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A stochastic model describing particle deposition in cystic fibrosis (CF) patients has been developed. The model should help to
optimize drug administration in the treatment of CF by exploring those physiologic and physical parameters that are responsible
for the delivering of pharmaceutical aerosols to appropriate sites (receptor cells). Concerning the modeling of deposition, changes
of the lungs due to CF were expressed by either constant or random scaling of the airway calibers. Additionally, continuous enlarge-
ment of the alveoli and the definition of asymmetric breathing cycles (different lengths for inhalation and exhalation time) were
carried out. Application of these model considerations to three different age groups (infants, children, and adults) showed that per-
manent reduction of the airway calibers generally increases deposition in the tracheobronchial tree by more than 100% with respect
to healthy controls. The fraction of particles deposited in the alveoli and alveolar ducts may be decreased at the same time. These
tendencies are even more pronounced by the simulation of emphysema and by extending exhalation time with respect to inhalation
time. Relative particle fractions deposited in the tracheobronchial compartment significantly increase from infant to adult.

1. Introduction

Cystic fibrosis (CF) is regarded as the most common, life-
shortening, recessive genetic disorder among Caucasians [1–
3]. As a complicating factor of this disease, the age of diag-
nosis and severity of symptoms are subject to a significant
interindividual variability. In general, CF involves exocrine
gland dysfunction and, therefore, affects multiple organ
systems in the human body, including the lungs, digestive
tract, reproductive organs, sweat glands, and, finally, the
skeletal framework [4]. Most severe burdens, however, can
be recognized for the digestive and respiratory system, where
CF is characterized by chronic obstruction and infection of
the airways as well as an insufficiency of the pancreas in
providing digestive enzymes. Ultimately, numerous people
suffering from CF die due to a heart failure which is caused
by the respiratory consequences of this disease [4].

Regarding the impairment of the respiratory system, CF
affects both the lower respiratory tract with the trachea and
the lungs as well as the upper respiratory tract, including
the nose and the sinuses [1–4]. According to several medical

studies [5–7], CF mainly produces thick layers of mucus
lining the bronchial airways (Figure 1). Due to a defect of
the chloride channels in the respective gland cells, this mucus
is additionally marked by a continuous dehydration and
thus an increasing viscosity. The rheology of the mucus is
also influenced by a rising content of DNA fragments and
actin filaments released from necrotic granulocytes [4]. The
hypersecretion and accumulation of highly viscous mucus
obstruct breathing passages and interfere with the removal
of deposited bacteria, viruses, and other particulate antigens
from the airways. Therefore, individuals with CF often
suffer chronic lung infections, followed by inflammation
and subsequent lung damage. Such insufficiencies of the
bronchial airways include chronic obstructive bronchitis,
bronchiectasis of small ciliated airways, and, at later stages
of the disease, bronchiolitis, pneumonitis, and regional
emphysema with diffuse alveolar destruction (Figure 1) [5].

Techniques for measuring changes of the lung physiology
in CF patients have been considerably improved during the
past decades and comprise the analysis of breath mechanics
(flow volume measurements) as well as parameters for



2 ISRN Pulmonology

lung growth (static lung volumes) and for intrapulmonary
gas distribution [5, 8]. In general, a continuous bronchial
obstruction is expressed by an increase of the airway
resistance Raw (decrease of the airway conductance Gaw) as
well as a growing functional residual capacity FRC which
is most significant in the so-called miscellaneous CF type
[5]. With further progress of the disease, FRC as a measure
of the ventilated lung space is reduced, again, whereas dead
lung space is remarkably enhanced. At the final stage of
CF, paCO2 and its permanent increase become important
parameters for further prognoses [5].

Optimized deposition of medical aerosols in COPD lungs
presupposes an extensive knowledge of particle behaviour
in abnormally narrowed airways and remarkably enlarged
alveoli. Besides the application of medical techniques (e.g.,
SPECT), respective data can be also created from reliable
computer models considering the specific properties of
diseased lungs (airway geometry, lung volumes, breathing
behaviour). A model approach of aerosol deposition in CF-
affected lungs has been recently carried out by Martonen
et al. [9] who described the lungs of patients inflicted with CF
by different morphologies and studied affected ventilatory
parameters and their effects upon drug deposition. In order
to get an idea about the local deposition behaviour, particle
distributions were computed on a generation-by-generation
basis in this model. Progressive obstruction of single airways
was realized by introducing an “airway coefficient”, express-
ing possible changes of the airway caliber. Simulation of
particle deposition in COPD lungs has been also outlined by
several authors [10–12], partly using the stochastic Monte
Carlo deposition model formerly introduced by Koblinger
and Hofmann [13]. Besides a constant reduction of the air-
way caliber, this model also considered a random reduction
of respective airway diameters, total airway blockage, and
late-stage emphysema. Breathing parameters were adjusted
to the changed lung volumes (FRC, tidal volume). Alföldy
et al. [14] used the nearly identical model for a reliable sim-
ulation of particle deposition in asthma patients and tried to
optimize the deposition patterns of inhaled pharmaceuticals
by varying particle sizes and breathing parameters. As an
advanced feature, the asthma model assumed asymmetric
breathing cycles, that is, different times for inhalation and
exhalation.

This study intends to expand on previously published
works dealing with particle deposition in obstructed and
emphysematous lungs, thereby using different approaches to
airway obstruction (constant and random scaling of airway
calibers). Additionally, asymmetric breathing cycles for CF
patients, and slightly different airway scaling (Raw) between
inhalation and exhalation are applied.

2. Methods

2.1. Simulation of Particle Deposition in CF Lungs. As
outlined above, the basic mathematical model for this
approach has been developed by Koblinger and Hofmann
[13] and has been specifically advanced to fulfil the main
requirements regarding particle deposition in COPD lungs.

In the original model, aerosol inhalation and deposition is
simulated, using a stochastic morphometry of the human
lung. As a significant feature, this stochastic lung model
involves experimentally observed branching asymmetries of
the tracheobronchial tree and an intrasubject variability of
airway calibers and lengths [18, 19]. Airway geometry is
uniformly scaled to a functional residual capacity of 3300 mL
with the respective formulae suggested by the International
Commission on Radiological Protection (ICRP) [16].

For simulating aerosol deposition in CF lungs, airway
diameters were calibrated according to different scaling
scenarios, applying scaling factors that were randomly
selected out of a predefined interval (Figure 2(a)). To find a
physiologically meaningful order of magnitude for the range
of scaling, the extent of airway caliber reduction is based
upon the airway resistance, Raw, which represents a physical
standard parameter included in most lung function tests. In
general airway resistance in a single airway, Rawi, is given by

Rawi =
(
8 · li · η

)

π · r4
i

(Poiseuille’s Law), (1)

where li denotes the airway length in cm, ri the airway radius
in cm, and η the viscosity of air at 20◦C (1.83 · 10−4 P). The
resistance in all airways in generation k, Rawk, is calculated
by

Rawk = 1
nk

Rawk,mean
(
resistors in parallel

)
, (2)

with nk denoting the number of airways in generation k and
Rawk,mean representing the mean airway resistance in gener-
ation k. The total resistance in the whole tracheobronchial
tree, RawTB , is obtained by summing up the resistance values
of all tracheobronchial airway generations [20]:

RawTB =
21∑

k=1

Rawk (resistors in series). (3)

In the study presented here, a CF-induced RawTB of
about 2.0 cm H2O s L−1 for patients with a functional
residual capacity of 3300 mL [16] and a RawTB of 0.5–1.0 cm
H2O s L−1 for children [21] were used to determine the
degree of airway diameter reduction. Scaling procedure was
conducted according to the iterative algorithm introduced
by Martonen et al. [9]. The following scaling scenarios were
applied: (1) scaling of bronchial airway calibers by a constant
factor (D(obstr.)/D = constant) and (2) reduction of airway
diameters by a randomly generated factor (D(obstr.)/D <>
constant; Figure 2). For both modeling approaches, the
trachea was excluded from any scaling procedure, thereby
assuming a constant inner diameter of 1.9 cm in adults. As
shown by current medical studies, the tracheal cross-section
may be significantly affected in humans with CF, leading to
a reduction of the luminal volume in diseased children [22].
This important fact will be considered in future approaches
after availability of sufficient experimental data. Concerning
the first model, a progress of the lung disease was expressed
by a continuous enhancement of the scaling factor (e.g., the
change of the scaling factor from 0.8 to 0.6 documented
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Figure 1: Schematic presentation of main impairments in the lungs of cystic fibrosis patients. While airways of the tracheobronchial tree
are characterized by a hypersecretion of mucus and a possible formation of mucus plugs and clogs as well as a chronic swelling of the airway
tissues (b, c), the alveolar region is successively affected by emphysema (d).

a reduction of the airway caliber from 20 to 40%). By
convention, the maximum reduction of airway diameters was
determined to 80%, simulating the eventual formation of
large-sized mucus plugs. In the second model, the diameter
of each airway within a specific path was decreased by a factor
that was randomly selected from a predefined range. By
setting respective scaling limits to 0.8 and 0.6, airway calibers
were randomly reduced between 20 and 40%. However,
disease progress was simply modeled by shifting this upper

limit to higher values, again supposing a maximum diameter
reduction of 80%. Independent of the selected model, a
possible occurrence of emphysema at later stages of CF was
simulated using the respective theoretical approach of Sturm
and Hofmann [23], where different types of emphysema and
various degrees of emphysematous failure are available.

As outlined in several medical contributions [5, 21, 24],
breathing behaviour in COPD patients shows some
specificities with respect to the breathing of healthy subjects.
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Figure 2: Stochastic modeling of cystic fibrosis: (a) Decrease of the airway calibers due to chronic obstructions is simulated by the application
of (1) constant scaling factors (D(o)/D = constant) and (2) random scaling factors (D(o)/D <> constant); (b) Emphysema is modeled by a
constant increase of the alveolar radius (r).

Respective irregularities mainly include the development
of asymmetric breathing cycles with constant inhalation
times, but significantly increased durations for exhalation.
Realization of this feature was done by the separate definition
of inspiration, expiration, and breath-hold times in the input
file of the model program and by regarding its consequences
for flow rates and particle deposition. Inhomogeneous
ventilation of the lung, a frequently observed feature in
COPD patients, was modeled by the introduction of specific
parameters providing an asymmetric and asynchronous
filling of the lung lobes [25]. At least, decreasing elasticity
of the bronchi and bronchioles was approached by a slight
variation (about 10%) of airway scaling between inhalation
and exhalation.

2.2. Selection of Lung Geometries and Breathing Parameters.
Due to its character as a hereditary disease, CF already occurs
in infants and adolescents in numerous cases and, therefore,
has become one of the most significant children’s diseases

[1–3]. While in 1940 most infants born with CF died within
the first 2 years of life, in 1998 the median age at death has
progressed to 29.8 years. New inhalation therapies promise a
further increase of this lifespan. The occurrence of CF among
young people is also considered in this contribution by
applying the deposition model to three different age groups:
(1) 1-year-old infants, (2) 5-year-old children, and (3)
adults (25 years). Respective breathing times and volumetric
and geometric data (FRC, tidal volume, scaling factors)
for healthy subjects of these age groups are summarized
in Table 1. Documentation of the disease progress was
done by changing the FRCs and breathing frequencies (oral
inhalation) and creating asymmetric breathing cycles. For all
simulations, monodisperse uniform-density particles with a
size of 3 μm, representing a typical diameter of therapeutic
aerosols, were used. Deposition data obtained from the
modeling computations were expressed in terms of total
deposition (i.e., number of inhaled aerosol particles minus
number of exhaled aerosol particles), regional deposition,
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Figure 3: Validation of the CF deposition model using experimental data of particle deposition in lungs of CF patients with different age
[15]: (a) Extrathoracic deposition (solid line: modeling approach to nose deposition; dashed line: modeling approach to oral deposition), (b)
Thoracic deposition after inhalation through the nose or mouth (solid line: modeling approach to nose deposition; dashed line: modeling
approach to oral deposition).

Table 1: Morphometric scaling factors (SF), breathing conditions, and tracheal mucus velocities (TMV) in the investigated age groups.
Breathing data have been taken from the ICRP report vol. 66 [16] while tracheal mucus velocities have been calculated according to the
allometric function proposed by Mauderly and Hahn [17]. Abbreviations: FRC: functional residual capacity, TV: tidal volume, BF: breathing
frequency, T: length of 1 breath cycle.

SF FRC (mL) TV (mL) BF (min−1) T (s) TMV (mm min−1)

1 year 0.353 244 102 43.2 1.39 1.2

5 years 0.517 767 213 30.0 2.00 2.7

Adult 0.840 3,300 750 14.4 4.17 5.5

thereby distinguishing between extrathoracic, bronchial, and
alveolar deposition (Table 2), and generation-by-generation
deposition (Figures 4–6).

3. Results

3.1. Model Validation. The deposition model presented in
this work was validated by using experimental deposition
data of CF patients with different age [15, 26]. The aerosol
administered to the older children contained radiolabelled
normal saline particles with a mass median aerodynamic
diameter (MMAD) of 2.3 μm and a related geometric
standard deviation (GSD) of 2.3. Infants, on the other hand,
inhaled an aerosol including the same type of particles with
an MMAD of 3.0 μm and a GSD of 2.1. Generally, inhalation
was conducted in supine position, whereby production of
the aerosol succeeded with a nebulizer that was driven
by compressed air at 9 L min−1. Whilst infants exclusively
breathed through the nose, for older children inhalation
through the nasal airways as well as inhalation through the
oral airways was studied experimentally. Besides total (i.e.,
extrathoracic and thoracic) particle deposition, expressed as
percentage of the nebulizer output, also regional deposition
was measured using planar gamma scans of the children’s
lungs. Results of the experimental investigation are summa-

rized in Figure 3 and plotted together with respective outputs
generated by the computer model introduced above. For an
appropriate simulation of the experimental data MMADs
of the polydisperse aerosols had to be converted to mean
aerodynamic diameters. Volumetric lung parameters and
breathing characteristics of each CF patient were estimated
by using the scaling factors provided by the ICRP [16] (see
above). As proposed by the graphs of Figure 3 extrathoracic
as well as thoracic particle deposition resulting either from
nasal or from oral inhalation are partly well simulated by
the theoretical computations, but due to high intersub-
ject variabilities arising among children of the same age,
highly reliable predictions are also dramatically complicated.
According to the model, extrathoracic particle deposition, no
matter if oral or nasal breathing is assumed, continuously
decreases with proceeding age whereas particle deposition in
the lungs is subject to an increase (Figure 3).

3.2. Model Predictions of Particle Deposition in CF Lungs. For
all studied age groups, different modeling scenarios have
been developed. Besides the calculation of particle fractions
deposited in various lung regions (i.e., bronchial, acinar,
alveolar), also generation-by-generation plots have been cre-
ated from representative results. Model data are summarized
in Table 2 and partially depicted in Figures 4–6. Concerning
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Figure 4: Results of generation-by-generation deposition computation for 1-year-old infants: (a) Deposition patterns in healthy subjects
and after assuming constant airway scaling (CS) of 60% and random airway scaling (RS) ranging from 0 to 60%; (b) Deposition patterns
resulting from random scaling (0–60%) and emphysema with increasing severity (E1 = 500 μm alveolar diameter, E2 = 750 μm alveolar
diameter, E3 = 1 mm alveolar diameter); (c) Deposition patterns resulting from random scaling (0–60%) and asymmetric breathing cycles
(ABC1: ET = 1.5 IT, ABC2: ET = 2 IT).

aerosol particle deposition in infants, changes of the airway
calibers due to constant or random scaling cause a significant
increase of total deposition (Table 2) with rapidly increasing
fractions of bronchial deposition, but only slightly decreasing
amounts of particles deposited in the alveolar region.
Extrathoracic deposition can be regarded as nearly constant
for all model scenarios, ranging from 0.9 to 1.3%. As
proposed in Figure 4(a), bronchial deposition is more signifi-
cantly affected by constant scaling of the airways than by ran-
dom scaling, the latter of which represents the more realistic
case in lungs of CF patients. Consideration of emphysema
appearing at later stages of CF (i.e., increase of the alveolar

diameter AD) causes the opposite effect with decreasing total
deposition (Table 2) due to a remarkable loss of particles
settling down in the alveoli (Figure 4(b)). The application
of asymmetric breathing cycles additionally enhances total
particle deposition in the lung (Table 2), but, contrary to
simple airway scaling, aerosol fractions deposited in the
ductal and alveolar parts of the lung are increased in a similar
fashion (Figure 4(c)). For 5-year-old children, application of
diverse modeling scenarios results in identical effects on pul-
monary particle deposition as for infants. Main differences
between the two age groups may be recognized regarding
the relative amounts of deposited particle fractions (Table 2).
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Table 2: Results of deposition modeling in healthy subjects and CF patients. Besides constant and random obstruction of the airways, lung
disease has been additionally simulated by a continuous enlargement of the alveoli (AD: alveolar diameter), and the creation of asymmetric
breathing cycles (IT: inhalation time, ET: exhalation time). ∗Random scaling assuming a maximum decrease of the airway calibers of 60%
(note: results are shown for one stochastically generated lung).

Infant (1 year)

Healthy Constant scaling Random scaling

40% 60% 0–20% 0–40% 0–60%

Extrathoracic 0.91% 0.92% 0.85% 1.12% 1.14% 1.05%

Bronchial 10.20% 17.00% 19.70% 12.70% 15.20% 17.70%

Alveolar 0.42% 0.31% 0.26% 0.40% 0.32% 0.29%

Total 11.53% 18.23% 20.81% 14.22% 16.66% 19.04%

Rand. scal.∗ & emphysema Rand. scal.∗ & asym. b.c.

AD = 500 μm AD = 750 μm AD = 1 mm ET = 1.5 IT ET = 2.0 IT

Extrathoracic 1.34% 1.23% 1.32% 0.91% 0.93%

Bronchial 11.61% 10.53% 9.23% 12.10% 11.40%

Alveolar 0.35% 0.27% 0.13% 0.53% 0.45%

Total 13.30% 12.03% 10.68% 13.54% 12.78%

Child (5 years)

Healthy Constant scaling Random scaling

40% 60% 0–20% 0–40% 0–60%

Extrathoracic 1.49% 1.45% 1.34% 1.48% 1.52% 1.42%

Bronchial 17.90% 31.80% 38.10% 19.10% 28.70% 34.60%

Alveolar 2.71% 3.06% 2.52% 2.85% 3.06% 2.90%

Total 22.10% 36.31% 41.96% 23.43% 33.28% 38.92%

Rand. scal.∗ & emphysema Rand. scal.∗ & asym. b.c.

AD = 500 μm AD = 750 μm AD = 1 mm ET = 1.5 IT ET = 2.0 IT

Extrathoracic 1.49% 1.56% 1.67% 1.32% 1.30%

Bronchial 19.00% 17.80% 16.51% 24.00% 22.30%

Alveolar 2.40% 1.30% 0.69% 3.60% 3.30%

Total 22.99% 20.66% 18.87% 28.92% 27.90%

Adult

Healthy Constant scaling Random scaling

40% 60% 0–20% 0–40% 0–60%

Extrathoracic 3.20% 3.18% 3.15% 3.20% 3.18% 3.18%

Bronchial 26.10% 33.80% 43.30% 27.40% 31.90% 41.20%

Alveolar 11.00% 13.90% 14.40% 11.60% 12.40% 13.50%

Total 40.30% 50.88% 60.85% 42.20% 47.48% 57.88%

Rand. scal.∗ & emphysema Rand. scal.∗ & asym. b.c.

AD = 500 μm AD = 750 μm AD = 1 mm ET = 1.5 IT ET = 2.0 IT

Extrathoracic 3.21% 3.20% 3.23% 3.18% 3.20%

Bronchial 32.10% 31.50% 30.90% 36.50% 35.80%

Alveolar 7.50% 6.30% 4.90% 12.50% 12.10%

Total 42.81% 41.00% 39.03% 52.18% 51.10%

Due to increased dimensions of the airway calibers and
lengths in children with respect to infants, higher amounts of
aerosol particles are deposited in the alveoli and the bronchial
airways (Figure 5). A further progress of this phenomenon
can be observed for adults, whose lungs are about 2.5-times
as big as those of 1-year-old infants and about 1.7-times as

big as the lungs of 5-year-old children. As depicted in Table 2,
discrepancies of bronchial and acinar (alveolar) deposition
fractions of adults exceed those of infants by a factor of 2.5–
3.0, depending on the respective model scenario. Increased
alveolar and bronchial deposition in fully developed lungs is
also reflected in the graphs of Figure 6.
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Figure 5: Results of generation-by-generation deposition computation for 5-year-old children; for detailed explanations of the abbreviations
see Figure 4.

4. Discussion

Cystic fibrosis is a complex multisystem disease with rela-
tively high incidence rate (about 1 in 2,500 births) and thus
with the demand for increased awareness among medical
and life scientists. Regarding CF-induced impairments of
the lungs, the recent development of specific physical and
medical therapies including the inhalation of aerosolized
drugs has markedly improved quality of life of young and
adult patients. However, the development of inhalation
techniques is still subject to a rapid progress, focussing on the
enhancement of aerosol efficacies due to drug distribution to
appropriate sites within the tracheobronchial tree. In this sit-
uation, the optimum employment of mathematical models

can assist the physician in targeting the delivery of inhaled
pharmaceuticals. With the help of such models, various
physiological and physical parameters influencing aerosol
deposition can be tested, and, hence, time-consuming and
expensive experiments can be substituted to a certain
degree.

In the present contribution, a mathematical model for
the deposition of particles in the lungs of CF patients
was developed and subsequently applied to various age
groups (infants, children, adults), breathing conditions, and
particle sizes. As a main innovation compared to previous
models, the recent approach is based on a stochastic lung
morphometry with respective variabilities of the airway
dimensions within each lung generation [13, 18, 19, 27].
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Figure 6: Results of generation-by-generation deposition computation for adults; for detailed explanations of the abbreviations see Figure 4.

Concerning the deposition model, main interest focussed on
the question of whether the sites of deposited aerosols within
the lung differ significantly with morphology, breathing, and
particle diameter. To give a reliable answer to this question,
CF-affected lungs were simulated as substantially as possible
by the constant or random change of airway calibers and the
continuous enlargement of single alveoli. Possible changes
in the breathing behaviour of CF patients were considered
by the definition of asymmetric breathing cycles, where
inhalation and exhalation times are characterized by different
lengths. In accordance with previous studies on other lung
diseases (e.g., asthma, COPD [28–30]), exhalation time was
increased by a factor of 1.5 to 2.0, while inhalation time was
kept on a constant level. As outlined in standard publications
of CF [1–3], the disease is mainly located in the bronchi and

associated small ciliated airways, where abnormal secretion
of mucus chiefly impairs the clearance of deposited particles
and, therefore, increases the risk of infection and related
inflammation. As suggested by numerous computer simu-
lations, efficiency of drug deposition within these specific
parts of the lung can be controlled to a high extend by
the selection of a monodisperse aerosol with appropriate
particle diameter. Respective deposition efficiencies were
calculated from a simple mathematical function for aerosol
sizes ranging from 1 to 20 μm.

As could be demonstrated by the variation of dif-
ferent model parameters, particle deposition in the tra-
cheobronchial and the alveolar regions behaves in a very
systematic manner (Table 2, Figures 4–6). For all age groups,
constant reduction of the airway calibers, signifying that
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these airways have become congested, causes increased
deposition in the bronchi and bronchioli whereas deposition
in the alveoli is decreased due to a lower probability of
aerosols penetrating to these sites. For random scaling
of the airway calibers, similar but less significant tenden-
cies of deposition can be observed. The development of
emphysema additionally intensifies particle deposition in
the ciliated airways and depletion of deposited aerosols in
the gas-exchanging part of the lung, whilst application of
asymmetric breathing cycles leads to a general increase of
particle deposition again. As outlined by Martonen et al.
[9, 31], inertial impaction can be identified as the main
deposition mechanism of μm-sized particles and depends
on various geometric parameters and particle (air) velocity.
The magnitude of particle (air) velocity is determined by the
inspiratory flow rate, the cross-section of an airway tube, and
the extend of flow splitting within one lung generation (i.e.,
the number of airways). Therefore, with decreasing airway
diameter, particle velocity and effectiveness of impaction
become enhanced. In infants, this phenomenon is less
pronounced due to the relatively short breathing cycles and
small inhalative air volumes [15, 16, 26] (1.4 s), producing
low inspiratory air flows. In the peripheral airways, inertial
impaction is successively substituted by gravitational deposi-
tion forces (i.e., sedimentation), whose predominance grows,
contrary to impaction, with decreasing particle velocity [16].
However, regarding 3 μm particles, deposition in the desired
(i.e., in the bronchial) lung region is increased by about
100% in high-degree CF patients (60% airway obstruction)
with respect to healthy subjects. Optimum particle sizes
for highest deposition efficiencies in the tracheobronchial
region differ among the age groups due to the respective
morphometric and physiological discrepancies, but can be
determined within the diameter range from 3 to 7 μm.
As outlined in previous deposition studies [13, 16, 27],
larger particles are mainly filtered in the extrathoracic region
(oro- or nasopharynx). On the other hand, smaller particles
are either characterized by enhanced alveolar deposition
or by a generally decreased total deposition due to the
lack of effective deposition forces. According to the results
presented above, those aerosolized drugs for CF patients,
which are thought to enter the circulatory system for eliciting
their therapeutical effects (e.g., bronchodilators), should
be characterized by submicron size. Deposition of such
particles is chiefly controlled by diffusion which behaves
relatively insensitive to possible airway obstructions [16].
The results of deposition modeling correspond very well
with the previously published model data of Martonen et al.
[9] who studied the behaviour of inhaled particles in CF-
affected lungs for sedentary and light activity breathing
conditions. Eventual discrepancies between both models can
be explained by the use of different morphometric data sets
(Lovelace data [18] versus Weibel data [32]) as well as slight
variations in approaching lung impairments (e.g., consid-
eration of variable obstructions, emphysema, and changing
breathing behaviour in the stochastic model). Additionally,
breathing conditions for Martonen’s calculations were not
selected according to the suggestions of the ICRP [16], but
from own physiological data [31]. However, the agreement

between the results of both models encourages further
simulations and model refinements of stochastic deposition
in CF-impaired lungs.
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