symmetric
—v— typical-path symmetric
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Figure 3. Alveolar deposition fraction of unit density particles
in the three lung geometries for various particle diameters. Lung
functional residual capacity was 3300 ml, and minute ventilation
was 7500 ml.

in deposition than that in the tracheobronchial region, mainly
due to differences in number and volume of individual alveo-
lar regions in various stochastically generated lungs. Deposition
curves for the typical-path and five-lobe symmetric lungs fell
within the standard deviation of the deposition fraction in the
stochastic lungs. Thus deposition fractions in all three lungs
were statistically the same.

Deposition Fraction Per Generation

All three lung models are capable of predicting deposition
fraction per airway generation, but, since the typical-path and
five-lobe symmetric lungs are based on average lung geometry,
the deposition results for these two cases should be considered as
average per generation. Deposition per airway generation for the
three lung geometries are calculated for particles of 0.01, 1, and
10 um. The deposition fraction of 0.01 pum particles per airway
generation for all three lungs is shown in Figure 4. Deposition
fraction in the stochastic lung model is represented by mean
deposition fraction + standard deviation (SD). Since diffusion
is the dominant loss mechanism for 0.01 um particles, most
deposition occurs in the lower airway generations. The typical-
path and five-lobe symmetric lungs show similar results since
both lung models are based on symmetric lung structures. The
stochastic lung has more airway generations and, consequently,
particle deposition is more distributed in the later generations
compared with the other two models. While little variation in
deposition was observed in the early airway generations of the
stochastic lung, there was significant variation in the later gen-
erations, possibly due to differences in the alveolar regions of
the stochastic lung geometries. The results suggest that when

0.12 - ;
- gtochastic
01 —&— 5-lobe symmetric
z I —=—typical-path symmetric
g 0.08
.g 0.06
2.«; (.04
!
0.02
0
0 4 8 12 16 20 24 28
(ieneration Number

Figure 4. Deposition fraction of 0.01 umunitdensity particles
in the three lung geometries as a function of airway generation
number. Lung functional residual capacity was 3300 ml, and
minute ventilation was 7500 ml.
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Figure 5. Deposition fraction of 1 pm unit density particles
in the three lung geometries as a function of airway generation
number. Lung functional residual capacity was 3300 ml, and
minute ventilation was 7500 ml.

diffusion is the dominant loss mechanism, the main difference
in deposition among different models is due to differences in
generation number rather than airway dimensions.

The generation-by-generation deposition fraction of 1 um
particles deposited for each of the three lung structures is shown
in Figure 5. The results show similar patterns as in the previous
case, even though loss mechanisms in the lower airways are due
to sedimentation and diffusion combined. Variation of deposi-
tion in the stochastic model was quite small. All three models
showed similar deposition fractions in the upper airways. Due to
an increased number of airway generations, the stochastic lung
showed more dispersed and thus lower deposition than the other
two symmetric lung models.

A different pattern was observed when deposition of 10 um
particles per generation was calculated. Stochastic lungs ex-
hibited much different deposition fractions in the first few up-
per airway generations from those in the two symmetric lungs
(Figure 6). The standard deviation of the deposition fraction
was quite large. For this reason, the error bars for the first
four generations are not shown. This large variation of depo-
sition among the stochastic lungs is mainly due to differences in
airway dimension and orientation. Losses in these airways are
by impaction. Thus impaction losses are strongly dependent on
geometry.

Deposition fraction in the succeeding airways, where im-
paction was no longer present and sedimentation was the domi-
nant loss mechanism, is similar to the previous two cases. Due to
anincreased number of airway generations, losses in the stochas-
tic lungs are more distributed and thus lower than those in the
other two lungs.

0.12 ~
—e— stochastic
0.1 L % S-lobe symmetric
g ) —%— typical-path symmetric
5008
2 | AN
£ 006 /¥ {
+§ ] 'T 1l
0.04 - ! I ; L
g / 1 ' T AR L\
0.02 f Yoyl \
0 | i I i | 1 1.1 \1111
0 4 § 12 16 20 24 28

Generation Number

Figure 6. Deposition fraction of 10 m unit density particles
in the three lung geometries as a function of airway generation
number. Lung functional residual capacity was 3300 ml, and
minute ventilation was 7500 ml.

Lobar Deposition Fraction

As far as regional or even generation-by-generation results
are concerned, any of these models can be used to predict particle
losses in the lung. However, a more elaborate lung structure is
needed if further detailed deposition results are required.

As mentioned earlier, 10 stochastic lung geometries were
generated for deposition calculations. These geometries varied
in dimensions and generation number to encompass various pos-
sible geometries of human adult lungs. Each geometry yielded
different deposition results. Deposition fractions in all five lobes
of each of the stochastic lung geometries were calculated. The
results are presented in Figures 7a-7e. The figures show the
range of deposition values as a function of particle diameter.
Variation in lobar deposition was more pronounced at small and
large particle sizes and varied by a factor of 3.

Total lobar deposition per lobe in the five-lobe symmetric
lung is reported in Figure 8. The results show that corresponding
lobes in the left and right lungs produced almost identical results
(e.g., deposition fraction in the right upper lobe was the same as
that in the left upper lobe, and deposition in the right lower lobe
was the same as that in the left lower lobe). Furthermore, lower
lobes yielded the highest deposition fractions followed by the
upper lobes and then the right middle lobe. Tracheobronchial
and pulmonary deposition in each lobe (not shown) also showed
the same trend.

The total mean lobar deposition for the 10 stochastic lung
models that were generated is shown in Figure 9. Some simi-
larities exist between these results and those for the five-lobe
symmetric model, but the differences outweigh the similarities.
In the five-lobe symmetric lung geometry, corresponding lobes
inthe left and right lung gave almost identical deposition fraction
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Figure 7. Range of total lobar deposition fractions of unit density particles in 10 separate stochastic lung geometries for various
particle diameters. Lung functional residual capacity was 3300 ml, and minute ventilation was 7500 ml. (a) Left upper lobe, LU;
(b) left lower lobe, LL; (c) right upper lobe, RU; (d) right middle lobe, RM; and (e) right lower lobe, RL.
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Figure 8. Total lobar deposition fraction of unit density parti-
cles in the five-lobe symmetric lung geometry for various parti-
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and minute ventilation was 7500 ml. Left upper lobe, LU; left
lower lobe, LL; right upper lobe, RU; right middle lobe, RM;
right lower lobe, RL.
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Figure 9. Total mean lobar deposition fractions of unit density
particles in stochastic lung geometry for various particle diame-
ters. Lung functional residual capacity was 3300 ml, and minute
ventilation was 7500 ml. Left upper lobe, LU; left lower lobe,
LL; right upper lobe, RU; right middle lobe, RM; right lower
lobe, RL.

results (Figure 7). This is believed to be due to symmetric lobe
structures. In the stochastic models, although the same lobar
trend of deposition is observed, the corresponding lobes had
very different deposition values. Furthermore, deposition in the
lower left lobe was only slightly smaller than that in the left
upper lobe. The right middle lobe and right lower lobe had the
smallest deposition values. If the deposition fractions of these
two lobes are added, values similar to those for the left lower
lobe are obtained.

A comparison of Figures 7 and 9 shows that lobar deposi-
tion is different in the two models. Furthermore, the location of
the highest and the lowest deposition fraction is also opposite
in the two models. A preliminary comparison suggests a bet-
ter comparison of the experimental data with the results of the
stochastic model. Thus detailed airway morphometry is critical
for determination of site-specific deposition even though it may
not be necessary for regional deposition calculations.

There are many alveolar acini in each of the stochastic lung
geometries. The initiation of lung injury in these regions is most
likely directly related to the initial deposition of particles. Not
all alveolar regions receive the same dose. To examine regional
variation of alveolar deposition in more detail, the deposition
fraction in each alveolar region was computed for a stochas-
tic lung geometry having 21,553 terminal bronchioles. This re-
sulted in 21,553 alveolar deposition fractions that together form
the alveolar deposition fraction distribution. The alveolar depo-
sition fraction distributions for particle sizes 0.01, 0.1, 1, and
10 um are plotted in Figure 10. A point on each curve corre-
sponds to the number of alveolar acini indicated by the ordinate
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] {  —e-d=001um
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Figure 10. Alveolar deposition fraction distribution for four
different particle sizes. Particle mass density was 1 g/cm?, lung
functional residual capacity was 3300 ml, and minute ventilation
was 7500 ml.
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value having a deposition fraction between X — 3 x 1077 and X,
where X is the corresponding abscissa value. The results show a
narrow distribution for 0.01, 0.1, and 1 um particles, indicating
that the alveolar acini received similar deposition of these sized
particles. On the other hand, a wide distribution with two peaks
was observed for 10 pwm particles. This means that significant
differences in deposition fractions exist among various alveolar
regions.

The fractional depositions of particles in the human lung were
presented using three lung geometries: typical-path symmetric,
five-lobe symmetric, structurally different, and five-lobe asym-
metric (stochastic). Due to a lack of sufficient airway measure-
ments, idealized airway structures were used for the alveolar
region. The alveolar size and volume was assumed to be the
same for each region extending past any given terminal bron-
chioles, which is a highly simplified assumption that influences
final deposition results. Any model improvement has to include
a better assessment of this region.

CONCLUSIONS

Deposition fractions of particles in different models of the
human respiratory tract were calculated. Lung geometries used
in the study included a typical-path model, five-lobe symmetric
but structurally different model, and 10 stochastic lung models
illustrating intersubject variability among the human population.
Deposition fraction in the tracheabronchial region, pulmonary
region, and entire respiratory tract was found to be statistically
the same when any of the above models was employed. Differ-
ences in average deposition per generation for the 10 stochastic
lungs were found to be small, reflecting primarily differences
in linear airway dimensions among these geometries. However,
deposition among individual airways in a given generation var-
ied significantly as a result of intersubject variability in lung
morphology at the single airway level. These results were sig-
nificantly different in the lower airway generations from those
found using typical-path or five-lobe models. Lobar deposition
was found to be significantly different between the five-lobe
model and the stochastic lungs. A variation in deposition frac-
tion of up to three folds was observed among various stochastic
lungs, indicating that various individuals may receive different
doses in each lobe.
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