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The aim of this study was to compare the human subject experi-
mental measurements of particle deposition within the lungs using
the aerosol bolus technique with the results of analytical modeling
as a basis for assessing the influence of lung morphology on inhaled
particle deposition patterns. A methodology for scaling the lung
morphology, based on a classic symmetric dichotomous model, as
a function of both functional residual capacity and height of the
investigated population is presented. Because of the availability of
deposition data for male and female lung morphologies, these were
used as an example to address the importance of adjusting lung
morphology in calculating the aerosol deposition rates. In order
to represent the 2 groups based on gender enrolled in the experi-
mental study, 2 lung morphologies have been built. An analytical
and mechanistic model was used to mimic the bolus delivery tech-
nique and simulate the aerosol deposition in each of the 2 groups.
Predicted results were compared with experimental data for both
total deposition fraction and bolus recovery (fraction of exhaled
particles compared with inhaled particles) for 3 flow rates and 3
particle sizes. Good agreement was found between theoretical and
measured data, showing the primary importance of the differentia-
tion of the lung morphology to predict the aerosol deposition within
human lungs. This study presents a morphological lung model that
is adaptable to specific populations (e.g., gender or race), groups
(e.g., a clinical study population), or even individuals.

INTRODUCTION
Inhalation therapies based on aerosolized drugs are widely

employed in the treatment of respiratory diseases. By targeting
appropriate deposition sites within human lungs, the efficacies
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of inhaled pharmacologic agents could be improved and their as-
sociated side effects reduced (Labiris and Dolovich 2003). This
optimization of deposition can be realized by controlling aerosol
properties (e.g., diameters or material densities) and/or regulat-
ing breathing patterns (Heyder 2004). Hence, by producing an
aerosol with a desired particle size distribution, the effective-
ness of a treatment can be either maintained while minimizing
harmful systemic exposure (Howarth 2001) or improved via a
modification of the clinical response due to an optimization of
regional particle deposition within lungs (Pritchard 2001), i.e.,
targeting.

When using lungs as the portal of entry into the body, it is
important that the physical factors affecting the behavior and
fate of inhaled particles be understood to optimize the aerosol
deposition within the respiratory tract (Martonen 1993; Finlay
and Martin 2008). As such, aerosol deposition has been thor-
oughly investigated using 3-dimensional (3D) computational
fluid dynamics (CFD) simulations of flow patterns and particle
transport and deposition (Katz and Martonen 1996; Martonen
et al. 2005b; Vial et al. 2005; Longest and Vinchurkar 2007;
Farkas and Balashazy 2008; Xi et al. 2008). Analytical modeling
is an alternative to these 3D CFD methods. Various predictive
models have been developed. They are based on the description
of the deposition efficiency of particles by 3 main mechanisms:
diffusion, sedimentation, and inertial impaction. Other models
are based on empirical correlations (Martin and Finlay 2006;
Finlay and Martin 2008) or use a semiempirical approach to
describe the values of regional deposition (ICRP 1994). A third
group of models uses the stochastic equations to predict the de-
position of polydisperse aerosol within a symmetric structure
of the human lung (Martonen 1993) or monodisperse aerosol
in an asymmetric lung structure (Anjilvel and Asgharian 1995;
Asgharian et al. 2001). Dynamic transport models including a
set of time-variant transport equations to estimate the particle
deposition in a symmetric lung model have also been developed
(Taulbee and Yu 1975; Darquenne and Paiva 1994; Choi and
Kim 2007).
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For targeting the purpose, the prediction of aerosol deposi-
tion may need to take into account some patients’ individual
characteristics, which implies the simulation of nonacademic
breathing patterns and individualization of lung morphology in-
cluding pathology (Phalen et al. 1990; Oldham 2010). Indeed,
large intersubject variabilities in particle deposition have been
shown by various experiments (Stahlhofen et al. 1981; Heyder
et al. 1982) even in healthy subjects.

The lung structure for an individual is very rarely known.
Nevertheless, reference data, such as the functional residual ca-
pacity (FRC), can be used to adapt the morphological models
for individuals or populations (in terms of age, gender, and eth-
nicity). On the basis of the FRC and height, we have developed
a methodology using nonmonotonous scaling of the airways’
length and diameter and alveolar volume, to build adapted lung
morphologies. This study represents a first step toward model
individualization through the process of lung morphology cate-
gorization: the distinction between male and female lungs, based
on the physiological parameters. In order to estimate the rele-
vance and applicability of our method to aerosol therapy, we
compared our simulated results with experimental data from the
literature.

The lung deposition of aerosols can be measured by a variety
of methods (Kim 2000) with various levels of detail and accu-
racy. Hence, many experimental studies have been conducted to
measure the total deposition fraction (TDF, i.e., fraction of de-
posited to inhaled particles) in healthy adult subjects for a large
scope of particle sizes and breathing patterns (Heyder et al.
1975; Heyder et al. 1982; Heyder et al. 1986; Muir and Cena
1987; Schiller et al. 1988; Bennett et al. 1996; Bennett et al.
1997; Jaques and Kim 2000; Brown et al. 2002; Kim and Jaques
2004, 2005; Kim and Hu 2006). Regional deposition, which is
of particular interest when considering targeting drug delivery,
has been investigated by several laboratory teams (Stahlhofen
et al. 1980; Stahlhofen et al. 1981; Heyder et al. 1986; Pritchard
et al. 1986; Bennett et al. 1998; Bennett et al. 1999). The method
for splitting the intrathoracic deposition into tracheobronchial
(TB) tree and pulmonary (PU) deposition is based on the nonin-
vasive external detection of tracer material during several hours
after inhalation. The clearance mechanism is considered to be
much slower in the nonciliated air spaces (alveolar zone) than
in the ciliated airways (TB region). However, a large intersub-
ject variability in TB clearance rates exists (Stuart 1984) and the
mucociliary clearance may not truly represent the TB deposition
(Kim et al. 1996). Other techniques can be used to assess the re-
gional deposition. The aerosol bolus delivery technique, initially
designed as a diagnostic tool, provides very useful information
on the repartition of deposited particles within the lungs (Kim
et al. 1996; Bennett et al. 1998; Kim and Hu 1998; Bennett et al.
1999; Peterson et al. 2008). Among these experimental studies,
only the work conducted by Kim and Hu (1998) investigated
the differences in regional aerosol deposition in male and fe-
male populations. Other authors have examined the influence
of gender on aerosol deposition in human lungs; however, the

experimental conditions of some of these analyses were impos-
sible to simulate because of missing information. Other studies
analyze only the TDF of aerosol (Jaques and Kim 2000; Kim
and Hu 2006); as our goal is to develop a mathematical model
to optimize drug delivery, these TDF values are insufficient to
address the targeting.

Consequently, the dataset collected by Kim and Hu (1998)
(henceforth referred to as the KH experiments) represents a
unique source of published information on deposition assessed
by aerosol bolus delivery in both male and female groups. This is
of great interest for our study that aims at comparing experimen-
tal values with predicted results obtained with our simulation
program for 2 different populations (i.e., male and female). This
study should provide further guidance regarding the distinction
of human subject subpopulations, in general, in the treatment of
respiratory diseases and inhaled therapies.

METHODS

Description of the Theoretical Model
The analytical code used in our study predicts aerosol de-

position distribution within the respiratory tract and is based
on the methodology proposed by Martonen (1982). This well-
known code has been favorably compared with experimental re-
sults from human subject exposures (Martonen and Katz 1993;
Martonen et al. 2000; Martonen et al. 2005a) and applied with
different healthy and diseased lung morphologies (Martonen
1993; Martonen et al. 1995; Katz et al. 2001; Segal et al. 2002;
Sbirlea-Apiou et al. 2004). It considers the human lung as a
dichotomous hierarchy of symmetrical tubes wherein the par-
ticle deposition is caused by 3 physical phenomena: inertial
impaction, sedimentation, and diffusion. Analytical expressions
are used to assess the particle deposition efficiencies inside lung
airways due to those 3 mechanisms (Ingham 1975; Martonen
1993; Isaacs et al. 2005) during the different stages of the breath-
ing cycle (inhalation, breath-hold, and expiration). Empirical
equations are used to estimate the extrathoracic aerosol depo-
sition (Rudolf et al. 1990; Grgic et al. 2004; Sandeau et al.
2010). As a result, this model yields generational particle depo-
sition fractions, which, in turn, can be summed to give regional
(TB and PU) and total values. Furthermore, deposition can be
delineated by phase and mechanism (inertial impaction, sedi-
mentation, and diffusion).

Input Data
Analytical modeling of deposition in lung airways is based

on the straightforward premise that the physical and biological
processes governing the behavior and fate of airborne drugs can
be simulated if aerosol characteristics, ventilatory parameters,
and lung morphologies are available. That is, these 3 families
of parameters are fundamental to the description of aerosol
transport and deposition processes; therefore, it is essential that
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FIG. 1. Illustration of the serial bolus delivery method used in the KH experi-
ments (Kim et al. 1996). At each maneuver, a TV of 500 mL is inhaled (see A);
however, the aerosol is injected at prescribed points in small boluses of 50 mL
(see B that is an idealized representation of the aerosol concentration at the exit
of the device). The earlier the aerosol is injected during inhalation, the deeper
it penetrates into the lungs. RV stands for residual volume.

the relevant experimental conditions are provided to perform a
simulation.

Particle and Gas Characteristics
In the KH experiments, the generated aerosols of di-2-

ethylexyl sebacate oil were particles of either 1, 3, or 5 µm
in diameter, with geometrical standard deviation (GSD) of 1.15
and density of 0.91 g/cm3 (Heyder et al. 1982). We assumed
monodisperse, spherical, and nonhygroscopic particles.

The gas phase used in the KH experiments was air. The
conditions of 1 atm and 37◦C are assumed where the physi-
cal properties of interest are density (1.125 kg/m3), absolute
viscosity (18.95 µPa.s), and mean free path (67.8 nm).

Ventilation Parameters
An academic inhalation profile is assumed (Figure 1); thus,

the ventilatory parameters needed to perform a simulation with
our model are the tidal volume (TV), the inhalation time (com-
bined to give the inhalation flow rate), the breath-hold (not used
in the KH experiments, see Figure 3 of the original work, so set
to zero), and the exhalation time.

Lung Morphology
The final category of input data concerns the descriptive

model of the lung branching network. This aspect is treated in
the following subsection.

Differentiation of Lung Morphology
Several models have been developed to describe the normal

adult human lungs. One of the first models of the human res-
piratory tract geometry was derived by Weibel (1963). It is a
symmetric and dichotomously branching network of cylindrical
tubes, whose lengths, diameters, areas, and volumes are mod-
eled by empirical equations. There are twenty-four generations
of airways; each of them consisting in 2n identical airways,
where n is the generation number, 0 being the trachea. The mor-
phology developed by Soong et al. (1979) (henceforth referred
to as the Soong model) is based on Weibel’s but is designed
to account for inter- and intrasubject variability, and the airway
dimensions are scaled to correspond to a more realistic FRC
of 3200 mL. Indeed, the Weibel’s model dimensions are based
upon an FRC at 3/4 of the total lung capacity, whereas the typical
value of FRC is about half of the total lung capacity.

In the Soong model, the FRC value of 3200 mL roughly
corresponds to the mean value published in the guidelines of
the International Commission on Radiological Protection (ICRP
1994) for an adult man from the general Caucasian population.
However, FRC strongly depends on gender, age, and height of
the subject (Stocks and Quanjer 1995) and mean values can be
significantly different between populations (for the benefit of the
reader, ICRP data are reproduced in Table 1). For instance, for
an adult Caucasian woman, the mean FRC value given in ICRP
is 2681 mL, which represents less than 84% of the value of the
Soong model. In consequence, the Soong morphology should
be adapted to fit the FRC. Moreover, it is reported in ICRP that
the dimensions of the first 9 generations of the tracheobronchial
tree (including the trachea) are related to body height. Conse-
quently, we have developed a methodology adapting the Soong
human lung model in order to take into account the variability
of both FRC and body height between different populations or
subjects.

Please note that we use the word population to designate any
large category of subjects, such as the Caucasian adult male pop-
ulation. Subpopulation samples (e.g., the eleven male subjects
enrolled in the KH experiments) are addressed as groups and
may be composed of a few subjects to hundreds or thousands
of subjects. Finally, any member of a group or a population
is called an individual. The Soong lung model can be adapted

TABLE 1
Reference values for FRC and body height for different

populations

Adult male Adult female

Height (m) FRC (mL) Height (m) FRC (mL)

Caucasian 1.76 3300 1.63 2681
Japanese 1.70 2900 1.58 2050
Chinese 1.70 2950 1.58 2150

Note: Values are from ICRP (1994).
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TABLE 2
Constant C values (used to calculate SF0–8)

Constant C

Generation Diameter Length

0 0.540 0.559
1 0.530 0.468
2 0.507 0.474
3 0.489 0.502
4 0.429 0.431
5 0.441 0.476
6 0.452 0.441
7 0.405 0.359
8 0.333 0.273

Note: Values are from ICRP (1994).

for either a population (or a group), by using mean values of
FRC and height obtained for the investigated population (or
group), or for an individual, by taking into account his/her mea-
sured FRC and height. For the sake of simplicity, we will use
the word population to present the methodology for adapting
the Soong lung model to a given FRC and height, recogniz-
ing that the following steps are the same for a group or an
individual.

The first step consists in scaling the diameter and length of the
trachea and the first 8 bronchi (generations 0–8), as a function of
the body height (ICRP 1994). The scaling factor by generation
(SF0–8(g)) is the ratio of airway diameter D (or length L) of a
given generation g of the considered population compared to
that in the reference Soong morphology. It is defined by:

SF0−8(g) = Dpop(g)

DSoong(g)
= Lpop(g)

LSoong(g)
= C(g). (H − 1.76) + 1

[1]
where C(g) is a constant by generation (as given in Table 2)

and H is the population’s average height in meters.
From generations 9–23, a single factor is applied to the air-

way diameter and length, which is a function of the population’s
FRC mean value. This is based on the work of Hughes et al.
(1972) who had shown a very close correlation between changes
of the cube root of lung volume and both the bronchial length
and diameter. Although this study was performed on excised
dog lungs, it has been used as a starting point for lung scaling
in humans (Segal et al. 2002; Martin and Finlay 2006). Conse-
quently, to accommodate FRC variation, all airway diameters
and lengths (hence the airway volumes) are modified by a uni-
form FRC scaling factor (SF9–23) that is defined as the cube
root of the ratio between the population’s FRC (FRCpop) and
the Soong FRC (FRCSoong):

SF9−23 = Dpop(g)

DSoong(g)
= Lpop(g)

LSoong(g)
=

(
FRCpop

FRCSoong

)1/3

[2]

The alveolar volume (VApop) of the scaled lung is deduced
from the FRC value and the conducting volume VCpop:

VApop = FRCpop − VCpop [3]

where VCpop represents the conducting volume of the twenty-
four generations, that is, the volume contained in the cylindrical
part of the generation (as defined by the lengths and diameters).

The last step is the distribution of the alveolar volume per
generation. The related scaling factor SFA is defined for each
alveolated generation g as the ratio between the alveolar volume
of the considered generation and the total alveolar volume in the
reference Soong morphology:

SFA(g) = VASoong(g)/VASoong [4]

where VASoong = 2093.42 mL. This factor is applied to all the
alveolar volume from generations 17–23:

VApop(g) = SFA(g).VApop [5]

Following these steps, a lung morphology can be built for
any healthy adult population, knowing the average height and
FRC.

In the KH experiments, 2 groups were studied: eleven healthy
adult males and eleven healthy adult females. Only the mean
values for age and height for the 2 groups are reported in the
Kim and Hu articles (Kim et al. 1988; Kim and Hu 1998) and
are given in Table 3.

On the basis of these values, the theoretical FRC of each
group was calculated by using the following equations (Stocks
and Quanjer 1995):

For the male group: FRC = 2.34H + 0.01A − 1.09 [6]

For the female group: FRC = 2.24H+0.001A − 1.00 [7]

where H is the height in meters and A is the age in years. These
data are also reported in Table 3 for both groups. Given the mean
height and the theoretical FRC of each group, 2 lung morpholo-
gies were built using the methodology described previously.
Hence, we obtained one description of the respiratory tract rep-
resentative of the male group (corresponding to a mean height

TABLE 3
Group characteristics and theoretical FRC values

Group Age (years) Height (m) FRC (mL)

Male 25 1.81 3395.4
Female 25 1.67 2765.8

Note: Values are from Kim and Hu (1998) for age and body height.
The theoretical FRC was calculated based on these values and the
gender of the population.
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TABLE 4
Description of the lung morphology for the male group

Airway
generation

Number
of airways

Airway
diameter (cm)

Airway
length (cm)

Generation conductive
volume (cm3)

Generation alveolar
volume (cm3)

0 1 1.617 10.788 22.36 0.00
1 2 1.095 4.260 8.15 0.00
2 4 0.744 1.701 3.03 0.00
3 8 0.502 0.681 1.11 0.00
4 16 0.402 1.135 2.40 0.00
5 32 0.313 0.958 2.48 0.00
6 64 0.250 0.804 2.73 0.00
7 128 0.205 0.677 3.17 0.00
8 256 0.165 0.567 3.50 0.00
9 512 0.137 0.482 4.30 0.00
10 1024 0.116 0.410 5.55 0.00
11 2048 0.097 0.348 7.04 0.00
12 4096 0.085 0.294 9.76 0.00
13 8192 0.073 0.241 12.07 0.00
14 16,384 0.066 0.205 15.64 0.00
15 32,768 0.059 0.178 19.89 0.00
16 65,536 0.054 0.147 25.17 0.00
17 13,1072 0.048 0.126 32.74 4.47
18 262,144 0.045 0.104 44.81 14.90
19 524,288 0.042 0.088 65.34 44.69
20 1,048,576 0.040 0.074 99.89 156.43
21 2,097,152 0.038 0.062 152.80 309.14
22 4,194,304 0.037 0.053 234.17 625.72
23 8,388,608 0.037 0.045 396.75 1065.22

Total (mL): 1174.83 2220.57
FRC (mL): 3395.40

∗

∗
FRC in mL; the sum of the total conductive volume and the total alveolar volume.

of 1.81 m and an FRC of 3395.4 mL) and another one represen-
tative of the female group (corresponding to a mean height of
1.67 m and an FRC of 2765.8 mL). The airway dimensions and
generation volumes for the male and female lung morphologies
are described in Tables 4 and 5, respectively. Consequently, we
can use these 2 representations of the human lung as input to
our model to simulate the KH experiments.

Methodology of Simulation
The experimental dataset was obtained using a serial bolus

aerosol delivery technique (Kim et al. 1996; Kim and Hu 1998)
to measure regional deposition patterns of inhaled particles in
the 2 healthy groups, for 3 flow rates and 3 particle diameters. For
a given flow rate (Q) and a given particle size (Dp), each subject
performed 10 inhalations of a 500-mL TV at a constant flow
rate. An aerosol bolus was injected at different points during the
inhalation in order to fill only 1/10 of the global TV (Figure 1).
By this method, the aerosol is delivered to a specific volumetric
depth (Vp) ranging from 50 to 500 mL. The aerosol number
concentration was measured for each breath during inhalation

and exhalation and used to calculate the bolus recovery (RC),
that is, the fraction of exhaled particles compared with inhaled
particles. For each subject and each configuration (Q and Dp),
the fractional recovery was estimated for each bolus:

RCj = Nj

N
[8]

where N is the number of particles entering the lungs within
a bolus and Nj is the number of particles exhaled after each
particular inhalation.

The computer code used for this work was designed to com-
pute aerosol deposition during continuous inhalation of air
pollutant particle matter or nebulized therapeutic particles;
therefore, the fractional bolus recovery RCj is not a direct output.
However, it can be related to the results of a series of continuous
inhalation simulations. Subsequently, for each case (Q and Dp),
10 simulations have been realized with the following conditions:
(1) the TV was equal to i·50 mL (i being the index number of
the simulation), (2) the inhalation time was set to i·50/Q s in
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TABLE 5
Description of the lung morphology for the female group

Airway
generation

Number
of airways

Airway
diameter (cm)

Airway
length (cm)

Generation conductive
volume (cm3)

Generation alveolar
volume (cm3)

0 1 1.498 9.966 17.73 0.00
1 2 1.016 3.987 6.57 0.00
2 4 0.693 1.591 2.45 0.00
3 8 0.468 0.635 0.90 0.00
4 16 0.378 1.068 2.00 0.00
5 32 0.294 0.896 2.05 0.00
6 64 0.235 0.756 2.25 0.00
7 128 0.194 0.643 2.69 0.00
8 256 0.158 0.546 3.07 0.00
9 512 0.128 0.450 3.50 0.00
10 1024 0.108 0.383 4.52 0.00
11 2048 0.091 0.325 5.73 0.00
12 4096 0.079 0.275 7.95 0.00
13 8192 0.068 0.225 9.83 0.00
14 16,384 0.062 0.192 12.74 0.00
15 32,768 0.055 0.167 16.20 0.00
16 65,536 0.050 0.137 20.50 0.00
17 131,072 0.045 0.117 26.67 3.64
18 262,144 0.042 0.097 36.50 12.14
19 524,288 0.039 0.082 53.23 36.41
20 1,048,576 0.037 0.069 81.37 127.43
21 2,097,152 0.036 0.058 124.47 251.84
22 4,194,304 0.034 0.049 190.75 509.74
23 8,388,608 0.034 0.042 323.18 867.77

Total (mL): 956.83 1808.97
FRC (mL): 2765.80

∗

∗
FRC in mL; the sum of the total conductive volume and the total alveolar volume.

order to maintain a constant flow rate Q during the inhalation,
and (3) the alveolar lung volume was increased to simulate the
filling of the lungs due to the inhalation of fresh air prior to the
aerosol. For each of these 10 simulations, the deposition frac-
tion DFi was calculated as a standard output from the code. This
fraction, obtained from a continuous inhalation (since aerosol
was injected throughout the inspiration maneuver), corresponds
to the ratio of deposited particles to inhaled particles during the
ith simulation. The relation between the DFis, computed by our
code, and RCj, as measured by Kim et al. (1996, 1998) and
given in Equation (8), is for j = i:

RCj = i(1 − DFi) − (i − 1)(1 − DFi−1) [9]

On the basis of the measured RCjs, the TDF can be calculated
for the equivalent inhalation with continuous nebulization using

the following equation:

TDF = 1 − 1

n

n∑
j=1

RCj [10]

where n is the number of inhalation experiments (n = 10 in the
KH experiments).

As the aerosol is continuously inhaled in our simulations, the
TDF is a direct output from the code from the 10th simulation
(DF10), whereas the experimental value of the TDF is deduced
from the 10 RC measurements, using Equation (10) where n =
10.

Thus, analytical simulations can be used to calculate the bo-
lus recovery and TDF in order to be compared with the results
from the KH experiments based on the aerosol bolus deliv-
ery technique. In addition, predicted results can be computed
for the 2 different groups using the 2 morphologies presented
previously.
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FIG. 2. Fractional bolus recovery (RC) in the male group as a function of
penetration volume (Vp). Experimental values (black solid symbols) and pre-
dicted data (open symbols) are presented for particles of 1 µm (triangle), 3 µm
(square), and 5 µm (circle) in diameter with 3 flow rates: 150 mL/s (A), 250
mL/s (B), and 500 mL/s (C).

RESULTS
The predicted and experimental fractional bolus recovery is

plotted as a function of penetration volume (Vp) for particles of
1, 3, and 5 µm diameter, and for 3 flow rates (Q = 150, 250, and
500 mL/s), for the male and female groups, in Figures 2 and 3,
respectively. Note that for a given set of experimental conditions
(group, Q, and Dp), the experimental values are an average of
the data obtained for the eleven subjects of the concerned group,
whereas the predicted values have been obtained with a single
morphological model representative of the eleven subjects. Fur-
thermore, the 10 measurements have been acquired during 10
successive and independent inspiratory/expiratory maneuvers
(repeated 5 times), while the predicted results have been estab-

FIG. 3. Fractional bolus recovery (RC) in the female group as a function
of penetration volume (Vp). Experimental values (black solid symbols) and
predicted data (open symbols) are presented for particles of 1 µm (triangle),
3 µm (square), and 5 µm (circle) in diameter with 3 flow rates: 150 mL/s (A),
250 mL/s (B), and 500 mL/s (C).

lished through the compilation of the results of a series of 10
simulations.

Nevertheless, computed and experimental results are in very
good agreement. As commented by Kim and Hu in their article
(1998), “RC decreased monotonically with increasing Vp for
each particle size and [flow rate] used, but the decrease of RC
was greater with particles of larger size in both men and women.
[. . .] RC values were smaller with lower [flow rate] (i.e., longer
residence time) for a given value of Dp.” This behavior is pre-
dicted by the model, except for the largest penetration volume
for the female group.

Both experimental and simulated TDF data are presented for
male and female groups in Figures 4 and 5, respectively, for
the 3 investigated flow rates and particle sizes. Globally, the
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FIG. 4. TDF in the male group. Experimental values (gray bars) and predicted
data (white bars) are presented for 3 particle sizes (1, 3, and 5 µm) and 3
different flow rates: 150 mL/s (A), 250 mL/s (B), and 500 mL/s (C).

main tendencies described by Kim and Hu (1998) about their
experimental results can also be observed in the predicted data;
namely, our model similarly predicted (1) a decrease in aerosol
deposition with increasing flow rate for the same particle size,
(2) an increase in particle deposition with increasing particle
size for the same flow rate, and (3) a greater increase in aerosol
deposition by increasing particle size than by decreasing the flow
rate. These qualitative observations are true for both groups.

Concerning gender effects for the male group, predicted TDF
values correlate very well with measurements, especially for
coarse particles: the absolute difference ranges between 0.3%
and 6.6% for 3 µm particles and between 1.1% and 4.2% for
5 µm particles. However, the computed TDF for 1 µm particles
is greater than experimental values by 5.0%, 29.4%, and 46.8%
for Q = 150, 250, and 500 mL/s, respectively. The computed
values for the female group show slightly less agreement with

FIG. 5. TDF in the female group. Experimental values (gray bars) are com-
pared with predicted data obtained with a female lung morphology (white bars)
and predicted data obtained with a male lung morphology (black bars). Data
are presented for 3 particle sizes (1, 3, and 5 µm) and 3 different flow rates:
150 mL/s (A), 250 mL/s (B), and 500 mL/s (C).

experimental data than for the male group. The absolute differ-
ence ranges between 9.7%–20.2% and 1.5%–13.3% for coarse
particles of 3 and 5 µm, respectively. For the smallest particles,
the computed TDF is greater than experimental values by 4.9%,
18.7%, and 32.7% for flow rates of 150, 250, and 500 mL/s,
respectively. When comparing total aerosol deposition in male
and female groups, we can observe that both experimentally
and theoretically, TDF is greater in women than in men, for all
diameters and all flow rates. However, the predicted increase is
smaller than the measured value. Indeed, the increase in aerosol
deposition in women compared with men is between 5.3% and
28.7% experimentally (depending on the flow rate and particle
size) and between 3.8% and 13.5% theoretically (for the same
flow rates and particle sizes).
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FIG. 6. Fractional bolus recovery (RC) as a function of penetration volume
(Vp) for particles of 1 µm (triangle), 3 µm (square), and 5 µm (circle) in di-
ameter, for various flow rates: 150 mL/s (A), 250 mL/s (B), and 500 mL/s (C).
Experimental values for the female group (black solid symbols) are compared
with predicted data obtained with a female lung morphology (solid connecting
line with open symbols) and predicted data obtained with a male lung morphol-
ogy (dashed connecting line with open symbols).

In Figure 6, a direct comparison between male and female
groups is shown for fractional bolus recovery as a function of
penetration volume, for all flow rates and all particle sizes. The
experimental values for the female group are plotted on the
same figure as the predicted RC values obtained with our model
when using either the male or the female lung morphology.
The predicted results are more consistent with experimental
data when the respiratory tract morphology was adapted to the
investigated group.

As shown in Figure 5, when the female lung morphology is
used, the predicted TDF correlates better with the measured
value (except for 1 µm particles for flow rates of 250 and
500 mL/s). For instance, the TDF value for 5 µm particles with

a flow rate of 150 mL/s is overestimated by 1.4% when using
our code with the female morphology. It would be overpredicted
by 5.2% if the morphology had not been adapted to the female
population’s characteristics.

DISCUSSION
The motivation for the work described herein arose from

the fact that the Soong morphometric model was adapted from
the Weibel (1963) model that was based almost exclusively on
casts from adult males aged fifty years or older. As inhalation
exposures are not systematically performed on male subjects
of this age, we are convinced that it is useful to provide a
methodology to adapt this standard model to other types of
populations, such as the subjects enrolled in the KH experiments
who were younger (25 years old on average) and who were
female for one of the 2 groups.

To our knowledge, this study is the first attempt of compar-
ison between predicted values from an analytical model and
measured values of regional aerosol deposition in male and
female groups. Overall, a good agreement can be observed be-
tween predicted and experimental results, for RC and TDF, for
different flow rates and particle diameters. However, some dis-
crepancies still remain.

The largest differences between experimental and simulated
TDF results are obtained for 1 µm particles. This divergence
could be due to the modeling of the true expiratory maneuver.
Indeed, in the KH experiments, the respiratory maneuver con-
sisted of a continuous exhalation to the residual volume at a
constant flow rate. But in our simulations, the expiratory ma-
neuver was set equal to the inspiratory volume of 500 mL with
a constant flow rate, hence reaching the FRC that is greater than
the residual volume (corresponding to the lung volume at the
end of a forced expiratory exhalation). As discussed in Kim et al.
(1996), this maximal expiration to residual volume may result
in lower deposition than expected with steady-state breathing,
especially for 1 µm particles with small deposition efficiency.
Moreover, the deposition values for this particle size are mini-
mal, especially for the highest flow rate, and are perhaps within
the experimental uncertainties associated with human subject
experiments (Stahlhofen et al. 1981; Peterson et al. 2008). For
coarse particles, a good correlation can be observed between ex-
perimental and predicted TDF values; nevertheless, important
discrepancies exist for RC data, especially for 3 µm particles.
Once again, this may be due to the simulated expiratory ma-
neuver: as a longer expiration time associated with a constant
flow rate can induce changes in the deposition pattern, a series
of simulations based on a complete expiratory pattern could
produce greater levels of regional deposition, especially for 3
µm particles that are the more likely to be deposited by sedi-
mentation during the exhalation process. This is illustrated in
Figure 7 where the deposition fraction is plotted for both inhala-
tion and exhalation phases on a generational basis (i.e., from 0
to 23 during inspiration and from 23 to 0 during expiration).
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FIG. 7. Predicted deposition of particles of 1 µm (triangle), 3 µm (square),
and 5 µm (circle) in diameter, for a flow rate of 150 mL/s. The data are obtained
with the male lung morphology and are presented on a generational basis for
both inhalation and exhalation phases.

The results are given for the 3 particle sizes, for a flow rate of
150 mL/s, and using the male lung morphology. We can observe
that the deposition fraction of 3 µm particles during the exhala-
tion phase is greater than that of 1 and 5 µm particles, making
it more sensitive to inconsistencies between the simulated and
experimental conditions during exhalation.

Another difference between the experiments and the simula-
tions is related to the not-continuous injection of aerosol specific
to the bolus technique. As previously mentioned, the code we
used had not been designed to allow this kind of inhalation pro-
cess, so the results of 2 independent simulations were needed to
obtain the equivalent bolus recovery factor of one in vivo inhala-
tion experiment. However, we believe that using a code capable
of simulating not-continuous inhalation of aerosol would have
made things easier (1 simulation for 1 experiment) but would
not have modified the results. Existing models computing bolus
aerosol delivery (Darquenne and Paiva 1994; Darquenne et al.
1997) are generally used to investigate the bolus dispersion (i.e.,
a discrete bolus is inhaled but is dissipated during exhalation)
and lung anatomy. As this phenomenon of nonconvective trans-
port of the aerosol is not accounted for in our model, it may
be one of the factors contributing to differences between our
results and the experimental data.

The large intersubject variability in terms of aerosol depo-
sition pattern has been widely reported in the peer-reviewed
literature. Among the criteria identified as influential param-
eters is the breathing pattern, when the ventilatory regime is

spontaneous and not controlled (Kim and Jaques 2004; Kim
and Hu 2006). Another source of variability in aerosol deposi-
tion pattern is related to the differences in lung morphologies.
These differences can be due to malformations of the lungs ow-
ing to smoking or disease (Kim et al. 1988; Bennett et al. 1997;
Kim and Kang 1997; Brown et al. 2002), but they also appear in
healthy populations when considering various ages and gender
(Pritchard et al. 1986; Kim et al. 1988; Bennett et al. 1996; Kim
and Hu 1998; Jaques and Kim 2000; Kim and Jaques 2004; Kim
and Jaques 2005). A parameter that is related to the age and gen-
der and that enables rough categorization of lung morphology
in terms of volume is the FRC. Reference values can be found in
ICRP for Caucasian, Japanese, and Chinese populations for both
males and females. The difference in reference FRC between
male Caucasians and female Chinese, for instance, is 53% (see
Table 1) and justifies our concern about categorization of lung
morphology for different populations. Moreover, the FRC has
been shown to have a large influence on aerosol deposition pat-
terns (Segal et al. 2000; Hofmann et al. 2002), substantiating the
importance of the morphology categorization process we have
developed, which allows morphometric data (height) and res-
piratory tract characteristics (FRC) to be incorporated directly
in the lung model, instead of being used to modify the results
afterward (Martin and Finlay 2006).

Nevertheless, as FRC values were not available for each sub-
ject studied in the KH experiments, we were required to estimate
the mean FRC of each group using averaged values of age and
height to build the average lung morphology. If the characteris-
tics (i.e., FRC and height) of the eleven subjects enrolled in each
of the 2 groups had been available, we could have built eleven
morphologies and performed eleven series of simulations for
each group. Hence, it would have been interesting to compare
the mean experimental data with the average of our computed
results for each group, and thus to investigate the intersubject
variability. Moreover, we determined the FRC of each group
using equations based on age, height, and gender that have a
limited validity. They apply for a height range of 1.55–1.95 m
in men, and 1.45–1.80 m in women, and are applicable between
ages 18 and 70 years. As the average height of each group was
only available, we could be out of range for 1 or several sub-
ject(s). Furthermore, these equations do not apply for pregnant
women who have a reduced FRC compared with nonpregnant
women (Garcia-Rio et al. 1996; Nelson–Piercy 2001), and as
the size of the lungs varies with ethnic group (Yang et al. 1991;
Cotes 1993), they are only available for Caucasians. Conse-
quently, individual FRC values are useful information and we
recommend that they should be made available when reporting
results from human subject experiments.

Globally, the results obtained when simulating aerosol deliv-
ery in the male group are in better agreement with the experi-
mental values than that in the female group. This may denote
that the female lung morphology needs more complicated scal-
ing than simply a height adaptation, or more precisely, a specific
modification of the length and diameter of their airways, as they
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may be smaller in females than in males of the same stature,
particularly in the upper airways and the trachea (Martin et al.
1987). However, our approach toward modeling was to start
with an existing methodology from the literature.

At this point, we would like to emphasize that the FRC may
not be sufficient to characterize and represent the anatomical
differences in human lungs. Some specifics regarding this com-
plex structure are not described in the Soong model, for instance,
its asymmetric structure, the occurrence of trifurcations (Cohen
et al. 1990), the tracheal shape (Mehta and Myat 1984), and
the differences in the main bifurcation angle (Karabulut 2005).
In order to build a specific lung model for an individual, it may
be necessary to use detailed characteristics of the subject’s lung
morphology—coming from medical images—to better repre-
sent his/her lung morphology (Vial et al. 2005). The prediction
of aerosolized drug transport and deposition would be realized
in this patient-specific morphology and would help to adapt and
optimize the treatment and lead to customized aerosol therapy
regimens.

In this article, we deliberately compared predicted results
for male and female deposition patterns only for assessing the
relevance of the adaptation of the Soong model with various
populations. It is beyond the scope of this article to draw more
general conclusions of the gender effect on drug deposition pat-
terns. For example, the controlled breathing patterns used in
our simulations, based on the reported experimental parame-
ters, imply the same inhaled TV for both populations; however,
it represents a relatively deeper inhalation for females (with
smaller FRC than males). It is also recognized that spontaneous
breathing patterns for males and females are different, as well
as those for other populations.

In conclusion, we presented a methodology to modify the
classic Soong model in order to take into account physiological
parameters such as FRC and height. This methodology can be
used to create lung morphologies adapted to populations (or
groups) exhibiting a mean FRC value different than 3200 mL
and/or a mean height value different than 1.76 m. This catego-
rization of lung morphologies has been used along with an ana-
lytical model to compute aerosol deposition for 2 groups (male
and female) enrolled in the KH experiments. The results have
been found to correlate better with the associated experimental
measurements, for various flow rates and particle sizes, with the
use of the adapted morphologies. This advance in the simulation
of respiratory drug delivery should help to adapt aerosol therapy
protocols to the population considered; in other words, gender-
specific, age-specific, and ethnic-specific treatments may have
a sound scientific foundation.
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