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For most compounds, the database for assessing potential risk to humans largely 
comes from animal toxicological studies. Toxicologists and risk assessors are faced 
with aseries of judgments in deciding whether to use the animal data and then with 
various extrapolations if the animal results are used. This review examines factors 
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governing the dosimetry of inhaled particles in laboratory animals and humans and 
how complex interactions among these factors influence the inhalability, deposi
tion, and clearance of particles as well as their temporal translocation and retention 
within the body. In addition, some insights on issues surrounding dosimetry of in
haled, poorly soluble, nonfibrous, nongenotoxic particles of low toxicity (hereafter 
referred to as poorly soluble particles [PSPs]) are presented as they contribute to 
our understanding of the phenomenon of "lung overload." 

The factors governing the dosimetry of particles can be broadly grouped into two 
categories, one dealing with the physicochemical properties of the particles and ute 
other with species-specific factors such as airway structure, ventilatory level, and mu
cociliary and alveolar clearance rates. Although particle dissolution rate and chemical 
composition are important physicochemical properties for the toxicity of many parti
cles, they are basically unimportant for the dosimetry of PSPs, such as carbon black, 
coal, diesel soot, talc, and titanium dioxide. Particle size, density, and distribution are 
important physical properties for the deposition of all types of particles. 

For the purpose of this review, dosimetry refers to estimating or measuring the 
amount (mass, number, surface area, volume, etc.) of particles at specific target 
sites at a particular point in time. This encompasses both deposition, which is the 
process of removing particles in various regions of the respiratory tract during the 
breathing of particle-laden air, and clearance, which refers to the rates and routes by 
which deposited particles are removed from the respiratory tract. Typically, the 
term retention in particulate inhalation toxicology refers to the amount of particles 
(sometimes called retained deposits) present at specific respiratory tract sites, that 
is, the net difference between deposition and clearance processes. 

Experimental data on the deposition of particles usually are obtained from expo
sures lasting minutes to at most a few hours. In contrast, clearance data are obtained by 
measurements made over days to many weeks during exposure and/or after the cessa
tion of exposure. Estimates of retained deposits arise when body burden measurements 
are made serially with time as inhalation exposures are continued. Chronic exposures 
result in respiratory-tract burdens that continue to increase over time until the rate of 
deposition is offset by the rate of clearance, thereby resulting in a steady-state burden 
from that time on. Body burden patterns differ among species. Higher exposure levels 
lead to higher steady-state burdens (Fig. 1). Curve C* of Figure 1 illustrates the type of 
retained lung burden seen with excessively high exposures that lead to impairment of 
alveolar macrophage (AM)-mediated particle clearance resulting in "lung overload." 
The breakpoint at which retained lung burden of PSPs starts to depart from the steady
state curve (C of Fig. 1) is inversely related to the magnitude of the exposure concen
tration. Dust overloading of the lungs has been postulated to occur if the retained bur
den ofPSPs exceeds 1 mg per gram oflung (Morrow, 1988, 1992). 

MECHANISMS OF DEPOSITION 

Laws of physics govern the transport of particles entrained in the air. Particle trans
port and physical properties of the particles combine to yield mechanisms by which 



515 DOSIMETRY OF PARTICLES 

1000 


- 1000) 
c 
.2 

-~ ::1. 

C 
(I) 

"E 
:::l 10CD 
0) 
C 
:::l 

-I 

"0 
(I) 
C 
yg 
(I) 

a: 1 

0.1~--------~------~--------+-------~--~ 

o 200 400 600 800 

Days of Exposure 

FIG. 1. Schematic representation of the relationship between retained lung burden and length 
of exposure leading to the phenomenon of lung overload. Curves A, 8, and C are associated 
with progressively increasing exposure concentrations. If the exposure level is sufficiently high 
and the length of exposure sufficiently long, alveolar macrophage-mediated clearance of parti
cles can be overwhelmed. If this occurs, retained lung burden increases linearly with further ex
posure (curve CO). 

particles are removed from the airstream. The nature of the major mechanisms of 
deposition is described prior to discussion of the regions of the respiratory tracts of 
animals and humans in which the various mechanisms predominate. 

The major mechanisms by which noncharged particles deposit are inertial im
paction, sedimentation, and diffusion (Brownian). These mechanisms are illustrated 
schematically in Figure 2. Electrostatic attraction may be an important mechanism 
for the deposition of particles in some workplace exposure settings, if the processes 
being used generate charged particles and workers are in close proximity to the 
source of these particles. However, electrostatic attraction is not an important depo
sition mechanism for ambient exposures to particles, because there is ample time 
for such aerosols to come to Boltzman equilibrium. Inertial impaction is the process 
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FIG. 2. Primary mechanisms of 
deposition of inhaled noncharged 
particles in the respiratory tract. 
Solid lines, streamline; dashed 
lines, particle trajectory. Modified 
from McClellan and Miller, (1997). 

by which the inertia of the particle makes it unable to follow changes in the 
airstream direction or air velocity streamlines. Sedimentation refers to the settling 
out of particles from the airstream because of gravitational forces. The random dis
placement motion of particles resulting from constant bombardment by air mole
cules (Brownian diffusion) can result in particles coming into close proximity of 
airway surfaces. Depending upon particle size and airflow rate, diffusion, sedimen
tation, and impaction do not necessarily act as independent processes. Once parti
cles are brought in close proximity to the airway walls, they are removed from the 
airstream by interception with the walls. Because objects that are relatively long 
compared with their diameters have an increased probability of the ends intercept
ing the wall of an airway, interception is often considered by some as a separate de
position mechanism for fibers. 

The geometric (physical or diffusion equivalent) and aerodynamic equivalent di
ameters of a particle are important determinants of the relative importance of the 
mechanisms previously mentioned in the deposition of particles. Aerodynamic diam
eter (d

ae
) takes into account the size, shape, and density of a particle and is defined to 

be the diameter of a unit density (1 g/cm3) sphere having the same terminal settling 
velocity as the particle. Because particles of different sizes and density can have the 
same d • they can be deposited in the same locations within the respiratory tract. ae

RESPIRATORY TRACT STRUCTURE AND FUNCTION 

The respiratory tract can be subdivided into three main regions: the extrathoracic 
(ET) region (from the nose and mouth down to and including the larynx), the tra
cheobronchial tree (trachea to terminal bronchioles); and the pulmonary region 
(respiratory bronchioles to terminal alveolar sacs). Among disciplines, different 
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nomenclature often is used for these regions. For example, the upper respiratory 
tract is the same as the ET region; pulmonary and alveolar are used interchangeably. 
Also, the tracheobronchial (TB) region often is referred to as the conducting air
ways. The lower respiratory tract comprises the TB and A regions and is also re
ferred to as the thoracic region. The anatomical or structural features of each of the 
major regions differ significantly among laboratory animals and humans on both 
macro- and microscopic scales. Table 1 provides a synopsis of key aspects of the 
morphology, cytology, histology, function, and structure of the respiratory tract of 
rats and humans. In the sections that follow, the structure and function of each re
gion are briefly discussed, and some insights are provided as to which mechanisms 
of particle deposition are important in a given region. 

ET Structure and Function 

In the ET region, inhaled air is conditioned with respect to temperature and humid
ity (Proctor and Anderson, 1982), and there is an active mucociliary system for the 
removal of foreign solid material (Phipps, 1981). Similarities between rats and hu
mans also extend to the cytology of the ET epithelium and the histology of the ET 
airway walls. The same four types of epithelium (squamous, transitional, respira
tory, and olfactory) are present in both species, although the percentage of the ET 
covered by the types of epithelium differs among species (Harkema, 1992). 

Probably the most significant differences in respiratory structure between rats 
and humans occur in the upper respiratory tract. Cross-sections of the nasal pas
sages of these two species shown in Figure 3 illustrate the nature of the differences. 
Bulk airflow patterns are influenced by these complex structures such that major 
medial and lateral airflow streams are formed in the nose of the rat (Morgan et aL, 
1991; Kimbell et at, 1995) that are quite different from those in humans (Hahn et 
aI., 1993; Subramaniam et aI., 1998). The torturous nasal passages result in inertial 
impaction being the predominant mechanism by which inhaled particles larger than 
about 5 /-lm are deposited in the heads of both rats and humans. In addition, ultra
fine particles «0.1 /-lm in diameter) are effectively removed in the nose via diffu
sion, because the surfaces of the nasal turbinates are large compared to the cross
sectional area and are in close proximity to the inhaled air. 

TB Structure and Function 

The main function of the TB region of all mammalian species is to deliver oxygen 
efficiently to the alveolar region, where gas exchange (oxygen for carbon dioxide) 
occurs. The types of cells making up the TB epithelium are similar to those con
tained in the transitional and respiratory epithelium of the ET region. However, 
there are significant differences between rats and humans in the number of any 
given cell type as a function of airway size (Mercer, Russell, Roggli, and Crapo, 
1994). The liquid layer lining the conducting airways contains mucus. This liquid 



---------------------~--- ...-.-~,------------

TABLE 1. Key aspects of the structure and function of the respiratory tract of rats and humans 

V! ...... 
00 

Functions 

Air cond ilioning: 
Temperature 
and Humidity, 
and Cleaning; 
Fast Particle 
Clearance; Air 
Conduction 

Air Conduction; 
Gas Exchange; 
Slow Particle 
Clearance 

Gas Exchange; 
Very Slow 
Particle 
Clearance 

Cytology (Epithelium) 

Ep~helium Types: 
Squamous 
Transitional 
Respiratory 
Olfactory 

Cell Types: 
Cil~ated Celts 
Noncilliated Cells: 

Goblet Cells 
Mucous (Secretory) Cells 
Serous Cells 
Brush Cells 
Endocrine Cells 
Basal CeNs 
Intermediate Cells 

Respiratory Ep4theHum With Clara 
Cells (No Goblet Cells) 
Cell Types: 

Cilliated Cells 
Noncilliated Cens: 

Clara (Secrelory) Cells 

Respiratory Epithelium Consisting 
Mainly 
of Clara Cells (Secretory) and Few 
Cilliated Cells 

Squamous Alveolar Epilhelial Gels 
(Type I), Covering 94'!1. of Alveolar 
Surface Areas 

Cuboidal Alveolar Epithelial Cells 
(Type II, Surfactant-Producing), 
Covering 6% of Alveolar Surface Area 

Alveolar Macrophages 

Histology (Walls) 

Mucous Membrane, Resp;ratory 
Ep~lium (Pseudostratified, 
Ci~ated, Mucous), Glands 

Mucous Membrane, Respiratory 
or SIratified Epithelium, Glands 

Mucous Membrane, Respiralory 
Ep~elium Cartilage Rings, 
Glands 

Mucous Membrane, Respjratory 
Ep~ium, Cartilage plates, 
Smooth Muscle layer, Glands 

Mucous Membrane, Respiratory 
Ep~lium. No Cartilage, No 
Glands, Smooth Muscle layer 

Mucous Membrane, Single-layer 
Respiratory ~lium. Less 
Cilliated, Smooth Muscle Layer 

Mucous Membrane, Single-Layer 
Respiratory Epithelium of 
Cuboidal Cells, Smooth Muscle 
layer 

Wall Consists of Alveolar 
Entrance Rings, Squamous 
Epithelial Layer, Surfactant 

Interalveolar Septa Covered by 
Squamous Epithelium, Containll'lg 
Gap.laries. Surfactant 

Anatomy 

Anterior Nasal Passages 

~¥PharynX 
~~ Posterior 

larynx...... ~ "'ESOphagUS 

Trachea J: 
Main Bronch/A 
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Comments 

Rats are obligate nasal breathers, 
AduH humans switch to oronasal 
breathing wflen minute ventilation 
exceeds about 35 Lmin ' 
(Ninimaa et ai, 1981) 

Rat lung has predominantly a 
monopodial branching system 
(Crapoet al., 1990) 

Rals do not have resplfalory 
bronchioles_ F rom the 
bronchiolar-alveolar duct junction 
in a rat, alveolar sacs are reached 
after anywhere from 3 to 13 
branchings (Mercer & Crapo, 
1987) 
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FIG. 3. Aspects of upper respiratory tract structure important for dosimetry. (A) Cross-sections 
of one side of the rat nasal passages, nostril at left. (8) Cross-sections of one side of the hu
man nasal passages, nostril at left. From Miller and Kimbell (1995). 

layer protects the tissue from direct exposure to inhaled pollutants and is composed 
of an epiphase and an underlying hypophase in which cilia beat in a manner that 
propels mucus to the glottis, where it is swallowed. For information on the compar
ative biochemistry of this layer, the reader is referred to work by Hatch (1992). 

The thickness of the mucociliary layer varies as a function of location within the 
TB region. For rats and humans, Table 2 gives available data on the thickness of the 
liquid lining layer in the TB and ET regions and on mucous velocities. The mean 
mucous velocities given in Table 2 have associated with them relatively large stan
dard deviations. As noted by Wolff (1992), clearance of mucus is not necessarily as 
relentless and uniform as one might be led to believe, particularly in view of the fact 
there are preferential routes of clearance. Thus, some deposited particles may be re
tained in areas of slow clearance for extended periods of time. The extent to which 
rats and humans may differ in this regard is not known. Observations in humans 
(Goodman et aI., 1977) and in rats (Wolff et aI., 1987) that mean tracheal mucous 
velocities decline with increasing age have important implications for assessing the 
lisks of relatively insoluble particles, particularly if comparable reductions in mu
cociliary clearance also are occurring in smaller TB airways. 

The structure of the TB region at the gross level can be thought of as a complex 
branching system of tubes or pipes. An anatomical depiction of the TB airways of 
humans corresponds to a symmetric branching system denoted as regular and di
chotomous, because each branching parent tube gives rise to two daughter tubes of 
the same diameter. This corresponds to the lung model developed by Weibel (1963) 
and represents the lung structure that most often has been used in human dosimetry 
models for both gases and particles. In actuality, the conducting airways of humans 
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TABLE 2. Extrathoracic and tracheobronchial liquid lining layer thickness and mucous velocities in humans and rats 

Mucous 

Species Location 
Thicknessa 

(IJ.m) Comments Reference 
velocity 

(mm/min) Reference 

Human Nose 5.2 :±: 2.3 van Ree et aI., 1962 
to 

Trachea 
8.4 :±: 4.8 
3.6 :±: 1.5 

Andersen et aI., 1971 
Yeates et aI., 1975 

to 

Bronchi (main 
stem) 

Bronchi 
( segmental) 

Bronchioles 

8.3b 

6.9b 

1.8b 

Combination of airway and vascular 
fixation, lobes were surgical resections 
in nonsmokers (for methods, see 
Mercer and Crapo, 1987) 

Mercer et aI., 1992 
21.5 :±: 5.5 Santa Cruz et aI., 1974 

~ 
<:::::> 

Rat Nose 

Trachea, large 
bronchi 

:515 

5-10 
3-15, 

Observed a continuous blanket 

"Distribution was focal" 

Luchtel, 1976; 
Morgan et aI., 1984 

Yoneda, 1976 

2.3 :±: 0.8 

1.1 to 5.9 
(respiratory 
epithelium) 

0.9 (olfactory 
epithelium) 
1.9 :±: 0.7 

to 
5.9 :±: 2.5 

Dahl et aL, 1986 

Morgan et aI., 1986 

Felicetti et al.. 1981 
Giordano and Morrow, 
1972 

Trachea generally 
8-12b 

Mucous blanket observed Luchtel, 1978 

Lobar bronchi 

Trachea 

Bronchi 
Bronchioles 

Few tenths-8, 
generally 2-5b 

6.1b 

3b 

2b 

Combination of airway and vascular 
fixation (for methods, see Mercer and 
Crapo, 1987) 

Mercer et aI., 1992 

Terminal 
bronchioles; 
trachea, major 
bronchi, 
peripheral 
airways 

o No epiphase or mucus observed."Well 
defined streams up to 500 mm wide." 
"Mucus was transported as discrete 
particles" as small as 0.5 mm in 
diameter. A continuous mucous 
blanket was not observed. 

Irvani and van As, 
1972; 

Stephens et al.. 
1974; 

van As and Webster, 
1972, 1974 

aUnless specified, values apply only to the epiphase above cilia tips. 
bThickness of epiphase plus hypophase. 
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exhibit an irregular bipodial and tripodial branching pattern (Crapo et aI., 1990). 
Despite this, when Martonen (1983) compared the results obtained using symmetric 
TB geometries (Weibel, 1963; Soong et aI., 1979) with the asymmetric model of 
Horsfield et aI. (1971), he found that the symmetric models gave better agreement 
with the available human experimental deposition data than did the asymmetric 
model. 

The TB airways in the rat lung have predominately a monopodial branching sys
tem (Crapo et al., 1990). In rats, terminal bronchioles can be reached after any
where from 7 to 32 branchings, whereas the airways in each lobe of the human lung 
require about anywhere from 9 to 22 branchings to reach a terminal bronchiole (Yeh 
and Harkema, 1993). The difference between the TB airway branching systems of 
rodents and primates is illustrated schematically in Figure 4. The branching differ
ences are particularly important relative to the sites of deposition of inhaled parti
cles. Impaction is the predominant mechanism for particle deposition in the TB air
ways of humans for particles greater than 2.5 f.Lm dae; both impaction and 
sedimentation are important for deposition of particles greater than 1 f.Lm dae in the 
TB airways of laboratory animals. Because mean flow rate and residence time in
fluence impaction and sedimentation, respectively, impaction is even more signifi
cant for TB deposition as humans engage in activities that increase their minute 
ventilation. In humans and rats, enhanced deposition of particles larger than 2.5 f.Lm 
during inspiration occurs at airway bifurcations (Martonen and Hofmann, 1986; 
Schlesinger, 1989). With expiration, there is a tendency in humans for increased de
position on the walls of the parent tube within a distance of about one diameter of 
the airway size; the monopodia! branching system of the rat tends to impart in
creased deposition on the parent wall opposite the opening of the smaller daughter 
airway (Schlesinger, 1989). Also, the turbulence created by the laryngeal jet tends 
to result in enhanced deposition of ultrafine particles «0.1 jJ.m in geometric diame-

Rodent Primate 

YQtJL
~/\Gl-
JL)l)r"\
~pR~

Monopodial Bipodial - Tripodial 

FIG. 4. Illustration of short and long pathway models for reaching the gas-exchange region in 
either a monopodial or a bipodial/tripodial airway branching system. From Crapo et al. (1990). 
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ter) in the trachea and larger TB airways caused by diffusion (Cohen, 1987; Cohen 
et al., 1990). 

Alveolar Region Structure and Function 

Because the alveolar region is where gas exchange occurs, a teleological argument 
often has been made that the types of cells in this region should be essentially the 

I 

same in various mammalian species. The work of Stone and colleagues (1992) am
ply demonstrated that there is significant structural homogeneity of alveolar cells in 
mammals ranging over more than five orders of magnitude in body weight (i.e., 
from the shrew to the horse). The larger surface area of the human lung arises from 
more, not necessarily larger, cells than are in the alveolar region of the rat. Given 
the larger amount of tissue to support as the lung increases in size, there is a corre
sponding linear increase in both collagen- and elastin-rich fiber systems as the body 
weight of mammalian species increases (Mercer and Crapo, 1990). However, be
cause collagen and elastin fibers are concentrated at alveolar entrance rings, Mercer 
and Crapo (1990) found that the normalized volume density of collagen and elastin 
fibers at these locations was lO-fold greater in humans compared to mice, despite 
the fact that an alveolus in a human lung is only four-fold larger than the alveolus in 
a mouse. The role these differences may play among species in fibrotic responses 
caused by prolonged exposure to relatively insoluble particles is unknown. 

The liquid layer lining the alveolar epithelium is composed of surfactant, which 
contains a number of surface-active materials, primarily phospholipids. Surfactant 
lowers the work of breathing by lowering surface tensions, thereby stabilizing alve
oli and preventing them from collapsing. The surfactant layer is nonuniform in that 
there is a thin film «0.01 J.Lm thick) on a hypophase approximately 10 times 
thicker, but there is significant pooling of surfactant in comers (pockets) of alveoli 
during expiration. The phospholipid composition of lung surfactant is remarkably 
similar between rats and humans (see Rooney, 1992, Table 7). Because airflow ve
locity reduces with each bifurcation of the airways, airflow in the alveolar region is 
low and is essentially laminar. Even at flow rates 10 to 15 times greater than needed 
for normal respiration, convection is only 12% as important as diffusion for gas 
transport (Davidson and Fitz-Gerald, 1974). As a result, diffusion is the primary 
mechanism by which particles smaller than 0.5 Jlm entrained in air that reaches the 
alveolar region are deposited. For particles larger than 1 11m dae, sedimentation is 
the dominant mechanism for alveolar region deposition. 

The material presented thus far clearly demonstrates that complex interactions 
among species-specific respiratory tract anatomy, the route and depth of breathing, 
and particle-specific physical factors determine the sites of deposition of particles 
at various locations within the respiratory tract (Fig. 5). In addition, the relative im
portance of the major mechanisms by which deposition occurs is influenced by 
these factors. For both rats and humans, impaction predominates in the ET region, 
and diffusion largely governs deposition in the alveolar region. The relative impor
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FIG. 5. Schematic representation of major mechanism governing the deposition of particles in 
the respiratory tract. Airflow is signified by the arrows and particle trajectories by the dashed 
lines. Modified from U.S. Environmental Protection Agency (1996). 

tance of impaction and sedimentation vary significantly between rats and humans, 
primarily because of differences in airway size and overall lung architecture. Both 
p;ocesses are important for TB deposition in rats, but impaction is the predominant 
mechanism for TB deposition in humans. 

EXPERIMENTAL DATA ON REGIONAL DEPOSITION 

A number of experimental studies on the regional deposition of solid particles have 
been conducted using healthy, adult human subjects. Many fewer data are available 
from animal studies specifically designed to determine regional deposition of parti
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cles. For a detailed review of experimental deposition data for solid particles and 
for a discussion of the limited data available on the deposition of hygroscopic parti
cles, the reader is referred to Chapter 10 of the U.S. Environmental Protection 
Agency's (1996) document on air quality criteria for particulate matter. Here, over
all trends in deposition of solid particles are briefly reviewed. 

ET Region Deposition 

Recall that impaction is the predominant mechanism for deposition of particles in 
the ET region and that humans breathe through both the nose and the mouth, de
pending upon activity level or medical condition. Thus, an impaction parameter, 
d2 Q, where Q is the inspiratory flow rate, is used to relate deposition efficiency ae
when breathing through the nose (Fig. 6) as compared with the mouth (Fig. 7). Sev

. eral conclusions are apparent from the data shown in Figures 6 and 7. (l) There is a 

tremendous increase in variability in deposition efficiency as values of the im

paction parameter increase from 100 to 10,000 /-Lm2 cm3 S-1 for nasal breathing; (2) 

because the size of the ET region during mouth breathing increases with increasing 

flow rate and tidal volume, the empirical equation fit to the deposition efficiency 
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FIG. 6. Inspiratory deposition in the human nose as a function of particle aerodynamic diame
ter and flow rate (d 2Q). The curve represents the equation 'llN =1 -[3. 0 x 10-4 (d 2Q) + 1]-1.ae	 ae 
Data are from Stahlhofen et al. (1989), and equation is from the International Commission on 
Radiological Protection (1994). 
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FIG. 7. Inspiratory extrathoracic deposition data in humans during mouth breathing as a func
tion of particle aerodynamic diameter, flow rate, and tidal volume (dae2Q2I3VT -1/4). The solid 
curve represents the equation 1JN= 1 - [1.1 X10-4(dae2QO.6VT-02)14 + 1]-1, with the dashed 
lines representing 95% confidence limits on the mean. Data are from Stahlhofen et al. (1989), 
and the equation is from the International Commission on Radiological Protection (1994). 

data for mouth breathing is of a different form than that used for nasal breathing; (3) 
as with nasal breathing, there is significant scatter in the experimental data for ET 
deposition when inhaling through the mouth; and (4) nasal breathing is consider
ably more efficient in removing inhaled particles than is oral breathing. 

Experimental data on the deposition of particles in the ET region of various labo
ratory animals are shown in Figure 8. Overall, there is less variability in ET deposi
tion of particles in animals compared with humans. 

TB Region Deposition 

Particles that penetrate the ET region can be deposited in TB airways. Only an indi
rect assessment of deposition in this region is possible in human experimental stud
ies. Because the experimental studies use radiolabeled particles, the amount of ac
tivity retained in the lung as a function of time is determined; then TB deposition is 
derived from the fast-decay component (i.e., the first 24 hours) of the activity curve, 
with alveolar deposition being estimated from the slow-decay portion of the activ
ity curve. The rationale for this approach to determining TB and A deposition is that 
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FIG. 8. Extrathoracic (ET) deposition fractions in various animal species as a function of parti
cle aerodynamic diameter. For those smaller than 0.5 j.lm, geometric diameters were used. 
Data are from Schlesinger (1988), reprinted with permission, copyright by the National Acad
emy of Sciences. Courtesy of the National Academy Press, Washington, DC. 

the fast- and slow-decay components are considered to represent mucociliary and 
macrophage clearance, respectively. However, the cut point of 24 hours for TB air
way deposition is somewhat arbitrary, as there is experimental evidence in support 
of the concept that some material deposited in the TB region is retained consider
ably longer than 24 hours (Scheuch and Stahlhofen, 1988). The factors responsible 
for this observation have not been elucidated, although phagocytosis by airway 
macrophages, an incomplete mucous layer, and flow mixing all have been postu
lated as potentially being involved. In addition, heterogeneity in TB path length to 
the alveolar region could be a factor. Whatever the reason, it is likely operative in 
rats as well as humans. 

Experimental data for TB deposition of particles in humans are shown in Figure 
9. Of note is that the data represent deposition fractions rather than deposition effi
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FIG. 9. Tracheobronchial deposition data in humans with mouth breathing as a function of par
ticle aerodynamic diameter (d ). DETB represents the fraction of particles depositing in the traae
cheobronchial region out of the total inhaled. The solid curve represents the approximate mean 
of all the experimental data; the broken curve represents the mean excluding the data of 
Stahlhofen and colleagues. Data are from Stahlhofen et a!. (1989). 

ciencies. Although deposition fractions and efficiencies are the same for the ET re
gion, the same cannot be said for the TB region. If the deposition data were ex
pressed as the number of particles depositing in the TB region divided by the num
ber of particles entering this region, the result would be TB deposition efficiencies 
that would asymptotically approach one as particle size increased. For a discussion 
of the relationship between deposition fractions and efficiencies and how they can 
be calculated for the ET, TB, and alveolar regions, the reader is referred to work by 
Menache et al. (1996). 

Considerable scatter can be seen in the TB deposition data in Figure 9. This scatter 
is caused by differences in experimental techniques, intra- and intersubject variabil
ity, and flow rates used in the various studies, coupled with the fact that d is used on ae 
the abscissa. Because impaction is directly proportional and sedimentation is in
versely proportional to flow rate, a single relationship between deposition and d for ae 
different flow rates is not possible. Hence, combining data from experiments using 
different flow rates as was done in Figure 9 automatically imparts scatter. The peak 
deposition fraction in the TB region occurs for particles about 4 J.Lm d . Also, note ae 
that there is very modest deposition in the TB region for particles smaller than 

I 
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I ,.un dae • Regional respiratory-tract experimental data are not currently available for 
TB deposition in humans of ultrafine particles (i.e., particles with a physical diame
ter <0.1 /-Lm). Dosimetry models predict deposition fractions to approach a peak of 
0.6 for 0.005-/-Lm particles and then to decrease as particle size decreases (Interna
tional Commission on Radiological Protection, 1994). However, TB deposition stud
ies of ultrafine particles in human replica cast (Cohen, 1987; Cohen et aI., 1990) 
yield deposition efficiencies that are about two-fold higher than those predicted us
ing dosimetry models. 

Data on the fraction of particles deposited in the TB region of rats, hamsters, 
mice and other animal species are shown in Figure 10. TB deposition is minimal, 
being typically 5% to 10%, and is essentially uniform across these species for parti
cles larger than 0.5 /-Lm dae, at least within the error of measurement. Because there 
is nearly complete ET deposition of particles larger than 4 /-Lm dae in rodents, TB de
position of such particles is correspondingly low. 

Alveolar Region Deposition 

Alveolar deposition fractions in healthy, adult humans as a function of dae are 
shown in Figure 11. As with other regional deposition data, significant scatter is de
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FIG. 10. Tracheobronchial deposition fractions in various animal species as a function of parti
cle aerodynamic diameter; for less than 0.5 ~m, geometriC diameters were used. 
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FIG. 11. Alveolar deposition data in humans as a function of particle aerodynamic diameter 
(d ). The solid curve represents the mean of all the data; the broken curve is an estimate of deae
position for nose breathing by Lippmann (1977). Data are from Stahlhofen et al. (1989). 

picted. For particles larger than I j.tm dae, there is enhanced alveolar deposition if 
individuals breathe through the mouth as compared with the nose, as indicated by 
the solid and dashed lines, respectively. Below 1 j.tm dae, the two routes of breathing 
yield similar alveolar deposition fractions. The peak for alveolar deposition occurs 

I 

at a d ae of about 3.5 j.tm. 
Alveolar deposition in laboratory animals is depicted in Figure 12. In general, for 

most d , alveolar deposition fractions in rodents are considerably lower than theyae
are for humans. This observation often has been used by toxicologists to justify the 
use of exposure levels in animal inhalation studies of carcinogenicity that are many 
orders of magnitude greater than those likely to be encountered by humans. The use 
of such high exposures for PSP has led to the phenomenon of "lung overload" in 
carcinogenicity studies for such particles as carbon black, coal, diesel soot, talc, and 
titanium dioxide. 
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FIG. 12. Alveolar deposition in various animal species as a function of particle aerodynamic di
ameter (d ). For those smaller than 0.5 IJm, geometric diameters were used. Data are from ae
Schlesinger (1988). reprinted with permission, copyright by the National Academy of Sciences. 
Courtesy of the National Academy Press, Washington, DC. 

SPECIES·SPECIFIC FACTORS INFLUENCING DOSIMETRY 

Although species-specific structure of the various respiratory-tract regions in com
bination with the route and depth of breathing are critically important for determin
ing where particles will deposit, there are several other factors that affect dosimetry 
to differing degrees in laboratory rodents and humans. Among these factors are in
hal ability, oronasal breathing, and heterogeneity in acinar deposition of particles. In 
addition, there may be morphometric differences in alveolar parameters that influ
ence the choice of appropriate dose metrics for relating various types of effects. 
These topics are discussed briefly. 

Inhalability 

Laboratory animals and humans inhale particles from the air space proximal to the 
nares, and humans also may inhale particles from air proximal to the mouth. The air 
space around these orifices is considered to be the breathing zone. The penetration 
of particles into the breathing zone is influenced by airflow velocity and direction in 
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close proximity to a person's or animal's head and body. Inhalability can be defined 
as the probability that a particle of a given size actually will enter one of the respira
tory-tract orifices in the case of humans or enter the nares in the case of laboratory 
rodents, because these animals are obligatory nose breathers. Using this probability, 
one can adjust the concentration of particles external to the human or animal to ob
tain the concentration of particles in the inspired air. 

Because inhalability of particles varies among species (Menache et aI., 1995), 
adjustments for inhalability must be made when making interspecies comparisons 
of exposure scenarios that lead to the same internally deposited dose. Inhalability in 
humans is not a factor for particles studied thus far in animals, because the particle 
size range of the aerosols have not exceeded 5 IJ.m dae, and because particles smaller 
than 5 IJ.m d are completely inhalable by humans. ae 

Using the experimental data of Raabe et ai. (1988), Menache and colleagues 
(1995) determined that a logistic curve adequately described the probability that 
laboratory rodents would inhale particles of any given size. Even for particles as 
small as 1 IJ.m dae, rats inhale only 93% of particles this size. Inhalability declines 
with increasing particle size such that 85%, 77%, 71 %, and 65% of 2-, 3-,4-, and 5
IJ.m dae particles, respectively, are inhaled by laboratory rodents. Independent of any 
difference between rats and humans in the clearance of particles, suppose one 
wanted to know to what level humans would have to be exposed to get the same 
mass of particles per unit surface area deposited in the alveolar region if rats were 
exposed for I hour to 5 mg/m3 of a monodisperse aerosol of 2-lJ.m d particles. Usae 
ing fractional alveolar deposition data for humans and rats, the inhalability equation 
for rodents developed by Menache et al. (1995), pulmonary function data specific 
to each species, and computational procedures described by Miller et al. (1995), 
one finds that humans exposed for 1 hour to 1.85 mg/m3 of this aerosol would have 
the same mass deposited per unit surface area in the alveolar region as would rats. 
The computation is, of course, more complex for polydisperse aerosols. 

Oronasal Breathing 

As noted previously, laboratory rodents are obligatory nose breathers, but humans can 
breathe through either their nose or mouth. For most of the human population, indi
viduals breathe through their nose while at rest. As ventilatory drive increases with 
wOlk or exercise, humans switch to oronasal breathing when minute ventilation ex
ceeds about 35 Llminute (Niinimaa et aI., 1981). The proportion of inhaled air enter
ing through the mouth continues to increase as minute ventilation increases beyond 
the oronasal switching point. Niinimaa and colleagues (1981) found, however, that 
15% of subjects breathe through their mouth even at rest. Because oronasal breathing 
modifies the amount and the pattern of particle deposition, the activity pattern of the 
human subpopulation being exposed to particles of concern needs to be taken into ac
count. Deposition equations and regional respiratory-tract deposition curves that in
corporate oronasal breathing have been developed by Miller et al. (1988). 
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Heterogeneity in Acinar Deposition 

Alveolar-region deposition of particles is typically of concern because clearance of 
particles from this region is slow. To date, experimental particulate studies for the 
most part have provided information only on particle deposition aggregated over 
large regions of the lung. The rat lung has over 2400 acini, and there is significant 
variability in TB path length to reach these acini (Yeh and Harkema, 1993). Anjilvel 
and Asgharian (1995) developed a multiple-path model for the TB region of the rat 
and used this model to determine particle deposition in each acinus of the lung as a 
function of particle size. They studied various particle sizes and found that hetero
geneity among acini in particle deposition is greatest if particles are relatively small 
(~O.l j.Lm). Even for particles in the range of 1 to 3 j.Lm d , there is considerable ae 
variability in particle deposition among acini in the rat lung, with about 100 acini 
and 50 acini having deposition fractions about 25% and 50% greater, respectively, 
than the average. 

MECHANISMS OF CLEARANCE AND TRANSLOCATION 

Once particles have deposited on airway surfaces, they are cleared or translocated 
to other sites either within the respiratory tract or external to it. The mechanisms 
that are operative for clearance and translocation of particles differ among the ET, 
TB, and A regions. Table 3 provides a breakdown of where various clearance mech
anisms are operative in the major respiratory tract regions. Most of the clearance 
mechanisms involve mechanical transport of intact particles, with dissolution of 
particles essentially being the only absorptive process. Information on the rate of 
dissolution of particles compared with their rate of clearance by mechanical trans
port is used to classify particles along the spectrum from highly soluble to poorly or 
insoluble. For particles exerting toxicity or carcinogenicity through the phenome
non of lung overload, the rate of clearance by dissolution is insignificant compared 
to the rate of clearance of the intact particles. 

TABLE 3. Importance of various clearance mechanisms in major regions of the respiratory tract 

Extrathoracic Tracheobronchial 
Clearance mechanism region region Alveolar region 

Nose wiping and blowing, sneezing X 
Mucociliary transport X X 
Dissolution 

Soluble particles X X X 
Poorly soluble particles X 

Coughing X 
Macrophage phagocytosis X X 
Interstitial X 
Epithelial cells X X 

Note: X indicates that the mechanism is a factor in the region in question. 
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The dissolution rate of solid particles depends upon one or more of the following: 
(1) the surface area of the particles exposed to the medium containing them, (2) the 
diffusion of molecules through the stagnant layer of media around the particles, and 
(3) diffusion to the surface of the more soluble components of multicomponent par
ticles (Moss and Kanapilly, 1980). By their very nature, hygroscopic particles and 
liquid droplets dissolve instantly upon contact with the mucous layer in the ET and 
TB regions or with the surfactant layer in the A region. For a detailed discussion of 
dissolution kinetics, the reader is referred to work by Moss and Kanapilly (1980); 
for consideration of the role of particle size in the dissolution of body burdens aris
ing from a log-normally distributed population of particles, the reader is referred to 
work by Mercer (1967). 

ET Region Clearance 

The most anterior portion of the nose contains nasal hairs that trap most of the large 
particles (> 10 J.Lm) that are inhaled. Squamous cells make up the epithelium in this 
region, which is not lined with a layer of mucus. Thus, clearance of particles occurs 
only by wiping or blowing. For respiratory and transitional epithelium that lines pos
terior ET regions, complex flow patterns of mucus, which is propelled by the beating 
of ciliated cells, lead to solid particles moving towards the nasopharynx and eventu
ally being swallowed. Poorly soluble particles deposited in oral passages are cleared 
by coughing, expectoration, or swallowing. Although some mucins may be seen 
overlying olfactory epithelium, there is not a continuous layer of mucus in this re
gion; a combination of mucous and serous cells and ducts that transverse the olfac
tory epithelium provide the secretions for the surface of the olfactory epithelium 
(Getchell and Getchell, 1992). Once poorly soluble particles have deposited on ol
factory epithelium, they can have extended periods of time for bioavailability. This 
may lead to uptake by olfactory cells and to retrograde neuronal transport such as has 
been demonstrated for cadmium (Hastings and Evans, 1991). Once deposited on ET 
epithelium, highly soluble particles likely are absorbed rapidly into epithelial cells. 

TB Region Clearance 

The primary mechanism for clearance of nonhygroscopic and relatively insoluble 
Pilrticles from the TB region is via the mucociliary escalator. The mucous layer lin
ing the conducting airways is continually propelled cephalad by the beating of cilia 
until reaching the oropharynx, where the fluid is swallowed. In large airways, de
posited particles tend to move in a spiral fashion on the mucous layer from the site 
of initial deposition until reaching the dorsal surface, after which they proceed lon
gitudinally along this surface to the larynx (Wolff and Muggenburg, 1979). The na
ture of particle movement on the mucociliary escalator has not been examined in 
small airways. As noted earlier, the thickness of the mucous layer varies by loca
tion. Although some investigators have reported that the mucous layer is not contin
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uous, others have reported it to be continuous (Table 2). Regardless, there is general 
agreement that some regions within airway bifurcations have areas of nonciliated 
cells, leading to retarded clearance of particles from these areas. Interestingly, air
way bifurcations have been shown to be hot spots for particle deposition resulting 
from enhanced impaction losses at these sites during inspiration .. 

Clearance of particles from the trachea and large TB airways can be facilitated in 
humans by coughing. Although a minor mechanism for clearance in healthy sub
jects, cough can be very important in individuals with severe respiratory disease, in 
which coughing serves to dislodge mucus and other deposited material from the I 

surfaces of larger airways. Another potential mechanism for TB clearance of parti
cles is through phagocytosis by macrophages resident in the conducting airways. 
Gehr and colleagues (1990) have shown that particles initially deposited in con
ducting airways can be found retained in the airways in close association with the 
epithelium, and that such particles are coated with an osmiophilic film attributable 
to surfactant. Particles retained in close proximity to the epithelium would tend to 
remain there until engulfed by resident macrophages. 

Alveolar Region Clearance 

As can be seen from Figure 13, there are a number of mechanisms and pathways 
that can be important for the clearance or translocation of particles from the alveo
lar region. Which mechanisms and pathways are operative at any point in time is a 
complex function of exposure rate and level, particle size, particle number, and CUf-
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FIG. 13. Schematic of known and suspected clearance pathways for poorly soluble particles 
depositing in the alveolar region. Modified from U. S. Environmental Protection Agency (1996). 
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rent mass load. The same pathways for clearance of particles appear to be operative 
in laboratory animals and humans, although the relative importance of the various 
pathways appears to vary considerably among species (Snipes, 1989). 

Alveolar macrophage phagocytosis of deposited particles is clearly the predom
inant clearance process for the alveolar region. Macrophages reside on the epithe
lium and come into contact with particles through either random motion or through 
chemotactic factors (Warheit et al., 1988). Chemotaxis may not be requisite for 
phagocystosis of particles by macrophages-Hadley (1977) calculated that a sin
gle rat AM can scavage approximately 35% of an alveolus of this species using 
"agrapod-like" extensions of its cell membrane. Despite tremendous differences in 
lung size, number of alveoli, and number of AMs between laboratory rodents and 
humans, the amount of epithelial surface area per AM is amazingly similar across 
these species (Table 4). 

Translocation from the alveolar region of particles that have been ingested by 
macrophages primarily occurs by one of two pathways: (I) the mucociliary escala
tor or (2) pathways to the lung-associated lymph nodes. As can be seen in Figure 
13, the pathways leading to particles ending up in such nodes are relatively tortur
ous compared with translocation of particles via the mucociliary escalator. 

Some of the particles passing through the alveolar epithelium and into the in
terstitium escape phagocytosis by interstitial macrophages. These particles con
tribute to the interstitial load and can move to various sites (perivenous, peri
bronchiolar, lymphatics, subpleural) before becoming trapped and increasing 
lung particle burdens. Accumulation of particles in interstitial spaces with 
chronic exposure to high levels of poorly soluble particles is a hallmark of the 
lung-overload phenomenon (Morrow, 1994). Uningested particles in the intersti
tium also may pass through the capillary endothelium and directly enter the 
blood stream (Raabe, 1982). 

TABLE 4. Inter species comparisons of number of alveoli and of alveolar macrophage (AM) 
morphometric data 

No. AMI Epithelial surface AM volume 
No. alveoli No. AM alveolus area per AM (r..l.m2) (I.l.m3) 

Mouse 4.2 x 106 2.9 X 106 0.7 17,200 493 
Hamster 6.9 x 106 10.5 X 106 1.5 20,400 534 
~344 rat 18.4 x 106 29.1 X 106 1.6 14,100 882 
Sprague-

Dawley rat 19.7 x 106 26.9 x 106 1.4 14,900 1161 
Human 486 x 106 5,990 x 106 12.3 17,100 1474 

Note: Data for number of alveoli are from Mercer, Russell, and Crapo (1994) or derived from 
allometric relationships given by these authors. All other data are taken or derived from data in 
Stone et al. (1992) except AM volume for F344 rat, which is the average of values reported by 
Barry et al. (1985), Chang et al. (1986), Stone et al. (1992), and Mercer et al. (1995), and the 
AM volume for the Sprague-Dawley rat, which is the average of values reported by Crapo et 
al. (1978) and Stone et al. (1992). 
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CLEARANCE KINETICS 

The potential for inhaled particles to exert toxic or carcinogenic effects is greatly 
influenced by their residence time at target sites. Residence time is particularly im
portant for rodent inhalation studies using PSP, because particle-tissue contact is 
not diminished much by dissolution of the particles during the short life span of ro
dents. Clearance kinetics are influenced by a number of factors such as the inhaled 
particle size distribution, the respiratory pattern used, and the respiratory-tract anat-

I 

omy of the species being studied (Wolff, 1992). As a result, there are significant dif
ferences among species in rates of clearance of inhaled particles from the ET, TB, 
and A regions. The net result of these species and regional differences presents a 
clear challenge to toxicologists and risk assessors for interpreting results from ani
mal studies as to their relevance to humans. 

ET Region Clearance Kinetics 

Mucous flow rates are highly variable in different portions of the ET region both 
within and among species (see Table 2). The median mucous flow rate in healthy 
adults has been estimated to be about 5 mmlminute, thereby requiring a transport 
time of only 10 to 20 minutes for solid particles to travel from the anterior to poste
rior portions of the nasal passages (Rutland and Cole, 1981; Stanley et aI., 1985). 
Because particles deposited on the more anterior portion of the nasal epithelium 
clear at a rate of only 0.017 to 0.033 mmlminute (Hilding, 1963), sneezing, wiping, 
or nose blowing typically is needed to remove such particles in a reasonable time 
frame. Although there is a paucity of olfactory epithelium clearance kinetic data, ol
factory clearance is likely relatively slow compared with clearance from other ET 
regions. 

TB Region Clearance Kinetics 

Clearance of solid particles from ET areas lined with mucus is typically less than 30 
minutes. Although the rich vascularization of the nasal region aids in humidifica
tion and thermal regulation of inspired air, the rapid dissolution of highly soluble 
and hygroscopic particles leads to absorption into the blood as a significant clear
ance mechanisms for such material. 

Mucous velocities and hence the transport of particles vary considerably (Table 
2) in different-sized TB airways. This variability is over and above the variability 
imparted by the use of various experimental methods to assess clearance rates in 
laboratory animals and humans (Schlesinger, 1985). Interindividual variability can 
be largely overcome by the use of radiolabeled particles and repeated measure
ments on the same subject or animal, because highly reproducible results are usu
ally obtained for any given subject or animal. For the percentage of particles de
positing in the TB region, 90% of relatively insoluble particles are cleared within 



537 

I 

DOSIMETRY OF PARTICLES 

2.5 to 20 hours (Albert et a1., 1973), and bronchial clearance is about 99% complete 
by 48 hours after exposure (Bailey et al., 1985). Individual subjects' geometry of 
the conducting airways and particle size are important sources of variability in mea
surements of TB clearance rates. 

Some aspects of TB clearance remain controversial. Among these are conflicting 
interpretations concerning the reason why a small fraction (about 1 %) of deposited 
particles appears to be retained for a long time (Gore and Patrick, 1982), compared 
with other investigations finding that up to 40% of particles likely to have been de
posited in conducting airways are not cleared for days, and that this effect is in
versely related to particle size (Stahlhofen et al., 1986). A surfactant film on the mu
cous layer, enhanced deposition at bifurcations and correspondingly low clearance 
from these areas, as well as heterogeneity in TB path length and the presence of air
way macrophages, have been postulated as potential explanations. 

Alveolar Region Clearance Kinetics 

In general, clearance of particles from the alveolar region consists of two phases. 
The first phase is typically measured in days; the slower second phase occurs over a 
period of months to years. In addition to variability imparted by the use of different 
techniques, the physicochemical properties of the particle are important determi
nants of alveolar region clearance kinetics. A particularly important observation for 
particles for which lung overload has been shown to be operative is the fact that once 
any dissolution has been accounted for, mechanical removal by AMs via the mu
cociliary escalator or the lymphatics appears to be independent of size for particles 
smaller than 5 f.Lm d (Snipes et aI., 1983). This finding justifies the synthesis of reae 
sults from a wide variety of particle types and sizes in considering lung-overload is
sues. Given the wide range of clearance rates of identical particles among human 
subjects (Bailey et aI., 1985), however, chronic exposures are associated with large 
variations in alveolar region particle burdens, thereby leading to significant uncer
tainties about comparable exposure scenarios between laboratory rodents and hu
mans. In addition, because rats have more rapid alveolar clearance kinetics than do 
humans (Snipes, 1989), the difficulty in identifying equivalent exposure scenarios in 
these two species is compounded but approachable through the use of dosimetry 
models. 

Although overall alveolar region clearance kinetics have been studied, data on 
clearance kinetics along the various clearance pathways depicted in Figure 13 are 
scant. Uningested particles can penetrate into the interstitium via endocytosis of 
type 1 epithelial cells in a matter of hours following deposition (Brody et aI., 1981). 
This pathway has been shown to be increasingly important, as particle loading in
creases and appears to be even more important if particle levels exceed the satura
tion point for increasing macrophage number (Adamson and Bowden, 1978). 

Clearance kinetics via the lymphatic system appear to be temporally dependent 
upon effectiveness (or lack thereof) of other clearance pathways. Greenspan and 
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colleagues (1988) showed that, if the phagocytic activity of macrophages de
creases, lymphatic translocation tends to increase. Lymphatic translocation rates 
appear to be particle size-dependent in rats for particles in the aerodynamic size 
range, with smaller particles translocating faster than larger ones (Snipes and Clem, 
1981; Takahashi et al., 1992). Although comparable data are lacking for humans, 
similar relationships likely hold also in people. Translocation rates to the lymphatic 
system are on the order of 0.02% to 0.003% per day (Snipes, 1989), with elimina
tion from the lymph nodes occurring over half-times likely to be in the tens of years, 
(Roy, 1989). 

DOSIMETRY MODELS 

In order to extend the results of an experimental dosimetry study to situations be
yond the specific conditions of the given study, mathematical models incorporating 
deposition or clearance processes have been developed. An in-depth treatment of 
particulate dosimetry models is beyond the scope of this review; however, a brief 
discussion of the types of deposition and clearance models that are available is pro
vided, together with citations to which the reader can refer (e.g., U.S. Environmen
tal Protection Agency, 1996; StOber et al., 1993, Schlesinger, 1989) for more com
plete treatments on deposition and clearance models for inhaled particulate matter. 

Deposition Models 

A variety of modeling approaches has been used to examine the deposition of parti
cles in the respiratory tract. These approaches break down into two major categories. 
One category involves models incorporating a representation of airway structure in 
which equations for deposition efficiencies are solved by some computational algo
rithm that also accounts for the transport of particles through the airways. The other 
category involves empirical modeling of experimental data on deposition and clear
ance, typically using as parameters expressions involving airflow and particle char
acteristics (Rudolf et al., 1983, 1986, 1990). The most widely used empirically based 
model for the deposition of particles in the ET, TB, and A regions in the respiratory 
tract of humans is the latest effort by the International Commission on Radiological 
Protection (1994). The reader is referred to a publication by the U.S. Environmental 
Protection Agency (1996) for an overview of how the regional deposition values ob
tained using the International Commission on Radiological Protection model com
pare with the available body of experimental data in humans. 

To date, the most widely used nonempirical dosimetry models for particle depo
sition in humans have been based largely upon typical path, whole-lung geometry 
models (Gerrity et aI., 1979; Yeh and Schum, 1980; Yu and Diu, 1983; Egan and 
Nixon, 1989; International Commission on Radiological Protection, 1994). Such is 
also the case as for rats (Schum and Yeh, 1980; Xu and Yu, 1987; Martonen et aI., 
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1992). Typical path models often are referred to as trumpet models because the cu
mulative cross-sectional area gradually increases as one proceeds distally from the 
trachea through the conducting airways and then rapidly expands because of the 
tremendous increase in surface area in the alveolar region 

As the computational speed and memory of computers increase, models for the 
lower respiratory tract deposition of particles can be developed that represent a re
finement of typical-path, whole-lung models. Lobar-specific anatomical data for 
rats (Yeh et at, 1979) and for humans (Yeh and Schum, 1980) allow deposition 
models to estimate particle deposition on a lobar basis. This feature allows for bet
ter comparison of theory and experimental deposition data in rat inhalation studies, 
because often only a single lobe in the rat lung is used to determine body burdens. 
Lobar-specific deposition estimates in humans offer the potential to better under
stand deposition in diseased lungs because, as is the case for individuals with 
chronic obstructive pulmonary disease, there can be significant heterogeneity in lo
bar ventilation (Bates et al., 1971; Bates, 1989). 

Beyond the typical-path, whole-lung, and lobar-specific anatomical structures, the 
detailed lung cast measurements made by Raabe and coworkers (1976) have been 
used in deposition modeling in two relatively complex ways. Anjilvel and Asgharian 
( 1995) developed a multiple-path model for the rat lung in which they solved for par
ticle deposition in each of the 2404 unique conducting airway paths and in the sym
metric acinar structure they attached to the end of each path. An airflow splitting al
gorithm was used that invoked the assumption that flow partitioning is proportional 
to distal volume. These investigators also have used their asymmetric, multiple-path 
model to study fiber deposition in the rat lung (Asgharian and Anjilvel, 1998). The 
other way the data of Raabe et al. (1976) have been used is in stochastic models of 
lung deposition that employ Monte Carlo methods and that exploit the statistical dis
tributions of the morphometric data (diameters, lengths, branching, and gravity an
gles) for individual airway generations as well as correlations between daughter and 
parent airways and major to minor daughter airways. Hofmann, Koblinger, and col
leagues have been leaders in the development and use of stochastic lung modeling to 
study various aspects of the deposition of particles in the human lung (Koblinger and 
Hofmann, 1985, 1988, 1990; Hofmann and Koblinger, 1990, 1992), in the rat lung 
(Koblinger and Hofmann, 1995; Koblinger et al., 1995), and in comparisons be
tween these two species (Hofmann et al., 1989; Hofmann and Koblinger, 1994; Hof
mann and Bergmann, 1998; Hofmann et aL, 1999). 

As opposed to the extensive use of computational fluid dynamic models for the 
upper respiratory tract, there are currently no published data on the use of such 
modeling in the lung. In the future, one can envision the use of these models to ex
amine deposition "hot spots" such as at airway bifurcations or to study gas-particle 
interactions in selected areas of the lung. However, computational fluid dynamic 
models of the entire lower respiratory tract present a computational nightmare for 
the study of particle deposition. Indeed, the supercomputer computational intensity 
needed for the algorithm developed by Martonen et al. (1994) to interpret planar 
gamma camera images obtained in conjunction with aerosol therapy has severely 
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restricted the use of this technique. More recently, Martonen and colleagues (1997) 
incorporated a method to map the three-dimensional outer boundary of the lung 
based on Delaunay tessellation (Martonen et aI., 1994) and other more clinician
friendly features to develop a newer algorithm that can run on workstations more 
likely to be available at medical facilities. Dosimetry modelers need to be mindful 
of the biological or toxicological problem at hand so that dose resolution is at the 
appropriate level of detail. 

Once a lung geometry has been selected and an algorithm developed to accourt 
properly for airflow resulting from the route and depth of breathing, equations for 
the various mechanisms by which particles are removed from the air stream must be 
solved to determine particle deposition. For solid, spherical particles, equations for 
impaction, sedimentation, and diffusion are given by Anjilvel and Asgharian 
(1995). In the case of fibers, the equations for some of the deposition mechanisms 
take on a different form (see Asgharian and Anjilvel, 1998). The diameter of hygro
scopic particles changes as a function of the relative humidity to which the particles 
are subjected (Tang and Munkelwitz, 1977). Because temperature and relative hu
midity can vary among respiratory-tract locations, hygroscopic particles can either 
grow or shrink in size as they traverse respiratory-tract airways. For equations that 
can be used to examine the influence of impaction, sedimentation, and diffusion in 
the deposition of hygroscopic particles, the reader is referred elsewhere (Martonen, 
1982; Martonen et aI., 1985). Recently, Finlay (1998) described how two nondi
mensional parameters could be used to determine if (l) hygroscopic growth is sig
nificant but can be examined using a classical one-way coupled approach, (2) hy
groscopic changes are not negligible but a two-way coupled approach can be used 
to study their behavior, or (3) hygroscopic growth changes are negligible. 

Clearance Models 

As evidenced from the material presented previously on clearance and translocation 
of particles and on the rates at which such events occur, the development of accu
rate models for the clearance of particles is a complex and difficult endeavor. The 
amount of deposited particles retained at specific respiratory tract sites continues to 
increase until the rate of deposition to the area is offset by the rate of clearance. As 
opposed to our knowledge and use of laws of physics that have enabled significant 
progress to be made in understanding the deposition of particles in animals and hu
mans, our knowledge of how biological systems handle material once it has been 
deposited is much more rudimentary. The deposited material can interact with the 
biological environment of the respiratory tract in a number of ways, thereby giving 
rise to the various clearance mechanisms listed in Table 3. 

Models for the clearance of particles can be broadly classified as either empiri
cally or biologically based. Because biological systems are inherently variable, 
most clearance models that have been developed to date rely heavily on empirical 
relationships between variables known to be important in certain clearance path
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ways and experimental data on retained respiratory-tract burdens or other measure
ments relevant to the variables being examined. In the second edition of this book, 
StOber et ai. (1993) provided an extensive review of how the use of empirically 
based models of particulate clearance and retention in the lungs has developed since 
the 1950s. Since that review, the International Commission on Radiological Protec
tion (1994) and the National Council for Radiological Protection (1997) have de
veloped improved empirically based clearance models. Each of these groups di
vided the respiratory tract into more compartments than they had previously done, 
and they implemented empirical equations based upon more recent data in the liter
ature. Although these models were developed for the radiological community, they 
can be used to examine the deposition and clearance of biopersistent particles in 
general. However, as noted by StOber and McClellan (1997) for the International 
Commission on Radiological Protection model (and such would also hold for the 
National Council model), the nature of the additional compartments that were 
added reflect a way of approximating nonlinear processes, and, thus, these models 
do not apply for chronic exposures to high particulate burdens such as would be the 
case in lung overload. 

Relative to the clearance of fibrous particulates, Yu et al. (1998) recently developed 
a semiempirical model for the clearance of man-made vitreous fibers from the lungs 
of rats. Major features of the model included accounting for (1) differential clearance 
of fibers by alveolar macrophages, (2) the dissolution rate of fibers in the pulmonary 
extracellular fluid, and (3) the breakage of long fibers into shorter components as a 
function of their in vitro dissolution rate. Currently, experimental data are lacking to 
develop a comparable model for the clearance of fibers from the human lung. 

Although significant efforts have been expended developing biologically based 
models for vapors and gases (see Chapters 17 and 19), not until the phenomenon of 
lung overload had been identified were biologically based particulate clearance 
models proposed to account for the functional and biological structure of the alveo
lar region of the lung (Stober et aI., 1993). As Figure 13 conveys, there are a number 
of potential pathways for clearance of particles that have been deposited in the alve
olar region. Developing a physiologically based model that incorporates the various 
pathways and kinetics relevant to them is indeed a formidable task. As in any field of 
modeling, simplifications often must be introduced either to make the problem 
mathematically tractable or to make use of the available biological data. In the 
1980s, efforts to develop physiologically based models were made by various inves

. tigators (Soderholm, 1981; Strom et aI., 1988; Smith, 1985; Stober et aI., 1989). 
StOber and colleagues (1989, 1990a,b, 1994) have been leaders in developing phys

iologically based clearance models for biopersistent particles of low toxicity. Katsnel
son and coworkers (1992,1994) and Tran and colleagues (1994, 1995) have led efforts 
to develop physiologically based clearance models for biopersistent particles having 
inherent cytotoxicity. The initial biologically based models for all three of these 
groups can be viewed as "parameter rich and experimental data poor." Thus far, only 
Stober and colleagues (1994) have extended their analyses to develop a simpler 
model version that is more commensurate with the amount of available biological 
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data. Some parameters in the model version, termed by StOber et al. (1994) as "stan
dardized design," take on fixed values; other parameters are material-specific and 
must be estimated for a given type of particle (diesel soot, carbon black, titanium di
oxide, etc.) A wide variety of particle sizes, exposure concentrations, and duration of 
exposures has been studied. The standardized model predicts retention burdens that 
are in reasonable agreement with the experimental data, particularly for the longer
term exposure studies. For an in-depth review of recent progress in using physiologi
cally based dosimetry models to examine the retention and clearance of poorly solu
ble particles of low toxicity, the reader is referred to Stober and McClellan (1997). . 

LUNG OVERLOAD 

Since Morrow (1988) reviewed the evidence for dust overloading of the lungs and 
postulated that the phenomenon reflected a breakdown of AM-mediated clearance 
of PSPs induced by a volumetric overload, additional experimental studies and in
sights about lung overload have led to a better characterization of general aspects of 
pulmonary responses during overload. These aspects include (1) stasis or slowing 
of AM-mediated clearance of PSPs, (2) significant and diverse accumulation of 
PSP-Iaden AMs within pulmonary alveoli, (3) increased translocation and accumu
lation of PSPs in the interstitium of the lung and in the lymph nodes of the thoracic 
cavity, (4) chronic inflammation in the lung, (5) the eventual appearance of alveoli
tis and granulomatous lung disease, and (6) the potential development of lung tu
mors (Snipes, 1995). Interestingly, despite evidence that studies using mice and 
hamsters have achieved lung burdens that are considered to be in the overload 
range, only rats have developed lung tumors, with no study of PSPs having identi
fied lung tumors at a nonoverload exposure leveL This has led to the question of the 
relevance of PSP-associated lung tumors for assessing potential carcinogenic risk 
to humans. 

Although one of the hallmarks of lung overload is stasis or significant slowing of 
AM-mediated clearance of PSPs, there is not necessarily a decrease in phagocytic 
activity of AMs (Morrow, 1992). In fact, Morrow's (1992) analysis of the results of 
the particle clearance studies of Bellmann et al. (1991) led him to conclude that 
phagocytosis is a fast process relative to clearance and that phagocytosis by immo
bilized macrophages must continue to occur. Earlier, Morrow (1988) had hypothe
sized that volumetric loading of AMs was the driving function leading to the loss of 
mobility of these cells, with a threshold for the start of overload being 6% of the 
volume of an AM and with stasis occurring at a 60% volumetric loading leveL 

With a more definitive and broader array of lung morphometric data now avail
able for laboratory rodents and humans (Stone et aI., 1992), some interesting com
parisons among species become apparent relative to the potential for volumetric 
loading of particles by AMs of various species (Table 5). After accounting for the 
volume of the AM nucleus and the void space volume (Stober, 1972), one sees that 
only about 90 to 120 uniform, L9-f.Lm particles would need to be engulfed to ex
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ceed the volume for stasis in rats rather than the about 150 such particles that Mor
row (1988) computed. Such substantially lower numbers, as found in Table 5, for 
volumetric particle overload support the recent modeling work of StOber et al. 
(1998) indicating that the initiation of lung overload may occur at considerably 
lower exposure levels than previously believed required (i.e., in the range of 
150-200 I-lg/ m3). Currently, however, there are no experimental data that can be 
used to confirm or refute these modeling predictions. Table 5 shows that essen
tially phagocytosis of a single lO-l-lm particle is sufficient to induce stasis of AMs 
in rodents and in humans. Interestingly, Oberdorster et al. (1992) showed that 
F344 rats can engulf such particles but do not appreciably transport them from the 
lungs. 

Although the data in Table 5 give one some idea about the number of engulfed 
particles leading to stasis in various rodent and human AMs as a function of particle 
size, the time scale over which stasis might occur depends upon species ventilatory 
patterns and alveolar region morphometric parameters, the level and duration of ex
posure, and the rates of deposition and clearance of particles. If one ignores clear
ance, dosimetry calculations are available from Miller et al. (1995) that can be used 
together with the data of Table 5 to predict the earliest times at which stasis might 
occur for various exposure scenarios. Suppose, for example, that F344 rats and hu
mans were exposed 24 hours per day to 10 mg/m3 of aerosols of l-I-lm or 5-l-lm par
ticles. For l-I-lm particles, about 80 days of exposure would yield stasis of AMs in 
rats compared with about 310 days in humans, and for 5-l-lm particles, the corre
sponding numbers would be 300 and 90 days, respectively. The fact that lung over
load has been observed much later than these times in rodents exposed chronically 
to 10 mg/m3 of PSPs reflects the importance of clearance as a mechanism to reduce 
the lung burden of particles. 

Heterogeneity in acinar deposition in the rat lung, as noted earlier, means there is 
greatly enhanced deposition in some localized areas of the pulmonary region; this, 
coupled with the fact that rat AMs have anywhere from 65% to 135% greater vol
ume than AMs from mice or hamsters (Table 4), may provide some insights about 
the lung overload phenomenon. Lung overload involves an inhibition or stasis of 
AM-mediated clearance of particles. If mouse, hamster, and rat AMs do not differ in 
the rate at which they can phagocytize particles, then achieving an ingested particle 
volume of 60% of the cell's volume, which Morrow (1988) postulated as leading to 
macrophage stasis, would require a longer period of exposure in rats than in mice or 

. hamsters given comparable deposition efficiencies among these species. Eventual 
macrophage death in the rat would lead to a greater lung burden of particles than in 
the mouse or hamster, thereby leading to a greater influx of macrophages and an in
creased likelihood of a cascade of inflammatory processes. In addition, the ability 
of particles to accumulate in the interstitium would be greater in rats compared to 
mice or hamsters. All of this suggests that a wide variety of dose metrics as well as 
biological factors may need to be examined in order to understand the basis for 
species differences that may be involved in lung overload. To that end, Table 6 pre
sents human-to-rat ratios for various dose metrics as a function of particle size. 
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TABLE 5. Alveolar macrophage morphometric data in relationship to volumetric particle overload 

Volume 
Volume for Number of engulfed particles leading to stasisd 

Cella Nucleusb cell stasisc 

(J.lm3) (J.lm3) (J.lm3) 0.1 J.lm 0.5J.1m 1 J.lm 1.5 J.lm 2J.1m 2.5J.1m 3J.1m 3.5J.1m 4J.1m 5J.1m 10J.lm 

Mouse 493 124 221 304,423 2,435 304 90 38 19 11 7 5 2 0.30 
Hamster 534 117 250 344,022 2,752 344 102 43 22 13 8 5 3 0.34 

v, F344 rat 882 121 456 627,407 5,019 627 186 78 40 23 15 10 5 0.63 
~ 
~ Sprague-

Dawley rat 1,161 153 605 831,181 6,649 831 246 104 53 31 19 13 7 0.83 
Human 1,474 121 812 1,116,216 8,930 1,116 331 140 71 41 26 17 9 1.12 

aData for the mouse, hamster, and human are from Stone et al. (1992). Value for the F344 rat is average of Stone et al. (1992), Barry et al. (1985), Chang 
et al. (1986), and Mercer et al. (1995). Value for the Sprague-Dawley rat is average of Stone et al. (1992) and Crapo et al. (1978). 

bData are from Table 4 in Stone et at (1992). The mean value of 121 J.Lm3 was assigned to F344 rats and humans since Stone et al. did not give values 
for these species. 

cVolume taking into account the volume of the cell's nucleus. 
dlncludes adjusting for the void space volume (Stober, 1972) created by the packing of uniform spheres. 
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TABLE 6. Human-to-rat ratios for various alveolar region dose metries 

Mass Number of particles 

Diameter Per unit Per unit Per Per Per 
(11m) Total area area ventilatory unit alveolus macrophage 

0.2 53 0.14 0.14 3.88 2.15 0.27 
0.4 62 0.17 0.16 4.56 2.52 0.32 
0.6 72 0.19 0.19 5.30 2.93 0.37 
0.8 82 0.22 0.21 6.06 3.35 0.42 
1 92 0.25 0.23 6.77 3.74 0.47 
2 137 0.37 0.31 10.05 5.55 0.69 
3 223 0.60 0.47 16.37 9.05 1.13 
4 487 1.31 0.93 35.67 19.71 2.46 
5 1197 3.23 2.09 87.81 48.52 6.06 

Note: Assumes monodisperse particles of unit density and adjusting for inhalability in the rat. 

The strong inverse linear relationship (r2 =0.98) between the clearance of PSPs 
from the lung and the volume of such particles in the lung is depicted in Figure 14. 
Morrow (1994) suggests that the mass concentrations in the lung leading to the on
set of reduced AM clearance and eventual stasis of 1 and 10 mg per gram of lung, 
respectively, should be expressed in terms of the volumetric inhibition of AM mo
bility. This leads to 1000 and 10,000 nL per gram of lung, respectively, as the dust 
loadings in Figure 14 associated with the onset and eventual stasis of AM mobility. 
The strength of the relationship between the pulmonary clearance coefficient, k, 
and the volume of dust in the lung from data pooled across studies in rats that used 
differing exposure levels of various types of PSP lends strong support to volumetric 
inhibition of AM as being a unifying concept for the basis of lung overload. 

However, data such as contained in Figure 14 do not provide insights as to the bi
ological mechanisms involved, the relative importance of the various alveolar re
gion clearance pathways (Fig. 13), temporal shifts in clearance pathways, or the 
dose metrics that may be more proximally associated with critical steps in the pro
cess of lung overload. Relative to dose metrics, Driscoll (1996) found a strong cor
relation between the percentage of rats with lung tumors in various PSP studies and 
the lung burden expressed as the surface area of the particles in square meters per 
lung. Driscoll (1996) only used the dose levels that yielded statistically significant 
increases in tumors in his correlation analysis. For Figure 15, Driscoll's surface
~rea data were used but the tumor data are expressed as the fraction of rats with 
lung tumors. A logistic curve fit using all data points still demonstrates a strong re
lationship between the fraction of rats having lung tumors as a function of the sur
face area of particles per lung. Collectively, the data shown in Figures 14 and 15 es
tablish three principles that are critically important for the carcinogenic risk 
assessment of PSPs: (I) Substantial lung overload is requisite for induction of lung 
tumors in rodents; (2) some of the biological mechanisms involved with lung over
load are likely not operative at nonoverload exposure levels; and (3) a critical re
tained lung burden must exist for any given PSP such that exposure levels depicted 
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FIG. 14. The pulmonary clearance coefficient, k, is correlated with the retained pulmonary 
dust volume (nL) and progressively decreases as the particulate volume increases. Data 
are from the studies indicated: Square with dot, toner: Bellmann et al. (1989). Circle, toner: 
Muhle et al. 1990b. Square. diamond, and triangle, toner: Muhle et al. (1988, 1991). Plus 
and circled plus, Titanium dioxide: Muhle et al. (1988, 1990c). X, diesel: Heinrich et al. 
(1986, 1989). Number sign, polyvinyl chloride: Muhle et al. (1990a). Asterisk, carbon black: 
Muhle et a!. (1990c). From Morrow (1994). Used with permission; copyright 1994 Interna
tional Life Sciences Institute, Washington, DC. 

schematically by curves A and B of Figure 1 can be identified and for which there is 
essentially no carcinogenic risk. 

Given the complex relationships among deposition mechanisms, clearance path
ways and kinetics, and morphometric characteristics of various alveolar parame
ters, the most reasonable approach for understanding lung overload and establish
ing critical lung burdens associated with this phenomenon involves the use of 
physiologically based dosimetry models. Such models can incorporate the neces
sary complexities and help identify experimental studies that could shed light on is
sues needing resolution and that will enable important model parameters to be esti
mated. As noted previously, StOber and colleagues (1989, 1 990a, 1990b, 1994) 
have developed various physiologically based dosimetry models and have used 
them to advance our understanding of key aspects of lung overload. For example, 
StOber and Mauderly (1994) examined the hypothesis that the time integral of the 
interstitial burden can be used as an effective relative dose for overload carcinogen
esis in the rat. They incorporated new data on temporal patterns of lymph node bur
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FIG. 15. The fraction of rats with lung tumors after exposure to various poorly soluble particles 
as a function of the particulate surface area in the lung. The figure is based on data contained 
in Driscoll (1996). The solid curve represents the fit of a logistic function of the form y = 
(1+e-(n+[.l'og x»)-l, where y represents the fraction of rats with lung tumors, and x represents the 
surface area of the particles in the lung. The fitted values of the parameters ex and 13 are 1.828 
and 1.419, respectively; here R2 = 0.71. 

dens of PSPs and were able to obtain reasonable fits to the experimental data by ad
justing interstitial clearance kinetics. Given the variability in the experimental data, 
Stober and Mauderly (1994) categorized their efforts as leading to dose-response 
interpretations that were better founded on a theoretical basis but that still might be 
considered as speculative. Nonetheless, although one might have to agree with 
Morrow (1994) that currently we are only able to speculate on the relative roles of 
the complex mechanisms and factors leading to lung overload, dosimetry and bio
logically based dose-response modeling undoubtedly are needed to synthesize our 
knowledge about lung overload and to identify critical data gaps. Recently, StOber 
(1998) illustrated how such models can provide a framework for assessing either 
constant or variable daily exposure regimens and identifying exposure levels that 
represent a theoretical no-effect threshold for overload carcinogenesis. 

SUMMARY 


Despite significant structural differences between laboratory animals and humans 
in various regions of the respiratory tract, the same major mechanisms for deposi
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tion of particles are operative, although the relative importance of these mecha
nisms in a given region may differ between laboratory animals and humans. For 
particles smaller than 0.5 /lm in size, the geometric diameter is the key physical 
property important for deposition; for particles larger than 0.5 /lm, the aerodynamic 
equivalent diameter of the particle is an important aspect of deposition mecha
nisms, because it takes into account the size, shape, and density of the particle. 

Complex interactions among species-specific respiratory-tract anatomy, the route 
and depth of breathing, and particle-specific physical properties determine the sites 
of deposition of particles at various locations within the respiratory tract. These in
teractions also impart significant intersubject variability in experimental studies on 
the regional respiratory tract deposition of particles in human subjects. Consider
ably more particulate deposition data are available for humans than for laboratory 
animals. 

Rodent toxicity studies of inhaled particles have focused on particles smaller 
than 5 /lm d • Although such particles are completely inhalable by humans, this is ae 
not the case for rodents. The significantly decreased probability of rodents being 
able to inhale particles must be taken into account in estimating exposure scenarios 
that would be expected to lead to comparable deposits of particles at specific target 
sites in the lungs of rodents and humans. Such comparisons are further complicated 
if the human activity pattern of interest includes ventilation levels that result in hu
mans switching to oronasal breathing, because the oral pathway is less efficient 
than the nasal pathway at removing particles and so the thoracic burden of particles 
is increased. 

Once particles are deposited, the mechanisms available for the clearance and 
translocation of particles vary among the ET, TB, and alveolar respiratory-tract re
gions. The specific mechanisms and pathways that are operative at any particular 
point in time are complex functions of exposure rate and level, particle size, particle 
number, and current mass loading. Although the same pathways for clearance of 
particles in laboratory animals appear to be operative in humans, the relative impor
tance of these pathways can vary considerably between animals and humans. Im
portantly, once any dissolution of particles has been accounted for, mechanical re
moval by AMs via the mucociliary escalator or the lymphatics is essentially 
independent of size for particles smaller than 5 /lm d • Thus, results from a wide ae 
variety of poorly soluble particle types and sizes caJl be used collectively to exam
ine the phenomenon of lung overload. 

Relative to issues associated with lung overload, the impairment of AM-mediated 
clearance of particles is central. The strength of the inverse linear relationship be
tween the pulmonary clearance coefficient and the volume of dust in the lung from 
data pooled across studies in rats that used different exposure levels of various types 
of poorly soluble particles lends strong support to volumetric inhibition of AMs as 
being a unifying concept for the basis of lung overload. Given that rat AMs can have 
about twice the volume of mouse or hamster AMs and that inhibition of macro
phage-mediated particle clearance appears necessary for the development of lung 
overload, examining various AM-based dose metrics may aid in understanding the 
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basis for species differences involved in lung overload. Relative to dose metrics in 
lung overload, the surface area of particles retained per lung appears to have merit. 

Given the complex relationships among deposition mechanisms, clearance path
ways, and kinetics, physiologically based dosimetry models offer the best avenue 
for making interspecies comparisons of biologically effective doses of particles. 
Such models provide a framework for improved characterizations of dose and re
sponse in quantitative risk assessments for inhaled particles. 
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