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Particle Deposition in the Respiratory Tract
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Institute for Inhalation Biology
GSF-Research Center for Environment and Health
Neuherberg/Munich, Germany

. Introduction and Overview

During inhalation, particles are transported with the inspired air through the extra-
thoracic airways and the bifurcating tracheobronchioiar system to the gas-
exchanging region of the lung. A certain number of thest particles are caught in
the respiratory system by touching the wet airspace surfaces, a phenomenon gen-
erally referred to as particle deposition. Therefore, with f‘exhalation, not all parti-
cles are recovered. Figure 1A shows the fraction of particles deposited in the
respiratory system (total deposition) during quiet mouth} breathing as a function
of the particle diameter. This fraction is small for particles in the size range
between 0.1 and 1 um. But it becomes larger for smaﬁler and larger particles
reaching almost 100% for 0.01- or 10-um particles. However, the particle size
determines not only how many particles are deposited, but also in which region
of the respiratory tract these particles are deposited (regipnal deposition, see Fig.
1B-D). Total and regional deposition are modified further by other physical prop-
erties of the inhaled particles (particle density and shape), by the breathing pattern
(tidal volume, breathing frequency, and flow rate; Fig. 2), and by the lung geome-
try (airspace dimensions).

The main question addressed in this chapter is: What is the impact of each
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Figure 1 Schematic overview of (A) total deposition fraction and of deposition fraction
in (B) the extrathoracic, (C) the tracheobronchial and (D) the alveolar region of the human
respiratory system for unit-density spheres|during mouth breathing. (From Ref. 163.)
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Particle Transport. Particle transport between mouth or nose and the al-
veoli is governed by convection, resuiting from pressure gradients generated
along the airways during breathing. Whereas convective bulk flow characterizes
the displacement of particles toward the lung periphery or vice versa, convective
mixing refers to the amalgam of inhaled with residual air. It occurs as a result of
differences in bulk flow pattern during inspiration and expiration and nonuniform
intrapulmonary ventilation (1—4).

As the total cross-sectional area of the airways increases rapidly toward
the lung periphery (5), flow velocities and, hence, the linear velocity of bulk
flow, decrease rapidly within airways from the extrathoracic to the small conduct-
ing airways and the alveolated region of the lung (4). Consequently, the residence
time of particles is short within the large conducting airways, but increases toward
the lung periphery.
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Figure 2 Effect of tidal volume (V;:500 cm® and 1000 cm’®) for a given flow rate of
250 cm® s™! (left panel) and of flow rate (V:250 cm®s™' and 750 cm®s™) for a given
tidal volume of 1500 ¢cm’ (right panel) on total deposition fraction of unit density spheres.
{From Ref. 10.)

|
Mechanisms of Mechanical Particle Transport. When particles do not
follow, but diverge from, airflow streamlines and thereby come in contact with
airspace surfaces, particle deposition occurs. This diverging from airflow stream-
lines and particle trajectories is mainly due to mechanisms of mechanical particle
transport: inertial, gravitational, and diffusional particle transport (Fig. 3). The
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Figure3 Mechanisms of particle deposition in the respiratory system. [llustrated are the
three main deposition mechanisms, impaction, sedimentation, aTd diffusion, in an airway
bifurcation during inhalation,
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extent to which each of these mechanisms contributes to the deposition of a spe-
cific particle depends on the physical features of that particle.

Diffusion. For particles with a diameter less than 0.5 pm, particle dis-
placement is governed mainly by diffusional transport. Collisions between gas
molecules and a particle cause numerous very small random displacements of
that particle. The distance a particle will travel by diffusion increases with time
and with decreasing particle diameter (Table 1). A 0.1-um particle can cover a
distance of 40 um in 1 s; a 0.01-um particle a distance of 350 um. Hence, the
probability of particles to hit airspace surfaces by diffusional transport is larger
the smaller the particles are and the longer they remain in the respiratory system.
Consequently, the lung periphery with its small airway dimensions favors deposi-
tion by diffusion. Residence time is long, and the distance a particle has to travel
before it hits an airspace wall is short.

Sedimentation. Particles are contm‘ually exposed to gravity and undergo
gravitational settling (see Fig. 3). In contrast with diffusional transport, particle
displacement by gravitational settling becomes significant for particles larger than
0.5 um (see Table 1). The distance a particle settles within a given time increases
with its mass (i.e., with its density and with its diameter). For instance, a unit-
density sphere of 1 -um diameter settles at a distance of 35 um in 1 s, whereas
a unit-density sphere of 10-um diameter setﬂes at a distance of 3000 pm (see
Table 1) within this time. The longer a paﬁxcle remains in the respiratory system,

i

Table 1 Mean Displacement of Unit- Densﬁy Spheres in | s by Gravitational,

Inertial, and Diffusional Transport ,
I

Settling Stopping | Diffusional

Diameter distance distance displacement Mass

(um) (um) (um) | (um) (pg)

25.0 18,203.3 1,892.5 | 1.46 8,181.2

10.0 2,912.9 3,028 2.32 523.4
50 739.9 757 | 3.30 65.45

2.0 124.0 121 5.34 4.19
1.0 33.34 3.02 7.84 0.524

0.5 9.54 076 | 11.85 6.545 X 1072
0.2 2.19 0.12 | 22.31 4.189 X 1073
0.1 0.87 0.03 | 39.19 5.236 X 107
0.05 0.38 0.008 | 72.96 6.545 X 1073
0.02 0.144 0.001 | 174.53 4.189 X 107
0.01 0.071 0.0003 343.96 5236 X 1077

Temperature: 37°C; atmospheric pressure 1013 hPa, viscosity: 1.9 X 10~ Pas, stopping distance is
given for particles with an initial velocity of | m !s"‘, mass is given per particle.
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the larger is the settling distance the particle will cover and, hence, the probability
that the particle will touch airspace walls. Therefore, the relative long residence
time in the small conducting airways and in the gas-exchanging region of the
lung will favor particle deposition by gravitational sedimentation.

Impaction. Inertia is the inherent property of a moving mass to resist ac-
celerations. It may cause particles to continue to move in their original direction
and not follow airflow streamlines, such that they deposit on airway walls by
impaction (see Fig. 3). The inertia of a particle depends not only on the particle
density and the particle diameter, but also, in contrast with gravitational settling
and diffusional displacement, on the airflow velocity. A unit-density sphere of
1-um diameter, traveling with a velocity of 1 or 5 m s™'—which are typical
airflow velocities prevailing in the larger conducting airways during quiet breath-
ing and during moderate exercise—stops within a distance of 3 or 15 pUm on a
sudden cessation of airflow, whereas a unit-density lOfbum sphere continues to
travel for 300 or 1500 pm (see Table 1). Inertial impaction will most likely occur
in the extrathoracic airways and in the large conducting airways of the lung,
where flow velocities are high and rapid changes in airflow direction occur.

In the light of the transport mechanisms causing particle deposition in the
respiratory system, the dependency of total depositionj on particle diameter, as
displayed in Figure 1A, becomes clear. Minimal depasition occurs in the size
range between 0.1 and 1 um, because neither impaction or sedimentation nor
diffusion are effective in particle displacement. With d}:creasing particle diame-
ter, diffusional particle displacement increases so that particle deposition in the
respiratory system increases. With increasing particle diameter, the distance cov-
ered by sedimentation or impaction increases such that total particle deposition
is also enhanced.

In how far do physical particle features determine
tion? During quiet breathing, inertial impaction appears

cles smaller than 2 pm (see Fig. 1B-D), so that those p;
within the extrathoracic region and the large conducti

collected by the time-dependent deposition mechanisms

tation—in the small conducting airways and the alveola

versely, large particles, with a diameter of about 10 pum,
by impaction in the extrathoracic region, so that only
large conducting airways, where they are also deposite]
creasing particle diameter, particle displacement by i
more and more particles escape deposition in the extrat}
ducting airways. They are caught in the small conducti
alveolar region of the lung, either by sedimentation or

Particle Deposition Related to Breathing Patter
volume, while keeping the flow rate constant, will tran:
tion deeper into the lung and increase their mean res

regional particle deposi-
to be negligible for parti-
articles escape deposition
ng airways, but they are
—diffusion and sedimen-
r region of the lung. Con-
are most likely deposited
some particles reach the
d by impaction. With de-
nertia decreases, so that
horacic and the large con-
ng airways or even in the
by diffusion.

ns. An increase in tidal
sport particles by convec-
sidence time in the lung.
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Hence, more particles reach smaller, peripheral lung structures and more time is
available for gravitational and diffusional particle transport. Therefore, an in-
crease in total deposition is found for all particle sizes (see Fig. 2). On the other
hand, keeping the tidal volume constant while increasing flow rate enhances total
particle deposition for particles larger than 2 um, but decreases total deposition
of smaller particles. This is because the thher flow rate increases the probability
for particle losses by impaction in the extxfathoracic and large conducting airways,
but particle losses by diffusion and sedimentation are decreased because of the
shorter available time for deposition.

In summary, deposition occurs solely in alveolated airspaces for particles
of minimum deposition. With decreasing and increasing particle size, the site of
deposition shifts from distal to proximal airspaces. Consequently, targeting of
specific airspaces in the lung with particles is possible if an appropriate particle
size is chosen. This targeting can even be improved by making use of appropriate
breathing patterns. Details are presented in the following paragraphs.

ll. Basics and Definitions
A. Aerosol |

An aerosol is a suspension of particulate matter in air. It comprises airborne
droplets, solid particles, or both; all will be referred to as ‘‘particles’” in this
paper. Because of mechanical particle transport, an aerosol is intrinsically unsta-
ble (i.e., particles tend to deposit onto exposed surfaces); also, small aerosol parti-
cles at high concentrations tend to aggregate.

Physical Description of an Aeroso?
Particle Diameters |
Most aerosols are heterodisperse, possibly containing particles of varying sizes,
shapes, and densities. The physical description of an heterodisperse aerosol may
be misleading if simple geometric terms are used for particle characterization
(e.g., the geometric particle diameter, H) Hence, equivalent particle diameters
related to distinct physical particle properties are often applied. For example,
particles may be classified relative to their gravitational settling, and compared
by their aerodynamic diameter d,., where d, is the geometric diameter of a unit-
density sphere that has the same gravitational settling velocity as the particle in
question. Accordingly, equivalent diameters may be based on particle inertia, or
they may be related to diffusional transport (thermodynamic diameter, d,). But
the light-scattering properties of particfes are also applied for classification.

The particle diameters given in this paper refer to the geometric diameter
of a unit-density sphere, if not otherwi§e specified.

|
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Particle Size Distribution

Most frequently, an aerosol is characterized by its particle size distribution. Usu-
ally this distribution is reasonably well approximated by a log-normal frequency
function (Fig. 4A). If the distribution is based on the logarithm of the particle
size, the skewed log-normal distribution is transferred into the bell-shaped,
gaussian error curve (see Fig. 4B). Consequently, two barameters are required
to describe the particle size distribution of an aerosol: the{ median particle diame-
ter (MD), and an index of dispersion, the geometric standard deviation (G,). The
MD of the log-normal frequency distribution is equivalent to the logarithmic
mean and represents the 50% size cut of the distribution. The geometric standard
deviation is derived from the cumulative distribution (see Fig. 4C) by

ds4
G, = \|— ! 1
'~ Vag .

where d s and dg, are the particle diameters at the 16 and at the 84% size cut of
the distribution. Depending on the biological effect undet} consideration, the parti-
cle size distribution of an aerosol may be related to the number of particles,
currently discussed as an important factor for effects oqL ambient ultrafine parti-
cles. Alternatively, it may be related to the mass of particles; for instance, for
therapeutic aerosols, for which the mass delivered to the respiratory system is
of significance. For particles absorbing toxic constitutes onto their surfaces, the
surface area of the particles is the appropriate parameter. Accordingly, the size
distribution may be described by the count median diameter (CMD), the mass
median diameter (MMD), or the surface median diameter (SMD). The count,
the mass, or the surface distribution, all exhibit the "sLme geometric standard
deviation, and a clear relation between the means is given, in that CMD is smaller
than MMD, whereas SMD is always in-between (see FE;g 4).

Monodisperse—Polydisperse Aerosols {

If all particles of an aerosol are of uniform size, an aerosol is termed monodis-
perse. Because in reality perfect monodispersity does] not exist, an aerosol is
termed monodisperse if the geometric standard deviation of the particle distribu-
tion is smaller than 1.2. For deposition analyses, all particles of a monodisperse
aerosol are considered to behave as if they had exactly the same diameter as the
MD of the size distribution. In polydisperse aerosols, particles of widely differing
sizes are present, and O, is larger than 1.2.

Particle Classes

The upper limit of diameter for respirable particles is approximately 50 um in
humans, but differs among species (6-9). According to their diameter, particles
are commonly grouped into different classes: ultrafine, ffine, and coarse particles.

i
i
|
1
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Figure 4 (A, B) Number-frequency distribution and (C) cumulative number distribution

of an aerosol of unit-density spheres. Ind

cated are the count median diameter (CMD),

the surface median diameter (SMD), and the mass median diameter (MMD) of the number-
frequency distribution. The 16, 50, and 84% size cut of the cumulative number distribution

are shown. For further explanation, see text.
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Particles smaller than 0.1 m in diameter are frequently‘E called ultrafine particles.
The definitions given for fine and coarse particles differ. The Environmental Pro-
tection Agency (EPA) convention, originally intended to apply to the two major
atmospheric particle distributions, defines particles in :the size range between 0.1
and 2.5 pum as fine particles, and those larger than 2.5 um in diameter as coarse
particles. According to the Health Effects Institute (HEI) convention, particles
with diameters between 0.1 and | Um are fine particles, whereas coarse particles
are larger than 1 pm in diameter.

In physical terms, particles are classified into different domains relative to
their predominant mechanism of mechanical particle transport. Particles smaller
than 0.1 pm are related to the thermodynamic domain and particles larger than
1 um to the aerodynamic domain. A transitional domain is defined for those
particles with diameters between 0.1 and 1 pm (10). A detailed overview of the
different particle classifications is given in Chapter 1.

B. Deposition

In a mathematical sense, deposition refers to the mean probability for an inspired
particle to be caught in the respiratory system. It is derived from particle number
or mass balance considerations over a given respired volume, a given number of
breaths, or a given time period. Deposition occurs when particles strike the wet
airspace surfaces of the respiratory tract, but it also takes place when convective
mixing of inhaled with reserve air causes particles n(jt to be recovered on subse-
quent expirations. The site of initial particle contact with the airspace surface
is considered the site of initial deposition. Thereafter, particles may rapidly be
dislocated by means of mucociliary clearance or by macrophages after phagocy-
tosis (11; see also Chap. 7).

Total, Regional, and Local Particle Deposition |

Total deposition fraction or total deposition is the fraction of inhaled particles

deposited in the entire respiratory system. Total dep
sum of regional depositions taking place within disti
tract. Two main regions are considered: the extra- anj
position in the extrathoracic region refers to depositig
ryngeal or oropharyngeal airways and the larynx duri
It was previously considered as laryngeal depositic
nasopharyngeal deposition, for nose breathing. Intra
by the quantity deposited in the tracheobronchiolar r
bronchial and bronchiolar region [BB + bb] of the
in the alveolar region.

Particle collection on a subregional level is def
example, local deposition in the nose may refer to

osition is composed of the
t regions of the respiratory
d intrathoracic regions. De-
n occurring in the nasopha-
ng nose or mouth breathing.
on, for mouth breathing or

thoracic deposition is given

egion (corresponding to the
ICRP model; see 138) and

ned as local deposition. For
deposition occurring in the
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nasal valve, the nasal mucosa covered with hair, or the turbinated area of the nose.
Local deposition also refers to deposition occurring in certain airway generations
within the tracheobronchiolar tree.

lll. Physical Mechanisms of Particle Deposition
in the Respiratory Tract

Particle deposition in the respiratory system is related to distinct physical mecha-
nisms operating on inhaled particles. The most important of these mechanisms
are gravitational sedimentation, impactibn by inertial forces, and brownian diffu-
sion (see Fig. 3). Electrostatic forces and interception, the latter being significant
only for fibers, are generally less important. In this section the physical mecha-
nisms are briefly introduced. Several excellent overviews are available in the
literature (12—14). ‘

A. Gravitational Sedimentatiof\

Particles are continuously exposed to éravity and undergo gravitational settling
in air. During sedimentation, a particle acquires its terminal settling velocity v
when gravitational forces are balanced t y viscous resistive forces of the gas. This
is described by Stokes’ law, given here for a spherical particle with geometric
diameter d and density p ‘

(g)paﬁg:i&nndv 03]

The force of gravity on the particle is characterized by the left-hand side of the
equation, where g is the gravitational constant. The right-hand side represents
the resistive forces, where 1) is the dynamic viscosity of the surrounding medium.
For the size region smaller than 1-pum diameter, the Cunningham slip correction
factor (C,; 15) has to be applied to take the discontinuity of the surrounding medium
into consideration. This results in a higher settling velocity than predicted by
Stokes’ law. The terminal settling velocity for spherical particles is then

pd gC,
\}:.__
181

3)

Settling velocities for particles of different sizes are given in Table 1. Gravita-
tional particle displacement becomes more effective than diffusional displace-
ment for spheres larger than 0.5 pm.

Respirable particles acquire this terminal settling velocity in less than
0.1 ms (13), a fraction of less than 1% [of the typical transit time of the airflow in
any airway generation of the bronchial tree. For all practical purposes, therefore,
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particles may be considered to reach their terminal settling velocity instantane-
ously.

The probability of a particle for depositing on airway walls by gravitational
settling is proportional to the distance a particle will cover within the airways;
hence, it is proportional to the square of the particle diameter. The settling dis-
tance in the respiratory system is determined by v times the particle’s residence
time (¢,). Breath-holding at the end of inspiration increases gravitational deposi-
tion, for the residence time and, hence, the settling distance is increased. Consid-
ering the respiratory flow rate Q, gravitational deposition is proportional to the
parameter d*/Q.

The efficiency of gravitational deposition is hi gher in tranquil than in stirred
air (16), where particle settling is superimposed on components of convective
transport. Convection may move particles back into. volume elements previously
cleared by gravitational settling. During stirred settling, particle concentration
reaches 1/e times the original concentration in the same time that is required for
complete removal of particles from tranquil air (13).

B. Inertial Impaction

The particle’s inertia is related to its momentum (i.¢., to the product of the parti-
cle’s mass and its velocity). A particle’s inertia caﬂ be assessed by the stopping
distance (i.e., by the distance a particle with a given initial velocity will travel
in still air in the absence of external forces). Tablja 1 shows stopping distances
of particles traveling with a velocity of 1 m s™!, a typical linear airflow velocity
prevailing in the first ten airway generations of thk bronchial tree during quiet
breathing. It appears that inertial displacement becpmes significant during quiet
breathing for particles larger than 2 pm. 3
The likelihood that spheres with the diametér d and density p moving in
an airstream with linear velocity u will diverge froni airflow streamlines is charac-
terized by the dimensionless Stokes’ number (Sth‘
2 |
P | 4
181G |

where G characterizes the geometry of the structur!l: in which particles are travel-
ing (e.g., the diameter of a tube). The higher the Stdkes’ number, the more readily
particles will depart from airflow streamlines, and| the more likely they are to be
deposited by inertial impaction on airway walls. For respiratory flow rate Q,
inertial deposition in a given geometric structure 1§ proportional to the impaction

parameter d*Q. |

Stk =

C. Brownian Displacement {

Gas molecules are in constant motion because of their thermal energy. The mean
free path A traveled by a molecule in air between %uccessive collisions with other

|
|
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gas molecules is about 0.07 jim under ordinary atmospheric conditions (i.e., about
150 times the molecular diameter). The sfbeed of the gas molecules is about
100 m s}, leading to a collision frequency of about 5 X 10°s™' (13,17).

For particles with a diameter close to A, collisions with gas molecules can
be considered as discrete events, causing dn irregular, wiggling motion of the
particle (see Fig. 3). With increasing particle diameter, the number of collisions
occurring at one time from different directipns increases, such that particle dis-
placement, as the net result of all momentums applied, in effect, is reduced. Math-
ematically, particle transport by brownian motion is characterized by the diffusion
coefficient Dyp. For a spherical particle with the diameter d, Dj is given by

xTC, :
D, = 5
P 3nnd 5)

where 1 is the viscosity of the surroundixig medium, C; is the slip correction
factor, T is the absolute temperature, and ' is the Boltzmann constant. Unlike
gravitational displacement or impaction, diffusional transport is independent of
particle density, but also depends on particlé; shape (18,19). The root mean square
diffusional particle displacement A for parpculate matter subjected to stochastic
transport processes (20)

A=AV2Dpt J (6)

is given for r = 1 s in Table 1 for particles of different sizes. Diffusional displace-
ment becomes effective for spheres smaller than 0.5 pum.

The probability for a particle to be deposited by diffusional displacement
increases with (t,,/d)"?, where 1, is the residence time in the respiratory system.
For the respiratory fiow rate, diffusional dépomuon is a function of the diffusion
parameter Dp/ Q. |

!
D. Interception |

Interception takes place when a particle i[s brought close enough to the airway
surface that an edge contacts the surface. Interception is usually important only
for fibrous particles, such as asbestos ﬁbérs, because deposition by interception
requires that the particle size is a sxgmﬁcaht fraction of the airway diameter. The
aerodynamic diameter of fibers is predommantly determined by their geometric
diameter and is about three times the fiber diameter, if the length/diameter ratio
is larger than 10 (21-23). Hence, a fiber \;ﬁlith a diameter of 0.5 um and a length
of 100 pm behaves the same as a I.S-urﬁ sphere in terms of sedimentation and
impaction. Therefore, fibers have a low probability of deposition in the conduct-
ing airways by impaction or sedlmentanofx but interception has to be considered
as an important mechanism.
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E. Electrostatic Forces

Most ambient particles become neutralized naturally by air ions, but many freshly
generated particles are electrically charged. The level of charge may vary widely,
depending on the nature of the material, the mode of qﬁechanical generation, and
the age of the particles. Charged particles may have an enhanced deposition. For
low particle-number concentrations (< 10° cm™), deposition increase is as-
sumed to result from the electrostatic image charges generated on the surface of
the airways by the charged particles (24). A threshold charge is required to en-
hance deposition, which Yu (24) found to be about 50 elementary charges for
1-pm particles. For each particle size, deposition incre,iases linearly with the num-
ber of elementary charges prevalent on the particles{. Electrostatic forces may
increase deposition up to a factor of 2, but generally deposition is influenced to
a lesser extent, by only about 10% (24--29). 1

IV. Methods of Assessing Particle Deppsntlon
in the Respiratory Tract

A. Experimental Approaches
Noninvasive Techniques

Radioactivity
Radioactive aerosols are frequently used in deposition or medical application
studies because they allow noninvasive measurements of high sensitivity and
reasonable spatial resolution. The fraction of aerosofls deposited in the body is
derived from radioactivity balance considerations.

Inhaled particles can be labeled with a variety of radionuclides, emitting
B-rays or y-rays. The B-rays are highly absorbed from tissue, so that they are
almost undetectable from outside the body. With B- qmitting radionuclides (e.g.,
*H or '*C), particle deposition in the respiratory system or in the mouth can be
assessed only from radioactivity recovered on expired-air filters or in lavage fluid
from mouth washings. |

As body tissues are much more radiolucent fori'y-rays Y-labels can provide
information on the amount and the distribution of parflcles deposited in the respi-
ratory system by using external radioactivity counts. Total deposition is inferred
from the activity present in the entire body, whereds regional deposition is as-
sessed from the radioactivity measured over the extrathoracic and the intratho-
racic regions. Beside the spatial resolution of y-cm.ﬁnt images, time kinetics of
particle clearance are commonly used to further separate intrathoracic deposition
into tracheobronchiolar and alveolar deposition: Fast-cleared activity is assumed
to have been deposited in the tracheobronchiolar region, whereas that cleared
slowly is assigned to the alveolated regions of the lung. This functional separa-
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tion, however, has become a matter of controversial discussion because recent
experimental results suggest that a sighificant fraction of particles deposited in
the tracheobronchiolar region is retained much longer than previously assumed
(30-32; see also Chap. 7). :

Despite continuous technical improvements, deposition measurements
based on external y-counts still suffer some limitations from image nonunifor-
mity, spatial resolution, detection efﬁ;ciency, and counting linearity (33-35).
Gamma rays that originate from different regions of the lungs as well as from
the stomach or from the head are attenuated and scattered to variable degrees
during their passage through the tissues. Hence, for a reliable interpretation of
external y-counts, it is necessary to apply suitable attenuation factors for different
regions of the body. However, these factors can vary by a factor of 5 between
subjects, and the use of individual corrections has been recommended for precise
deposition measurements (36—43).

For stable y-labeling of inhaled derosols, different radioisotopes (e.g., ''C,
Co, ®Co, ¥Ga, '"'In, or ®Tc) are available, providing a wide spectrum of energ-
ies, types of radiation, half-lives, and dpses. Unfortunately, it is technically diffi-
cult to label pharmaceutical agents directly, so that in most medical deposition
studies a surrogate of radiolabeled particles or a mixture of drug substance and
labeled particles is employed.

Devices Detecting Emitted y-Rays. The total amount of material deposited
in a subject after exposure to a y-tagged aerosol can be determined in a whole-
body counter. The energies of y-quanta are measured by registration of the light
pulses they produce in a sodium iodide crystal. Whole-body counters may use
only one detector surrounding the subject completely (44), or several smaller
detectors (40,45,46). Improved systems employ a collimator, which works like
a lens and restricts the field of vision of the detector to a certain region of interest

(e.g., to the extra- or the intrathoracic r

egions; 42,47,48). The amount of radioac-

tivity to be detected by a whole-body counter can be small, a typically adminis-
tered activity is approximately 0.01 MBq.

The scintillation gamma camera

, developed by Anger in 1953, uses a sin-

gle, large planar scintillation crystal masked with a honeycomb lead collimator

containing as many as 15,000 paraliel

holes. The scintillations in each element

of the crystal are elicited by incoming y-rays, projected from only a small area
of the body. They are sensed by phototubes, and the signals are converted to a

two-dimensional radioactivity image r
respiratory system. However, only limi
ical location of particles deposited wit
lated to quantify the deposition pattern
among which the *‘penetration index’
central regions of the thoracic image 1

eflecting the deposition pattern within the
ted information is given about the anatom-
hin the lungs. A variety of indices calcu-
1 in central and peripheral lung structures,
is most frequently used, implies that the
represent mostly the large conducting air-

ways (e.g., 33,49-54). However, in three-dimensional space, the presence of

:
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small airways and alveoli overlying the central airways within the thorax must
be taken into account and precludes a precise separation of materials deposited
in these physiologically and anatomically distinct regions (38,50). Radioactivity
administered for gamma-camera imaging typically rangesletween 2 and 10 MBq.
Three-dimensional images of the distribution of racﬂioactivity in the thorax
are obtained by tomographic emission scanners (36,37,54,55), using one- or
multiple-headed cameras that are rotated along different pfanes around the source
organ. By computational techniques a three-dimensional view of the radionuclide
distribution is constructed. Spatial resolution is sufﬁcient?to estimate particle de-
position in the largest conducting airways, but not in the|smaller structures. To-
mographic emission scanners are not indicated for totalgdeposition studies, be-
cause long patient examination times and large quantities of radioactivity
(25 MBq) are needed, and anteroposterior (AP) planar; imaging is capable of
providing information on total deposition with a similar accuracy (36).

Magnetopneumography
Magnetopneumography was developed by Cohen in 1973 (57) and was used in
occupational exposure studies to estimate the quantity qf magnetizable mineral
dusts in the lungs of welders, coal or asbestos miners, and dental technicians
(56-60). The technique consists of applying a magnetic éield to the whole thorax
or to localized areas and measuring the remanent magne}ic field of retained lung
particles by sensitive magnetometers. With a calibrated system, the magnitude
of the magnetic field gives the amount of accumulated rhagnetic particles in the
respiratory system. In deposition studies on volunteers, magnetide (Fe;O,) or
hematite (y-Fe,05) particles have been applied (61,62). Disturbingly, the magni-
tude of the remanent magnetic field increases in the ﬁIISt days after inhalation.
Redistribution of dipole magnetic particles in the lung periphery associated with
alveolar macrophage motility is considered to be responsible for this phenomenon
(60,63,64). 1t precludes a reasonable interpretation of qagnetometric deposition
data to date. i

|

Light-Scattering Photometry (Tyndallometry) |

The light-scattering technique enabled Tyndall in 188]J (65), for the first time,
to directly observe that inhaled particles are retained in human lungs. Decades
later, Altshuler and co-workers (66) were the first to apply this technique for the
quantification of total particle deposition in human lungs. Since then, tyndallome-
try has been used in numerous deposition studies (e.g., 67-75).

Tyndallometry is based on the measurement of the intensity of light scat-
tered by inspired and expired particles while they pass tjhrough a light beam close
to the entrance of the respiratory system. The scattered light originates from all
particles simultaneously present in the beam. Its inter_isity depends on particle
number concentration, but also on diameter and refraﬁ‘tive index of the aerosol

|
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particles. In applying nonhygroscopic, monodisperse particles, the intensity of
the scattered light is solely proportional to particle number concentration. When
light-scattering photometry is combined with pneumotachography, a continuous
monitoring of particle number concentration in the respired air, as a function of
the respired volume, is possible. Total deposition is given by

[ c(vVydv
VCX

DEr =1 — 0

J’ Cc(vydv
VH\

where V, and V., are the inspired and expired volumes and C(V) is the corre-
sponding particle number concentration. Currently, this technique is introduced
as a ‘‘respiratory aerosol probe’’ into cﬁnical studies (76). It can be used to gain
not only total deposition, but also particfe deposition in so-called volumetric lung
compartments (67,77,78). For that purpc})se, the inspired volume is considered as
a succession of many small volume elements. Elements inspired at the onset of
inspiration penetrate deeply into the respiratory system, those inspired at the end
of inspiration penetrate much less. Wheﬁ a single volume element is labeled with
particles, an aerosol bolus is inspired. If particle deposition is determined from
a series of boluses inhaled into different volumetric lung regions— *‘series bolus
delivery technique’’—a simple algorithm can be used to estimate deposition in
these volumetric compartments (67). In that case, the lung region is characterized
by the volume of respired air transporting the particle bolus convectively into
the respiratory system. Model simulatipns have to be used in a second step to
convert volumetric lung regions to distinct anatomical regions (e.g., to the alveo-
lated region or to the conducting airways).

Invasive Techniques

Postmortem measurements in laboratory animals supply information about re-

gional or local deposition patterns in the lungs at better spatial resolution than
noninvasive techniques can provide. Most frequently, radioactively labeled parti-

cles are applied, but magnetically labels
particles have also been used to quant
macroscopic or microscopic level (79).
special lung fixation procedures before
or particle loss during the fixation proc

ed particles, microspheres, or fluorescent
ify deposition throughout the lung on a
Most of the invasive techniques require
retention analysis to avoid translocation
edure (11,74). Rapid microwave fixation

(80-82), intravascular perfusion techniques (74,83), and cryofixation (84) have

been applied (see also Chap. 6).

P
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Measurement Techniques

No single technique can provide all possible informatiﬂn on intrapulmonary parti-
cle deposition, so that the choice of the technique clearly depends on the question
to be answered. !

Lung or lobe dissection provides estimates about regional particle deposi-
tion on a macroscopic scale. Lobe-to-lobe, apex-to-base, or ventral-to-dorsal dif-
ferences can be assessed. Piece dissection is used to estimate overall deposition
heterogeneity throughout the lung or within a lung region. Regions with a high
or a fow particle load can be identified (80,85,86). The next level of detail is
provided by autoradiographs (81,86-89). Thin lung slices are placed in direct
contact with x-ray films and a crisp image of the distribution of radioactivity
over the surface of the slice is obtained. With an overlay tracing of the lung slice,
particle distribution can be mapped in detail. Quantitative information is obtained
by computer-assisted correlation of anatomical features with the film density (89).

Unbiased stereological sampling techniques in combination with morpho-
metrical analysis are required to obtain information about how particles are dis-

tributed throughout distinct anatomical compartments
tory bronchioles or alveolar ducts, 90-93; see als¢
approach can also provide information about the dose ¢
retained in the various compartments of the lung. In ¢
microscopy, the anatomical site of particle deposition
dimensions (Fig. 5; 83,84).

To localize particles or soluble remanents of p

of the lung (e.g., respira-
> Chap. 6). This type of
f particles per surface area
sombination with confocal
can be examined in three

articles within cells or on

the level of subcellular compartments, electron microscopic techniques are neces-

sary (i.e., electron spectroscopic imaging and electron
95,96).

Deposition in Physical Models

Experimental studies in idealized bronchial structures

energy loss spectroscopy;

(e.g., 97-103) or in repli-

cates of casts (e.g., 104-112) allow ‘‘inhalation’” of substantial amounts of parti-

cles into easily accessible structures without having to
tribution phenomena caused by continuous particle cl

deal with secondary redis-
earing or lung preparation

processes. They are performed to obtain information on primary deposition pat-
terns with finer spatial resolution than is possible in in vivo experiments. These
types of measurements may also be considered as the experimental match, val-

idating theoretical approaches on particle deposition (s

ee later). Mean local depo-

sition rates, but also the heterogeneity of particle deposition within bifurcating
zones, were investigated. Many studies (98-103,105,111) specifically focused
on localization of so-called hot-spots, which are sites of enhanced deposition
within the larynx or the tracheobronchiolar tree and may be most important rela-
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Figure 5 Sites of particle deposition asses
of red and green fluorescent particles with a
of a canine bronchiole surrounded by lung p
with a thin white circle to improve their ap

tive to human health hazards arising fr¢
the influence of specific airflow fields or
has been studied (98,99). In models of
airway generations, structural paramete
or symmetry) were varied systematicall

sed by confocal microscopy. Deposition sites
diameter of 2 im are shown in a bifurcation
arenchyma. Please note, particles are marked
pearance in this black and white copy.

ym airborne particles. To a lesser extent,
n the pattern of intrabronchial deposition
single bifurcations or of few successive
rs of bifurcations (e.g., branching angles
y to evaluate factors governing the pro-

cess of deposition within these model bifurcations (98,99,103).

n studies are performed in idealized tubu-
s of the conducting airways are simplified
c airflow fields and unreasonable particle
chial casts provide a more realistic flow
ed, which to some extent can only mimic
[ittle information is available, however,

Limitations arise particularly whej
lar structures, because geometric feature,
to an extent that may result in unrealisti
deposition patterns. Replicates of bron
geometry. Often constant airflows are us
the effects of in vivo flow variations. ]
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on whether particle deposition patterns resulting from constant-flow inspirations
are the same as those resulting from variable-flow inspirations.
.

B. Model Simulations
Mathematical Models

In the last decades, various mathematical approaches fhave been introduced to
predict the amount, the anatomical sites, and the underlying mechanisms of parti-
cle deposition in the respiratory system. Modeling particle deposition requires
idealized assumptions about the structure of the respiratory system (morphomet-
ric model), the particle transport through the airways (gas dynamics model) and
toward the airway surfaces (mechanical particle transpprt model), and about the
physiological parameters characterizing breathing patterns (physiological model).
Having chosen an appropriate set of assumptions, th‘f: physical laws of mass,
heat, and momentum conservation are employed to quantify the dynamics of
interest and to determine their effect on particle depasition. Depending on the
method and the degree of idealization, there are many different ways to create
deposition models, and there is ample work on this subject available in the litera-
ture (113-116). Regardless of the approach chosen, all models published so far
were capable of characterizing deposition in the respiratory system reasonably
well in comparison with existing experimental data. 1‘

The models introduced by Findeisen (117), Altshuler (118), and Taulbee
and Yu (119) are considered ‘‘primary deposition modils,” in that each proposed
original and independent mathematical formalisms to Fescribe particle transport
onto airway surfaces. Incidently, they are also based on different models of the
geometric structure of the human lung. Later, the form?;lisms of the primary mod-
els were adopted and modified by many authors, resm;iing in so-called ‘‘second-
ary deposition models’’ (120—134). Recent models have been proposed by the
U.S. National Council on Radiation Protection and Measurements (NCRP; 136—
137) and by the Task Group on Human Respiratory Tract Models for Radiological
Protection (ICRP; 137,138). |

In 19335, the meteorologist Findeisen was the first to introduce a lung depo-
sition model. The geometric structure of the lung is i‘eated as a system of nine
regions, arranged in series and characterized according to the functional and ana-
tomical features of different-sized airway structures. The model neglects extra-
thoracic airways and starts with the trachea, the last region contains the alveolar
sacs. Particle transport through airways occurs soleljy by convective bulk flow,
whereas mixing processes are neglected. Particle loss onto airway surfaces is
considered as a function of impaction, sedimentation, and diffusion, which are
assumed to act independently of each other. Findeiseﬁ‘x’s estimations of total tho-
racic particle loss for the size range between 0.03 and| 10 um are shown in Figure
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6. Interestingly, despite the relative simplicity of his model, subsequent, more
sophisticated models, as well as experimental data, in principle, confirmed his
predictions. This holds true for modiﬁcarons of the Findeisen model by Landahl
(121,122), who added a region representing mouth and pharynx, and by Beeck-
mans (123,124), who further considere(i convective mixing in particle transport
processes. The first international attempt to assess regional particle deposition in
the lung was based on the Findeisen—Landahl-Beeckman modeling (126).

In contrast to Findeisen’s approacljl, the model proposed by Altshuler (118)
is spatially continuous, in that the entire respiratory tract is considered a continu-
ous filter bed. Altshuler’s model was not adopted by other authors, but applied
in several studies of his own group (139,140).

Taulbee and Yu (119) developed a formalism to assess particle number
concentration in the human lung at any lung depth and any time during the breath-

ing cycle, so that their model is spatially and temporally continuous and allows
the simulation of arbitrary breathing conditions. The applied gas dynamics model
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Figure 6 Total deposition fraction of unit-density spheres during mouth breathing: Data
were modeled for a tidal volume of 1000 cm? and a rate of 15 breaths per minute and
for different morphometric models of the human lung. (From Ref. 150.)
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considers longitudinal mixing in conducting airways and convective mixing be-
tween inhaled and residual air in alveolated airways. The morphometrical model
approximates the many generations of the airways by a trimpet-shaped structure,
with a variable, continuously increasing cross section along its depth.

This “‘trumpet model’’ was originally introduced by Scherer et al. (141)
for simulations of intrapulmonary gas transport and is based on a morphometric
data set proposed by Weibel (5). In Weibel’s model, the structural parameters
of each airway generation are described by average values, so that all airways
of a given generation are identical, as are all pathways led'ding to a specific airway
generation. The model is, therefore, termed *‘symmetrical’’ or ‘‘deterministic.’”’

Most of the later proposed secondary deposition models use symmetrical
morphometric model structures (e.g., 121,125,127—129,144), whereas some oth-
ers are based on a system of asymmetrically branching airways (e.g., 130,132~
134,145-147). Various simulations neglect the existenc;: of alveoli, whereas oth-
ers add all the alveoli to the last airway generation or/ add increasing numbers
of alveoli to consecutive airway generations within an ,'acinus. However, the in-
fluence of using different morphometric data sets is small, and calculated total
or regional deposition does not vary considerably from one model to another (see
Fig. 6; 115,148-150). |

A so-called stochastic airway model was proposed by Koblinger and Hof-
mann (146,147). It is based on statistical relations (evaluated on airway casts)
between geometrical parameters of a given parent air\}vay and those of the two
branching daughter airways. This model shows a signiﬁcant variability of airway
lengths, diameters, and numbers of airway generations lalong different pathways.
The transport of inspired particles occurs by randomly/selecting at each bifurca-
tion the sequence of airways an individual particle is ppassing through. Interest-
ingly, the effect on calculated total or regional deposition again appears to be
minor when compared with other lung models. However, within the intrathoracic
airways, deposition appears to be partially shifted to mé)re distal airways. Further-
more, this model may provide insight into the deposi{ion variability potentially
present in the lung within airways of a given generation (115,133,134,147).

All of the foregoing deposition models are based on the assumption of
uniform particle distribution within and among airways. However, local deposi-
tion per unit surface area is frequently important for Fhe assessment of possible
risks from ambient air pollution, and local accumulaqions of particles can occur
in bifurcating systems. Nowadays, computational techniques and capacities allow
theoretical deposition models to focus on local particle deposition in subunits of
the respiratory system (e.g., in the oropharyngeal cavity) or in three-dimensional
airway bifurcation models. Air velocity fields are computed by numerical model-
ing techniques solving the Navier—Stokes equation in the respective model geom-
etry (151-158). Particles are then virtually entrained m the airstream, and particle
trajectories are simulated by solving the equations for particle motion. Local par-

|

|
|
|
|
j
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ticle deposition patterns within the three-dimensional model are inferred from
the intersection of particle trajectories with the adjacent model surfaces. So far,
the effects of asymmetries in airway diamjeters, branching angles, or flow divi-
sion, and the influence of the gravitational ! gle at bifurcations have been studied
in idealized airway models. Recently, a new approach was introduced by Perzl
et al. (159) to make real-lung geometries t‘ailable for computational deposition
modeling. Two-dimensional images of a canine cast obtained by high-resolution
computed tomography were combined to yield a three-dimensional volume data
set. After image processing, a three—dimeisional polygonial surface representa-
tion from the cast was created, showing e¢xcellent conformity with the original
cast. Based on this surface representation, a finite-element mesh was generated,
allowing computational fluid dynamics in|realistic conducting airway structures

(160). These numerically modeled airflow fields can even be verified in hollow

replicates of these computational surface|representations by measuring experi-
mentally the flow fields applying the laser-light-sheet imaging method (161,162).

Empirical Models

A different approach to deposition med';eling is the empirical one, in which
semiempirical functions, derived from experiments or theory, are developed to
quantify deposition for a wide range of particle sizes and breathing conditions.
The empirical models consider the respi#atory system to be a series of filters
representing the various anatomical or functional regions of the system. Parame-
ters characterizing particle motion by impaction, sedimentation, and diffusion are
developed, and the dependence on the filtration efficiencies of the respective re-
gions is determined. By means of the least-square method, the parameters are
optimized to fit experimental data (112,163-168). An advantage of this type of
modeling is that it presents relatively clear-cut algebraic approximations that pro-
vide qualified estimates of regional particle deposition. It also represents a tool
for interpolating and extrapolating missing experimental data on a simple basis.

V. Total Deposition

Numerous studies have investigated total
of test particles under different experime
rized those studies performed in healthy

deposition in human lungs for a variety
tal conditions. Schlesinger (8) summa-
subjects using monodisperse, charge-

neutralized, nonhygroscopic, and nonfibrous aerosols. Corrections for different

ventilation conditions were not applied.

The data as a function of particle size

and the breathing mode are given in Figure 7. For mouth and nose breathing,
total deposition in humans exhibits a minimum of about 15% for particles in the
0.1- to 1-pum-size range, for which neither impaction nor sedimentation or diffu-

sion are effective in particle displacement. Sedimentation and/or impaction gov-

|
|

|
|
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Figure 7 Total deposition data (percentage deposition of amount inhaled) in humans
as a function of particle size: Shown are mean values with ﬁtandard deviations when avail-
able. Particle diameters are aerodynamic for those > 0.5 p,xfn and thermodynamic for those
< 0.5 pm. (From Ref. 8.)

erns deposition for particles with aerodynamic diameters larger than 1 pm,
whereas diffusional displacement determines the deposition of ultrafine particles.

For particles with aerodynamic diameters larger than 1 pm, nasal inhalation
generally results in higher total deposition rates than during oral breathing, un-
derlining the greater particle-collecting efficiency of the nasal passage. There is
no difference in total deposition between nasal aﬁ oral breathing for particles
smaller than 1 um, although little differences for particles in the nanometer range
have been reported (169,170). J

There is a considerable scatter in the deposition data, although, in general,
the same trend can be inferred from the different studies. The heterogeneity may
be partly related to the different kinds of test particles and methods applied. But
the scatter, in particular, is caused by the intersubj ct variability in airway mor-
phology and the various breathing patterns used for particle inhalation (71,72,
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169-175). Quantifying the biological variability in deposition by the coefficient
of variation reveals that, in healthy human subjects, coefficients of 0.38 and 0.19
were observed for 1 and 3-um-—particle deposition under spontaneous-breathing
conditions. Under these conditions, coefficients of variation for minute ventila-
tion, tidal volume, and breathing frequency were found to be about 0.2 (176,177).
For controlled-breathing conditions, to al deposition variability was diminished,
and the respective coefficients of variaff;on reduced to 0.27 and 0.13 (71).
Empirical model calculations of total deposition in the human respiratory
system are given by Heyder et al. (163:) and Rudolf et al. (165-168). From the
empirical Eq.(8) for extrathoracic (DEET‘}), tracheobronchiolar (DEy), and alveo-

lar deposition (DE}), total deposition (PET‘”) can be assessed by
DE;y = DEg; + DEr + DE, | ®)

VI. Regional Deposition
A. Extrathoracic Deposition

Even during quiet breathing, flow velocities in the extrathoracic airways are rela-
tively high. Therefore, residence time of particles within these regions is short
and most of the airflow through nasal or oropharyngeal airways is turbulent
(178,179). For particles in the aerodynamic domain, deposition is governed
mainly by impaction. Particle deposition in the ultrafine-sized range is controlled
principally by diffusion, but may be enhanced by the complex interactions of
diffusion and turbulent airflow (180-182).

Nose Breathing

The specific anatomical features of the nose, such as nasal hairs or the nasal
valves, support the high filtration efficiency of the nose and favor deposition
mainly at the entrance of the nasal cavity (183). With nose breathing, laryngeal
deposition has been neglected by most authors, for most of those particles that
are likely to be retained at the larynx have already been removed by the nasal
filter. Hence, because deposition only within the nasopharyngeal airways has
been considered, extrathoracic deposition during nose breathing has been previ-
ously termed nasopharyngeal deposition.

Aerodynamic Domain
Figure 8 summarizes experimental data (184) obtained on inspiratory collection
efficiencies of the human nose as a function of the impaction parameter d2, Q
(d,, acrodynamic particle diameter; @, respiratory flow rate). This parameter is
applied to account for different flow rates and particle sizes between experimental
studies. Despite substantial scatter of the data, the particle collection efficiency
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Figure 8 Inspiratory collection efficiency of the human ixose as a function of the im-
paction parameter d2, Q: The curve represents a hyperboli‘ approximation; d,., aerody-
namic particle diameter; @, inspiratory flow rate. (From RTf. 184)

|
1
of the nose appears to increase in a sigmoidal mannci with increasing values of
d:, Q. The targeting of particles to the nasal region, therefore, requires an aerosol
with coarse particles to be inhaled with large flow veLocities. For increasing the
deposited fraction, it is more effective to increase particle size than flow rate.
Mean inspiratory flow rates at rest and exercise are in the order of 250 cm?® s™!
and 1000 cm’ s 7!, so that the respective impaction parameters for 3-|m particles
are 2250 um? cm?® s and 9000 um? cm® s~!. The latter value also holds for
6-um particles during quiet breathing. The corresponding experimental data
shows nasal deposition efficiencies of 0.05 to 0.6 for 3-um particles inhaled dur-
ing quiet breathing. For 3-um particles inhaled at 1000 cm?® s™' or for 6-um
particles inhaled at 250 cm?® s !, deposition rates are 0.25 to 0.8. The scatter in
experimental data is related to mainly the intersubject variability of the anatomi-
cal features of the nose (185-187). Cheng and co-\jorkers (185) characterized
nasal geometry of ten subjects using magnetic resonance imaging (MRI) and

|

|

|
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acoustic rhinometry. They found that par{icle deposition onto nasal airway walls
increases with increasing nasal surface area and airway complexity, and with
decreasing nasal cross-sectional area. Also, a significant variability in deposition
arises within individuals from physiologically occurring periodic variations in
the nasal resistance and cross-sectional area that distribute airflow from one side
to the other by as much as 20-80%. |

There are several approaches to cha::racterize nasal deposition by mathemat-
ical (120,122) or by empirical models (163,165-168,173,184,188,189). For parti-
cles of 1 um or larger, Rudolf et al. (168)§estimated inspiratory particle collection

efficiency of the nose (Egry) by _
EET»N =1- (205 X 10-4 dZeQ =+ 1).‘; (9)

This empirical model assumes the inspiratory flow rate Q to be constant.
Empirical models neglect expiratory nasal deposition, for it appears to be

insignificant relative to inspiratory collec
ers the fraction of the tidal volume flow
to be 1 — Vgy/ V. The fraction of partic

tion efficiency. Stahlhofen (184) consid-
ing through the nose during inspiration
es deposited in the extrathoracic region

during nasal breathing DEgyy is then gi

e

where Vi is the tidal volume and Viy is ‘ e extrathoracic volume. Vgr is approxi-
mated to 50 cm’ for male adults and to 40 cm’ for female adults (168). Deposition
data predicted by the model for a tidatvvolume of 1000 cm?, at flow rates of
250 cm® s~ and 1000 cm?® s™! are shown in Figure 9. For all particles in the
aerodynamic size range, the higher flow rate clearly enhances nasal collection
efficiency. For a given particle size and flow rate, variations in tidal volume have
almost no effect on the fraction of deposited particles [see Egs. (9) and (10)],
but the absolute number or mass of particles retained in the nose changes propor-
tionally with the tidal volume. ]

ven by

Ver

DEgy = |1 — | —

(10)

Thermodynamic Domain

Deposition of particles of the thermodLnamic size range has not been studied
extensively in humans. Cheng and co-workers (185) measured deposition effi-
ciencies for 4-, 8-, 20-, and 150-nm particles in ten healthy adult, male volunteers.
For nose-in mouth-out breathing at flow|rates of 333 cm?®s ™!, deposition fractions
for these particle sizes were 36.7 £ 10,6 (mean = SD), 21.2 = 89, 11.1 £ 7.7,
and 5.2 = 3.8%. However, because e*piratory deposition in the mouth is not
negligible for particles in the thermodynamic domain, these values overestimate
nasal deposition. The large SD values indicate that intersubject deposition vari-
ability is notable in the thermodynamic domain. Mean nasal deposition, as de-
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rived from data on total deposition, was| estimated to be 15 and 4% for 5- and
10-nm particles at flow rates of 250 cm® s7! (169,170). In the subnanometer-
sized range, particle filtration of the noselappears to be almost complete. Inspira-
tory nasal deposition of 0.53- to 0.62-nm particles ranged between 0.94 and 0.99
in three subjects during quiet-breathing conditions (182).

Complementary to the experimentq in human subjects, measurements were
performed in hollow replicates of humap nasal airway casts (106,108,112,116,
181,190). Particle collection efficiency |obtained in nasal airway casts can be

approximated by an exponential functio%x of the diffusion parameter (D,/Q)
Egrx = 1 — exp (—12.65 D)2 071%) (1)

(112), which indicates that the dependerice on respiratory flow rate Q is weaker
than that on particle diffusivity D,. In the thermodynamic domain, expiratory
particle collection efficiency of the nose is approximately 10% higher than inspi-
ratory efficiency (106).

!

Mouth Breathing

Aerodynamic Domain

Figure 10 summarizes human expeﬁmenkal data (184) on extrathoracic deposition
during mouth breathing as a function oﬂ the impaction parameter dZ Q. There is
substantial scatter in the data, but similar to nasal deposition, the dependence on
d% Q appears to be sigmoidal. Howevér, it must be emphasized that for d2, Q
< 10*, deposition during mouth breathing is considerably smaller than during
nose breathing. During a quiet inspiration, the nose retains about 30% of 3-pum
particles, whereas less than 5% of the ]particles are caught in the extrathoracic
region with mouth breathing (see also Fig. 9).

Most of the experimental data of Figure 10 were obtained in human subjects
inspiring particles through a tubular m(}uthpiec:e held between the teeth. Several
studies show that this mode of inhalation causes deposition to occur mainly in
the larynx, especially on the upper stirface of the vocal cords (48,165,191),
whereas almost no particles are lost in The oral cavity or the pharynx. Therefore,
extrathoracic deposition during mouth breathing was previously termed laryngeal
deposition. During natural mouth breaithing, deposition in the oral cavity was
higher and quite variable depending much on the degree of mouth opening, flow
rate, and breathing frequency (172,19 ‘,193).

Empirical models (163,165~168,184) characterize oral collection effi-
ciency (Egr.m) for particles 1 pum or larger, as a function of the impaction parame-

ter d2. Q:

Eprm =1 — [1.1 X 107 (d3. X Q% X V734 + 117! (12)

S
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imans during mouth breath-
arve represents a hyperbolic

approximation. d,, aerodynamic particle diameter; (, inspiratory flow rate. (From

Ref. 184.)

Extrathoracic deposition during mouth breathing

the collection efficiency weighted by the fraction of ti
flowing through this region

DEgrm = [1 - (Y‘EI)J Eerm
Vr

Expiratory deposition is again considered to be
with inspiratory deposition (163,184). Figure 9 shows

(DEgtp) is derived from

dal volume (1 — Vg/Vp)

(13)

negligible in comparison
deposition data predicted

by the model for breathing conditions during rest and exercise. The model as-
sumes a constant respiratory flow rate Q, but takes into account that the collection

efficiency decreases with increasing tidal volume V7. It

shows that oral deposition

is less dependent on flow rate than is nasal deposition, as @ is weighted by a
power exponent of 0.6. Therefore, the aerodynamic particle diameter is the main
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determinant of oral collection efficienc
gion, coarse particles should be inhale
creasing the deposited fraction of parti
particle size than flow rate. Similar ta
deposited in the oral region, for a give
independent of the tidal volume inhale
must consider that the number or the m
linearly with increasing tidal volume.
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y and, for targeting particles into this re-
d (see Figs. 9 and 13). Moreover, for in-
cles, it is much more efficient to increase
nose breathing, the fraction of particles
n particle size and flow rate, is generally
2d [see Eqgs. (12), (13); Fig. 11]. But one
ass of removed particles increases almost

Thermodynamic Domain

Oral deposition of ultrafine particles determined in physical replicates of oropha-
ryngeal airways was slightly smaller than that measured in nasal casts
(109,181,194). However, measuremenks performed in three healthy adults sug-
gest that there is zero deposition for Q.1-, 0.07-, and 0.05-pum particles inhaled
through the mouth under different bre‘ thing conditions (163).

B. Intrathoracic Deposition

Experimentally determined depositio

i

efficiencies of the intrathoracic region

have usually been inferred from measurements with radioactively labeled parti-
cles. The fast-cleared fraction of thoracic activity has been assumed to be depos-

ited in the tracheobronchiolar region,

hereas the slow-cleared fraction has been

assigned to the alveolar region of the l%g (see Chap. 7). Recently, this distinction
has become a matter of controversy, for experiments suggest that some of the
activity deposited in the conducting airways is cleared much slower than previ-
ously assumed (30-32). Some investigators, therefore, prefer to use the term
‘“‘fast-cleared and slow-cleared thoraci:E deposition,”’ instead of tracheobronchio-
lar and alveolar deposition, for the description and analysis of deposition studies

using radioactivity.

Tracheobronchiolar Deposition: Fast-Cleared Thoracic Deposition

Aerodynamic Domain

Particles escaping from deposition in the extrathoracic regions enter the lung
through the tracheobronchiolar airways. Because flow velocities in the airways
decrease rapidly from large to small conducting airways, inertial impaction deter-
mines particle deposition only in the most central airways. With decreasing air-
way diameter, gravitational sedimentation gains more and more importance and

dominates deposition within the smal
grows stronger with increasing partic
from the peripheral to the proximal
Figs. 14 and 15). During expiration, on
those larger particles that escape inerti

| bronchial airways. As inertial impaction

le mass, the site of deposition is shifted

airways with increasing particle size (see

ly sedimentation is of importance, because
al deposition during inspiration are subse-
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Figure 11 Effect of tidal volume on regional deposition: Regional deposition fraction
curves are shown for mouth breathing as predicted by the empirical model of Rudolf et
al. (167) for male adults. Estimates were done for tidal volumes of 500, 1000, and 2000

cm’ at a flow rate of 250 cm’® s,
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quently collected in the small conducting airways or in the alveolar region of the
lung.

Experimental data, from several investigators who measured intrathoracic
particle deposition during mouth breathing, were summarized by Stahlhofen et
al. (184). Figure 12 shows these data as a function of the aerodynamic particle
diameter. Because large particles are effEctively collected by the extrathoracic
airways, intrathoracic deposition does not increase or decrease monotonically
with particle diameter, but exhibits maximal values for particles with diameters
between 4 and 8 pm. It appears to be logest for particles smaller than 1 pm.

There is a remarkable variability between deposition data collected in dif-
ferent studies. As an example, depositiorh of 3-um particles may range between
almost zero and a particle loss of close to 50%. Beside those subject-specific
factors cited before, technical and experimental confounders are discussed. There
were significant differences in measuring procedures and in definitions applied
to describe the fast-cleared portion of thoracic particles (184). Moreover, recent
investigations suggest hygroscopic growth and leaching of test particles as a pos-
sible source of measurement error, resulting in an overestimation of the deposited
fraction.

Empirical models (163,165-168) characterize the collection efficiency of
the tracheobronchiolar region (Eg) for particles 1 wm or larger as:

Eg =1 — exp {—1.24[4 X 1079 CF** (d% Q)'"]
— 1.24 [(0.009 + 0.165 1) d,. 15°%}

(14)

CF is a correction factor accounting for gender. It is 1 for adult men and 1.075
for adult women. The residence time of |particles in small bronchial airways, f,,
is

_ Vime (2 + W/FRC)
20

Vi is the tidal volume and FRC is the functional residual capacity of the lung.
FRC is assumed to be 3300 cm? for male and 2660 cm’® for female adults in the
coefficients for Eq. (14). V,, g represents the volume of the small bronchial air-
ways at an FRC level, set to 48 and 39 cm? in adult men or women (168). Equation
(14) characterizes inertial Eyg relative to/the impaction parameter d2. Q, and sedi-

Iy (15)

Figure 12 Tracheobronchial and alveoleJr deposition data in humans during mouth
breathing as a function of aerodynamic particle diameter: The solid curves represent the
approximate mean of all experiments, the bfoken curve gives a ‘‘conservative’’ estimate
based on data by Stahthofen et al. (From Ref. 184.)
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'

mentational Erg by considering particle diameter and the residence time of parti-
cles in small bronchial airways. It further accounts for the expansion of airways
during inhalation, but it is based on a anstant respiratory flow.

Because the number of particles deposited in the tracheobronchiolar region
will be decreased by particle losses durinig inspiration in the extrathoracic region
(1 — Egy), the empirical expression for[: tracheobronchiolar particle deposition
(DEm3) is |

DEr = [1 - (%ﬂ)] (1 — Eer) Emm (16)

T

Depending on the mode of breathing, Ejr is the deposition efficiency for mouth
breathing (Egry) or for nose breathing (Eer.x)-

Targeting Particles into the Tracheobronfbhiolar Region

The deposited fractions of particles, as| predicted by the foregoing model, are
presented in Figures 9 and 11. For target-i:g particles into the trachecbronchiolar
region, the mode of choice is obviously mouth breathing (see Fig. 9). Within the
physiological range of flow velocities, inhaling at 1000 cm® s ' leads to somewhat
higher deposition of particles between 3 and 7 um, with a slight peak at 6 um.
However, this high flow rate also causes extrathoracic deposition to double (see
Fig. 9), which because of possible side eﬁfects often must be avoided in inhalation
therapy. In this situation, inhaling parti#:les between 4 and 6 um at 250-cm’ s™!
inspiratory flow appears to be appropri?te for targeting particles to the tracheo-
bronchiolar region and for keeping extrathoracic deposition low.

However, in inhalation therapy, thle mass of the therapeutic substance deliv-
ered to the extrathoracic, tracheobroncfjiolar, or alveolar region by the deposited
particles is the primary parameter of irérerest. This mass, in fact, depends on the
deposited fraction, but it is essentially determined by the output of the nebulizer.
The output of a nebulizer, in return, dep}ends on the nebulized number of particles
per volume element and the produced, particle size. The size is of importance
because the mass of a particle increa;es substantially with increasing particle
diameter (see Table 1). To illustrate thib, based on the deposition fractions given
in Figure 9, the amount of substance q'elivered to the three regions by 1000 in-
haled unit-density spheres during mouth breathing was determined for particle

sizes between 0.1 and 10 wm. The results in Figure 13 show that the total mass
|

i
i

|

Figure 13 Amount of substance depositng per 1000 inhaled unit-density spheres in the
extrathoracic, the tracheobronchial, and the alveolar region during mouth breathing for a
tidal volume of 1000 cm® and flow rates of 40, 250, and 1000 cm? s !, Estimates are based
on deposition fractions given in Figure 9.

|
|
|
|
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deposited in the extrathoracic region du;ﬁ'ing mouth breathing increases consider-
ably for particles larger than 4—6 um during quiet breathing, but even more during
exercise. The amount of therapeutic substance deposited in the tracheobron-
chiolar region is comparable for any particles smaller than 8 um at 250 or at
1000 cm? s~'. For larger particles, despite a decrease in the deposited fraction
(see Fig. 9), the mass delivered to the tracheobronchiolar region still increases,
slightly more at 250 cm® s~' than at 1000 cm® s™'. Therefore, the breathing
mode of choice is quiet inhalation of 4- to 6-pm particles if extrathoracic deposi-
tion must be avoided. If extrathoracic deposition i1s noncritical, about five times
more therapeutic substance can be deposited per breath in the tracheobronchiolar
region when 8- to 10-um particles are inhaled with quiet mouth breathing. These
estimates, however, do not take into account that, with ‘‘real’’ nebulizers, the
number output usually decreases with increasing particle size. But according to
Ferron et al. (195), this is less than a factor of 5 for the particle size range of
interest. 1

The deposited fraction in the con;ducting airways is almost independent of
tidal volume (see Fig. 11), so that the total number of deposited particles changes
in proportion to the inhaled aerosol volume. Augmentation of the inhaled volume
by an increase in tidal volume also increases alveolar deposition (see Fig. 11 and
next paragraph), such that if a low alveolar deposition is required, inhalation of
repeated small tidal volumes appears to be more appropriate than that of fewer
but larger ones.

Recently, an interesting new approach to target 6-im particles into the
conducting airways was proposed by |Anderson (196) and Svartengren (197).
They used very slow inspiratory flow rates, of about 40 cm® s™'. At this flow
rate, the residence time within the conducting airways is long, and deposition
is entirely related to sedimentation, which causes the retained fraction in the
tracheobronchiolar region to increase substantially. Predicted deposition rates for
this type of breathing maneuver are included in Figure 9. The deposited fraction
can be expected to be almost constant and larger than (.6 for particles larger than
4 pym. Owing to the diminished effects of impaction, extrathoracic deposition in
the larynx is substantially decreased in comparison with the physiological flow
rates discussed in the foregoing (see Fig. 9). Extrathoracic deposition is less than
0.05 for particles smaller than 6 pum and close to 0.1 for 8-um particles. The
corresponding amount of material deposited in the larynx or in the conducting
airways can be inferred from Figure 13. If we consider all effects, 6- to 8-um
particles appear to be most suitable for very slow inhalation procedures. The
notably enhanced amount of substance delivered to the tracheobronchiolar region
makes this technique a very interesting approach for new inhalation therapies.
However, specific devices have to be applied for patients to be able to maintain
such low flow rates.
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Thermodynamic Domain ;
Experiments performed in three healthy adults who inhaled 0.1-, 0.07-, and 0.05-
pm particles, using various breathing maneuvers, showed that these particies are
not retained in the tracheobronchiolar airways (163)?

Alveolar Deposition: Slow-Cleared Thoracic Defposiﬁon

Aerodynamic Domain

Those particles escaping the extrathoracic and the tracheobronchiolar filters reach
the alveolated region of the lung. Figure 12 summarizes alveolar deposition dur-
ing mouth breathing (184), data are taken from the same studies as the foregoing.
Discrepancies between studies appear to be less pronounced than for tracheobron-
chiolar deposition. Alveolar deposition probability peaks at about the same parti-
cle size range as does tracheobronchiolar deposition, but a slight advantage for
smaller particles to be deposited in the alveoli is detectable. Deposition for parti-
cles smaller than 1 um is twice as likely in the alveoli as in the conducting
airways.
The dominant mechanism resulting in alveolar particle deposition is gravi-
tational settling, in addition diffusional displacement becomes more and more
significant for particles smaller than 0.5 um (see Tgible 1). The efficiency of the
alveolar region to collect particles owing to their sedimentation is determined by
considering the distance a particle settles while stzfying in this region. Accord-
ingly, in empirical expressions (163,165-168) the| deposition efficiency in the
alveolar region (E,) is assessed as a function of the! parameter d? ¢, for particles
1 um or larger.

E, =1 — exp [~0.171 CF (d2% t)*"] | (17)

where ¢, is the residence time of particles during insé)iration in the alveolar region:

|
VT - VD !
- 18)
0 | (

|
CF is a correction factor applied for gender, Vp, is the dead space volume, com-
posed of the extrathoracic and the tracheobronchiolia: volumes. It is approximated
to 147 and 118 c¢m? for male and female adults (168). The deposited fraction in

the alveolar region (DE,) 1s ;

Iha =

T

|
DE, = [1 - (%}’)} (1 = Ben) (1 = En) (19)

where Egp is the deposition efficiency for mouth breathing (Egry) or for nose
breathing (Egr.y). ;

|
|
|
j
|
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f
Targeting Particles into the Alveolar Region

Differences in DE, between nose and mouth breathing, as predicted by the empir-
ical model, are shown in Figure 9. For 2ach flow rate, differences in alveolar
deposition become obvious for particles larger than 1.5 wm, because large parti-
cles undergo effective filtration in the no%e. Because the collection efficiency of
the upper airways is small for small particles, most of the inspired particles
smaller than 1.5 pm reach the alveolar r#gion. Given the model data presented
in Figure 9, the mode of choice for an inhalation therapy aimed at targeting
particles into the alveolar region is quiet inhalation of an aerosol with 2- to 4-
um particles during mouth breathing. This provides about 50% of the inhaled
particles to this region and keeps the burden delivered to the extra- and intratho-
racic airways low (see Figs. 9 and 13). Increasing tidal volume while maintaining
a low flow rate further increases alveolar deposition (see Fig. 11) because parti-
cles are convectively transported deeper into the lung and the residence time of
particles in the alveolar region is increased. Similarly, a breath-hold, performed
at end-inspiration, improves the collection efficiency. According to the empirical
model, for instance, a 1000-cm? breath, inhaled at 250 cm® s™', results in 55%
deposition of 3-pm particles in the alveoﬁar region. A 3-s breath-hold at the end
of inspiration enhances deposition to 65%.

Thermodynamic Domain

There are almost no experimental data an alveolar deposition available for this
domain. Heyder et al. (163) measured dc‘fpositiﬂn in three healthy adults for 0.1-,
0.07-, and 0.05-pm particles. At a flow rate of 250 cm® s™' and a tidal volume
of 500 cm?, alveolar deposition was ZIJ 27, and 33%. Increasing tidal volume
to 1000 cm?®, while keeping the flow rate constant, raised the removed fraction
consistently to values of 34, 43, and 52% With a flow rate of 750 cm® s~ and
a tidal volume of 1500 cm®, deposition was 25, 36, and 45%. Independent of
the breathing maneuver, the fraction of particles collected in the alveolar region
increased with decreasing particle size:.[1 Both the residence time and the tidal
volume appear to be significant determinants of particle deposition in this region.
|

VII.
A. Lung Geometry: Age- and dender-Speciﬁc Differences

Factors Modifying Particle Deposition

During development from infancy to adulthood, the respiratory system undergoes

substantial changes in airway structure a
erable differences in spontaneous-bre
adults, distinct sex-related and racial d
and conventional lung function parame

nd lung volume, accompanied by consid-
athing conditions (198-206). Even in
ifferences are established for structural
ters (207-211). However, only limited
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|
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|
|
|
information is available in how far particle deposition ;in the respiratory system
is affected by age, gender, or race. |

Deposition in Infants and Children. For this p(Lpulation, deposition data
are rare (212-215). Total deposition of particles sized 1-3 pm was measured
in 29 healthy children (6.7-14 years) during controlled and spontaneous mouth
breathing (214,215), using the respiratory acrosol probe (see Sec. IV.A, under
Noninvasive Techniques). Spontaneously breathing children exhibited siightly
smaller tidal volumes than adults, but had a higher resp}ratory rate, so that minute
ventilations were almost identical. As in adults, total deposition in children in-
creased with increasing particle size, being approxim?tely 15% for 1-um parti-
cles, 50% for 2.3-um particles, and 75% for 3-um particles. The intersubject
variability observed in children was comparable with that in adults. For spontane-
ous, as well as for controlled breathing, deposition §ecreased slightly with in-
creasing body size, suggesting that smaller lung dimensions favor deposition.
This assumption is supported by the fact that depos'ilrion values for all particle
sizes are higher in children than in aduits. In comparisén with adults, total deposi-
tion in children was increased by an average factor of 1.5, ranging between 1.2
and 1.9 for different particle sizes and breathing patterns. Furthermore, the
amount of particles deposited per unit surface area is increased by a factor of 4-
5 in children, because the surface area of their respigatory system is only about
one third (40 m?) that of adults (5). |

We are unaware of deposition studies in healthy neonates or infants, proba-
bly owing to concerns over the use of radiotracers in this population (33). There
are some deposition studies, related to therapeutic drug delivery, in spontaneously
breathing or ventilated infants with lung diseases (2 135-«218). Also, filter and ani-
mal lung models have been used to assess deposition in infants (219-222). One
of the limitations of these studies is that deposition is often related to the amount
of radioactivity delivered into the nebulizer unit anq not to what is actually in-
haled. Hence, there is a clear necessity for improved deposition studies to better
understand health risks from environmental air poll}‘ltions or to improve inhala-

tion therapy in neonates and infants. |
Gender Differences in Adults f
Lung structure and breathing pattern are considered, to be different in adult men
and women. The average female thorax is smaller, and the conducting airway
size is only about 75% that in men (223). In additiq‘n, resting minute ventilation
and respiratory flow rates are lower in women than in men. During controlled as
well as spontaneous mouth breathing, deposition off particles of the aerodynamic
domain was slightly, but consistently, lower l in women than in men
(213,224,225). Analysis of regional deposition revealed that this was related to
a higher extrathoracic and tracheobronchiolar deposition rate (225). Considering
that deposition within these regions is largely determined by impaction, deposi-

|

|
|
|
|
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impaction parameter d2, Q. Still there
fference between deposition in women

tion was reassessed as a function of the
remained an unexplained few percent di
and in men. This difference was most likely attributed to structural differences
between men and women (225) in the conducting airways. The empirical model
calculations introduced earlier try to account for that by applying a correction
factor and by considering gender-specific lung and airway volumes.

B. Exercise

Adults. Ventilation is increased during exercise according to the higher
oxygen demand of the body. In adults, this is usually accomplished by an increase
in tidal volume and breathing frequencyg; hence, respiratory flow rates are also
high. In addition, breathing is often switched from the nasal to an oronasal or
oral route, especially at high levels of e)frcise (193). In some studies (213,225),
total deposition estimated breath-by-breath increased for 1- to 5-um particles in
male and female adults, even during light exercise. Other studies failed to detect
clear changes in the deposition rate per breath under various levels of exercise
(226,227). Deposition studies under controlled-breathing conditions (70,170)
show that increasing tidal volume at a given respiratory rate increases total depo-
sition for all respirable particles. These changes are minimal for particles between

0.1 and 1 pm, for which total deposition
while increasing respiratory rate decrease
sizes. The most obvious changes here ar
Hence, because of individual breathing i
ometry, and different particle sizes stud
in an unchanged or an enhanced depositi
by a remarkably increased intersubject )
exercise. Despite these individual differe
from rest to exercise always enhances de
is roughly proportional to the increase i

Children. For particle sizes betw
latory conditions of rest and light exercis
quemin et al. (212,213). Exercise caused
to decrease from about 20 to 15%, wherez
was almost unaffected. Because the high
cise was accomplished mainly by an incr
flows were increased, but the residence ti
was shortened. This caused 1-pm particl
by sedimentation, to decrease. It appears
creased deposition probability by sedim
effect of impaction, so that total deposi
may be speculated that regional deposit

is small. Keeping tidal volume constant
s total particle deposition for all particle
e in the transitional particle-size range.
patterns, individual features of lung ge-
ied, physical exercise may result either
n rate per breath. This is also reflected
ariability in particle deposition during
nces, the increase in minute ventilation
>position per unit of time. This increase
n minute ventilation.
cen | and 3 um, deposition under venti-
se was measured in 41 children by Bec-
per-breath deposition of 1-um particles
1s the deposition of 2- and 3-um particles
er ventilatory demand under light exer-
ease in breathing frequency, respiratory
me of particles in the respiratory system
e deposition, which is mainly governed

3 that, for 2- and 3-um particles, the de-
lentation was balanced by an increased

tion remained unaffected. Therefore, it
ion was affected with a partial shift in
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deposition toward more central airways. Again, it is
the increase in minute ventilation in response to e
per unit of time considerably for all three particle
unchanged deposition rate per breath.

C.

Replacing ambient air nitrogen (IN;) by carrier gases

Influence of Gas Composition

erties is expected to alter flow profiles in the condug
ing convective particle transport and deposition pa
cording to basic fluid dynamics, alteration of k

269

important to emphasize that
xercise increased deposition
sizes despite a decreased or

with differing physical prop-
ting airways, thereby affect-
itterns within the lungs. Ac-
inematic viscosity (1/0) is

presumed to result in more laminar flows in the air%ays when N, is replaced by

helium. More turbulent flow occurs when sulfurhe
carrier gas, which has about five times the molecu

Svartengren (229) and Anderson and co-wo

um-Teflon particle deposition (p, 2.13 kg m™; d,.

xafluoride (SF;) is used as a
ar weight of N, (228).

rkers (230,231) studied 2.5-
, 3.6 um) in healthy subjects

with and without induced bronchoconstriction and in patients with asthma breath-

ing air or a helium-oxygen mixture (He—-0,). More
use of He—O, shifted the site of particle depositic
resulted in higher deposition rates in the alveolar
mouth, throat, and in the tracheobronchiolar region.
for constricted airways, both in healthy subjects wit
in airway resistance and in asthmatics. It was mon
at moderate, flow rates. Schulz et al. (232) applied t
nique (see Sec. IV.A, under Noninvasive Techniqus
dogs to study local deposition of smaller particles i
Deposition of 0.5-, 1-, and 2-pm particles, was ui
SF¢~0,, the deposited fraction of 2-um particles 1

laminar airflow owing to the
on to the lung periphery and
region, but in lower rates in
This effect was more marked
h a two- to threefold increase
e pronounced at higher, than
he series bolus delivery tech-
>s) in mechanically ventilated
n different gas compositions.
naltered breathing He—0O,. In
was enhanced throughout the

lung. It was increased for 1-pum particles in deep lung regions, but it was generally

not affected for 0.5-um particles.

These results show that the extent and the pre
tion within the lungs can be modified by the phy
spheric carrier gas. However, specific combinatio
flow fields within the airways are required.

Vill. Local Particle Deposition

Numerous studies have been carried out in the 4

ferable site of particle deposi-
sical properties of the atmo-
ns of particle properties and

ist decades to obtain detailed

information about collection efficiencies and deposition patterns on a subregional

level within the respiratory system. A complete o
of the present chapter, but the studies introduces

should give the reader an idea about approaches a

verview is beyond the scope

1 in the following discussion

nd results,
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A. Local Deposition Within the Tracheobronchiolar
and Alveolar Region

Gerrity and co-workers (129) modeled loc}ﬂ deposition in the tracheobronchiolar
tree. Estimates were based on the morphometric lung model proposed by Weibel
(5) and on Landahl’s formalism of particle'; deposition (121; see Sec. IV.B, under
Mathematical Models). Deposition in each of the airway generations was assessed
at a tidal volume of 700 cm’, a flow rate of S00 cm® s~ and a breath-hold of
0.5 s at end-inspiration. Figure 14 shows the results given as percentage of deposi-
tion per airway generation for particles with aerodynamic diameters ranging be-
tween 1.6 and 15.8 pm. The percentage quoted is the deposited fraction of those
aerosol particles that pass through the glottis. The smallest particles exhibited
expected deposition rates below 2% in thﬁé conducting airways (generation num-
ber 0-16) and a clear tendency to deposit in more peripheral lung structures. For
3.2- and 4.8-um particles, deposition followed principally the same pattern, but
was enhanced both in the lung periphery and in the conducting airways. Deposi-
tion of 4.8-um particles appeared to peak at airway generations 3-7. For particles
larger than that, the deposition pattern chénged, in that the deposited fraction was
reduced in the lung periphery and the predominant site of particle deposition
was shifted toward central airways. Peak deposition occurred at the fifth airway
generation, ranging between 7 and 16% for 8- and 15.8-um particles. Relative
to health effects from inhaled particles, the authors calculated the surface area
densities of deposited particles in the various airway generations. Peak density
occurred at generation 3 (i.e., within the segmental and subsegmental bronchi),
and it was orders of magnitude higher there than in smaller conducting airways
or in peripheral lung structures. This observation is interesting in light of studies
done on the frequency and location of bronchial carcinomas (111,233). There
was a close correspondence between depc?sition density and frequency of reported
cancer at those sites. |

Recently, Kim and co-workers (67D applied the series bolus delivery tech-
nique (see Sec. IV.A, under Noninvasive Techniques) to assess local deposition
in the lungs of 11 healthy young adults.l During mouth breathing, 1-, 3-, and 5-
um particles were inhaled at flow rates of 150, 250, and 500 cm® s™' and at a
tidal volume of 500 cm’. Local cellec(ion efficiencies and deposited fractions
were determined for ten volumetric lung compartments (50—500 cm®). For all
particle sizes and flow rates, local collection efficiency increased with increasing
volumetric lung depth of the compaﬂm#nt. For the highest flow rate, collection
efficiency was lowest throughout all compartments. The deposited fraction of
1-pm particles varied per volumetric lung compartment between almost zero and
3%, with a tendency for higher deposition rates in larger lung depth if lower
flow rates were applied (Fig. 15). With increasing particle size, deposition was
enhanced, and the preferential site of deposition was shifted from the distal to
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the proximal compartments of the lung. Peak deposﬂtion occurred in volumetric
lung regions between 75 and 200 cm?; it was approximately 15% for 5-pum parti-
cles independent of flow rate. Based on the morphometric lung model of Weibel
(5), surface area concentrations were estimated an@ were greater in the most
proximal region of the lung than in distal parts, regardless of particle size and
flow rate.

When comparing the experimental data with fthose modeled by the same
group (129), there is reasonable agreement for peak values and general patterns
of local deposition within the conducting airways (i.e., within a volumetric lung
region of 200 cm® or the first 16 airway generations), Absolute estimates of depo-
sition within the tracheobronchiolar region, howevir, are higher than the corre-
sponding experimental values. For example, Kim and co-workers reported tra-
cheobronchiolar deposition of 3- and 5-pm particles to be 11 and 26% for a flow
rate of 250 cm® s7!, whereas approximately 30 and 50% are expected from the
model (see Fig. 14). This disagreement may be partly explained by the differences
in breathing pattern and by other factors already discussed by the authors (67).
However, it shows that despite the large body of knowledge gained in the past
50 years, there is still a clear necessity for close cooperation between experimen-
tal and theoretical researchers to further improve tbe understanding of even the
most basic processes governing particle deposition in the respiratory tract.

i

i
|

B. Local Deposition Within Airway Bifuréations
l

Collection efficiencies and deposition patterns of inhaled particles on the level
of bifurcating airways have been studied expﬁrirri&ntaﬂy in idealized y-shaped
tube models (98,99). The dimensions of the sidgle bifurcation models were
adapted from Weibel's human lung data for airway generations 3-5. Branching
patterns of the bifurcation were varied for branchirfg angles, geometric symmetry
of daughter tubes, and symmetry of flow divisimﬁ at the bifurcation. To assess
local deposition patterns within each of the model tubes, the parent and daughter
tubes were divided into several sections. Fluorescent-labeled particles of 3, 5, and
7 um were applied for laminar and transitional flow and the number of particles
deposited in each of the tube sections was inferred from fluorometric measure-
ments. During inhalation, collection efficiency in airway models increased with
increasing flow rate and particle size, ranging for ;g-um particles, between almost
zero deposition and 15%, and for 7-um particleg, between 20 and 70%. Total
deposition appeared to be almost independent of the branching angle of daughter
tubes, even for asymmetrical branching models. Ain even inspiratory airflow divi-
sion at the bifurcation resulted in balanced deposition rates in the two daughter
branches. But even with uneven inspiratory flow divisions of as much as 1:3
between daughter branches, deposition efﬁcienqies and patterns deviated only
slightly from that of even flow division. The diﬁ&tribution of deposited material

|

|
|
|
|
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Figure 14 Modeled local deposition in the hacheobroncﬁal and alveolar region: Depo-
sition estimates were carried out for the sym? etrical morphometric model of Weibel (5)
at a tidal volume of 700 cm’, an inspiratory flow rate of 500 cm®s™', and an end-inspiratory
pause of 0.5 s. The percentage deposition per|airway generation is given for particles with
aerodynamic diameters ranging between 1.6 and 15.8 pum. The percentage quoted is the
fraction of all aerosol particles that pass thr&ugh the glottis. (From Ref. 129.)
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Figure 15 Experimental data on local deposition fraction from 11 young adults: Deposi-
tion fractions of 1-, 3-, and 5-pm particles are shown for tep volumetric lung compartments
in lung depths between 50 and 500 cm®. A tidal volume of 500 cm® was inhaled from
functional residual capacity at flow rates of 150, 250, and 500 cm?® s™'. Error bars (=SE
are shown for a flow rate of 250 cm? s ', (From Ref. 67.) .
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was extremely uneven among the tube sections of the models. During inhalation,
major deposition occurred in those daughter tube sections adjacent to the bifurca-
tion. With increasing particle size or flow rate, deposition within these daughter
sections increased from 70 to 90% of the total amount deposited in the model.
During exhalation, peak deposition occurred again in those sections adjacent to
the bifurcation, but now mainly in the adjacent parent tube section. This high
surface density of particle deposition at bifurcations holds not only for coarse

particles with impaction-determined

deposition, but was also observed for ul-

trafine particles (105). For ultrafine particles, however, density differences be-
tween bifurcations and along the airway lengths were not so profound.

Spatial deposition patterns within airway bifurcations have been studied
numerically (151-153,158; see Sec. IV.B, under Mathematical Models). Corre-

sponding to the airway bifurcation mo

dels applied experimentally by Kim and co-

workers, airway bifurcation geometries were constructed in a three-dimensional
computer mesh and deposition patterns inferred from modeled airflow fields and
particle trajectories. In general, there was a good agreement between the experi-
mental results and the theoretical predictions. As an example, Figure 16 shows
modeled deposition sites of 2000 randomly selected 5-um particles (p = 0.891
g cm™) inhaled at a flow rate of 133|cm® s~'. The parent branch has a diameter
of 0.5 cm and the geometry of the bifurcation is symmetrical relative to daughter
diameter (0.4 cm) and branching angle (45°), but flow division was changed
from symmetrical to asymmetrical, with Q4x/Qqg being the ratio of flows rates
in daughter branches A and B. For 1symmetrical flow division, the deposition
pattern also appeared to be symmetrical. Most of the inhaled particles deposited
as a hot-spot near the carina, but some particles were also found at the inner
airway length of daughter branches. As the flow rate increased in daughter branch
A relative to that in daughter branch B, the intensity and extension of the hot-
spot in daughter branch A increased. With increasing asymmetry of flow division,
the hot-spot in daughter B seemed first to recede to the carina, but then another
hot-spot began to develop in the center of that daughter branch (see Fig. 16).
These studies show that a homogeneous surface density of deposited particles
within the tracheobronchiolar airways appears to be unrealistic. The given exam-
ple may further illustrate the variability in deposition patterns and the complex
mechanisms determining the site of particle deposition within an airway bifur-
cation.

However, more recent studies suggest (158,160-162,234) that flow regi-

mens and particle trajectories cruciall
tions, so that unrealistic deposition pa

y depend on the geometric boundary condi-
tterns may occur in simplified and idealized

airway structures. This has to be diT)roved or verified in future studies, but it
e

appears reasonable that coming studi
tally and numerically determined dep

s must focus their interest on experimen-
osition patterns within realistic airway sys-
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Figure 16 Modeled local deposition patterns in 1deal} zed airway structures: The effect

of asymmetry in flow division on inspiratory deposition patterns of 5-pm particles (¢ =
0.891 g cm™) is shown for four different flow—rate ratlos between daughter branch A

and branch B. (From Ref. 153.)
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|
tems, especially because these approaches have now become available with mod-

ern computational techniques (159-162),

{

Nomenclature
CMD count median diameter of a partijcie number frequency distribution (Lm) l
CF correction factor applied for genﬁer [see Egs. (14) and (17)]
C, Cunningham slip correction factor
C(V) particle number concentration of the respired volume (cm™)
DE deposition fraction; particles deposited in a given structure, as a fraction of

all particies entering the respi:fatory system
DE+, total deposition :

DEgy extrathoracic deposition ;
DEgrx extrathoracic deposition for nose breathing
DEgrm extrathoracic deposition for mouth breathing
DE tracheobronchiolar deposition
DE, alveolar deposition ’ ?
Dy diffusion coefficient of a partich (cm?*s™") ;
D,/Q diffusion parameter (cm™") | ¢
d geometric particle diameter (lm) by
dy aerodynamic particle diameter Q;.Lm) F
dy thermodynamic particle diameter (1tm)
dis particle diameter at the 16% size cut of the cumulative particle size
frequency distribution |
dg, particle diameter at the 84% size cut of the cumulative particle size t
frequency distribution |
d../0 impaction parameter (um s cm %)
FRC functional residual capacity, gas volume in the lung at the end of a normal i
expiration (cm?) l ?
G factor characterizing the geom#&y of an obstacle (m)
g gravity constant (9.81 m s%) | ;
MD median particle diameter of a i}article size frequency distribution (1m)
MMD mass median diameter of a paﬁicle mass frequency distribution (um)
Q respiratory flow rate (cm®s™)
SMD surface median diameter of a Particle surface frequency distribution (iim)
Stk Stokes’ number |
T absolute temperature (K) |
t, residence time of particles in khe alveolar region (s) :
ty residence time of particles in }the small bronchial airways (s) i
Iy residence time of particles in the respiratory system (s)
u linear airflow velocity (m s™')
Virre volume of the bronchioles at FRC ievel (cm®) *
Ver extrathoracic airway volume {cm3)
Ve expired volume (cm®) !

Vin inspired volume (cm?)

|
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Iy
>

T <aQ >

bt

10.

11

|

i
tidal volume (cm?®)
root mean square diffusional displacement of particles (cm s~')
particle collection efficiency; particles depositedf in a given structure as a

fraction of all particles entering that structure

particle collection efficiency of the extralthorm:i{:]J airways
extrathoracic particle collection efficiency for ngse breathing
extrathoracic particle collection efficiency for m]outh breathing
particle collection efficiency of the tracheobron?hiolar region
particle collection efficiency of the alveolar region
dynamic viscosity of the surrounding medium (kg s~
Boltzmann constant (1.38 X 107* J K™
mean free path of gas molecules (um)
gas density (kg m™) ;
geometric standard deviation of a log-normal particle size distribution
terminal settling velocity of a particle (um s
particle density (kg m™>) ?
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