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Particle Deposition in the Respiratory Tract 

HOLGER SCHULZ, PETER BRAND, and JOACHIM HEYDER 

Institute for Inhalation Biology 
GSF-Research Center for Environment and Health 
Neuherberg/Munich, Germany 

I. Introduction and Overview 

During inhalation, particles are transported with the inspi~ed air through the extra­
thoracic airways and the bifurcating tracheobronchio~ar system to the gas­
exchanging region of the lung. A certain number of thes¢ particles are caught in 
the respiratory system by touching the wet airspace sUrfabes, a phenomenon gen­
erally referred to as particle deposition. Therefore, with ~xhalation, not all parti­
cles are recovered. Figure lA shows the fraction of p¥ticles deposited in the 
respiratory system (total deposition) during quiet mouthl breathing as a function 
of the particle diameter. This fraction is small for particles in the size range 
between 0.1 and 1 Jim. But it becomes larger for sma~ler and larger particles 
reaching almost 100% for 0.01- or IO-Jim particles. Hdwever, 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. 
IB-D). Total and regional deposition are modified furthe~ by other physical prop­
erties of the inhaled particles (particle density and shape)J by the breathing pattern 
(tidal volume, breathing frequency, and flow rate; Fig. 2)1 and by the lung geome­
try (airspace dimensions). I 

The main question addressed in this chapter is: What is the impact of each 
I 229 
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Figure 1 Schematic overview of (A) tota~ deposition fraction and of deposition fraction 
in (B) the extrathoracic, (C) the tracheobroqchial and (D) the alveolar region of the human 
respiratory system for unit-density spheres,during mouth breathing. (From Ref, 163.) 

of those factors on particle deposition I and deposition pattern and, by knowing 
the significance of each factor, is it pbssible to target specific sites within the 
lung with particles inhaled for therapeutic or diagnostic purposes? 

Particle Transport. Particle trapsport between mouth or nose and the al­
veoli is governed by convection, res1lIiting from pressure gradients generated 
along the airways during breathing. Whereas convective bulk flow characterizes 
the displacement of particles toward th~ lung periphery or vice versa, convective 
mixing refers to the amalgam of inhaldd with residual air. It occurs as a result of 
differences in bulk flow pattern during inspiration and expiration and nonuniform 
intrapulmonary ventilation (1-4). i 

As the total cross-sectional ared of the airways increases rapidly toward 
the lung periphery (5), flow velocitie.~ and, hence, the linear velocity of bulk 
flow, decrease rapidly within airways trom the extrathoracic to the small conduct­
ing airways and the alveolated region cffthe lung (4). Consequently, the residence 
time of particles is short within the larg~ conducting airways, but increases toward 
the lung periphery. ! 
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Figure 2 Effect of tidal volume (VT:500 cm3 and 1000 cm3) for a given flow rate of 
250 cm) S-l (left panel) and of flow rate (V:250 cm 3 S-l and 7~0 cm3 S-l) for a given 
tidal volume of 1500 cm3 (right panel) on total deposition fraction of unit density spheres. 
(From Ref. 10.) 

I 
Mechanisms of Mechanical Particle Transport. When particles do not 

follow, but diverge from, airflow streamlines and thereby icome in contact with 
airspace surfaces, particle deposition occurs. This divergint from airflow stream­
lines and particle trajectories is mainly due to mechanisms bf mechanical particle 

I 

transport: inertial, gravitational, and diffusional particle transport (Fig. 3). The 
i 
I 
I 

• 
• i 
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Figure 3 Mechanisms of particle deposition in the respiratory Jystem. Illustrated are the 
three main deposition mechanisms, impaction, sedimentation, a1d diffusion, in an airway 
bifurcation during inhalation. . 
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extent to which each of these mechanisms ¢ontributes 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 flm, 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 O.l-flm particle can cover a 
distance of 40 flm in 1 s; a O.Ol-flm particle a distance of 350 flm. 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 s~all airway dimensions favors deposi­
tion by diffusion. Residence time is long, ~nd the distance a particle has to travel 
before it hits an airspace wall is short. , 

Sedimentation. Particles are contin~ally 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 flm (see Table 1). The distance a partic,le 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 I-flm diameter settles a, a distance of 35 flm in 1 s, whereas 

I 

a unit-density sphere of lO-flm diameter isettles at a distance of 3000 flm (see 
Table 1) within this time. The longer a pru1icle remains in the respiratory system, 

Table 1 Mean Displacement of Unit-Density Spheres in 1 s by Gravitational, 
Inertial, and Diffusional Transport 

Settling Stopping Diffusional 
Diameter distance distance displacement Mass 
(Jlm) (Jlm) (Jlm) (Jlm) (pg) 

25.0 18,203.3 1,892.5 1.46 8,181.2 
10.0 2,912.9 3,02.8 2.32 523.4 
5.0 739.9 75.7 3.30 65.45 
2.0 124.0 12.1 5.34 4.19 
1.0 33.34 3.02 7.84 0.524 
0.5 9.54 0.76 11.85 6.545 x 10-2 

0.2 2.19 0.12 22.31 4.189 x 10-3 

0.1 0.87 0.03 39.19 5.236 x 10-4 

0.05 0.38 0.008 72.96 6.545 X 10-5 

0.02 0.144 0.001 I 174.53 4.189 X 10-6 

0.01 0.071 0.0003 i 343.96 5.236 X 10-7 

, 
T~mperature: ~7°C; ~tmosp~~r~c pressu:e 1013 hla, viscosit~: 1:9 x 10-5 P~s. stopping distance is 
given for particles with an ImtIal velocity of I m ,S-I, 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 
l-~lm diameter, traveling with a velocity of 1 or 5 m s-l-which are typical 
airflow velocities prevailing in the larger conducting aitiv'ays during quiet breath­
ing and during moderate exercise-stops within a disdmce of 3 or 15 ~m on a 
sudden cessation of airflow, whereas a unit-density 10L~m sphere continues to 
travel for 30.0. or 150.0. ~m (see Table 1). Inertial impaction will most likely occur 
in the extrathoracic airways and in the large conduct~ng 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 deposition I on particle diameter, as 
displayed in Figure lA, becomes clear. Minimal depqsition occurs in the size 
range between 0..1 and 1 ~m, because neither impactt'bn or sedimentation nor 
diffusion are effective in particle displacement. With d creasing particle diame­
ter, diffusional particle displacement increases so that article deposition in the 
respiratory system increases. With increasing particle diameter, the distance cov­
ered by sedimentation or impaction increases such thai total particle deposition 
is also enhanced. ! 

In how far do physical particle features determin~ regional particle deposi­
tion? During quiet breathing, inertial impaction appearsEto be negligible for parti­
cles smaller than 2 ~m (see Fig. IB-D), so that those p icles escape deposition 
within the extrathoracic region and the large conducti g airways, but they are 

I 

collected by the time-dependent deposition mechanisms-. diffusion and sedimen­
tation-in the small conducting airways and the alveol.J. region of the lung. Con-

I 

versely, large particles, with a diameter of about 10 J..lm,lare most likely deposited 
by impaction in the extrathoracic region, so that only I some particles reach the 
large conducting airways, where they are also deposite~ by impaction. With de­
creasing particle diameter, particle displacement by ~nertia decreases, so that 
more and more particles escape deposition in the extrat~oracic and the large con­
ducting airways. They are caught in the small conduct~'·g airways or even in the 
alveolar region of the lung, either by sedimentation 0 by diffusion. 

Particle Deposition Related to Breathing Patter s. An increase in tidal 
volume, while keeping the flow rate constant, will transport particles by convec­
tion deeper into the lung and increase their mean re~idence 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 th*n 2 ~m, but decreases total deposition 
of smaller particles. This is because the higher flow rate increases the probability 

I 

for particle losses by impaction in the extItathoracic and large conducting airways, 
but particle losses by diffusion and sedifuentation 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 proxim~ airspaces. Consequently, targeting of 
specific airspaces in the lung with particles is possible if an appropriate particle 
size is chosen. This targeting can even b~ improved by making use of appropriate 
breathing patterns. Details are presented; in the following paragraphs. 

II. Basics and Definitions 

A. Aerosol 

An aerosol is a suspension of particul~te matter in air. It comprises airborne 
droplets, solid particles, or both; all w~ll be referred to as "particles" in this 
paper. Because of mechanical particle tr~nsport, 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 aggrfgate. 

Physical Description of an Aeroso~ 
I 

Particle Diameters 

Most aerosols are heterodisperse, possi~ly containing particles of varying sizes, 
shapes, and densities. The physical desGription of an heterodisperse aerosol may 
be misleading if simple geometric teops are used for particle characterization 
(e.g., the geometric particle diameter, (I). Hence, equivalent particle diameters 
related to distinct physical particle pr~perties are often applied. For example, 
particles may be classified relative to eir gravitational settling, and compared 
by their aerodynamic diameter dae, whe e dae is the geometric diameter of a unit­
density sphere that has the same gravit~.',tional settling velocity as the particle in 
question. Accordingly, equivalent diameters may be based on particle inertia, or 

I 

they may be related to diffusional tran~port (thermodynamic diameter, dtlJ. But 
the light-scattering properties of particles are also applied for classification. 

The particle diameters given in qus paper refer to the geometric diameter 
of a unit-density sphere, if not otherwise specified. 

I 

I 
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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 transferre~ into the bell-shaped, 
gaussian error curve (see Fig. 4B). Consequently, two parameters are required 
to describe the particle size distribution of an aerosol: th~ median particle diame­
ter (MD), and an index of dispersion, the geometric stan4Jard deviation (<Tg). The 
MD of the log-normal frequency distribution is equiv<jtlent 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 

<Tg = ~ ~ (1)
''J~ 

where d 16 and d84 are the particle diameters at the 16 all:d at the 84% size cut of 
the distribution. Depending on the biological effect unde~ 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 o( 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 t~e respiratory system is 
of significance. For particles absorbing toxic constitutes onto their surfaces, the 
surface area of the particles is the appropriate paramet~r. Accordingly, the size 
distribution may be described by the count median di~meter (CMD), the mass 
median diameter (MMD), or the surface median diam"eter (SMD). The count, 
the mass, or the surface distribution, all exhibit the same geometric standard 

I 

deviation, and a clear relation between the means is giver, in that CMD is smaller 
than MMD, whereas SMD is always in-between (see Rig. 4). 

Monodisperse-Polydisperse Aerosols I 
I 

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 par,icles of a monodisperse 
aerosol are considered to behave as if they had exactly !the same diameter as the 
MD of the size distribution. In poiydisperse aerosols, papicles of widely differing 
sizes are present, and <Tg is larger than 1.2. ~ 

I 
IParticle Classes 

The upper limit of diameter for respirable particles is Iapproximately 50 /.lm in 
humans, but differs among species (6-9). According to their diameter, particles 
are commonly grouped into different classes: ultrafine,lfine, and coarse particles. 
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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 te~t. 
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i 
I 

Particles smaller than 0.1 Jlm in diameter are frequently called ultra fine 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 Jlm as fine particles, and those larger than 25 Jlm in diameter as coarse 
particles. According to the Health Effects Institute (REI) convention, particles 
with diameters between 0.1 and 1 Jlm are fine particles, whereas coarse particles 
are larger than 1 Jlm 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 Jlm are related to the thennodynamic domain and particles larger than 
1 Jlm to the aerodynamic domain. A transitional d~main is defined for those 
particles with diameters between 0.1 and 1 Jlm (10). A detailed overview of the 
different particle classifications is given in Chapter L 

B. Deposition 

In a mathematical sense, deposition refers to the me~ probability for an inspired 
particle to be caught in the respiratory system. It is denved from particle number 
or mass balance considerations over a given respired rolume, 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 t~kes place when convective 
mixing of inhaled with reserve air causes particles nolt to be recovered on subse­
quent expirations. The site of initial particle contact with the airspace surface 
is considered the site of initial deposition. Thereaftelr, particles may rapidly be 
dislocated by means of mucociliary clearance or by rracrophages after phagocy­
tosis (11; see also Chap. 7). ! 

I 

Total, Regional, and Local Particle Deposition i 
Total deposition fraction or total deposition is the fraction of inhaled particles 
deposited in the entire respiratory system. Total denosition is composed of the 
sum of regional depositions taking place within distinpt regions of the respiratory 
tract. Two main regions are considered: the extra- an~ intrathoracic regions. De­
position in the extrathoracic region refers to depositi<lm occurring in the nasopha­
ryngeal or oropharyngeal airways and the larynx duripg nose or mouth breathing. 
It was previously considered as laryngeal depositifn, for mouth breathing or 
nasopharyngeal deposition, for nose breathing. Intrarhoracic deposition is given 
by the quantity deposited in the tracheobronchiolar ~egion (corresponding to the 
bronchial and bronchiolar region [BB + bb] of the IICRP model; see 138) and 

I 

in the alveolar region. I 

Particle collection on a subregional level is defined as local deposition. For 
I 

example, local deposition in the nose may refer to Ideposition 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. 

III. 	 Physical Mechanisms of Particle Deposition 

in the Respiratory Tract 


Particle deposition in the respiratory sy&tem 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 an~ 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 Sedimentatio~ 

Particles are continuously exposed to ~ravity and undergo gravitational settling 
in air. During sedimentation, a particle acquires its tenninal settling velocity v 
when gravitational forces are balanced ~y viscous resistive forces of the gas. This 
is described by Stokes' law, given herb for a spherical particle with geometric 
diameter d and density p 

( ~) p d' g = 3 1111 d v 	 (2) 

The force of gravity on the particle is bharacterized by the left-hand side of the 
equation, where g is the gravitational !constant. The right-hand side represents 
the resistive forces, where 11 is the dyn~c viscosity of the surrounding medium. 
For the size region smaller than I-flm diameter, the Cunningham slip correction 
factor (Cs.; 15) has to be applied to take tlle discontinuity ofthe surrounding medium 
into consideration. This results in a higher settling velocity than predicted by 
Stokes' law. The terminal settling velotity for spherical particles is then 

p d2 g C s ! 

V = (3)
1811 

I 

Settling velocities for particles of diffrrent sizes are given in Table 1. Gravita­
tional particle displacement becomes Imore effective than diffusional displace­
ment for spheres larger than 0.5 flm. i 

Respirable particles acquire th~ terminal settling velocity in less than 
0.1 ms (13), a fraction of less than 1 % lof the typical transit time of the airflow in 
any airway generation of the bronchial tree. For all practical purposes, therefore, 

I 
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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 (trs). Breath-holding at the end of inspiration increases gravitational deposi­
tion, for the residence time and, hence, the settling d~stance is increased. Consid­
ering the respiratory flow rate Q, gravitational deposition is proportional to the 
parameter d2/ Q. 

The efficiency of gravitational deposition is hi~her 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 ~ame 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 ca~ be assessed by the stopping 
distance (i.e., by the distance a particle with a giv~n initial velocity will travel 
in still air in the absence of external forces). Tabl~ 1 shows stopping distances 
of particles traveling with a velocity of 1 m s-I, a typical linear airflow velocity 
prevailing in the first ten airway generations of thie bronchial tree during quiet 
breathing. It appears that inertial displacement becrmes significant during quiet 
breathing for particles larger than 2 J.1m. . 

The likelihood that spheres with the diamet¢r 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 (Stk1 

p~u I 

~= ~ 
18 TJ G 

where G characterizes the geometry of the structur~ in which particles are travel­
ing (e.g., the diameter of a tube). The higher the StQkes' number, the more readily 
particles will depart from airflow streamlines, andithe 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 iJ proportional to the impaction 
parameter d2Q. 

C. Brownian Displacement I 
I 

Gas molecules are in constant motion because of t~eir 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 J.lm under ordinruiy atmospheric conditions (i.e., about 
150 times the molecular diameter). The speed of the gas molecules is about 
100 m S-I, leading to a collision frequency of about 5 X 109 S-I (13,17). 

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

- l( T CsDp - (5)
31t11d 

where 11 is the viscosity of the surroundiqg medium, Cs is the slip correction 
factor, T is the absolute temperature, and il( is the Boltzmann constant. Unlike 
gravitational displacement or impaction, diffusional transport is independent of 
particle density, but also depends on particl~ shape (18,19). The root mean square 
diffusional particle displacement ~ for paJ1iculate matter subjected to stochastic 
transport processes (20) I 

(6) 

is given for t = I s in Table 1 for particles qf different sizes. Diffusional displace­
ment becomes effective for spheres smallir than 0.5 J.lm. 

The probability for a particle to be ~eposited by diffusional displacement 
increases with (tr/d)1/2, where trs is the rdidence time in the respiratory system. 
For the respiratory flow rate, diffusional d~position is a function of the diffusion 
parameter Dp/Q. . 

D. Interception 

Interception takes place when a particle ~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 fibdrs, because deposition by interception 
requires that the particle size is a significabt fraction of the airway diameter. The 

I 

aerodynamic diameter of fibers is predorrpnantly 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 with a diameter of 0.5 J.lm and a length 
of 100 J.lm behaves the same as a 1.5-1ln) sphere in terms of sedimentation and 
impaction. Therefore, fibers have a low probability of deposition in the conduct­
ing airways by impaction or sedimentatiop, but interception has to be considered 
as an important mechanism. i 

I 
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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 r¥echanical generation, and 
the age of the particles. Charged particles may have an enhanced deposition. For 
low particle-number concentrations « 1 05 cm -3), ~eposition increase is as­
sumed to result from the electrostatic image charges generated on the surlace of 
the airways by the charged particles (24). A threshold charge is required to en­
hance deposition, which Yu (24) found to be about pO elementary charges for 
I-Jlm particles. For each particle size, deposition increases linearly with the num­
ber of elementary charges prevalent on the particle~. 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). I 

IV. 	 Methods of Assessing Particle Deppsition 

in the Respiratory Tract 


A. Experimental Approaches 

Noninvasive Techniques 

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

I 

Inhaled particles can be labeled with a variet~ of radionuclides, emitting 
~-rays or y-rays. The ~-rays are highly absorbed frbm tissue, so that they are 
almost undetectable from outside the body. With ~-~mitting radionuclides (e.g., 
3H or 1

4C), particle deposition in the respiratory system or in the mouth can be 
assessed only from radioactivity recovered on expire4-air filters or in lavage fluid 
from mouth washings. ; 

As body tissues are much more radiolucent forly-rays, y-Iabels can provide 
information on the amount and the distribution of pa1icles deposited in the respi­
ratory system by using external radioactivity countsj Total deposition is inferred 
from the activity present in the entire body, where1s regional deposition is as­
sessed from the radioactivity measured over the extrathoracic and the intratho­
racic regions. Beside the spatial resolution of y-co~nt images, time kinetics of 
particle clearance are commonly used to further sepa;rate intrathoracic deposition 
into tracheobronchiolar and alveolar deposition: Fasi-cleared activity is assumed 
to have been deposited in the tracheobronchiolar rFgion, whereas that cleared 
slowly is assigned to the alveolated regions of the *ng. This functional separa-

I, 
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tion, however, has become a matter of controversial discussion because recent 
experimental results suggest that a significant fraction of particles deposited in 
the tracheobronchiolar region is retain~d much longer than previously assumed 
(30-32; see also Chap. 7). f 

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

For stable "(-labeling of inhaled aerosols, different radioisotopes (e.g., llC, 
57CO, 6OCO, 67Ga, II lIn, or 99mTc) are available, providing a wide spectrum of energ­
ies, types of radiation, half-lives, and~.ses. Unfortunately, it is technically diffi­
cult to label pharmaceutical agents di ctly, so that in most medical deposition 
studies a surrogate of radio labeled p . icles or a mixture of drug substance and 
labeled particles is employed. . 

Devices Detecting Emitted "(-Ray$. The total amount of material deposited 
in a subject after exposure to a "(-tagg·d aerosol can be determined in a whole­
body counter. The energies of ,,(-quant are measured by registration of the light 
pulses they produce in a sodium iodi . e crystal. Whole-body counters may use 
only one detector surrounding the su~ject 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 o( the detector to a certain region of interest 
(e.g., to the extra- or the intrathoracic r~gions; 42,47,48). The amount of radioac­
tivity to be detected by a whole-body ~ounter 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 ~asked with a honeycomb lead collimator 
containing as many as 15,000 parallel holes. The scintillations in each element 
of the crystal are elicited by incomin . "(-rays, projected from only a small area 
of the body. They are sensed by phot~tubes, and the signals are converted to a 
two-dimensional radioactivity image f;.fleeting the deposition pattern within the 
respiratory system. However, only limi ed information is given about the anatom­
ical location of particles deposited wi in the lungs. A variety of indices calcu­
lated to quantify the deposition patterrl in central and peripheral lung structures, 
among which the "penetration index' j is most frequently used, implies that the 
central regions of the thoracic image jepresent mostly the large conducting air­
ways (e.g., 33,49-54). However, in hree-dimensional space, the presence of 

1
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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 region~ (38,50). Radioactivity 
administered for gamma-camera imaging typically ranges ~etween 2 and 10 MBq. 

Three-dimensional images of the distribution of ra~ioactivity 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 v,iew of the radionuclide 
distribution is constructed. Spatial resolution is sufficient 'to estimate particle de­
position in the largest conducting airways, but not in the Ismaller structures. To­
mographic emission scanners are not indicated for total,deposition studies, be­
cause long patient examination times and large quabtities 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 field to the whole thorax 
or to localized areas and measuring the remanent magnefic field of retained lung 
particles by sensitive magnetometers. With a calibrated system, the magnitude 
of the magnetic field gives the amount of accumulated tPagnetic particles in the 
respiratory system. In deposition studies on volunteer~, magnetide (Fe304) or 
hematite (y-Fe203) particles have been applied (61,62). ~isturbingly, the magni­
tude of the remanent magnetic field increases in the fi1st 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). It precludes a reasonable interpretation of 1agnetometric deposition 
data to date. ; 

I 
I 

Light-Scattering Photometry (Tyndallometry) : 

The light-scattering technique enabled Tyndall in 188~ (65), for the first time, 
I 

to directly observe that inhaled particles are retained if 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 lung~. Since then, tyndallome­
try has been used in numerous deposition studies (e.g.' 67-75). 

Tyndallometry is based on the measurement of t~e intensity of light scat­
tered by inspired and expired particles while they pass tlirrough a light beam close 
to the entrance of the respiratory system. The scattered light originates from all 
particles simultaneously present in the beam. Its intedsity depends on particle 
number concentration, but also on diameter and refra1tive index of the aerosol 
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particles. In applying nonhygroscopic, monodisperse particles, the intensity of 
the scattered light is solely proportional ito particle number concentration. When 
light-scattering photometry is combinedl with pneumotachography, a continuous 
monitoring of particle number concent4tion in the respired air, as a function of 
the respired volume, is possible. Total deposition is given by 

tex C(V) dV 

tn C(V) dV 

(7) 

where Vin and Vex 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 cl~nical studies (76). It can be used to gain 
not only total deposition, but also particlb deposition in so-called volumetric lung 
compartments (67,77,78). For that purpose, the inspired volume is considered as 
a succession of many small volume eleFents. Elements inspired at the onset of 
inspiration penetrate deeply into the reS!iratOry system, those inspired at the end 
of inspiration penetrate much less. Whe a single volume element is labeled with 
particles, an aerosol bolus is inspired. f particle deposition is determined from 
a series of boluses inhaled into differen~ volumetric lung regions-"series bolus 
delivery technique' '-a simple algoritbm can be used to estimate deposition in 
these volumetric compartments (67). In~hat case, the lung region is characterized 
by the volume of respired air transpo ing the particle bolus convectively into 
the respiratory system. Model simulati. ns have to be used in a second step to 
convert volumetric lung regions to distiljlct anatomical regions (e.g., to the alveo­
lated region or to the conducting airwars). 

Invasive Techniques 

Postmortem measurements in laboratotfY animals supply information about re­
gional or local deposition patterns in the lungs at better spatial resolution than 
noninvasive techniques can provide. M1st frequently, radioactively labeled parti­
cles are applied, but magnetically label d particles, microspheres, or fluorescent 
particles have also been used to quant fy deposition throughout the lung on a 
macroscopic or microscopic level (79)'j Most of the invasive techniques require 
special lung fixation procedures before retention analysis to avoid translocation 
or particle loss during the fixation proc~'dure (11,74). Rapid microwave fixation 
(80-82), intravascular perfusion techni ues (74,83), and cryofixation (84) have 
been applied (see also Chap. 6). . 
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Measurement Techniques . 

No single technique can provide all possible informatidn on intrapulmonary parti­
cle deposition, so that the choice of the technique clear~y depends on the question 
to be answered. 

Lung or lobe dissection provides estimates abo~t regional particle deposi­
tion on a macroscopic scale. Lobe-to-Iobe, apex-to-base, or ventral-to-dorsal dif­
ferences can be assessed. Piece dissection is used to ~.stimate overall deposition 
heterogeneity throughout the lung or within a lung re ion. Regions with a high 
or a low particle load can be identified (80,85,86). e 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 overl~y tracing of the lung slice, 
particle distribution can be mapped in detail. Quantitative information is obtained 
by computer-assisted correlation of anatomical feature$ with the film density (89). 

Unbiased stereological sampling techniques in tombination with morpho­
metrical analysis are required to obtain information a~out how particles are dis­
tributed throughout distinct anatomical compartment~ of the lung (e.g., respira­
tory bronchioles or alveolar ducts, 90-93; see alsq, Chap. 6). This type of 
approach can also provide information about the dose ~f particles per surface area 
retained in the various compartments of the lung. In ¢ombination with confocal 
microscopy, the anatomical site of particle depositiori can be examined in three 
dimensions (Fig. 5; 83,84). i 

To localize particles or soluble remanents of ~articles within cells or on 
the level of subcellular compartments, electron micros opic techniques are neces­
sary (i.e., electron spectroscopic imaging and electro energy loss spectroscopy; 
95,96). , 

Deposition in Physical Models i 
I 

Experimental studies in idealized bronchial structuresl (e.g., 97-103) or in repli­
cates of casts (e.g., 104-112) allow "inhalation" of s~bstantial amounts of parti­
cles into easily accessible structures without having to deal with secondary redis­
tribution phenomena caused by continuous particle clearing or lung preparation 
processes. They are performed to obtain informationt' n primary deposition pat­
terns with finer spatial resolution than is possible in i vivo experiments. These 
types of measurements may also be considered as th experimental match, val­
idating theoretical approaches on particle deposition (ee later). Mean local depo­
sition rates, but also the heterogeneity of particle deposition within bifurcating 
zones, were investigated. Many studies (98-103, 1O~,111) specifically focused 
on localization of so-called hot-spots, which are s~s of enhanced deposition 
within the larynx or the tracheobronchiolar tree and ufay be most important rela­
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Figure 5 Sites of particle deposition by confocal microscopy. Deposition sites 
of red and green fluorescent particles with a diameter of 2 11m are shown in a bifurcation 
of a canine bronchiole surrounded by lung Please note, particles are marked I 

with a thin white circle to improve their aprarance in this black and white copy. 

I 

tive to human health hazards arising frJm airborne particles. To a lesser extent, 
the influence of specific airflow fields o~· the pattern of intrabronchial deposition 
has been studied (98,99). In models of single bifurcations or of few successive 
airway generations, structural paramete s of bifurcations (e.g., branching angles 
or symmetry) were varied systematicallY to evaluate factors governing the pro­
cess of deposition within these model ;.ifurcations (98,99,103). 

Limitations arise particularly whe studies are performed in idealized tubu­
lar structures, because geometric feature of the conducting airways are simplified 
to an extent that may result in unrealistiC airflow fields and unreasonable particle 
deposition patterns. Replicates of bronbhial casts provide a more realistic flow 
geometry. Often constant airflows are u1ed, which to some extent can only mimic 
the effects of in vivo flow variations. rittle information is available, however, 
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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 ihave been introduced to 
, 

predict the amount, the anatomical sites, and the underl~ing mechanisms of parti­
cle deposition in the respiratory system. Modeling particle deposition requires 
idealized assumptions about the structure of the respira~ory system (morphomet­
ric model), the particle transport through the airways (gas dynamics model) and 
toward the airway surfaces (mechanical particle transpbrt model), and about the 
physiological parameters characterizing breathing patte~s (physiological model). 
Having chosen an appropriate set of assumptions, thr physical laws of mass, 
heat, and momentum conservation are employed to ~uantify the dynamics of 
interest and to determine their effect on particle depqsition. 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, a~l models published so far 
were capable of characterizing deposition in the respiratory system reasonably 
well in comparison with existing experimental data. I 

The models introduced by Findeisen (117), Alt~huler (118), and Taulbee 
and Yu (119) are considered "primary deposition modtls," in that each proposed 
original and independent mathematical formalisms to ~escribe particle transport 
onto airway surfaces. Incidently, they are also based on different models of the 
geometric structure of the human lung. Later, the form~isms of the primary mod­
els were adopted and modified by many authors, resu~ting in so-called' 'second­
ary deposition models" (120-134). Recent models ~ve been proposed by the 
U.S. National Council on Radiation Protection and Mfasurements (NCRP; 136­
137) and by the Task Group on Human Respiratory Tract Models for Radiological 
Protection (ICRP; 137,138). I 

In 1935, the meteorologist Findeisen was the fir4t to introduce a lung depo­
sition model. The geometric structure of the lung is treated as a system of nine 
regions, arranged in series and characterized accordint to the functional and ana­
tomical features of different-sized airway structures. iThe model neglects extra­
thoracic airways and starts with the trachea, the last *gion contains the alveolar 
sacs. Particle transport through airways occurs solelt by convective bulk flow, 
whereas mixing processes are neglected. Particle loss onto airway surfaces is 
considered as a function of impaction, sedimentatio~, and diffusion, which are 
assumed to act independently of each other. Findeisef's estimations of total tho­
racic particle loss for the size range between 0.03 and,lO flm are shown in Figure 
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6. Interestingly, despite the relative simplicity of his model, subsequent, more 
sophisticated models, as well as experi~ental data, in principle, confirmed his 
predictions. This holds true for modifications of the Findeisen model by Landahl 
(121,122), who added a region representing mouth and pharynx, and by Beeck­
mans (123,124), who further considereq convective mixing in particle transport 
processes. The first international attempt to assess regional particle deposition in 
the lung was based on the Findeisen-Umdahl-Beeckman modeling (126). 

In contrast to Findeisen's approac~, the model proposed by Altshuler (118) 
is spatially continuous, in that the entire irespiratory 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 spatial1~ and temporally continuous and allows 
the simulation of arbitrary breathing conkIitions. The applied gas dynamics model 
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Figure 6 Total deposition fraction of Unitt~densitY spheres during mouth breathing: Data 
m3were modeled for a tidal volume of 1000 and a rate of 15 breaths per minute and 

for different morphometric models of the uman lung. (From Ref. 150.) 
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considers longitudinal mixing in conducting airways an~ convective mixing be­
tween inhaled and residual air in alveolated airways. Tht1 morphometrical model 
approximates the many generations of the airways by a trUmpet-shaped structure, 
with a variable, continuously increasing cross section albng its depth. 

This "trumpet model" was originally introduced:by Scherer et al. (141) 
for simulations of intrapulmonary gas transport and is b~sed 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 leading to a specific airway 
generation. The model is, therefore, termed "symmetridal" or "deterministic." 

Most of the later proposed secondary deposition ~odels use symmetrical 
morphometric model structures (e.g., 121,125,127-129,l44), whereas some oth­
ers are based on a system of asymmetrically branchingl airways (e.g., 130,132­
134,145-147). Various simulations neglect the existency 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 ~cinus. However, the in­
fluence of using different morphometric data sets is srp.all, and calculated total 
or regional deposition does not vary considerably from ~me model to another (see 
Fig. 6; 115,148-150). i 

A so-called stochastic airway model was propostid by Koblinger and Hof­
mann (146,147). It is based on statistical relations (e~aluated on airway casts) 
between geometrical parameters of a given parent airWay and those of the two 
branching daughter airways. This model shows a significant variability of airway 
lengths, diameters, and numbers of airway generations !along different pathways. 
The transport of inspired particles occurs by randomlyl selecting at each bifurca­
tion the sequence of airways an individual particle is passing through. Interest­
ingly, the effect on calculated total or regional depOSition again appears to be 
minor when compared with other lung models. Howevh, within the intrathoracic 
airways, deposition appears to be partially shifted to m~re distal airways. Further­
more, this model may provide insight into the depOSition variability potentially 
present in the lung within airways of a given generatfon (115,133,134,147). 

All of the foregoing deposition models are b~ed on the assumption of 
uniform particle distribution within and among airwars. However, local deposi­
tion per unit surface area is frequently important for ~he assessment of possible 
risks from ambient air pollution, and local accumula~ons of particles can occur 
in bifurcating systems. Nowadays, computational techpiques and capacities allow 
theoretical deposition models to focus on local particle deposition in subunits of 
the respiratory system (e.g., in the oropharyngeal cavlty) or in three-dimensional 
airway bifurcation models. Air velocity fields are c0niputed by numerical model­
ing techniques solving the Navier-Stokes equation in ~he respective model geom­
etry (151-158). Particles are then virtually entrained i~ the airstream, and particle 
trajectories are simulated by solving the equations fo~ particle motion. Local par-

I 
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ticle deposition patterns within the three-~imensional model are inferred from 
the intersection of particle trajectories witb the adjacent model surfaces. So far, 
the effects of asymmetries in airway dia~eters, branching angles, or flow divi­
sion, and the influence of the gravitational ~gle at bifurcations have been studied 
in idealized airway models. Recently, a n~w approach was introduced by Perzl 
et aL (159) to make real-lung geometries tailable for computational deposition 
modeling. Two-dimensional images of a cine cast obtained by high-resolution 
computed tomography were combined to rield a three-dimensional volume data 
set. After image processing, a three-dimensional polygonial surface representa­
tion from the cast was created, showing <fxcellent conformity with the original 
cast. Based on this surface representation,! a finite-element mesh was generated, 
allowing computational fluid dynamics in Irealistic conducting airway structures 
(160). These numerically modeled airfloW fields can even be verified in hollow 
replicates of these computational surface Irepresentations by measuring experi­
mentally the flow fields applying the laser-!1ight-sheet imaging method (161,162). 

Empirical Models . 

A different approach to deposition mo~~ling 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 respiratory system to be a series of filters 
representing the various anatomical or functional regions of the system. Parame­
ters characterizing particle motion by imp~ction, sedimentation, and diffusion are 
developed, and the dependence on the filtration efficiencies of the respective re­
gions is determined. By means of the le~st-square method, the parameters are 
optimized to fit experimental data (112,1 p3-168). An advantage of this type of 
modeling is that it presents relatively cleaf-cut algebraic approximations that pro­
vide qualified estimates of regional parti~le deposition. It also represents a tool 
for interpolating and extrapolating missi~g experimental data on a simple basis. 

V. Total Deposition 

Numerous studies have investigated total1deposition in human lungs for a variety 
of test particles under different experime~tal conditions. Schlesinger (8) summa­
rized those studies performed in health~ subjects using monodisperse, charge­
neutralized, nonhygroscopic, and non fibrous aerosols. Corrections for different 
ventilation conditions were not applied. iThe 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 mi~imum of about 15% for particles in the 
0.1- to I-J..Lm-size range, for which neith~r impaction nor sedimentation or diffu­
sion are effective in particle displaceme1t. 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 $tandard deviations when avail­
able. Particle diameters are aerodynamic for those> 0.5 !If and thermodynamic for those 
< 0.5 !lm. (From Ref. 8.) I 

ems deposition for particles with aerodynamic d~ameters larger than 111m, 
whereas diffusional displacement determines the deRosition of ultrafine particles. 

For particles with aerodynamic diameters larg~r than 111m, nasal inhalation 
generally results in higher total deposition rates th~ during oral breathing, un­
derlining the greater particle-collecting efficiency of the nasal passage. There is 
no difference in total deposition between nasal anq oral breathing for particles 
smaller than 1 f.lm, although little differences for particles in the nanometer range 
have been reported (169,170). I 

There is a considerable scatter in the depositi9n 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 f~r particle inhalation (71,72, 
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I 
169-175). Quantifying the biological variability in deposition by the coefficient 
of variation reveals that, in healthy hu~an subjects, coefficients of 0.38 and 0.19 
were observed for 1 and 3-~m-particlei deposition under spontaneous-breathing 
conditions. Under these conditions, coqfficients of variation for minute ventila­
tion, tidal volume, and breathing frequetltcy were found to be about 0.2 (176,177). 
For controlled-breathing conditions, to~l deposition variability was diminished, 
and the respective coefficients of variation 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 (DEE~)' tracheobronchiolar (DETB), and alveo­
lar deposition (DEA), total deposition (fETot) can be assessed by 

DETot = DEr:r + DETB + DEA : (8) 

VI. Regional Deposition 

A. Extrathoracic Deposition . 
I 

Even during quiet breathing, flow velodities in the extrathoracic airways are rela­
tively high. Therefore, residence time iof particles within these regions is short 
and most of the airflow through nas~l or oropharyngeal airways is turbulent 
(178,179), For particles in the aerod~namic domain, deposition is governed 
mainly by impaction. Particle depositi9n in the ultrafine-sized range is controlled 
principally by diffusion, but may be enhanced by the complex interactions of 
diffusion and turbulent airflow (180- ~82). 

Nose Breathing 

The specific anatomical features of the nose, such as nasal hairs or the nasal 
valves, support the high filtration efqciency of the nose and favor deposition 
mainly at the entrance of the nasal cavity (183). With nose breathing, laryngeal 
deposition has been neglected by mo~t 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 onl~ within the nasopharyngeal airways has 
been considered, extrathoracic deposiaon during nose breathing has been previ­
ously termed nasopharyngeal depOSitirn. 

Aerodynamic Domain ! 

Figure 8 summarizes experimental data (184) obtained on inspiratory collection 
efficiencies of the human nose as a function of the impaction parameter d;e Q

I 

(dae , aerodynamic particle diameter; Q, respiratory flow rate). This parameter is 
applied to account for different flow rates and particle sizes between experimental 
studies. Despite substantial scatter of ithe data, the particle collection efficiency 
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Figure 8 Inspiratory collection efficiency of the human ~ose as a function of the im­
paction parameter d~ Q; The curve represents a hyperbolic approximation; dae • aerody-

I 

namic particle diameter; Q. inspiratory flow rate. (From Rif. 184.) 

I 
of the nose appears to increase in a sigmoidal mannet with increasing values of 
d~e Q. The targeting of particles to the nasal region, th,refore, requires an aerosol 
with coarse particles to be inhaled with large flow ve~ocities. 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 ip the order of 250 cm 3 S-I 

and 1000 cm 3 S-I, so that the respective impaction patameters for 3-I..l.ffi particles 
are 2250 IJ,m2 cm3 S-I and 9000 !J.ffi2 cm3 S-I. The jlatter value also holds for 
6-lJ,m particles during quiet breathing. The corresponding experimental data 

I 

~hows ~asal dep~sition efficiencies ~f O.O~ to 0.6 for p-lJ,m particles inhaled dur­
mg qUiet breathmg. For 3-lJ,m partIcles mhaled at iooo cm 3 S-l or for 6-lJ,m

I 

particles inhaled at 250 cm3 s -I, deposition rates are10.25 to 0.8. The scatter in 
experimental data is related to mainly the intersubjec~ variability of the anatomi­
cal features of the nose (185-187). Cheng and co-~orkers (185) characterized 
nasal geometry of ten subjects using magnetic resqnance imaging (MRI) and 
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acoustic rhinometry. They found that particle deposition onto nasal airway walls 
increases with increasing nasal surface ~rea and airway complexity, and with 
decreasing nasal cross-sectional area. AIsb, a significant variability in deposition 
arises within individuals from physiolo~ically 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%. I 

There are several approaches to characterize nasal deposition by mathemat­
ical (120,122) or by empirical models (16~,165-168,173,184,188,189). For parti­
cles of 1 f.1m or larger, Rudolf et al. (168)lestimated inspiratory particle collection 
efficiency of the nose (EET-N) by 

EET.N = 1 - (2.05 X 10-4d~ Q -tr 1)-1 (9)
I 

I 


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 collection efficiency. Stahlhofen (184) consid­
ers the fraction of the tidal volume flO~'ng through the nose during inspiration 
to be 1 - VETIVT • The fraction of partie es deposited in the extrathoracic region 
during nasal breathing DEET.Nis then gi en by 

DE"'.N = [1 ( VET)] EET·N (10)
VT 

I 

where VT is the tidal volume and VET is tjhe extrathoracic volume. VET is approxi­
mated to 50 cm3 for male adults and to 4Q cm3 for female adults (168). Deposition 
data predicted by the model for a tida~ vo~um~ of 1000 cm3

, at fl~w ra~es of 
250 cm3 s -I and 1000 cm 3 s I are sho~n In FIgure 9. For all partIcles In the 
aerodynamic size range, the higher flot 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 de~osited particles [see Eqs. (9) and (10)], 
but the absolute number or mass of particles retained in the nose changes propor­
tionally with the tidal volume. I 

Thermodynamic Domain I
I 

. 
Deposition of particles of the thermodynamic size range has not been studied 
extensively in humans. Cheng and co-rorkers (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 flowlrates of 333 cm3 s I, deposition fractions 
for these particle sizes were 36.7 ± 10.6 (mean ± SD), 21.2 ± 8.9, 11.1 ± 7.7, 
and 5.2 ± 3.8%. However, because efpiratory 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-

I 
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rived from data on total deposition, wasi estimated to be 15 and 4% for 5- and 
lO-nm particles at flow rates of 250 cm3 S-I (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-nmi particles ranged between 0.94 and 0.99 
in three subjects during quiet-breathing ~onditions (182). 

Complementary to the experiment~ in human subjects, measurements were 
performed in hollow replicates of human nasal airway casts (106,108,112,116, 
181,190). Particle collection efficiency lobtained in nasal airway casts can be 
approximated by an exponential functiop of the diffusion parameter (Dp/Q) 

EET-N = 1 - exp (-12.65 D~12 Q-r
I 

/8 
) (11) 

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

Mouth Breathing 

Aerodynamic Domain I 

Figure 10 summarizes human experimen,61 data (184) on extrathoracic deposition 
during mouth breathing as a function o~ the impaction parameter d;e Q. There is 
substantial scatter in the data, but similar to nasal deposition, the dependence on 
d~ Q appears to be sigmoidal. Howev~r, it must be emphasized that for die Q 
< 10\ deposition during mouth brea~ing is considerably smaller than during 
nose breathing. During a quiet inspiration. the nose retains about 30% of 3-j..lm 
particles, whereas less than 5% of the Iparticles are caught in the extrathoracic 
region with mouth breathing (see also fig. 9). 

Most of the experimental data of ~igure 10 were obtained in human subjects 
inspiring particles through a tubular mquthpiece held between the teeth. Several 
studies show that this mode of inhalation causes deposition to occur mainly in 
the larynx, especially on the upper shrface 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 ijreathing was previously termed laryngeal 
deposition. During natural mouth bre4thing, deposition in the oral cavity was 
higher and quite variable depending mych on the degree of mouth opening, flow 
rate, and breathing frequency (172,192,193). 

I 

Empirical models (163,165-16~,184) characterize oral collection effi­
ciency (EET-M) for particles 1 j..lm or larger, as a function of the impaction parame­
ter d;e Q: I 

(12) 
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Ref. \84.) 	 I 

Extrathoracic deposition during mouth breathin~ (DEET•M ) is derived from 
the collection efficiency weighted by the fraction of ttda1 volume (1 VETIVT) 
flowing through this region . 

(13) 

Expiratory deposition is again considered to be! negligible in comparison 
with inspiratory deposition (163,184). Figure 9 showsl.deposition data predicted 
by the model for breathing conditions during rest anf exercise. The model as­
sumes a constant respiratory flow rate Q, but takes into account that the collection 
efficiency decreases with increasing tidal volume VT • Itishows that oral deposition 
is less dependent on flow rate than is nasal depositi4n, as Q is weighted by a 
power exponent of 0.6. Therefore, the aerodynamic pticle diameter is the main 
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determinant of oral collection efficiendy and, for targeting particles into this re­
gion, coarse particles should be inhale~ (see Figs. 9 and 13). Moreover, for in­
creasing the deposited fraction of partiples, it is much more efficient to increase 
particle size than flow rate. Similar t~ nose breathing, the fraction of particles 
deposited in the oral region, for a given particle size and flow rate, is generally 
independent of the tidal volume inhal~d [see Eqs. (12), (13); Fig. 11]. But one 
must consider that the number or the 1ass of removed particles increases almost 
linearly with increasing tidal volume .• 

! 

Thermodynamic Domain 

Oral deposition of ultrafine particles d~termined in physical replicates of oropha­
ryngeal airways was slightly smallbr than that measured in nasal casts 
(109,181,194). However, measurements performed in three healthy adults sug­
gest that there is zero deposition for q.1-, 0.07-, and 0.05-~m particles inhaled 
through the mouth under different bre~thing conditions (163). 

! 

B. Intrathoracic Deposition I 

Experimentally determined depositioJ efficiencies of the intrathoracic region 
have usually been inferred from meashrements with radioactively labeled parti­
cles. The fast-cleared fraction of thora¢ic activity has been assumed to be depos­
ited in the tracheobronchiolar region, 1·hereas the slow-cleared fraction has been 
assigned to the alveolar region of the I ng (see Chap. 7). Recently, this distinction 
has become a matter of controversy, .or experiments suggest that some of the 
activity deposited in the conducting airways is cleared much slower than previ­
ously assumed (30-32). Some invest··gators, therefore, prefer to use the term 
"fast-cleared and slow-cleared thoraci deposition," instead of tracheobronchio­
lar and alveolar deposition, for the de ription and analysis of deposition studies 
using radioactivity. 

I 
Tracheobronchiolar Deposition: fast-Cleared Thoracic Deposition 

Aerodynamic Domain 

Particles escaping from deposition i~. the extrathoracic regions enter the lung 
through the tracheobronchiolar airwa s. Because flow velocities in the airways 
decrease rapidly from large to small c nducting airways, inertial impaction deter­
mines particle deposition only in the Jjnost central airways. With decreasing air­
way diameter, gravitational sedimenti· ion gains more and more importance and 
dominates deposition within the smal bronchial airways. As inertial impaction 
grows stronger with increasing parti .le mass, the site of deposition is shifted 
from the peripheral to the proximal airways with increasing particle size (see 
Figs. 14 and 15). During expiration, o~ly sedimentation is of importance, because 
those larger particles that escape inertial deposition during inspiration are subse­
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quently collected in the small conducting I!airways or in the alveolar region of the 
lung. 

Experimental data, from several inyestigators who measured intrathoracic 
particle deposition during mouth breathirg, were summarized by Stahlhofen et 
al. (184). Figure 12 shows these data as !a function of the aerodynamic particle 
diameter. Because large particles are ef~ectively collected by the extrathoracic 
airways, intrathoracic deposition does nbt increase or decrease monotonically 

I 

with particle diameter, but exhibits maximal values for particles with diameters 
between 4 and 8 /lm. It appears to be lof.-vest for particles smaller than 1 Jlm. 

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

Empirical models (163,165-168) characterize the collection efficiency of 
the tracheobronchiolar region (ErB ) for farticles 1 Jlm or larger as: 

Era = 1 - exp {-1.24 [4 X 1O-6iCF2.8 (die Q)U5] 
(14)

- 1.24 [(0.009 t 0.165 t~.5) dae tt;°·25]} 

CF is a correction factor accounting forl!gender. It is 1 for adult men and 1.075 
for adult women. The residence time ofparticles in small bronchial airways, t b , 

is 

Vb-FRC (2 + Vr/FRC)
tb = ---=--=~-~ (15)

2Q 
I 

Vr is the tidal volume and FRC is the functional residual capacity of the lung. 
FRC is assumed to be 3300 cm3 for ma~e and 2660 cm3 for female adults in the 
coefficients for Eq. (14). V b-FRC represents the volume of the small bronchial air-

I 

ways at an FRC level, set to 48 and 39 crq3 in adult men or women (168). Equation 
(14) characterizes inertial ErB relative tolthe impaction parameter die Q, and sedi-

Figure 12 Tracheobronchial and alveol 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 btoken curve gives a "conservative" estimate 
based on data by Stahlhofen et al. (From Rbf. 184.) 

! 
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mentational ETB by considering particle d~ameter and the residence time of parti­
cles in small bronchial airways. It furthet accounts for the expansion of airways 
during inhalation, but it is based on a cdnstant respiratory flow. 

Because the number of particles deposited in the tracheobronchiolar region 
will be decreased by particle losses duri1g inspiration in the extrathoracic region 
(1 - EET), the empirical expression for tracheobronchiolar particle deposition 
(DETB) is I 

DE,.. = [1 - (~~)] (1 - EET)E,.. (16) 

Depending on the mode of breathing, EiT is the deposition efficiency for mouth 
breathing (EET-M) or for nose breathing (EET-N)' 

Targeting Particles into the Tracheobronbhiolar Region 

The deposited fractions of particles, as! predicted by the foregoing model, are 
presented in Figures 9 and 11. For targe~ing particles into the tracheobronchiolar 
region, the mode of choice is obviously .bouth breathing (see Fig. 9). Within the 
physiological range of flow velocities, inhaling at 1000 cm3 s -1 leads to somewhat 
higher deposition of particles between f and 7 11m, with a slight peak at 6 11m. 
However, this high flow rate also cause~ extrathoracic deposition to double (see 
Fig. 9), which because of possible side effects often must be avoided in inhalation 
therapy. In this situation, inhaling partifles between 4 and 6 11m at 250-cm3 

S-1 

inspiratory flow appears to be approprirte for targeting particles to the tracheo­
bronchiolar region and for keeping exttathoracic deposition low. 

However, in inhalation therapy, thb mass of the therapeutic substance deliv­
ered to the extrathoracic, tracheobronc~iolar, or alveolar region by the deposited 
particles is the primary parameter of interest. This mass, in fact, depends on the 
deposited fraction, but it is essentially 4etermined by the output of the nebulizer. 
The output of a nebulizer, in return, dePFnds on the nebulized number of particles 
per volume element and the producedi particle size. The size is of importance 
because the mass of a particle increaSes substantially with increasing particle 
diameter (see Table 1). To illustrate thi~, based on the deposition fractions given 
in Figure 9, the amount of substance 4elivered to the three regions by 1000 in­
haled unit-density spheres during mo~th breathing was determined for particle 
sizes between 0.1 and 10 11m. The res*lts in Figure 13 show that the total mass 

I 

Figure 13 Amount of substance deposit~d per 1000 inhaled unit-density spheres in the 
extrathoracic, the tracheobronchial, and thf alveolar region during mouth breathing for a 
tidal volume of 1000 cm 3 and flow rates of40, 250, and 1000 cm 3 s -1. Estimates are based 
on deposition fractions given in Figure 9.! 
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deposited in the extrathoracic region du!ring mouth breathing increases consider­
ably for particles larger than 4-6 flm duIting quiet breathing, but even more during 
exercise. The amount of therapeutic ~bstance deposited in the tracheobron­
chiolar region is comparable for any articles smaller than 8 flm at 250 or at 
1000 cm 3 s -I. For larger particles, des ite a decrease in the deposited fraction 
(see Fig. 9), the mass delivered to the. acheobronchiolar region still increases, 
slightly more at 250 cm3 S-1 than at 1000 cm3 S-I. Therefore, the breathing 
mode of choice is quiet inhalation of 4- Ito 6-flm particles if extrathoracic deposi­
tion must be avoided. If extrathoracic deposition is noncritical, about five times 
more therapeutic substance can be dep~ited per breath in the tracheobronchiolar 
region when 8- to 10-flm particles are i*haled with quiet mouth breathing. These 
estimates, however, do not take into aFcount that, with "real" nebulizers, the 
number output usually decreases with ~ncreasing particle size. But according to 
Ferron et al. (195), this is less than a factor of 5 for the particle size range of 
interest. 

The deposited fraction in the conducting airways is almost independent of 
tidal volume (see Fig. 11), so that the tl·al number of deposited particles changes 
in proportion to the inhaled aerosol vol me. Augmentation of the inhaled volume 
by an increase in tidal volume also incr ases alveolar deposition (see Fig. 11 and 
next paragraph), such that if a low alv olar deposition is required, inhalation of 
repeated small tidal volumes appears t6 be more appropriate than that of fewer 
but larger ones. . 

Recently, an interesting new approach to target 6-flm particles into the 
conducting airways was proposed bY~Anderson (196) and Svartengren (197). 
They used very slow inspiratory flow rates, of about 40 cm3 s-I. At this flow 
rate, the residence time within the co ducting airways is long, and deposition 
is entirely related to sedimentation, hich causes the retained fraction in the 
tracheobronchiolar region to increase substantially. Predicted deposition rates for 
this type of breathing maneuver are inc~uded in Figure 9. The deposited fraction 
can be expected to be almost constant and larger than 0.6 for particles larger than 
4 flm. Owing to the diminished effect iOf impaction, extrathoracic deposition in 
the larynx is substantially decreased i comparison with the physiologicaJ flow 
rates discussed in the foregoing (see Fi .9). Extrathoracic deposition is less than 
0.05 for particles smaller than 6 flm nd close to 0.1 for 8-flm particles. The 1

corresponding amount of material depbsited in the larynx or in the conducting 
airways can be inferred from Figure li3. If we consider all effects, 6- to 8-flm 
particles appear to be most suitable fbr very slow inhalation procedures. The 
notably enhanced amount of substance • elivered to the tracheobronchiolar region 
makes this technique a very interestin approach for new inhalation therapies. 
However, specific devices have to be pplied for patients to be able to maintain 
such low flow rates. 
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I 
Thermodynamic Domain ! 
Experiments performed in three healthy adults who iqhaled 0.1-,0.07-, and 0.05­
!lm particles, using various breathing maneuvers, shqwed that these particles are 
not retained in the tracheobronchiolar airways (163)l 

I 

I 
Alveolar Deposition: Slow-Cleared Thoracic D1position 

Aerodynamic Domain 

Those particles escaping the extrathoracic and the tra~heobronchiolar filters reach 
the alveolated region of the lung. Figure 12 summarizes alveolar deposition dur­
ing mouth breathing (184), data are taken from the s~me studies as the foregoing. 
Discrepancies between studies appear to be less pron~unced than for tracheobron­
chiolar deposition. Alveolar deposition probability Praks at about the same parti­
cle size range as does tracheobronchiolar depositioljl, but a slight advantage for 
smaller particles to be deposited in the alveoli is det¢ctable. Deposition for parti­
cles smaller than 1 !lm is twice as likely in the ~lveoli as in the conducting 
airways. 

The dominant mechanism resulting in alveolar particle deposition is gravi­
tational settling, in addition diffusional displacem~nt becomes more and more 
significant for particles smaller than 0.5 !lm (see Table 1). The efficiency of the 

I 

alveolar region to collect particles owing to their se~imentation is determined by 
considering the distance a particle settles while st1ying in this region. Accord­
ingly, in empirical expressions (163,165-168) the, deposition efficiency in the 
alveolar region (EA) is assessed as a function of the! parameter d~ tA for particles 
1 !lm or larger. 

(17) 


where tA is the residence time of particles during ins~iration in the alveolar region: 
I 

(18)I 
I 
I 

CF is a correction factor applied for gender, VD is !the dead space volume, com­
posed of the extrathoracic and the tracheobronchiol~ volumes. It is approximated 
to 147 and 118 cm3 for male and female adults (Hi8). The deposited fraction in 
the alveolar region (DEA) is . 

DE, = [1 - (~~)] (1 - Eo,) (1 - ETB)1' (19) 

I 
where Ep;f is the deposition efficiency for mouth! breathing (EET-M) or for nose 
breathing (Ep;f-N)' 

http:0.1-,0.07
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Targeting Particles into the Alveolar Regiqn 

Differences in DEA between nose and mouth breathing, as predicted by the empir­
ical model, are shown in Figure 9. For ~ach flow rate, differences in alveolar 
deposition become obvious for particles llu'ger than 1.5 l..Im, 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 flm 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 quie~ inhalation of an aerosol with 2- to 4­
flm particles during mouth breathing. ~is 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), Ifl(~reasing tidal volume while maintaining 
a low flow rate further increases alveolar! deposition (see Fig. 11) because parti­
cles are convectively transported deeper ~nto the lung and the residence time of 
particles in the alveolar region is increased. Similarly, a breath-hold, performed 
at end-inspi:ation, improves the collectiop efficiency. According to the eo:pirical 
model, for mstance, a lOOO-cm3 breath, 'Inhaled at 250 cm3 S-I, results m 55% 
deposition of 3-flm particles in the alveo~ar region. A 3-s breath-hold at the end 
of inspiration enhances deposition to 65i' 

Thermodynamic Domain I 

There are almost no experimental data In alveolar deposition available for this 
domain. Heyder et al. (1 ?3) measured d,osition in three healthy ad~lts for 0.1-, 
0.07-, and 0.05-flm partIcles. At a flow :rate of 250 cm3 S-I and a tIdal volume 
of 500 cm3

, alveolar deposition was 21~ 27, and 33%. Increasing tidal volume 
to 1000 cm3

, while keeping the flow rate constant, raised the removed fraction 
consistently to values of 34,43, and 52%. With a flow rate of 750 cm3 S-I and 
a tidal volume of 1500 cm\ depositio~ was 25, 36, and 45%. Independent of 
the breathing maneuver, the fraction of particles collected in the alveolar region 
increased with decreasing particle Size,,! Both the residence time and the tidal 
volume appear to be significant determiqants of particle deposition in this region. 

I 
VII. Factors Modifying Parti~le DepOSition 

A. Lung Geometry: Age- and dender-specifiC Differences 
I 

During development from infancy to ad~lthood, the respiratory system undergoes 
substantial changes in airway structure apd lung volume, accompanied by consid­
erable differences in spontaneous-bre~thing conditions (198-206). Even in 
adults, distinct sex-related and racial qifferences are established for structural 
and conventional lung function paramtters (207-211). However, only limited 
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information is available in how far particle deposition lin the respiratory system 
is affected by age, gender, or race. I 

Deposition in Infants and Children. For this pdpulation, deposition data 
are rare (212-215). Total deposition of particles size~ 1-3 ~m was measured 
in 29 healthy children (6.7-14 years) during controlle and spontaneous mouth 
breathing (214,215), using the respiratory aerosol pro e (see Sec. IV.A, under 
Noninvasive Techniques). Spontaneously breathing +ildren exhibited slightly 
smaller tidal volumes than adults, but had a higher resPfratory rate, so that minute 
ventilations were almost identical. As in adults, total ideposition in children in­
creased with increasing particle size, being approximrtely 15% for I-J.lm parti­
cles, 50% for 2.3-~m particles, and 75% for 3-J.lm particles. The intersubject 
variability observed in children was comparable with t,at in adults. For spontane­
ous, as well as for controlled breathing, deposition ~ecreased slightly with in­
creasing body size, suggesting that smaller lung diI1jlensions favor deposition. 
This assumption is supported by the fact that deposition values for all particle 
sizes are higher in children than in adults. In comparis9n with adults, total deposi­
tion in children was increased by an average factor 9f 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 fncreased by a factor of 4­
5 in children, because the surface area of their respiiatory system is only about 
one third (40 m2

) that of adults (5). I 
We are unaware of deposition studies in health~ 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 dru~ delivery, in spontaneously 
breathing or ventilated infants with lung diseases (2Ip-218). Also, filter and ani­
mal lung models have been used to assess depositio? in infants (219-222). One 
of the limitations of these studies is that deposition i~ often related to the amount 
of radioactivity delivered into the nebulizer unit an1 not to what is actually in­
haled. Hence, there is a clear necessity for improve9 deposition studies to better 
understand health risks from environmental air pollftions or to improve inhala­
tion therapy in neonates and infants. i 

I 
Gender Differences in Adults I 
Lung structure and breathing pattern are consideredl 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 additi9n, resting minute ventilation 
and respiratory flow rates are lower in women than ~n men. During controlled as 
well as spontaneous mouth breathing, deposition ofiparticles of the aerodynamic 
domain was slightly, but consistently, lower i in women than in men 
(213,224,225). Analysis of regional deposition rev~aled that this was related to 
a higher extrathoracic and tracheobronchiolar depo~ition rate (225). Considering 
that deposition within these regions is largely determined by impaction, deposi­
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i 

tion was reassessed as a function of the, impaction parameter d~ Q. Still there 
remained an unexplained few percent difference between deposition in women 
and in men. This difference was most li~ely attributed to structural differences 
between men and women (225) in the copducting airways. The empirical model 
calculations introduced earlier try to aC90unt for that by applying a correction 
factor and by considering gender-specifif lung and airway volumes. 

B. Exercise 

Adults. Ventilation is increased quring exercise according to the higher 
oxygen demand of the body. In adults, thi~ is usually accomplished by an increase 
in tidal volume and breathing frequenc)'!; hence, respiratory flow rates are also 
high. In addition, breathing is often sWi'Ched from the nasal to an oronasal or 
oral route, especially at high levels of ex rcise (193). In some studies (213,225), 
total deposition estimated breath-by-bre th increased for 1- to 5-Jlm particles in 
male and female adults, even during ligh~ exercise. Other studies failed to detect 
clear changes in the deposition rate per hreath under various levels of exercise 
(226,227). Deposition studies under cd~trolled-breathing conditions (70,170) 
show that increasing tidal volume at a giten respiratory rate increases total depo­
sition for all respirable particles. These cqanges are minimal for particles between 
0.1 and 1 Jlm, for which total depOSitiOn~.'s small. Keeping tidal volume constant 
while increasing respiratory rate decreas s total particle deposition for all particle 
sizes. The most obvious changes here .e in the transitional particle-size range. 
Hence, because of individual breathing patterns, individual features of lung ge­
ometry, and different particle sizes stUdt' ed, physical exercise may result either 
in an unchanged or an enhanced deposit' n rate per breath. This is also reflected 
by a remarkably increased intersubject , ariability in particle deposition during 
exercise. Despite these individual differttnces, the increase in minute ventilation 
from rest to exercise always enhances d'position per unit of time. This increase 
is roughly proportional to the increase i minute ventilation. 

Children. For particle sizes betw en 1 and 3 J.lm, deposition under venti­
latory conditions of rest and light exerci$e was measured in 41 children by Bec­
quemin et al. (212,213). Exercise cause~.per-breath deposition of I-Jlm particles 
to decrease from about 20 to 15%, where s the deposition of 2- and 3-J.lm particles 
was almost unaffected. Because the hig .er ventilatory demand under light exer­
cise was accomplished mainly by an inqease in breathing frequency, respiratory 
flows were increased, but the residence tl'me of particles in the respiratory system 
was shortened. This caused I-J.lm partic e deposition, which is mainly governed 
by sedimentation, to decrease. It appear that, for 2- and 3-J.lm particles, the de­
creased deposition probability by sedimentation was balanced by an increased 
effect of impaction, so that total deposl'tion remained unaffected. Therefore, it 
may be speculated that regional deposi ion was affected with a partial shift in 

t
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deposition toward more central airways. Again, it isi important to emphasize that 
the increase in minute ventilation in response to eFercise increased deposition 
per unit of time considerably for all three particle jsizes despite a decreased or 
unchanged deposition rate per breath. I 

C. Influence of Gas Composition i 
Replacing ambient air nitrogen (N 2) by carrier gases iwith differing physical prop­
erties is expected to alter flow profiles in the condu9ting airways, thereby affect­
ing convective particle transport and deposition patterns within the lungs. Ac­
cording to basic fluid dynamics, alteration of Iqnematic viscosity (11/0') is 
presumed to result in more laminar flows in the aitivays when N 2 is replaced by 
helium. More turbulent flow occurs when sulfurhexafluoride (SF6) is used as a 
carrier gas, which has about five times the mOlecufar weight of N z (228). 

Svartengren (229) and Anderson and co-workers (230,231) studied 2.5­
J.1m-Teflon particle deposition (p, 2.13 kg m-3; dae~ 3.6 J.1m) in healthy subjects 
with and without induced bronchoconstriction and irt patients with asthma breath-

I 

ing air or a helium-oxygen mixture (He-02)' Mort1laminar airflow owing to the 
use of He-02 shifted the site of particle depositi~n to the lung periphery and 
resulted in higher deposition rates in the alveolar 'region, but in lower rates in 
mouth, throat, and in the tracheobronchiolar region.IThis effect was more marked 
for constricted airways, both in healthy subjects with a two- to threefold increase 
in airway resistance and in asthmatics. It was mOrF pronounced at higher, than 
at moderate, flow rates. Schulz et a1. (232) applied ~he series bolus delivery tech­
nique (see Sec. IV.A, under Noninvasive Techniqu~s) in mechanically ventilated 
dogs to study local deposition of smaller particles 1n different gas compositions. 
Deposition of 0.5-, 1-, and 2-J.1m particles, was unaltered breathing He-02' In 
SF6-02, the deposited fraction of 2-J..Lm particles ~as enhanced throughout the 
lung. It was increased for I-J.1m particles in deep lung regions, but it was generally 
not affected for 0.5-J..Lm particles. I 

These results show that the extent and the pre~erable site of particle deposi­
tion within the lungs can be modified by the ph~sical properties of the atmo­
spheric carrier gas. However, specific combinatidns of particle properties and 
flow fields within the airways are required. . 

VIII. Local Particle Deposition 

Numerous studies have been carried out in the l,st decades to obtain detailed 
information about collection efficiencies and depos~tion patterns on a subregional 
level within the respiratory system. A complete (J)verview is beyond the scope 
of the present chapter, but the studies introduce~ in the following discussion 
should give the reader an idea about approaches ~nd results. 
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I 
A. 	 Local Deposition Within the ~racheobronchiolar 


and Alveolar Region I 


Gerrity and co-workers (129) modeled loc~l deposition in the tracheobronchiolar 
tree. Estimates were based on the morph01inetric lung model proposed by Weibel 
(5) and on Landahl' s formalism of particl~ deposition (121; see Sec. IV.B, under 
Mathematical Models). Deposition in each! of the airway generations was assessed 
at a tidal volume of 700 cm3, a flow ra~ of 500 cm3 

S-I, and a breath-hold of 
0.5 s at end-inspiration. Figure 14 shows e results given as percentage of deposi­
tion per airway generation for particles w th aerodynamic diameters ranging be­
tween 1.6 and 15.8 11m. The percentage q~oted is the deposited fraction of those 
aerosol particles that pass through the glottis. The smallest particles exhibited 
expected deposition rates below 2% in th¢ conducting airways (generation num­
ber 0-16) and a clear tendency to deposit,in more peripheral lung structures. For 
3.2- and 4.8-flm particles, deposition foll~wed principally the same pattern, but 
was enhanced both in the lung periphery rnd in the conducting airways. Deposi­
tion of 4.8-flm particles appeared to peak at airway generations 3-7. For particles 
larger than that, the deposition pattern ch~ged, in that the deposited fraction was 
reduced in the lung periphery and the predominant site of particle deposition 
was shifted toward central airways. Peakl deposition occurred at the fifth airway 
generation, ranging between 7 and 16% ,for 8- and 15.8-llm particles. Relative 
to health effects from inhaled particles, ~e authors calculated the surface area 
densities of deposited particles in the vajrious airway generations. Peak density 
occurred at generation 3 (i.e., within the: segmental and subsegmental bronchi), 
and it was orders of magnitude higher ~ere than in smaller conducting airways 
or in peripheral lung structures. This obs~rvation is interesting in light of studies 
done on the frequency and location of bronchial carcinomas (111,233). There 
was a close correspondence between dep~sition density and frequency of reported 
cancer at those sites. i 

Recently, Kim and co-workers (67~ applied the series bolus delivery tech­
nique (see Sec. IV.A, under Noninvasiv¢ Techniques) to assess local deposition 
in the lungs of 11 healthy young adults.1 During mouth breathing, 1-, 3-, and 5­
flm particles were inhaled at flow rates 'of 150, 250, and 500 cm 3 s-I and at a 
tidal volume of 500 cm3• Local cOllec40n efficiencies and deposited fractions 
were determined for ten volumetric lu~g compartments (50-500 cm3). For all 
particle sizes and flow rates, local collection efficiency increased with increasing 
volumetric lung depth of the compartm+nt. For the highest flow rate, collection 
efficiency was lowest throughout all compartments. The deposited fraction of 
I-flm particles varied per volumetric lun~ compartment between almost zero and 
3%, with a tendency for higher deposifion 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 dfposition was shifted from the distal to 
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the proximal compartments of the lung. Peak deposition occurred in volumetric 
lung regions between 75 and 200 cm3

; it was approximately 15% for 5-flm parti­
cles independent of flow rate. Based on the morph0rltetric lung model of Weibel 
(5), surface area concentrations were estimated and were greater in the most 
proximal region of the lung than in distal parts, retardless of particle size and 
flow rate. i 

When comparing the experimental data with Ithose modeled by the same 
group (129), there is reasonable agreement for peak! values and general patterns 
of local deposition within the conducting airways (ire., within a volumetric lung 
region of 200 cm3 or the first 16 airway generations)! Absolute estimates of depo­
sition within the tracheobronchiolar region, hOWeV!·r, are higher than the corre­
sponding experimental values. For example, Kim . nd co-workers reported tra­
cheobronchiolar deposition of 3- and 5-flm particle~ to be 11 and 26% for a flow 
rate of 250 cm3 S-I, whereas approximately 30 an4 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 ~nowledge gained in the past 
50 years, there is still a clear necessity for close coqperation between experimen­
tal and theoretical researchers to further improve tpe understanding of even the 
most basic processes governing particle depositi01 in the respiratory tract. 

B. Local Deposition Within Airway Bifur4ations 

Collection efficiencies and deposition patterns of !inhaled particles on the level 
of bifurcating airways have been studied experirrtentally in idealized y-shaped 
tube models (98,99). The dimensions of the siqgle bifurcation models were 
adapted from Weibel's human lung data for airwaiy generations 3-5. Branching 
patterns of the bifurcation were varied for branchidg angles, geometric symmetry 
of daughter tubes, and symmetry of flow divisiOI~ at the bifurcation. To assess 
local deposition patterns within each of the model itubes, the parent and daughter 
tubes were divided into several sections. Fluorescept-labeled particles of 3,5, and 
7 flm were applied for laminar and transitional fl1w and the number of particles 
deposited in each of the tube sections was inferrrd from fluorometric measure­
ments. During inhalation, collection efficiency inl airway models increased with 
increasing flow rate and particle size, ranging for :J)-flm particles, between almost 
zero deposition and 15%, and for 7-flm particle~, between 20 and 70%. Total 
deposition appeared to be almost independent of the branching angle of daughter 
tubes, even for asymmetrical branching models. ~n even inspiratory airflow divi­
sion at the bifurcation resulted in balanced depo$ition 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 di~tribution of deposited material 

I 
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sition estimates were carried out for the symtnetrical morphometric model of Weibel (5) 
at a tidal volume of 700 cm 3, an inspiratory fI.~ rate of 500 cm 3 s -I , 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 J.lm. The percentage quoted is the 
fraction of all aerosol particles that pass thrJugh the glottis. (From Ref. 129.) 
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was extremely uneven among the tub4 sections of the models. During inhalation, 
major deposition occurred in those daughter tube sections adjacent to the bifurca­
tion. With increasing particle size or . ow rate, deposition within these daughter 
sections increased from 70 to 90% 0 the total amount deposited in the model. 
During exhalation, peak deposition 0 curred again in those sections adjacent to 
the bifurcation, but now mainly in t e adjacent parent tube section. This high 
surface density of particle depositio at bifurcations holds not only for coarse 
particles with impaction-determined deposition, but was also observed for ul­
trafine particles (lOS). 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. tV.B, under Mathematical Models). Corre­
sponding to the airway bifurcation models applied experimentally by Kim and co­
workers, airway bifurcation geometri¢s were constructed in a three-dimensional 
computer mesh and deposition patte . s inferred from modeled airflow fields and 
particle trajectories. In general, there as a good agreement between the experi­
mental results and the theoretical pr ictions. As an example, Figure 16 shows 
modeled deposition sites of 2000 ran omly selected 5-J..lm particles (p = 0.891 
g cm-3) inhaled at a flow rate of 133 cm3 S-I, The parent branch has a diameter 
of 0.5 cm and the geometry of the bif rcation is symmetrical relative to daughter 
diameter (0.4 cm) and branching a~gle (45°), but flow division was changed 
from symmetrical to asymmetrical, with QdAIQdB being the ratio of flows rates 
in daughter branches A and B. For Isymmetrical flow division, the deposition 
pattern also appeared to be symmetrital. 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.s 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. ith increasing asymmetry of flow division, 
the hot-spot in daughter B seemed fi st to recede to the carina, but then another 
hot-spot began to develop in the ce ter of that daughter branch (see Fig. 16). 
These studies show that a homogen ous 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

i 

depend on the geometric boundary condi­
tions, so that unrealistic deposition pa terns may occur in simplified and idealized 
airway structures. This has to be di roved or verified in future studies, but it 
appears reasonable that corning stud' es must focus their interest on experimen­
tally and numerically determined dep sition patterns within realistic airway sys­
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I 
terns, especially because these approache~ have now become available with mod­
ern computational techniques (159-162)1. 

I 

I 


Nomenclature 

CMD count median diameter of a partiFle number frequency distribution (J.lm) 

CF correction factor applied for gen~er [see Eqs. (14) and (17)] 

Cs Cunningham slip correction fact9r 

C(V) particle number concentration o~ the respired volume (cm -3) 


DE deposition fraction; particles dellosited in a given structure, as a fraction of 

all particles entering the respiratory system 

DETot total deposition . 
DEET extrathoracic deposition 
DEET-N extrathoracic deposition for nose breathing 
DEET,M extrathoracic deposition for mo~th breathing 
DET8 tracheobronchiolar deposition i 
DEA alveolar deposition i 

Dp d~ffus~on coefficient of a partict (cm2 S-I) 

DplQ dIffusIon parameter (cm- I ) • 
I 

d geometric particle diameter (!lm) 

dae aerodynamic particle diameter ~!lffi) 

d th thermodynamic particle diamet~r (!lm) 

d l6 particle diameter at the 16% site cut of the cumulative particle size 


frequency distribution 1 

particle diameter at the 84% sr" e cut of the cumulative particle size 
frequency distribution 

daelQ impaction parameter (!lm s cm 3) 
FRC functional residual capacity, g s volume in the lung at the end of a normal 

expiration (cm3) 1 

G factor characterizing the geom~try of an obstacle (m) 

g gravity constant (9,81 m s -2) I 

MD median particle diameter of a particle size frequency distribution (!..tm) 

MMD mass median diameter of a pafticle mass frequency distribution (!lm) 

Q respiratory flow rate (cm3 s -1)/ 

SMD surface median diameter of a particle surface frequency distribution (!lm) 

Stk Stokes' number 
 I 

T absolute temperature (K) ! 
t. residence time of particles in ~he alveolar region (s) 

tb residence time of particles in the small bronchial airways (s) 

trs residence time of particles in ~he respiratory system (s) 

u linear airflow velocity (m S-I~ 


Vb,PRe volume of the bronchioles at fRe level (cm3) 


VET extrathoracic airway volume fcm 3) 


Vex expired volume (cm3) 


Vin inspired volume (cm3) 
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tidal volume (cm3
) I 

root mean square diffusional displacement of Pafticles (cm s -I) 
particle collection efficiency; particles depositedlin a given structure as a 

fraction of all particles entering that structure i 
EIIT particle collection efficiency of the extrathoraci~ airways 
EET-N extrathoracic particle collection efficiency for n9se breathing 
EET-M extrathoracic particle collection efficiency for rrruth breathing 
ETB particle collection efficiency of the tracheobron1hiolar region 
EA particle collection efficiency of the alveolar reg~on 

dynamic viscosity of the surrounding medium (kg s -I m-I)f\ 

K Boltzmann constant (1.38 X ,10-23 J K- ') I 


/.. mean free path of gas molecules <11m) 

a gas density (kg m -1) 


a g geometric standard deviation of a log-normal pkticle size distribution 

v terminal settling velocity of a particle (Ilm S-l)! 


p particle density (kg m -3) I 
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