


DOSIMETRY OF PARTICLES IN LABORATORY ANIMALS 
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LUNG OVERLOAD AND HUMAN HEALTH RISK ASSESSMENT: 
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For most compounds, the database for assessing potential risk to humans
largely comes from animal toxicology studies. Toxicologists and risk asses-
sors are faced with a series of judgments when deciding whether to use
the animal data and then with various extrapolations if the animal results
are used. The current workshop is focused on assessing the relevance of the
rat as a model for hazard and risk characterization of inhaled, poorly sol-
uble, nonfibrous, nongenotoxic particles of low toxicity (hereafter referred
to as poorly soluble particles, PSP). The impetus for the assessment stems
from the fact that such materials appear to only produce tumorigenic re-
sponses, and then only in the rat when alveolar macrophage (AM)-mediated
particle clearance is overwhelmed and chronic inflammation is present.
Other workshop critical review papers are addressing aspects related to
homology (the nature of the rat lung tumors and their potential counter-
part in humans) as well as the types of nonneoplastic responses seen in
laboratory animals and the potential mechanisms responsible for these
effects. This review examines factors governing the dosimetry of inhaled
particles in laboratory animals and humans and how complex interac-
tions among these factors influence the inhalability, deposition, and clear-
ance of particles as well as their temporal translocation and retention with-
in the body.

The factors governing the dosimetry of particles can be broadly grouped
into two categories, one dealing with the physicochemical properties of
the particles and the other with species-specifi c factors such as airway
structure, ventilatory level, and mucociliary clearance and alveolar rates.
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While particle dissolution rate and chemical composition are important
physicochemical properties for the toxicity of many particles, they are
basically unimportant for the dosimetry of PSP, such as carbon black,
coal, diesel soot, talc, and titanium dioxide, that are the focus of this
review. Particle size, density, and distribution will prove to be important
physical properties for the aforementioned particles.

For the purpose of this review, dosimetry refers to estimating or mea-
suring the amount (mass, or number, surface area, volume, etc.) of PSP 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 parti-
cles are removed from the respiratory tract. Typically, the term “retained
dose” in particulate inhalation studies refers to the amount of particles
present at specific respiratory tract sites that is the net difference between
deposition and clearance processes.

Experimental data on the deposition of particles are usually obtained
from exposures lasting minutes to at most a few hours. In contrast, clear-
ance data are obtained by measurements made days to many weeks after
the cessation of exposure. Estimates of retained dose arise when body
burden measurements are made serially with time as inhalation expo-
sures 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 (see Figure 1). Curve C* of Figure 1
illustrates the type of retained lung burden seen with excessively high expo-
sures that lead to impairment of AM-mediated particle clearance resulting
in “lung overload.” The breakpoint where retained lung burden of PSP starts
to depart from the steady-state curve (C of Figure 1) is inversely related to
the magnitude of the exposure concentration.

MECHANISMS OF DEPOSITION

Laws of physics govern the transport of particles entrained in the air.
Particle transport and physical properties of the particles combine to yield
mechanisms by which particles are removed from the airstream. The
nature of the major mechanisms of deposition are described prior to dis-
cussing 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 impaction, sedimentation, and diffusion (Brownian). These mech-
anisms are illustrated schematically in Figure 2. Electrostatic attraction
may be an important mechanism for the deposition of poorly soluble par-
ticles in some workplace exposure settings if the processes being used
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generate charged particles and workers are in close proximity to the
sources of these particles. However, electrostatic attraction is not an im-
portant deposition mechanism for ambient exposures to particles since
there is ample time for such aerosols to come to Boltzman equilibrium.
Inertial impaction is the process by which the inertia of the particle makes
it unable to follow changes in the airstream direction or air velocity stream-
lines. Sedimentation refers to the settling out of particles from the air-
stream due to gravitational forces. The random displacement motion of
particles resulting from constant bombardment by air molecules (Brownian
diffusion) can result in particles coming into close proximity of airway
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FIGURE 1. Schematic representation of the relationship between retained lung burden and length of
exposure leading to the phenomenon of lung overload. Curves A, B, and C are associated with progres-
sively increasing exposure concentrations. If the exposure level is sufficiently high and the length of
exposure sufficiently long, alveolar macrophage-mediated clearance of particles can be overwhelmed.
When this occurs, retained lung burden increases linearly with further exposure (curve C*).



surfaces. Depending upon particle size and airflow rate, diffusion, sedi-
mentation, and impaction do not necessarily act as independent processes.
Once particles 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 to their diameter have an
increased probability of the ends intercepting the wall of an airway, inter-
ception is often considered by some as a separate deposition mechanism
for fibers.

The geometric (physical or diffusion equivalent) and aerodynamic equiv-
alent diameters of a particle are important determinants of the relative
importance of these mechanisms in the deposition of particles. Aerody-
namic diameter (dae) 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. Since
particles of different sizes and density can have the same dae, they can be
deposited in the same locations within the respiratory tract.

RESPIRATORY-TRACT STRUCTURE AND FUNCTION

The respiratory tract can be subdivided into three main regions: the
extrathoracic (ET) (from the nose and mouth down to and including the
larynx); the tracheobronchial tree (trachea to terminal bronchioles); and
the pulmonary region (respiratory bronchioles to terminal alveolar sacs).
Among disciplines, different nomenclature is often used for these regions.
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FIGURE 2. Primary mechanisms of deposition of inhaled noncharged particles in the respiratory
tract. Streamline, solid lines; particle trajectory, dashed lines. Modified from McClellan and Miller
(1997).



For example, the upper respiratory tract (URT) is the same as the ET region;
pulmonary (P) and alveolar (A) are used interchangeably. Also, the tracheo-
bronchial (TB) region is often referred to as the conducting airways. The
lower respiratory tract (LRT) is comprised of the TB and A regions and is
also referred 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 region are briefly discussed, and
some insights are provided as to which mechanisms of particle deposition
are important in the given region.

ET Structure and Function

In the ET region, the inhaled air is conditioned with respect to tem-
perature and humidity (Proctor & Anderson, 1982), and there is an active
mucociliary system for the removal of foreign solid material (Phipps, 1981).
Similarities between rats and humans 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, respiratory, and olfactory) are
present in both species, although the percent of the ET covered by the
types of epithelium differs among species (Harkema, 1992).

Probably the most significant differences in respiratory structure be-
tween rats and humans occur in the URT. 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 struc-
tures such that major medial and lateral airflow streams are formed in the
nose of the rat (Morgan et al., 1991; Kimbell et al., 1993) that are quite
different from those in humans (Hahn et al., 1993; Subramaniam et al.,
1998). The tortuous nasal passages result in inertial impaction being the
predominant mechanism by which inhaled particles larger than about 5
µm are deposited in the head of both rats and humans. In addition, ultra-
fine particles (<0.1 µm in diameter) are effectively removed in the nose
via diffusion since 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 de-
liver oxygen efficiently to the alveolar region where gas exchange (oxygen
for carbon dioxide) occurs. The types of cells comprising the TB epithelium
are similar to those contained 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 et al., 1994b). The liquid layer lining the conducting airways
contains mucus. The liquid lining layer protects the tissue from direct expo-
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sure to inhaled pollutants and is composed of an epiphase and an under-
lying hypophase in which cilia beat in a manner that propels mucus to
the glottis, where it is swallowed. For information on the comparative
biochemistry of this layer, the reader is referred to 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
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TABLE 1. Key aspects of the structure and function of the respiratory tract of rats and humans

Functions Cytology (epithelium) Histology (walls)

Air conditioning: Epithelium types: Mucous membrane, respiratory
temperature Squamous epithelium (pseudostratified),
and humidity, Transitional ciliated, mucous), glands
and cleaning; Respiratory
fast particle Olfactory Mucous membrane, respiratory
clearance; air Cell types: or stratified epithelium, glands
conduction Ciliated cells:

Nonciliated cells: Mucous membrane, respiratory
Goblet cells epithelium cartilage rings, 
Mucous (secretory) cells glands
Serous cells
Brush cells Mucous membrane, respiratory
Endocrine cells epithelium, cartilage plates,
Basal cells smooth muscle layer, glands
Intermediate cells

Respiratory epithelium with clara cells Mucous membrane, respiratory
(no goblet cells) epithelium, no cartilage, no

Cell types: glands, smooth muscle layer
Ciliated cells

Nonciliated cells Mucous membrane, single-
Clara (secretory) cells layer respiratory epithelium, 

less ciliated, smooth muscle 
layer

Air conduction; Respiratory epithelium consisting Mucous membrane, single-
gas exchange; mainly of Clara cells layer respiratory epithelium 
slow particle (secretory) and few of cuboidal cells, smooth 
clearance ciliated cells muscle layer

Gas exchange; Squamous alveolar epithelial cells Wall consists of alveolar
very slow (type I), covering 97% of alveolar entrance rings, squamous
particle surface areas epithelial layer, surfactant
clearance

Cuboidal alveolar epithelial cells Interalveolar septa covered by
(type II, surfactant-producing), squamous epithelium,
covering 3% of alveolar surface area containing capillaries, 

Alveolar macrophages surfactant

Note. Table modified from U.S. Environmental Protection Agency (1996).



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 standard deviations. As noted by
Wolff (1992), mucous clearance is not necessarily as relentless and uni-
form as one might be led to believe, particularly in view of the fact there
are preferential routes of clearance. Thus, some deposited particles may

DOSIMETRY ISSUES IN LUNG OVERLOAD 25

Anatomy Zones (air) Location Comments

Extrathoracic Rats are obligate nasal 
breathers. Adult humans 
switch to oronasal 
breathing when minute 
ventilation exceeds  
about 35 L min–1

(Niinimaa et al., 1981).

Conduction Thoracic Rat lung has predominantly 
Tracheo- a monopodial branching 
bronchial system (Crapo et al., 

1990).

Gas exchange Alveolar Rats do not have respiratory
transitory bronchioles. From the

bronchiolar-alveolar  
duct junction in a rat, 
alveolar sacs are 
reached after anywhere 
from 3 to 13 branchings 
(Mercer & Crapo, 1987).



be retained 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 al., 1978) and in rats (Wolff et al.,
1987) that mean tracheal mucous velocities decline with increasing age
have important implications for assessing the risks of relatively insoluble
particles, particularly if comparable reductions in mucociliary clearance
are also 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. The anatomical depiction in
Table 1 of the TB airways of humans corresponds to a symmetric branch-
ing system denoted as regular and dichotomous, since 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 repre-
sents the lung structure most often used in human dosimetry models for
both gases and particles. In actuality, the conducting airways of humans
exhibit an irregular bipodial and tripodial branching pattern (Crapo et al.,
1990). Despite this, when Martonen (1983) compared the results ob-
tained using symmetric TB geometries (Weibel, 1963; Soong et al., 1979)
or the asymmetric model of Horsfield et al. (1971), he found that the sym-
metric models gave better agreement with the available human experi-
mental deposition data than did the asymmetric model.

The TB airways in the rat lung have predominately a monopodial
branching system (Crapo et al., 1990). In rats, terminal bronchioles can
be reached after anywhere from 7 to 32 branchings, whereas in the
human lung from 10 to 22 branchings may be needed before reaching a
terminal bronchiole (Yeh & Harkema, 1993). The difference between the
TB airway branching systems of rodents and primates is illustrated schemat-
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FIGURE 3. Aspects of upper respiratory tract structure important for dosimetry. (a) Cross sections of
one side of the rat nasal passages, nostril at left. (b) Cross sections of one side of the human nasal
passages, nostril at left. From Miller and Kimbell (1995).
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ically in Figure 4. The branching differences are particularly important
relative to the sites of deposition of inhaled particles. Impaction is the pre-
dominant mechanism for particle deposition in the TB airways of humans
for particles greater than 2.5 µm dae; both impaction and sedimentation
are important for deposition of particles greater than 1 µm dae in the TB
airways of laboratory animals. Since mean flow rate and residence time
influence impaction and sedimentation, respectively, impaction is even
more significant for TB deposition as humans engage in activities that
increase their minute ventilation. In humans and rats, enhanced deposi-
tion of particles larger than 2.5 µm during inspiration occurs at airway
bifurcations (Martonen & Hofmann, 1986; Schlesinger, 1989). With expi-
ration, there is a tendency in humans for increased deposition on the walls
of the parent tube within a distance of about one diameter of the airway
size, while the monopodial branching system of the rat tends to impart
increased 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 µm in geometric diameter) in the trachea and larger TB airways due
to diffusion (Cohen, 1987; Cohen et al., 1990).

Alveolar Region Structure and Function

Since the alveolar region is where gas exchange occurs, a teleological
argument has often been made that the types of cells in this region should
be essentially the same in various mammalian species. The work of Stone
and colleagues (1992) amply demonstrated that there is significant struc-
tural homogeneity of alveolar cells in mammals ranging over more than
five orders of magnitude in body weight (i.e., from the shrew to the
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FIGURE 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).



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 corresponding linear increase in both collagen and elastin-rich fiber sys-
tems as the body weight of mammalian species increases (Mercer & Crapo,
1990). However, since collagen and elastin fibers are concentrated at alve-
olar entrance rings, Mercer and Crapo (1990) found that the normalized
volume density of collagen and elastin fibers at these locations was 10-fold
greater in humans compared to mice, despite the fact that an alveolus in a
human lung is only 4-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 comprised of surfac-
tant, which contains a number of surface-active materials, primarily phos-
pholipids. Surfactant lowers the work of breathing by lowering surface
tensions, thereby stabilizing alveoli and preventing them from collapsing.
The surfactant layer is nonuniform in that there is a thin film (<0.01 µm
thick) on a hypophase approximately 10 times thicker, but there is signifi-
cant pooling of surfactant in corners (pockets) of alveoli during expira-
tion. The phospholipid composition of lung surfactant is remarkably simi-
lar between rats and humans (see Table 7 of Rooney, 1992). Since airflow
reduces with each bifurcation of the airways, airflow in the alveolar region
is low and is essentially laminar. Even at flow rates 10–15 times greater
than needed for normal respiration, convection is only 12% as important as
diffusion for gas transport (Davidson & Fitz-Gerald, 1974). As a result, dif-
fusion is the primary mechanism by which particles <0.5 µm entrained in
air that reaches the alveolar region are deposited. For particles >1 µm dae,
sedimentation is the dominant mechanism for alveolar region deposition.

The material presented thus far clearly demonstrates that the 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
(see Figure 5). In addition, the relative importance of the major mechanisms
by which deposition occurs is influenced by these factors. For both rats and
humans, impaction predominates in the ET region, while diffusion largely
governs deposition in the alveolar region. The relative importance of
impaction and sedimentation varies significantly between rats and humans,
primarily due to differences in airway size and overall lung architecture .
Both processes 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 parti-
cles have been conducted using healthy, adult human subjects. Much less
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data are available from animal studies specifically designed to determine
regional deposition of particles. For a detailed review of these studies, the
reader is referred to Chapter 10 of the U.S. Environmental Protection Agency
(EPA) recent document on Air Quality Criteria for Particulate Matter (U.S.
Environmental Protection Agency, 1996). Here, overall trends in deposition
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 depending upon activity level or medical condition. Thus,
an impaction parameter, dae

2Q, where Q is the inspiratory flow rate, is
used to relate deposition efficiency when breathing through the nose
(Figure 6) as compared to the mouth (Figure 7). Several conclusions are
apparent from the data shown in Figures 6 and 7. They are: (1) There is a
tremendous increase in variability in deposition efficiency as values of the
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FIGURE 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.
Figure modified from U.S. Environmental Protection Agency (1996).



impaction parameter increase from 100 to 10,000 µm2 cm3s–1 for nasal
breathing; (2) since the size of the ET region during mouth breathing
increases with increasing flow rate and tidal volume, the empirical equa-
tion fit to the deposition efficiency data for mouth breathing is of a differ-
ent 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 considerably
more efficient in removing inhaled particles than is oral breathing.

Experimental data on the deposition of particles in the ET region of
various laboratory animals are shown in Figure 8. Overall, there is less
variability in ET deposition of particles in animals compared to humans.

TB Region Deposition

Particles that penetrate the ET region can be deposited in TB airways.
Only an indirect assessment of deposition in this region is possible in
human experimental studies. Since the experimental studies use radio-
labeled PSP, the amount of activity retained in the lung as a function of
time is determined; then TB deposition is derived from the fast decay com-
ponent (i.e., the first 24 h) of the activity curve, with alveolar deposition
being estimated from the slow decay portion of the activity curve. The ratio-
nale for this approach to determining TB and A deposition is that the fast
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FIGURE 6. Inspiratory deposition of the human nose as a function of particle aerodynamic diameter
and flow rate (dae

2Q). The curve represents the equation h n = 1 – [3.0 × 10
–4 (dae

2Q) + 1]–1. Data are
from Stahlhofen et al. (1989), and equation is from the International Commission on Radiological
Protection (1994).



and slow decay components are considered to represent mucociliary and
macrophage clearance, respectively. However, the cutpoint of 24 h for TB
airway deposition is somewhat arbitrary, as there is experimental evidence
in support of the concept that some material deposited in the TB region is
retained considerably longer than 24 h (Scheuch & Stahlhofen, 1988). The
factors responsible for this observation have not been elucidated, although
phagocytosis by airway macrophages, an incomplete mucous layer, and
flow mixing have all been postulated as potentially being involved. What-
ever 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 in Figure 9 represent deposition frac-
tions rather than deposition efficiencies. While deposition fractions and
efficiencies are the same for the ET region, the same cannot be said for
the TB region. If the deposition data were expressed as the number of
particles depositing in the TB region divided by the number of particles
entering the TB region, the result would be TB deposition efficiencies ,
which would asymptotically approach one as particle size increased. For
a discussion of the relationship between deposition fractions and efficien-
cies and how they can be calculated for the ET, TB, and A regions, the
reader is referred to Ménache et al. (1996).
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FIGURE 7. Inspiratory extrathoracic deposition data in humans during mouth breathing as a function
of particle aerodynamic diameter, flow rate, and tidal volume (dae

2Q2/3VT
–1/4). The solid curve repre-

sents the equation h N = 1 – [1.1 × 10–4(dae
2Q0.6VT

–0.2)1.4 + 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).



Considerable scatter can be seen in the TB deposition data in Figure
9. This scatter is due to differences in (1) experimental techniques, (2)
intra- and intersubject variability, and (3) flow rates used in the various
studies, coupled with the fact that dae is used on the abscissa. Since im-
paction is directly proportional and sedimentation is inversely proportional
to flow rate, a single relationship between deposition and dae for different
flow rates is not possible. Hence, combining data from experiments using
different flow rates as was done in Figure 9 will automatically impart
scatter. The peak deposition fraction in the TB region occurs for particles
about 4 µm dae. Also, note that there is very modest deposition in the TB
region for particles <1 µm dae. Regional respiratory tract experimental
data are not currently available for TB deposition of ultrafine particles
(i.e., particles with a physical diameter <0.1 µm). Dosimetry models pre-
dict deposition fractions to approach a peak of 0.6 for 0.005 µm particles
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FIGURE 8. Extrathoracic (ET) deposition fractions in various animal species as a function of particle
aerodynamic diameter. For those smaller than 0.5 µm, geometric diameters were used. The data are
from Schlesinger (1988).



and then to decrease as particle size decreases (International Commission
on Radiological Protection, 1994). However, TB deposition studies of ultra-
fines in human replica cast (Cohen, 1987; Cohen et al., 1990) yield deposi-
tion efficiencies that are about twofold higher than those predicted using
dosimetry models.

Data on the fraction of particles deposited in the TB region of rats, ham-
sters, mice and other animal species are shown in Figure 10. TB deposition
is minimal, being typically 5–10%, and is essentially uniform across these
species for particles >0.5 µm dae, at least within the error of measurement.
Since there is nearly complete ET deposition of particles >4 µm dae in
rodents, TB deposition 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, signifi-
cant scatter is depicted. For particles >1 µm dae, there is enhanced alveolar
deposition when individuals breathe through the mouth as compared to the
nose, as indicated by the solid and dashed lines, respectively. Below 1 µm
dae, the two routes of breathing yield similar alveolar deposition fractions.
The peak for alveolar deposition occurs at a dae of about 3.5 µm.
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FIGURE 9. Tracheobronchial deposition data in humans at mouth breathing as a function of particle
aerodynamic diameter (dae). Here, DETB represents the fraction of particles depositing in the TB 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 al. (1989).



Alveolar deposition in laboratory animals is depicted in Figure 12. In
general, for most dae, alveolar deposition fractions in rodents are consid-
erably lower than they are for humans. This observation has often been
used by toxicologists to justify the use of exposure levels in animal inhala-
tion studies of carcinogenicity that are many orders of magnitude greater
than those likely to be encountered by humans. While this approach may
be more defensible for PSP, the use of such high exposures for PSP has
led to the phenomenon of “lung overload” in carcinogenicity studies for
particles such as carbon black, coal, diesel soot, talc, and titanium dioxide.

SPECIES-SPECIFIC FACTORS INFLUENCING DOSIMETRY

While species-specific structures of the various respiratory tract regions
in combination with the route and depth of breathing are critically impor-
tant for determining where particles will deposit, there are several other
factors that affect dosimetry to differing degrees in laboratory rodents and
humans. Among these factors are inhalability, oronasal breathing, and
heterogeneity in acinar deposition of particles. In addition, there may be
morphometric differences in alveolar parameters that influence the
choice of an appropriate dose metric in the lung overload scenario. These
topics are briefly discussed next.

Inhalability

Laboratory animals and humans inhale particles from the air space
proximal to the nares, and humans may also inhale particles from air
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FIGURE 10. Tracheobronchial deposition fractions in various animal species as a function of particle
aerodynamic diameter; for less than 0.5 µm, geometric diameters were used.



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

Since inhalability of particles varies between species (Ménache et al.,
1995), adjustments for inhalability must be made when making interspecies
comparisons of exposure scenarios that lead to the same internally depos-
ited dose. Inhalability in humans is not a factor for PSP studied thus far in
animals, since the particle size range of the aerosol does not exceed 5 µm
dae, and since particles <5 µm dae are completely inhalable by humans.

Using the experimental data of Raabe et al. (1988), Ménache and col-
leagues (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 µm dae, rats inhale only 93% of parti-
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FIGURE 11. Alveolar deposition data in humans as a function of particle aerodynamic diameter (dae).
The solid curve represents the mean of all the data; the broken curve is an estimate of deposition for
nose breathing by Lippmann (1977). Data are from Stahlhofen et al. (1989).



cles this size. Inhalability declines with increasing particle size such that
85%, 77%, 71%, and 65% of 2, 3, 4, and 5 µm 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 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 1 h to 5 mg/m3 of a monodisperse aerosol of 2 µm dae

particles. Using fractional alveolar deposition data for humans and rats,
the inhalability equation for rodents developed by Ménache et al. (1995),
pulmonary function data specific to each species, and computational pro-
cedures described by Miller et al. (1995), one finds that humans exposed
for 1 h 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. This computa-
tion is of course more complex for polydisperse aerosols.

Oronasal Breathing

While laboratory rodents are obligatory nose breathers, humans can
breathe through either their nose or mouth. For most of the human popu-
lation, individuals breathe through their nose while at rest. As ventilatory
drive increases with work or exercise, humans switch to oronasal breath-
ing when minute ventilation exceeds about 35 L min–1 (Niinimaa et al.,
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FIGURE 12. Alveolar deposition in various animal species as a function of particle aerodynamic
diameter. For <0.5 µm, geometric diameters were used. Data are from Schlesinger (1988).



1981). The proportion of inhaled air entering through the mouth continues
to increase as minute ventilation increases beyond the oronasal switching
point. Niinimaa and colleagues (1981) found, however, that 15% of sub-
jects breathe through the mouth even at rest. Since oronasal breathing
modifies the amount and the pattern of particle deposition, the activity
pattern of the human subpopulation being exposed to particles of con-
cern needs to be taken into account. Deposition equations and regional
respiratory tract deposition curves that incorporate oronasal breathing
have been developed by Miller et al. (1988).

Heterogeneity in Acinar Deposition

Lung overload involves an inhibition or stasis of alveolar macrophage-
mediated clearance of particles. Thus, alveolar region deposition is of most
concern relative to lung overload, since clearance from this region is slow.
To date, experimental particulate studies for the most part have only pro-
vided information on particle deposition aggregated over large regions of
the lung. In addition, nonempirical dosimetry models for particle deposi-
tion have largely been based upon typical path, whole-lung geometry mod-
els for humans (Gerrity et al., 1979; Yeh & Schum, 1980; Yu & Diu, 1983;
Egan & Nixon, 1989; International Commission on Radiological Protection,
1994) as well as for rats (Schum & Yeh, 1980; Xu & Yu, 1987; Martonen et
al., 1992).

The rat lung has over 2400 acini, and there is significant variability in
TB path length to reach these acini (Yeh et al., 1979). Recently, 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 heterogeneity among acini in particle deposition is greatest
when particles are relatively small ( £  0.1 µm). Even for particles in the range
of 2 to 3 µm dae, there is considerable variability in particle deposition
among acini in the rat lung, with about 100 acini and 50 acini having de-
position fractions about 25% and 50% greater, respectively, than what the
average acinar deposition fraction is.

This potential for greatly enhanced deposition in some localized areas
of the rat lung, coupled with the fact that rat AMs have anywhere from 82
to 145% greater volume than AMs from mice or hamsters (Table 3), may
provide some insights about the lung overload phenomenon. If mouse,
hamster, and rat AMs do not differ in the rate at which they can phagocy-
tize 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
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influx of macrophages and an increased likelihood of a cascade of inflam-
matory 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 differ-
ences that may be involved in lung overload. To that end, Table 4 presents
human to rat ratios for various dose metrics as a function of particle size.

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
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TABLE 3. Interspecies comparisons of number of alveoli and of alveolar macrophage (AM)
morphometric data

Epithelial
Number surface AM

Number Number of AM/ area per AM volume
of alveoli of AM alveolus (µm2) (µm3)

Mouse 4.2 × 106 2.9 × 106 0.7 17,200 493
Hamster 6.9 × 106 10.5 × 106 1.5 20,400 534
F344 rat 18.4 × 106 29.1 × 106 1.6 14,100 882
Sprague-Dawley rat 19.7 × 106 26.9 × 106 1.4 14,900 1161
Human 486 × 106 5990 × 106 12.3 17,100 1474

aData for number of alveoli are from Mercer et al. (1994a) or derived from allometric relationships
given by these authors. All other data are taken or derived from data in Stone et al. (1992), except the
AM volume for F344 rat 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 is the
average of values reported by Crapo et al. (1978) and Stone et al. (1992).

TABLE 4. Human to rat ratios for various alveolar region dose metrics

Number of particles per
Mass ____________________________________

Diameter ________________ Unit Ventilatory
(µm) Total Per unit area area 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. Assuming monodisperse particles of unit density and adjusting for inhalability in the rat.



it. The mechanisms that are operative for clearance and translocation of
particles differ among the extrathoracic, tracheobronchial, and alveolar
regions. Since this review is concerned with PSP, dissolution processes
will not be considered. That is, for particles exerting their toxicity or car-
cinogenicity through the phenomenon of lung overload, the rate of clear-
ance by dissolution is insignificant compared to the rate of clearance of
the intact particles. In addition, while we considered ET deposition in
order to illustrate the filtering effect of this region on particles being avail-
able to deposit in the TB and A regions, ET clearance and translocation
mechanisms do not need to be discussed relative to lung overload.

TB Region Clearance

For PSP, the primary mechanism for clearance from the TB region is
via the mucociliary escalator. The mucous layer lining the conducting air-
ways is continually propelled cephalad by the beating of cilia until reach-
ing the oropharynx, where the fluid is swallowed. In large airways,
deposited 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 longitudinally along this surface to the larynx (Wolff
& Muggenburg, 1979). The nature of particle movement on the mucocil-
iary escalator has not been examined in small airways. As noted earlier,
the thickness of the mucous layer varies by location. While some investi-
gators have reported that the mucous layer is not continuous, others have
reported it to be continuous (Table 2). Regardless, there is general agree-
ment that some regions within airway bifurcations have areas of noncili-
ated cells, leading to retarded clearance of particles from these areas.
Interestingly, as noted earlier, airway bifurcations have been shown to be
hot spots for particle deposition due to 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. While a minor mechanism for clearance
in healthy subjects, cough can be very important in individuals with severe
respiratory disease, where coughing serves to dislodge mucus and other
deposited material from the surfaces of larger airways. Another potential
mechanism for TB clearance of PSP is through phagocytosis of particles by
macrophages resident in the conducting airways. Gehr and colleagues
(1990) have shown that particles initially deposited in conducting airways
can be found retained in the airways in close association with the epith-
elium and that such particles are coated with an osmiophilic film attribut-
able 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
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particles from the alveolar 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 current 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 path-
ways appears to vary considerably among species (Snipes, 1989).

Alveolar macrophage phagocytosis of deposited particles is clearly
the predominant clearance process for the alveolar region. Macrophages
reside on the epithelium and come into contact with particles through
either random motion or chemotactic factors (Warheit et al. 1988). Chemo-
taxis may not be requisite for phagocytosis of particles by macrophages,
since Hadley (1977) calculated that a single rat AM can scavage about
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 3).

Translocat ion from the alveolar region of particles that have been
ingested by macrophages primarily occurs by one of two pathways: (1) the
mucociliary escalator, or (2) via pathways to the lung-associated lymph
nodes (LALN). As can be seen from Figure 13, the pathways leading to par-
ticles ending up in LALN are relatively tortuous compared to translocation
of particles via the mucociliary escalator.

Some of the particles passing through the alveolar epithelium and into
the interstitium escape phagocytosis by interstitial macrophages. These
particles contribute to the interstitial load and can move to various sites
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FIGURE 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).



(perivenous, peribronchiolar, lymphatics, subpleural) before becoming
trapped and increasing lung particle burdens. Accumulation of particles
in interstitial spaces with chronic exposure to high levels of poorly solu-
ble particles is a hallmark of the lung overload phenomenon (Morrow,
1994). Uningested particles in the interstitium may also pass through the
capillary endothelium and directly enter the blood stream (Raabe, 1982).

CLEARANCE KINETICS

The potential for inhaled particles to exert toxic or carcinogenic
effects is greatly influenced by their residence time at target sites. Resi-
dence time is particularly important for rodent inhalation studies using
PSP, since particle–tissue contact is not diminished much by dissolution
of the particles during the short life span of rodents. Clearance kinetics
are influenced by a number of factors such as the inhaled particle size
distribution, the respiratory pattern used, and the respiratory-tract anatomy
of the species being studied (Wolff, 1992). As a result, there are signifi-
cant differences among species in rates of clearance of inhaled particles
from the ET, TB, and A regions. Since clearance time of particles from var-
ious parts of the ET region is typically less than 30 min, the clearance
kinetics for this region are of little relevance to issues of lung overload
and are not discussed here. The net result of these species and regional
differences presents a clear challenge to toxicologists and risk assessors
for interpreting results from animal studies as to their relevance to humans.

TB Region Clearance Kinetics

Mucous velocities and hence the transport of particles vary consider-
ably (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 largely be overcome by the use of
radiolabeled particles and repeated measurements being made on the same
subject or animal, since highly reproducible results are usually obtained for
any given subject or animal. For the percent of particles depositing in the
TB region, 90% of relatively insoluble particles are cleared within 2.5–20 h
(Albert et al., 1973), while bronchial clearance is about 99% complete by
48 h after exposure (Bailey et al., 1985). Individual subject geometry of the
conducting airways and particle size are important sources of variability in
measurements 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 PSP appear to be retained for a long time (Gore & Patrick,
1982) compared to other investigators finding that up to 40% of particles
likely to have been deposited in conducting airways are not cleared for
days and that this effect is inversely related to particle size (Stahlhofen et
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al., 1986). A surfactant film on the mucous layer, enhanced deposition at
bifurcations and correspondingly low clearance from these areas, as well
as heterogeneity in TB path length and the presence of airway macro-
phages, have been postulated as potential explanations .

Alveolar Region Clearance Kinetics

In general, clearance of PSP from the alveolar region consists of two
phases. The first phase is typically measured in days, while the slower
second phase occurs over a period of months to years. In addition to vari-
ability imparted by the use of different techniques, the physicochemical
properties of the particle are important determinants 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 mucociliary escalator or the lymphatics appears to be independent of
size for particles <5 µm dae (Snipes et al., 1983). This finding justifies the
synthesis of results from a wide variety of particle types and sizes when
considering lung overload issues. However, given the wide range of clear-
ance rates of identical particles among human subjects (Bailey et al.,
1985), chronic exposures will have associated with them large variations
in alveolar region particle burdens, thereby leading to significant uncer-
tainties about comparable exposure scenarios between laboratory rodents
and humans. In addition, since rats have more rapid alveolar clearance
kinetics than do humans (Snipes, 1989), the difficulty in identifying equiva-
lent exposure scenarios leading to lung overload in these two species is
compounded but approachable through the development of dosimetry
models.

While 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 inter-
stitium via endocytosis of Type 1 epithelial cells in a matter of hours fol-
lowing deposition (Brody et al., 1981). This pathway has been shown to
be increasingly important as particle loading increases and appears to be
even more important when particle levels exceed the saturation point for
increasing macrophage number (Adamson & Bowden, 1978).

Clearance kinetics via the lymphatic system appear to be temporally
dependent upon effectiveness (or lack thereof) of other clearance path-
ways. Greenspan and colleagues (1988) showed that when the phagocytic
activity of macrophages decreases, lymphatic translocation tends to in-
crease, such as would be the case for lung overload. Lymphatic transloca-
tion 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 & Clem, 1981; Takahashi et al., 1992). Although com-
parable data are lacking for humans, similar relationships likely hold also
in people. Translocation rates to the lymphatic system are on the order of
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0.02–0.003%/day (Snipes, 1989), with elimination from the lymph nodes
occurring over half-times likely to be in the tens of years (Roy, 1989).

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 PSP induced by a volumetric overload, addi-
tional experimental studies and insights 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 PSP, (2) significant and diverse accumulation of PSP-laden
AMs within pulmonary alveoli, (3) increased translocation and accumula-
tion of PSP 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 alveoliti s and granulomatous lung disease, and (6) the
potential development of lung tumors (Snipes, 1995). Interestingly, de-
spite evidence that studies in mice and hamsters have achieved lung bur-
dens that are considered to be in the overload range, only rats have
developed lung tumors, with no study of PSP having identified lung tumors
at a nonoverload exposure level. This has led to the question of the rele-
vance 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 PSP, there is not necessarily a de-
crease 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 rela-
tive to clearance and that phagocytosis by immobilized macrophages
must continue to occur. Earlier, Morrow (1988) had hypothesized 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 morpho-
metric data being available now for laboratory rodents and humans
(Stone et al., 1992), some interesting comparisons among species become
apparent relative to the potential for volumetric loading of particles by
AM of various species (Table 5). After accounting for the volume of the
AM nucleus and the void space volume (Stöber, 1972), one sees that only
about 90 to 120 uniform, 1.9-µm particles would need to be engulfed to
exceed the volume for overload in rats, rather than about 150 such parti-
cles as Morrow (1988) computed. Such substantially lower numbers, as
found in Table 5, for volumetric particle overload support the recent
modeling work of Stöber and colleagues (1998), indicating that the initia-
tion of lung overload may occur at considerably lower exposure levels
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than previously believed required (i.e., in the range of 150–200 µg/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 10-µm particle is sufficient to induce stasis
of AM in rodents and in humans. Interestingly, Oberdörster et al. (1992)
showed that F344 rats can engulf such particles but do not appreciably
transport them from the lungs.

While 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 morpho-
metric parameters, the level and duration of exposure, and the rates of
deposition and clearance of particles. If one ignores clearance, 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 sta-
sis might occur for various exposure scenarios. Suppose, for example,
that F344 rats and humans were exposed 24 h/day to 10 mg/m3 of
aerosols of 1-µm or 5-µm particles. For 1-µm particles, about 80 days of
exposure would yield stasis of AM in rats, compared to about 310 days in
humans. And for 5-µm particles, the corresponding numbers would be
about 300 and 90 days, respectively. The fact that lung overload has been
observed much later than these times in rodents exposed chronically to
10 mg/m3 of PSP reflects the importance of clearance as a mechanism to
reduce body burdens.

The strong inverse linear relationship (r2 = .98) between the clearance
of PSP from the lung and the volume of such particles in the lung is
depicted in Figure 14. Morrow (1994) suggests that the mass concentra-
tions in the lung leading to the onset of reduced AM clearance and even-
tual stasis of 1 and 10 mg/g of lung, respectively, should be expressed in
terms of the volumetric inhibition of AM mobility. This leads to 1,000 and
10,000 nl/g 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 vol-
ume 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 biological mechanisms involved, the relative importance of the
various alveolar region clearance pathways (Figure 13), temporal shifts in
clearance pathways, or the dose metrics that may be more proximally
associated with critical steps in the process of lung overload. Relative to
dose metrics, Driscoll (1996) found a strong correlation between the per-
cent 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.
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Driscoll (1996) only used the dose levels that yielded statistically signifi-
cant increases in tumors in his correlation analysis. For Figure 15, Driscoll’s
surface-area data were used but the tumor data were expressed as the
fraction of rats with lung tumors. A logistic curve fit using all data points
still demonstrates a strong relationship between the fraction of rats having
lung tumors as a function of the surface area of particles per lung. Collec-
tively, the data shown in Figures 14 and 15 establish three principles that
are critically important for the carcinogenic risk assessment of PSP: (1) Sub-
stantial lung overload is requisite for induction of lung tumors in rodents, (2)
some of the biological mechanisms involved with lung overload are likely
not operative at nonoverload exposure levels, and (3) a critical retained
lung burden must exist for any given PSP such that exposure levels de-
picted 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 between deposition mechanisms,
clearance pathways and kinetics, and morphometric characteristics of vari-
ous alveolar parameters, the most reasonable path forward in understand-
ing lung overload and establishing critical lung burdens associated with
this phenomenon must involve the use of physiologically based dosimetry
models. Physiologically based dosimetry models can incorporate the nec-
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FIGURE 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: ( M · ) toner, Bellmann et al. (1989); (V ) toner, Muhle et al. (1990b); ( M , L ,D ) toner, Muhle et
al. (1988, 1991); (+,Å ) titanium dioxide, Muhle et al. (1988, 1990c); (X) diesel, Heinrich et al. (1986,
1989); (#) polyvinyl chloride, Muhle et al. (1990a); (*) carbon black, Muhle et al. (1990c). From
Morrow (1994).



essary complexities and help identify experimental studies that will shed
light on the issues needing resolution and that will enable important model
parameters to be estimated. Stöber and colleagues (1989, 1990a, 1990b,
1994) have developed various physiologically based dosimetry models and
have used them to advance our understanding of key aspects of lung over-
load. For example, Stöber and Mauderly (1994) used such a model to exam-
ine the hypothesis that the time integral of the interstitial burden can be used
as an effective relative dose for overload carcinogenesis in the rat. They
incorporated new data on temporal patterns of lymph-node burdens of PSP
and were able to obtain reasonable fits to the experimental data by adjusting
interstitial clearance kinetics. Given the variability in the experimental data,
Stöber and Mauderly (1994) categorized their efforts as leading to dose-
response interpretations that were better founded on a theoretical basis but
that might still be considered as speculative. Nonetheless, while one might
have to agree with Morrow (1994) that currently we are only able to specu-
late on the relative roles of the complex mechanisms and factors leading to
lung overload, dosimetry and biologically based dose-response modeling
will undoubtedly be needed to synthesize our knowledge about lung over-
load and to identify critical data gaps. For an in-depth review of recent
progress in using physiologically based dosimetry to examine the retention
and clearance of PSP, the reader is referred to Stöber and McClellan (1997).
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FIGURE 15. Fraction of rats with lung tumors after exposure to various PSPs as a function of the par-
ticulate 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–( a + b log x)]–1, where y represents the
fraction of rats with lung tumors, and x represents the surface area of the particles in the lung. The fit-
ted values of the parameters a and b are –1.828 and 1.419, respectively; here R2 = .71.



SUMMARY

Despite significant structural differences between laboratory animals
and humans in various regions of the respiratory tract, the same major
mechanisms of deposition are operative for poorly soluble particles, al-
though the relative importance of these mechanisms in a given region
may also differ between laboratory animals and humans. For particles
<0.5 µm in size, the geometric diameter is the key physical property
important for deposition, while for particles > 0.5 µm, the aerodynamic
equivalent diameter of the particle is an important aspect of deposition
mechanisms since 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 with the
respiratory tract. These interactions also impart significant intersubject
variability in experimental studies on the regional respiratory tract deposi-
tion of PSP in human subjects. Considerably more particulate deposition
data are available for humans than for laboratory animals.

Most PSP that are of concern are less than 5 µm dae and are completely
inhalable by humans; however, such is not the case for rodents. The sig-
nificantly decreased probability of rodents being able to inhale PSP must
be taken into account when estimating exposure scenarios that would be
expected to lead to comparable deposits of PSP at specific target sites in
the lungs of rodents and humans. Such comparisons are further compli-
cated if the human activity pattern of interest includes ventilation levels
that result in humans switching to oronasal breathing, since the oral path-
way is less efficient than the nasal pathway at removing particles and so
the thoracic burden of particles is increased.

Once PSP are deposited, the mechanisms available for the clearance
and translocation of PSP vary among the major respiratory tract regions
(ET, TB, and A). The specific mechanisms and pathways that are operative
at any particular point in time are a complex function of exposure rate
and level, particle size, particle number, and current mass loading. While
the same pathways for clearance of particles in laboratory animals also
appear to be operative in humans, the relative importance of these path-
ways can vary considerably among animals and humans. Importantly, once
any dissolution of particles has been accounted for, mechanical removal by
AMs via the mucociliary escalator or the lymphatics is essentially indepen-
dent of size for particles < 5 µm dae. Thus, results from a wide variety of PSP
types and sizes can collectively be used to examine the phenomenon of
lung overload.

Relative to issues associated with lung overload, the impairment of
alveolar macrophage-mediated clearance of PSP is central. The strength
of the inverse linear relationship between the pulmonary clearance coef-
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ficient and the volume of dust in the lung form data pooled across studies
in rats that used different 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. Tumors resulting from exposure to high levels
of PSP are alveolar in origin. To date, such tumors have only been ob-
served in rats, despite evidence that mice and hamsters have also been ex-
posed to sufficiently high levels of PSP so as to induce lung overload. Given
that rat AMs can have about twice the volume of mouse or hamster AMs
and that inhibition of macrophage-mediated particle clearance appears
necessary for the development of lung overload, examining various AM-
based dose metrics may aid in understanding the basis for species differ-
ences involved in lung overload.

Given the complex relationships between deposition mechanisms,
clearance pathways and kinetics, and morphometric characteristics of vari-
ous alveolar region parameters, physiologically based dosimetry models
offer the best opportunity to synthesize our current knowledge of lung
overload and to identify critical data gaps that prevent the resolution of
issues surrounding this phenomenon. Substantial lung overload is requi-
site for induction of lung tumors in rats, and some of the biological mech-
anisms involved in lung overload are likely not operative at nonoverload
exposure levels. Thus, a critical retained lung burden should exist for any
given PSP for which there is no carcinogenic risk. Determining that criti-
cal retained lung burden in a laboratory animal and extrapolating that
result to humans is difficult at best and is likely impossible without the
use of physiologically based modeling.
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