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In the study presented here, a mathematical approach for the deposition and clearance of rigid and
chemically stable fibers in the human respiratory tract (HRT) is described in detail. For the simulation
of fiber transport and deposition in lung airways an advanced concept of the aerodynamic diameter is
applied to a stochastic lung model with individual particle trajectories computed according to a random
walk algorithm. Interception of fibrous material at airway bifurcations is considered by implementation of
correction factors obtained from previously published numerical approaches to fiber deposition in short
bronchial sequences. Fiber clearance is simulated on the basis of a multicompartment model, within
which separate clearance scenarios are assumed for the alveolar, bronchiolar, and bronchial lung region
and evacuation of fibrous material commonly takes place via the airway and extrathoracic path to the
gastrointestinal tract (GIT) or via the transepithelial path to the lymph nodes and blood vessels.
Deposition of fibrous particles in the HRT is controlled by the fiber aspect ratio § in as much as particles
with diameters <0.1 wm deposit less effectively with increasing 8, while larger particles exhibit a positive
correlation between their deposition efficiencies and 8. A change from sitting to light-work breathing
conditions causes only insignificant modifications of total fiber deposition in the HRT, whereas alveolar
and, above all, tubular deposition of fibrous particles with a diameter >0.1 um are affected remarkably.
For these particles enhancement of the inhalative flow rate results in an increase of the extrathoracic
and bronchial deposition fractions. Concerning the clearance of fibers from the HRT, 24-h retention is
noticeably influenced by § and, not less important, by the preferential deposition sites of the simulated
particles. The significance of 8 with respect to particle size may be regarded as similar to that determined
for the deposition scenarios, while breathing conditions do not have a valuable effect on clearance.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction length to the diameter) greater than 3 [4,5]. As exhibited by a lim-

ited number of experiments dealing with the deposition of fibrous

1.1. General aspects

In the past decades deposition of aerosol particles in the human
respiratory tract (HRT) has attracted considerable scientific atten-
tion due to its significance in occupational health. Numerous
studies on the behaviour of spherical particles in bronchial air-
ways could find an unequivocal evidence for the dependence of
health effects on the site of preferential particle deposition as well
as the physical properties of the inhaled particulate matter [1-3]. A
highly important role concerning the particle-induced generation
of lung diseases has been attributed to fibers which per defini-
tion are elongated particles with approximately cylindrical shape,
a length exceeding 5 um, and an aspect ratio (i.e. the ratio of the
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material in bronchial airway casts [6-8], principal factors affecting
the deposition patterns and efficiencies of fibers include the aerody-
namic properties of these particles, expressed by the aerodynamic
diameter, and the nature of convective flow in single airway bifur-
cations. Studies already carried out in the 1970s have underlined
the important fact that the aerodynamic diameter of a fiber chiefly
depends on its cylindrical diameter but is only slightly influenced
by its length [9]. Contrary to spheres there are four main mecha-
nisms controlling the deposition of fibers in the HRT, namely inertial
impaction, interception, sedimentation, and diffusion (Fig. 1). By
some authors also a mechanism called electrostatic precipitation is
associated with fiber deposition [10], but due to the non-availability
of experimental data the role of this deposition force is not quite
clear hitherto. Inertial impaction and interception mainly occur in
the larger bronchial airways, where flow velocities are enhanced
and fibers are propelled out of bending flow streamlines due to
their momentum. While impaction commonly increases with the
aerodynamic diameter, interception is dependent upon local Stokes
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Fig. 1. (A) Architecture of the tracheobronchial tree and the pulmonary region
responsible for the 0,—CO, gas exchange. (B) Mechanisms of fiber deposition in
proximal and terminal (alveolated) airways of the HRT: (1) Brownian diffusion,
(2) interception, (3) inertial impaction, (4) gravitational settling (sedimentation).
Abbreviation: v - particle velocity vector.

number as well as fiber length, i.e. the longer a fiber, the higher
its deposition by interception. Sedimentation, on the other side,
is favoured by low flow velocity, therefore preferentially occur-
ring in small airways. Diffusion describes the collisions between
air molecules and airborne fibers and becomes highly important
for particles smaller than 0.5 wm. Experiments, where rats were
exposed to an atmosphere including variably sized glass fibers for
several hours, indicated that fibers exceeding a length of 10 wm
are mostly deposited in the extrathoracic region and penetrability
of fibrous material into the rat lung drops sharply with aerody-
namic diameter above 2 wm [11,12]. More current experiments
using replica of the extrathoracic region and the proximal airways
of the HRT mainly confirmed these previous findings in rats, but
also considered the possibility of a penetration of long fibers into
deeper regions of the lung in the case of low flow velocities and
aerodynamic diameters around 1 pm [1,5,13].

The clearance of fibrous particles deposited in the HRT depends
on both the site of deposition and the physical properties of the
fibers. Fibrous material accumulated in the tracheobronchial air-
ways is mainly transported on the surface of the mucus layer

towards the larynx, where it is swallowed and passes into the gas-
trointestinal tract (GIT) [10]. Besides this mucociliary clearance
taking place within the first 24 h after exposure to the fibrous
aerosol, a part of the material deposited in the airway tubes is
also subject to slow clearance mechanisms including the uptake
of fibers by airway macrophages, epithelial transcytosis, as well
as the temporary storage of the particles in the periciliary liquid
layer and subsequent recapture by the mucus layer (Fig. 2) [14,15].
According to several inhalation experiments [16] the half-time of
this slow bronchial clearance may vary between several days and
weeks. Fibers deposited in small nonciliated airways and alveoli are
affected by a strongly increased retention, and clearance from these
distal deposition sites mainly takes place by translocation and disin-
tegration [10]. Translocation represents the movement of an intact
fiber either along the epithelial surface towards the terminal bron-
chioles or into and through the epithelium towards the interstitial
tissue. The transport of the fibrous material is usually realized due
to its ingestion by alveolar macrophages but smaller fibers may be
also dislocated on the surfactant layer [10]. Disintegration, on the
other hand, refers to the subdivision of a fiber into smaller seg-
ments and the dissolution of specific fiber components, whereby
both phenomena are highly dependent upon the biodegradability
of the material. Asbestos and man-made mineral fibers are prac-
tically not clearable by disintegration, whereas glass fibers exhibit
a measurable clearance by this mechanism which negatively cor-
relates with the length of the particles [17,18]. In general, alveolar
clearance half-times of fibers smaller than 5 pum in length range
from 100 to 150 days [10,16].

1.2. Modelling fiber deposition and clearance in the HRT - state of
the art

Deposition models are highly appropriate for the detailed pre-
diction of particle concentrations in specific regions of the HRT,
where the experimental measurement is not feasible. Due to this
advantage, mathematical approaches describing the behaviour of
particles in the lung have become essential tools in medical sci-
ence meanwhile. Concerning the deposition of fibers (expressed by
spheres with respective aerodynamic diameters) in the HRT, pre-
liminary theoretical models date back to the 1970s and subdivide
the respiratory compartment into three distinct parts (head, tra-
cheobronchial, and pulmonary region) [19,20]. Later approaches
assume a single-path, dichotomous lung geometry, where inhaled
particles are transported along an average airway trajectory
[21-23]. These deposition models are limited to the prediction of
regional fiber deposition in the HRT but are not able to generate
reliable information regarding the distribution of particulate mat-
ter within a selected lung lobe or a single airway generation. This
significant drawback was solved by the development of multiple-
path deposition models considering a nonsymmetric, more realistic
structure of the lung and thus allowing more site-specific pre-
dictions [24]. Currently, results of theoretical approaches to fiber
deposition in single airway bifurcations were implemented in
stochastic deposition models of the entire lung, thereby enabling
the computation of rather precise generation-by-generation depo-
sition plots [25]. Precise predictions of fiber deposition in the lungs
are to a high extent based on respective numerical simulations
investigating the behaviour of nonspherical particles in single air-
way bifurcations or small bifurcation sequences [6,7,37,38,41-43].

Mathematical models dealing with the clearance of inhaled par-
ticulate matter deposited in the HRT are so far limited to spherical
insoluble particles, whereby various approaches to mucociliary
clearance as well as slow bronchial and alveolar clearance mecha-
nisms have been introduced [16,26-29]. Regarding the clearance of
fibrous material, the human respiratory tract model (HRTM) intro-
duced by the International Commission on Radiation Protection
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(ICRP) partly considers differences of bronchial and alveolar clear-
ance between spheres and fibers by the definition of respective
clearance half-time correction factors [16]. Hitherto, these factors
are independent of the deposition site and therefore represent a
major simplification within the multicompartmental approach.

1.3. Main objectives of the study presented here

In this contribution two major objectives are pursued: First, the
deposition of rigid and chemically stable fibers approximated by
spheres with various aerodynamic diameters is modeled by using a
Monte Carlo deposition algorithm based on a stochastic geometry
of the human lung [25]. This model, which has been extensively val-
idated with experimental data in the past two decades, allows the
prediction of both regional and airway bifurcation-specific particle
deposition patterns. Where experimental data of fiber deposition
in human airway casts are available, they are compared with the
model and discussed. Second, bronchial and alveolar clearance of
the particles used for deposition modelling is crudely approximated
by using an advanced multicompartment model which is based on
the mathematical approach preliminarily introduced by Sturm and
Hofmann [26]. The new model described here in detail has been
extended by the alveolar compartment (see below), because this
region of the lung seems to play a highly significant role in fiber
clearance. Results of the clearance predictions are comprehensively
discussed to get a preliminary impression of model reliability.

2. Description of the mathematical model
2.1. Fiber deposition

For the theoretical computation of fiber deposition in the HRT
the widely used aerodynamic diameter concept is applied. By def-
inition, the aerodynamic diameter, d,e, refers to the diameter of a
unit density sphere with identical aerodynamic characteristics as
the particle of interest. Mathematically, this parameter is defined
as [30]:

1 Ccldev) _ pp

e = e\ 5 X o) p0° W
with dev, X, Cc(dev), Cc(dae), pp, and pp denoting, respectively, the
equivalent volume diameter, the dynamic shape factor, the Cun-
ningham slip correction factor for particles with dey, the correction
factor for particles with d,e, the density of the particle (gcm—3),
and unit density (1.0 gcm~3). The equivalent volume diameter, dey,
represents the diameter of a sphere with the same volume as the
fibrous particle considered for deposition calculation. In the case
of a fiber with perfect cylindrical shape, it is obtained from the
formula:

dev = {/1.5d38, (2)

where d,, represents the particle diameter and § the aspect ratio,
i.e. the ratio between length and diameter of the fiber. The dynamic
shape factor, x, denotes a dimensionless constant that relates the
drag force experienced by an irregularly shaped particle moving in
air to the particle’s equivalent volume diameter [30]. For a fibrous
particle being transported with random orientation through the
airway tubes of the tracheobronchial tree, x can be written as [31]:
1 1 2
X 3y T 3)
In the equation noted above, x, is the dynamic shape factor
of a given fiber oriented parallel to the direction of flow, whereas
.. represents the dynamic shape factor of the fiber oriented per-

pendicular to the flow vector. The two factors are defined by the
following equations [13]:
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It has to be noted that in the current model fiber orientation in
the more peripheral airways is assumed to be approximately par-
allel to the airway wall, thereby following recent findings obtained
from experiments with glass fibers [39].

The Cunningham slip correction factor, C¢, considers the circum-
stance that small particles (<1 wm) settle faster than predicted by
Stokes law because, contrary to the ideal assumptions of the law, the
relative velocity of the gas right at the particle’s surface significantly
deviates from zero. Assuming the air conditions of the HRT, i.e. 100%
relative humidity, 76 cm Hg atmospheric pressure, an air tempera-
ture of 37°C, and a related mean free path of the air molecules of
0.0712 pm, Cc may be calculated according to the formula [16]:
Cc=1+ 7}@ [13.571 + 4.312exp(—7.7672d)] . (6)

In Eq. (6), d refers to a selected particle diameter (dze or dey).
The slip correction factor presented here is a simplification, because
Brownian rotation [40] affecting fiber diffusion to a certain degree
is not considered in the current version of the model.

For particle deposition calculations the model provided by
Koblinger and Hofmann [25] was used. This mathematical approach
is based on a random walk algorithm, according to which each
inhaled particle is transported along a randomly selected path
through the tracheobronchial and acinar regions. By application of
the so-called Monte Carlo simulation technique, large numbers of
such particle trajectories (e.g. 10,000) may be generated to obtain
statistically reliable data. A further improvement of the model with
respect to more previous approximations is the use of a stochastic
lung architecture providing a realistic variability of airway geome-
try and orientation within a specific lung generation. Morphometric
data necessary for the generation of this probabilistic lung model
were implemented into the approach, thereby using respective data
sets of the tracheobronchial tree [32] and the acinar region [33]. For
each morphometric parameter the distribution of the measured
values was determined and related probability density functions
were created [34], with the help of which the stochastic lung was
constructed airway by airway.

Computation of particle deposition was carried out by the
application of specific deposition formulae for Brownian diffu-
sion, inertial impaction and sedimentation [24,25]. To account for
interception representing an essential deposition force of fibers,
correction factors for the bronchial airway generations 1-12 were
computed which are based on numerical simulations of fiber
behaviour within single airway bifurcations [35-38,41-43] and
are expressed as functions of Stokes number, St, and aspect ratio,
B. Hence, fiber deposition probability by interception, depy;, in a
bronchial airway, i, is derived from the deposition probabilities of
related spheres, deps;, as follows:

depy; = deps ;Ci(St;, B). (7)

To further improve the statistics of the Monte Carlo simulations,
for each particle entering the lung multiple deposition scenarios
were computed by application of the statistical weight method
[25]. Here, a unit weight, which was attributed to the particle after
intruding into the trachea, was multiplied by (1 — p;) at each bifurca-
tion with p; denoting the deposition probability at that bifurcation

(4)

(5)

XL =
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Fig. 2. Scheme exhibiting the basic histology of the bronchial, bronchiolar, and alveolar lung region and the main mechanisms of fiber clearance: (1) mucociliary clearance,

(2) uptake by airway/alveolar macrophages, (3) transepithelial clearance [14,26-27].

unit. The final deposition fraction in a specific airway bifurcation
was given by the product of the actual weight and the respective
deposition probability.

Deposition scenarios were created by assuming standard
breathing conditions suggested by the ICRP [16] (sitting breathing:
tidal volume of 750 ml, breathing frequency of 12min~!; light-
work breathing: tidal volume of 1250 ml, breathing frequency of
20 min~1) and unit-density particles.

2.2. Clearance of fibrous particles

For the approximation of fibrous particle clearance from the HRT
an expanded version of the multicompartment clearance model
previously introduced by Sturm and Hofmann [26] was applied.
Since the theoretical background of the mathematical approach was
already described in detail in this preceding work, for the sake of
brevity, only the most salient features of the model will be subject to
an explanation in the contribution presented here. The multicom-

partment model with its single compartments and rate constants
is schematically illustrated in Fig. 3. In general, three regions of the
lung (i.e. alveolar, bronchiolar, and bronchial) characterized by dif-
ferences concerning the clearance of deposited particulate matter
are distinguished within the approach. Clearance in the bronchi-
olar and bronchial region is represented by four compartments,
respectively, between which deposited mass is transferred with
different velocity [16,26]. The gel layer compartment commonly
refers to fast clearance, while the remaining compartments (sol
layer, airway macrophage, and epithelium) refer to slow clearance
mechanisms (particle uptake by airway macrophages, epithelial
endocytosis and transcytosis, temporary storage of particles in the
periciliary sol layer). In the alveolar region the gel and sol layer
compartments have been replaced by a surfactant compartment.
Transfer of particulate matter between the single lung regions takes
place along a few paths, whereby macrophages and liquid layers
lining the epithelial walls play an essential role in this context
(Fig. 3). The gastrointestinal tract as well as the lymph and blood
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Fig. 3. Multicompartment model illustrating possible clearance paths in the bronchial, bronchiolar, and alveolar lung region (for detail see text). Dashed lines indicate those
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vessels act as target compartments, to which the cleared particles
are finally transported. In future models, the further fate of ultra-
fine particles in the lymph and blood vessels will be investigated
more in detail to theoretically approximate the possible relation-
ship between cardio-vascular insufficiencies and the exposure the
ultrafine aerosols.

Mathematically, the temporary change of the particulate mass
concentration in a given compartment, C;, is described by the dif-
ference between the mass entering this compartment and the mass
leaving the compartment:

%z)»ﬁcj+..

dt .+)»riCrf()»,-j+...+)uir)Ci. (8)

In Eq. (8) Gj-C; denote those compartments of the model which
are marked by a mass transfer to compartment G;, Aji—-A;; are the
rate constants of incoming paths, and A;;-A;- represent the rate con-
stants of the outgoing paths. Solution of the equation noted above
yields:

()\.JIC] +.. +AHG)

G(t) = (gt ot 2r)

Gi(to) -
()‘-]lC] +...+ kr,»Cr)

exp [—(hyj + -+ Air)t] + Vv

9)

As demonstrated in the previous study, rate constants hypo-
thetically depend upon numerous particle characteristics and
physiological parameters, from which particle size (and shape)
seem to have an extraordinary importance [26]. In Eq. (9) Ci(to)
denotes the particulate mass concentration in compartment i at
the time t=0. By definition, initial particulate mass only occurs in
the different liquid layer compartments (gel, sol, and surfactant),
whereas in the remaining compartments the initial particle mass
concentration is set to 0. The mass fraction of particles retained
in the HRT after a certain time period, R(t), is given by the simple
formula

R(t) =1 - [Carr(t) + CFY(1) + CPR(1) + CBR(1)] (10)

with Cgrr, Clall;’ CEE, and CP} representing the gastrointestinal
tract compartment and lymph/blood compartments of the alveo-
lar (alv), bronchiolar (bb), and bronchial (BB) region, respectively.
As recognizable from the model and Eq. (10), R(t) is highly depen-
dent upon the fraction of deposited particles, fs, being subject to
slow clearance mechanisms. As outlined in earlier contributions
[14,27], for spherical particles a linear relationship between fs and

the geometric particle diameter, dg, can be formulated as follows:
fs=0.72 — 0.12dg. (11)

Concerning nonspherical particles, the application of dg for the
evaluation of fs has to be regarded as unsuitable because it does not
reflect the particle’s real dimensions at all. In this case the equiv-
alent projected area diameter, de,, Seems to be more appropriate.
For fibers with an aspect ratio >3 de, is defined by the formula

dea = sin(a)dp + cos(a)B, (12)

where « represents the angle of the fiber axis relative to the projec-
tion plane (Fig. 4), d, the cylindrical diameter of the fibrous particle,
and S the aspect ratio. Assuming a fiber with d, =1 wm and 8= 10,
which hits the projection plane with an angle o« =60°, de; amounts
to 5.85 wm, and fs calculated according to Eq. (11) gives 0.018, i.e.
1.8% of the particles deposited are subject to slow clearance mech-
anisms.

projection plane
(airway wall)

d

Fig. 4. Determination of the equivalent diameter de, of a fiber being randomly ori-
ented with respect to the epithelial wall of a lung airway.

3. Results of theoretical modelling
3.1. Deposition of fibrous particles in the HRT

In order to demonstrate the effect of fiber length on the depo-
sition of fibrous particles in the HRT, aspect ratio § of fibers used
for the theoretical predictions was varied between 3 and 100. The
cylindrical diameter of the fibers, dp, ranged from 0.001 to 10 pm,
covering a rather wide spectrum of inhalable particles. Respective
aerodynamic diameters calculated with Egs. (1)-(6) are summa-
rized in Table 1. As can be noticed from the values listed in the
table, for very small particles (0.001-0.01 wm) fiber length has only
an insignificant influence on the aerodynamic diameter, with d,e
exceeding dp, by a factor of 1.3-1.4 for 8=100. The larger the model
particles get, the higher is the difference between d,e and dp which
finally amounts to 163.5% in the case of 10-pm fibers (8=100).

Concerning total deposition of fibers, which by definition
includes extrathoracic and thoracic deposition, the effect of fiber
length is again nearly negligible for small particles, but highly
remarkable for large particles (Fig. 5). Independent of the breathing
conditions selected for the simulations, differences in total depo-
sition between fibers with f=3 and fibers with =100 are on the
order of a few percent for fiber diameters ranging from 0.001 to
0.01 wm and become slightly increased for diameters ranging from
>0.01 to 0.2 pm. Fibrous particles with diameters >0.2 wm exhibit
most significant dependences of total deposition on fiber length,
with discrepancies of the deposition curves for =3 and =100

Table 1
Aerodynamic diameters d,e for fibers with different cylindrical diameters d, and
aspect ratios .

Aspect ratio 8
dp, 3 10 20 30 50 100

0.001 0.0011 0.0013 0.0013 0.0013 0.0013 0.0013
0.002 0.0022 0.0025 0.0026 0.0027 0.0027 0.0026
0.005 0.0054 0.0064 0.0066 0.0067 0.0068 0.0067
0.01 0.011 0.013 0.013 0.014 0.014 0.014
0.02 0.022 0.026 0.028 0.028 0.029 0.029
0.05 0.057 0.069 0.074 0.077 0.080 0.083
0.1 0.12 0.15 0.16 0.17 0.184 0.19
0.2 0.26 0.33 0.37 0.38 0.41 0.44
0.5 0.78 0.99 1.10 1.16 1.23 1.32
1.0 1.57 1209 2.20 2.32 2.46 2.63
2.0 3.13 3.97 4.40 4.63 491 5.27
3.0 4.70 5.96 6.60 6.95 7.37 7.90
5.0 7.83 9.93 11.00 11.58 12.28 13.17
10.0 15.65 19.85 22.00 23.17 24.57 26.35
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Fig. 5. Total (full lines), tubular (long-dashed lines), and alveolar (short-dashed
lines) deposition for fiber diameters d,, ranging from 0.001 to 10 um. To account for a
possible influence of the fiber geometry (length), 8 was set to 3 and 100, respectively.
(A) Sitting breathing conditions, (B) light-work breathing conditions [16].

being on the order of 10-15%. Comparison of sitting breathing con-
ditions (Fig. 5A) with light-work breathing conditions (Fig. 5 B)
yields an enhancement of coarse particle deposition with increased
inhalative flow, whereas the effect of fiber length on total deposition
may be evaluated as rather independent of the given flow rate.

For the sake of completeness, also tubular (i.e. bronchial and
bronchiolar) as well as alveolar deposition and its dependence on
fiber diameter and length are illustrated in Fig. 5. Deposition dif-
ferences caused by the length variability of inhaled fibers vary
between 0% and 12% and are, again, dependent upon the diame-
ter of the fibers. Tubular and alveolar deposition of fibers with d
>0.2 wm is subject to a remarkable change with inhalative flow:
first, maximum deposition is significantly declined with increasing
flow rate, and second, half width of the deposition peaks is nar-
rowed due to an increase of extrathoracic deposition for dp ranging
from 2 to 10 wm.

The effect of fiber dimensions and the inhalative flow on fiber
deposition was additionally investigated by deposition-by-airway-
generation graphs (Fig. 6). It has to be noted that the particle fraction
entering the lungs was not normalized to 100%, so that a direct ref-
erence to Fig. 5 can be made. All deposition curves of Fig. 6 are
characterized by a clear peak which is located between airway
generation 15 and 21. The most proximal position of the deposi-
tion maximum is recognizable for fibers with dp =0.01 wm, while
the other two fiber size classes used in this context (dp=0.1 m
and dp=1.0 um) show respective maxima at more distal sites of
the lung. Regarding the influence of $ on bifurcation-specific par-
ticle deposition, both an enhancement and decline of deposition
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Fig. 6. Generation-by-generation deposition for 0.01, 0.1, and 1-pm particles with
aspects ratios B of 3 and 100, respectively. To enable a comparison with the graphs
of Fig. 5, deposition fractions are normalized to the total number of inhaled fibers.
(A) Sitting breathing conditions, (B) light-work breathing conditions [16].

with increasing aspect ratio can be observed, and the position of
the deposition peaks is subject to a slight shift either towards the
trachea or towards the lung periphery (Fig. 6). Change of the inhala-
tive flow rate mainly affects fibers with dp = 0.1 and dp, = 1.0, whose
deposition rates are significantly reduced, when switching from sit-
ting to light-work breathing conditions. On the other hand, fibrous
particles with dp=0.01 exhibit only slight modifications of their
deposition patterns under the given breathing conditions.

3.2. Model validation - comparison of theoretical results with
experimental data

Theoretical deposition results obtained from the model were
compared with experimental data provided by Su and Cheng [1].
These authors measured fiber deposition in a realistic replica of the
extrathoracic region and upper lung airways, thereby considering
inspiratory flow rates of 15 and 43.51min~!, which correspond to
sitting breathing and light-working breathing conditions, respec-
tively. For the experiments fibrous particles with a specific weight
0f1.83 g cm~3, a uniform diameter of 3.66 m, and a length between
10 and 70 wm were used. In order to provide an appropriate com-
parison between experiment and model, morphometric data of the
replica were used for theoretical computations. Additionally, only
fiber deposition exclusively caused during inhalation was consid-
ered.

Concerning the first deposition scenario applying an inspira-
tory flow rate of 151min~! and fibers with a length of 10-20 j.m,
good correspondence between experiment and model is obtained
for airway generations 0-4 (Fig. 7A). Significant differences can be
observed for the extrathoracic region, where model data exceed
experimental results by a factor of 3. This effect causes a higher
experimental fiber deposition in the trachea and the following
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Fig. 7. Comparison of the experimental fiber deposition data outlined by Su and
Cheng [6] with theoretical results which were obtained by using identical breathing
conditions (Q: 15and 43.51 min~"') and particle properties (dp: 3.66 pm, fiber length:
10-70 pm, density: 1.83gcm—3).

airway bifurcations. Differences between theoretically and experi-
mentally derived airway depositions are on the order of 10-15%.

In the second scenario, an inspiratory flow rate of 43.51min~!
and fibers with a length between 60 and 70 .m were selected. Now,
discrepancies between model and experiment are almost negligi-
ble for the extrathoracic region, thereby being on the order of <10%
(Fig. 7B). The same excellent correspondence is given for the air-
way generations 1-3, whereas for the following airway generations
(gen. 4+) differences between model and experiment are subject to
aslightincrease. From these preliminary results it can be concluded
that the agreement between model and experimental data is partly
marked by high excellence, making the theoretical approach useful
for further predictions of fiber deposition in future.

3.3. Clearance of fibers from the HRT

In the study presented here, clearance scenarios of fibers with
different geometries (8 =3, 8=100) deposited in the HRT under sit-
ting and light-work breathing conditions were simulated. Clearance
efficiencies of respective particle classes were expressed by com-
puting retention graphs based on Eq. (10) and 24-h retention values,
which indicate the particulate mass that is still retained in the
lungs 24 h after exposure to airborne particles. Concerning sitting
breathing conditions, clearance of fibers with diameters ranging
from 0.01 to 0.1 wm may be regarded as quite uniform with 24-h
retention taking values between 0.802 and 0.837 (Table 2, Fig. 8A).
While clearance of such small fibrous particles is rather indepen-
dent of the aspect ratio, a contrary picture is given for particles with
diameters >1 wm, where the related 24-h retention values range
from 0.702 (8=100) to 0.777 (B =3). Both 24-h retention and clear-
ance efficiency after 25 days depend on the fraction of particulate
mass deposited in the small ciliated airways of the bronchiolar lung

Table 2

24-hretentions of fibrous particles (d,: 0.01,0.1,and 1 um) with two different aspect
ratios (3 and 100). To account for possible effects due to changes of the inhalative
flow rate, sitting breathing and light-work breathing [16] are additionally compared.

Sitting breathing Light-work breathing

d, B=3 B=100 B=3 B=100
0.01 0.802 0.813 0.834 0.849
0.10 0.837 0.814 0.829 0.828
1.00 0.777 0.702 0.769 0.706

region and in the alveoli (Fig. 5). Under the selected breathing condi-
tions this fraction is smallest for 1-pm fibers with 8 =100, which are
chiefly subject to an extrathoracic and upper-bronchial deposition.

Under light-work breathing conditions fiber clearance changes
insofar that most 24-h retention values become slightly increased
with respect to those values obtained for sitting breathing
conditions (Table 2). Despite a partly significant difference of
the clearance behaviour during the first few days after particle
inhalation, long-term clearance is quite uniform for all particles
considered except for those with a diameter of 1 pm und =100,
which are again cleared most effectively (Fig. 8B). However, after
25 days particulate mass retained in the HRT varies between 30%
and 42% and thus deviates negligibly from the values computed
for sitting breathing conditions. As already demonstrated in the
earlier chapters of this work, change of the breathing conditions
within the range considered here has only a slight effect on
regional particle deposition, and since this parameter represents
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Fig. 8. Retention of fibrous particles with the same geometric characteristics as
used for deposition calculations exhibited in Fig. 6. (A) Sitting breathing condi-
tions, (B) light-work breathing conditions [16]. X/Y-values in the graphs indicate
fiber diameter and aspect ratio, respectively.
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a determinant of particle clearance, also the latter phenomenon is
only insignificantly affected by changing the breathing frequency
and tidal volume.

4. Discussion and conclusions

In the present contribution a mathematical model for the simu-
lation of fiber deposition and clearance in the HRT was introduced.
The necessity of this theoretical approach is mainly based on the
circumstance that most deposition models published in the litera-
ture hitherto are restricted to a pre-determined sequence of (few)
airway bifurcations [35-38], whereas simulation of fiber clearance
has not found comparable scientific engagement [ 16]. However, the
low number of fiber models for the HRT may be regarded as a result
of the limitation of experiments to artificial, non-physiological casts
and laboratory animals in the past decades [10]. In the meantime,
replica of the upper HRT perfectly subsume natural shapes (oral
cavity, larynx, etc.) and geometries, and measurements of deposited
particle concentrations in such physiological casts have reached a
remarkably increased level [1,5]. Regarding fiber clearance, animal
data have become increasingly important for the human medical
research, since it has been found that clearance mechanisms and
velocities in the (monopodial) animal lungs are well comparable
with those in human lungs.

Following earlier considerations with respect to fiber deposition,
the aerodynamic diameter d,e has been used as basic determinant
for the description of fiber behaviour in the HRT. Although the
geometry of a fiber, above all its axial dimension, does not find
an appropriate expression by this complex parameter, the aero-
dynamic diameter concept has found a rather wide acceptance in
the respective scientific field meanwhile [1,5,9,13], and alternative
concepts with similar reliability have not been introduced so far.
Deposition mechanisms such as interception and sedimentation,
where fiber length may play an essential role, have been sub-
ject to mathematical corrections derived from specific numerical
approaches [35-38]. As illustrated in Table 1, d,e is rather insensi-
tive to the aspect ratio g in the case of ultrafine particles (<0.1 wm),
while 8 has an increased importance for the remaining particle
classes (>0.1 wm). This phenomenon is due to the fact that the
influence of the equivalent volume diameter dey upon d,e is largely
neutralized by the ratio of the Cunningham slip correction factors
Cc(dev)/Cc(dae) of Eq. (1). The slip correction factors reach higher
values for ultrafine particles and approximate to 1 with increasing
particle diameter [13], so that for particles with a diameter greater
than 0.1 wm the effect of dey 0n d,e gets back its significance.

As indicated by the graphs of Fig. 5, total as well as tubular and
alveolar deposition depend on 8 in the way that deposition curves
of fibers with 8=100 are slightly shifted towards smaller particle
diameters. Detailed analysis of the graphs results in the conclusion
that fibers with a diameter <0.2 wm exhibit a negative correlation
with the aspect ratio, while for fibers with a diameter >0.2 um
the respective deposition parameters and B are characterized by
a positive correlation. From these results the following essential
conclusions can be drawn: (1) For ultrafine particles, increasing
fiber length causes a reduction of particle deposition by Brownian
diffusion, finally resulting in a slight enhancement of the exhaled
particle fraction. (2) For larger particles (>0.2 wm), increase of the
aspect ratio significantly affects particle deposition by impaction,
interception, and sedimentation. Differences of deposition between
short and long fibers are more pronounced within this size category
(Fig. 5A).

A change from sitting breathing to light-work breathing has only
insignificant effects on total fiber deposition (Fig. 5B), with increas-
ing B resulting in the same phenomenon as already noted above.
Contrary to the sitting breathing scenario, total deposition curves
derived from the theoretical model are characterized by broader

minima, indicating a wider particle size range that behaves rather
insensitive with respect to the main deposition forces [16,25]. Con-
cerning tubular and alveolar fiber deposition, modification of the
breathing conditions has the following consequences: (1) the alve-
olar deposition fraction is slightly enhanced for ultrafine particles,
but remains nearly constant for particles >0.2 pm. (2) Tubular
deposition is slightly increased for ultrafines, but strongly reduced
(up to 30% with respect to sitting breathing) for larger particles,
whereby most of this reduction takes place for the benefit of
extrathoracic deposition. Summing up, it can be concluded that
an enhancement of the inhalative flow rate causes increased lung
deposition of ultrafine fibers and enhanced extrathoracic deposi-
tion of larger fibers, thereby exhibiting similar effects as in the case
of spherical particles [16,25].

Regarding the generation-by-generation deposition of fibers
most of the characteristics outlined for total deposition can be
found again in the respective graphs (e.g. dependence of depo-
sition on B). Highest deposition per airway generation could be
obtained for fibers with a diameter of 0.01 um, while lowest depo-
sition was determined for fibers with a diameter of 0.1 wm (Fig. 6),
because the latter size class plots close to the minimum of the
total deposition curves illustrated in Fig. 5. Deposition maxima
are positioned between airway generation 17 and 21. Changes of
the breathing conditions mainly affect the fibrous particles with
a diameter of 1.0 wm, being subject to enhanced inertial impaction
with increasing inhalative flow rate and thus showing similar intra-
pulmonary transport characteristics as 1-pm spheres [ 16]. From the
local deposition graphs it can be concluded that (1) ultrafine fibers
(dp <0.1 wm) independent of their length and the breathing condi-
tions preferentially deposit in intermediately to terminally situated
lung airways, thereby representing a remarkable health hazard, and
(2)local deposition of larger fibers is more effectively influenced by
B and the breathing parameters, with shortening of the breathing
cycle leading to an enhancement of particle filtering in the proximal
airways [16].

Independent of fiber geometry and breathing conditions, clear-
ance of fibrous particles from the HRT is characterized by a fast stage
with a half-time of less than 24 h and an efficiency ranging from 30%
to 50%. This fast clearance is typically followed by an intermediate
stage with a half-time of about 5 days and an efficiency of 10-20%.
The last stage is a long-term clearance with half-times being on
the order of several months and reduction of the retained particle
mass being much less than 1% per day (Fig. 8). Subdivision of clear-
ance into a fast, intermediate, and slow phase has been frequently
described for spherical particles in the past [14,26,27], whereby
the fast stage exclusively corresponds with mucociliary clearance,
the intermediate stage with slow bronchial clearance, and the slow
stage with alveolar clearance. Lung clearance and its percentile sub-
division into the three phases is to a high extent controlled by the
deposition pattern of a certain fiber class, so that 8 and the inhala-
tive flow rate may be characterized by either a mutual decrease or a
reciprocal amplification [1,5,16]. A main drawback of the currently
used clearance model concerns the fact that many clearance rates
highly depend on the shape and composition of the deposited parti-
cles. For instance, uptake of long fibers by macrophages needs more
time than that of spheres, and respective clearance is significantly
retarded. Further, fibers undergo splitting and breakage during their
residence on the lung airway surface, so that the physicochemical
properties of these particles become highly essential for any clear-
ance computations. These points will be considered in future model
refinements.

From the preliminary modelling results presented in this con-
tribution, it may be concluded that the theoretical approach might
provide valuable deposition and clearance data for fibrous particles
in the future, provided that a continuous model refinement on the
basis of experimental results will be enabled.
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