6.0 SUPPORTING EXPERIMENTAL STUDIES

To evaluate the plausibility of cancer risk models for asbestos it is useful to examine the current
state of knowledge regarding (1) the mechanisms that facilitate the transport of asbestos to the
various target tissues of interest (i.e., the lungs and mesothelium) and (2) the mechanisms that
contribute to the development of cancer in these target tissues. Accordingly, areview of the
relevant literature is provided in this chapter to assure that the quantitative analysisin Chapter 7,
and the proposed approach for ng asbestos-related risks in Chapter 8, are qualitatively
consistent with general implications from the broader literature. This review, although
extensive, is not exhaustive. A much larger number of studies was reviewed than are actually
cited. Studiesthat are not cited are largely confirmatory or redundant. In selecting studies for
review, special effort was expended to assure that opposing views (particularly for controversial
issues) were adequately represented.

Although much progress has been made over the last decade toward elucidating the fiber/particle
mechanisms that contribute to transport and subsequent cancer induction, at least two critical
data gaps remain:

1 no one has yet been able to track a specific lesion induced by asbestosin a
specific cell through to the development of a specific tumor. There have been
experiments that show altered DNA and other types of cellular and tissue damage
that are produced in association with exposure to asbestos. Other studies have
demonstrated that various tumors of the kinds that result from asbestos exposure
exhibit patterns of DNA alteration (or other kinds of cellular damage) that are
sometimes (but not always) consistent with the earlier cellular changes associated
with asbestos exposure. There are aso studies that show that exposure to
asbestos can lead ultimately to development of tumors. However, these types of
studies have yet to be linked; and

the specific target cells that serve as precursors to tumors in various target tissues
are not known with certainty.

Because of the first of the above limitations, researchers have tended to report on a broad range
of tissue and cellular effects induced by asbestos that may lead generally to various kinds of
cellular damage or injury. Cytotoxicity, for example, is one of the endpoints typically tracked as
amarker for asbestos-induced injury. However, not all of these effects necessarily contribute
(either directly or indirectly) to the development of cancer. Therefore, one of the goals of the
following discussion is to distinguish among effects that likely contribute to the development of
cancer from those that are less likely or unlikely to contribute. Of course, delineating such
distinctions are subject to the limitations of the current state of knowledge.

In addition, because the relative effects of fiber size, shape, and mineralogy need to be elucidated
to better indicate how asbestos concentrations should be characterized to support risk
assessment, studies that address these topics are highlighted. Of particular interest are studies
that (1) contrast the effects of different sized fibers, (2) contrast the effects of fibers and non-
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fibrous particles of similar mineralogy, and (3) contrast the effects of fibers of comparable
morphology (size and shape), but differing mineralogy.

The types of studies that have contributed to the state of knowledge of the effects of asbestos (in
addition to the human epidemiology studies that are evaluated in Chapter 7) include:

whole animal inhalation studies;

whole animal instillation studies;

whole animal injection, implantation studies;
human pathological studies,

invitro studiesin cell cultures; and

invitro studiesin cell-free systems.

Depending on the outcome(s) monitored, the animal studies may alternately be categorized as
retention studies, histopathology studies, or dose-response studies.

Each type of study possesses certain advantages and exhibits certain limitations, which have
previously been described (Chapter 5) along with descriptions of the nature of each of these
study types. In addition to the advantages and limitations that are attributable to the type of
study, the quality of the characterization of asbestos (or other particulate matter) determines the
utility of the study for addressing issues associated with fiber morphology and mineralogy.
Unfortunately, for many published studies, both the characterization of the asbestos (or other
particul ate matter) and descriptions of the manner in which such materials were handled are
insufficient to establish the detailed morphology or mineralogy. Such limitations need to be
considered when comparing across study results or evaluating the validity of study conclusions.

Therest of this chapter is divided into separate sections that address the set of factors that have
been previously identified (Chapter 3) as those that determine the biological activity of inhaled
asbestos (which is the exposure route of primary concern for humans). These are:

1 the extent that asbestos structures are respirable and the pattern of deposition of
inhaled structures,

the extent that deposited structures are subsequently cleared or degraded,;

the extent that deposited structures are transported or migrate to the various target
tissues; and

the extent that retained structures induce a biological response in each target
tissue.

6.1 FACTORSAFFECTING RESPIRABILITY AND DEPOSITION

Discounting systemic effects resulting from other forms of exposure, factors affecting
respirability are common to all of the toxic endpoints associated with asbestos exposure
considered in this study (asbestosis, lung cancer, and mesothelioma). Moreover, respirability is
common to the factors affecting the toxicity of inhaled, insoluble particlesin general. To be
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respirable, an inhaled particle must pass the blocking hairs and tortuous passageways of the nose
and throat and be deposited in the lungs. Particles deposited in the naso-pharyngeal portion of
the respiratory tract are not considered respirable.

Not all of the inhaled particles that reach the lungs will be deposited. Small particles may not
impact lung surfaces during inhalation and are subsequently exhaled. Once a particle impacts on
asurface, however, it islikely to remain because the surfaces of the lungs are wetted with a
surfactant (Raabe 1984).

Adverse health effects potentially result when particles that are deposited in the lungs remain in
contact with the tissues in the lung for a sufficient period of time to provoke a biological
response. To affect the mesothelium, an offending particle may also need to migrate or be
transported from the lung to this surrounding tissue. However, due to the proximity of the
mesothelium to peripheral portions of the lung parenchyma (which include locations where
particles are typically deposited), it is also possible that diffusable molecules produced in lung
tissue in response to deposited particles can have an adverse effect on the mesothelium (see, for
example, Adamson 1997). Such effects are considered among the mechanisms of disease
induction addressed in the discussion of biological responses (Section 6.3).

The interplay between deposition and removal (clearance) of inhaled particles is an important
determinant of biological activity and separating the influence of these two processes in the
pathology of asbestos-induced disease is difficult. The term "retention” is used here to represent
the fraction of particles remaining in the lungs beyond the time frame over which only the most
rapid removal processes (i.e., muco-ciliary clearance) are active. The factors affecting retention
are addressed further in Section 6.2.

Published inhalation studies divide the respiratory tract into three units (see, for example, Raabe
1984). The naso-pharyngeal portion of the respiratory tract extends from the nares in the nose
through the entrance to the trachea. The tracheo-bronchial portion of the respiratory tract
includes the trachea and all of the branching bronchi down to the terminal bronchioles. The
respiratory bronchioles and the alveoli, which are collectively referred to as the "deep lung”, are
the bronchio-alveolar (or pulmonary) portion of the respiratory tract. For a more detailed
description of the features of the respiratory tract, see Section 4.4.

The dimensional requirements for respirability have been studied and reviewed in several studies
(see, for example, Raabe 1984 or U.S. EPA 1986). A more recent review is also presented by
Stober et al. (1993). Much of the data reviewed in these studies is based on earlier studiesin
which researchers exposed animals or human volunteers to a series of monodisperse spherical
particles (although Stober et al. also reviews fiber experiments). In this manner, the impact of
the diameter of spherical particles on respirability was elucidated. The respirability of fibrous
materials (such as asbestos) tends to be described in terms closely associated with those
employed for spherical particles, but with adjustments for density and shape. Importantly,
because respirability isamechanical process: the size, shape, and density of a particle (or fiber)
determine its respirability along with the morphometry of the airways through which the particle
passes (Stober et al. 1993). Other than affecting the particle’ s density or the distribution of fiber
shapes, the chemical composition (mineralogy) of a particle (or fiber) does not influence
respirability.
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The respirability of particles and fibers by humans, and a variety of other mammals of
experimental interest, has also been the subject of increasingly sophisticated modeling efforts
(Stober et al. 1993). The latest refinements of such models predict particle deposition with a
degree of accuracy that is beyond what can be validated with existing, experimental data. The
application of several of these models to asbestos (and other fibrous materials) are considered
throughout this chapter. However, a detailed overview of the state-of-the-art of such modeling is
beyond the scope of this document. Such an overview is presented by Stober et al. (1993).

6.1.1 Respirability of Spherical Particles

Spherical particles larger than 10 um in diameter are considered non-respirable because virtually
all particlesin this size range are trapped in naso-pharyngeal passageways and blocked from
entering the lungs. Asthe diameter of the particlesfall, an increasing fraction traverses the nose
and throat and may be deposited in the lungs. About half of particles 5 um in diameter are
blocked before entering the lungs. Virtually all particles smaller than 1 pm enter the lungs,
although other factors determine whether they are in fact deposited or simply exhaled.

Figure 6-1 (Raabe 1984) is a representation of the relative deposition in the various
compartments of the respiratory tract as afunction of particle diameter.

Within the lungs (Figure 6-1), the greatest fraction of respirable particles (over the entire range
of diameters down to <0.01 um) are deposited in the deep lung (the broncho-alveolar portion of
the respiratory tract), primarily at alveolar duct bifurcations (see, for example, Brody et al. 1981,
Daviset al. 1987; Johnson 1987; Sussman et a. 19914). These studies also indicate that
biological responses appear to be initiated where deposition is heaviest. Generally, the fraction
of particles deposited in the deep lung increases regularly with decreasing diameter until a
maximum of 60% deposition in the deep lung is reached at about 0.1 um diameter.

Asindicated in Figure 6-1, atransition occurs at particle diameters between 0.5and 1 um. For
particlesin this range and smaller, deposition in the deep lung competes primarily with
deposition in the tracheo-bronchial tree and with exhalation; smaller particles have an increasing
probability of being exhaled without ever impacting the surface of an air passageway. For
particles larger than this transition range, broncho-alveolar deposition is limited chiefly by the
fraction of particles that are removed from the air stream prior to reaching the deep lung (either
by deposition in the naso-pharyngeal or the tracheo-bronchial portions of the respiratory tract).

The transition between naso-pharyngeal competition with deep-lung deposition and competition
from other removal processes isimportant because, during mouth breathing, a process that
bypasses the tortuous pathways of the nose and throat, it has been observed that larger particles
(up to several micrometers in diameter) may be deposited in the deep lung (Raabe 1984).
Studies of the effects of mouth breathing are also reviewed by Stober et a. (1993). Because
most people spend at least small amounts of time mouth breathing, especially during exertion or
while snoring, this mechanism for allowing larger particlesto settle in the deep lung should not
be ignored.
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Figure 6-1. Fractionsof Respirable Particles Deposited in the Various Compartments of
the Human Respiratory Tract asa Function of Aerodynamic Equivalent Diameter®®
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A diameter of 0.5 um also happens to represent the transition between the regime where inertial

flow becomes the major factor controlling deposition in the lungs and the regime where
diffusional flow dominates. Below the 0.5 um transition, the diffusional diameter becomes more
important in determining deposition than the aerodynamic equivalent diameter (defined below).

6.1.2 Respirability of Fibrous Structures

Severa authors have investigated the effect of the shape of non-spherical particles (including
fibers) on respirability and deposition (see, for example, Harris and Timbrell 1977; Strom and
Yu 1994; Sussman et al. 1991a,b; Yu et a. 1995a,b). It has been found that the behavior of non-
spherical particles can be related to the behavior of spherical particles by introducing a concept
known as the aerodynamic equivalent diameter. The aerodynamic equivalent diameter isthe
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diameter of a hypothetical spherical particle of unit density that would exhibit the same settling
velocities and aerodynamic behavior as the real, non-spherical particle of interest. Factors that
affect the aerodynamic equivalent diameter are density, true diameter, true length (for elongated
particles such asfibers), and the regularity of the particle shape.

Harrisand Timbrell (1977) Findings. Because fibrous particlestend to align primarily along
the axis of travel under the flow conditions found in the lungs, respirability is predominantly a
function of the diameter of afiber and the effect of length is secondary (Harris and Timbrell
1977). Fibrous structures with aspect ratios (ratio of length to width) >3:1 behave like spherical
particles (of similar density) with diameters up to 3 times larger and exhibit only avery weak
dependence on length. As previously indicated, however, the aerodynamic equivalent diameter
of afibrous structure must also be adjusted for the effects of density. Thisis demonstrated in
Figure 6-2 where the true diameter of afiber is graphed on the top horizontal axis against
spherical (aerodynamic equivalent) diameters on the bottom horizontal axis. Figure 6-2 isan
overlay of Figure 6-1. Note that, to adjust for the density of asbestos, the true diameterslisted in
the figure have been shifted to the right of where they would appear if the relationship was
exactly 1/3 of the aerodynamic equivalent diameter.

Two vertical dashed linesin Figure 6-2 represent effective limits to the range of respirable
asbestos. The line on the left side in the figure represents the limiting diameter of the smallest
chrysotile fibril (about 0.02 um true diameter) and thus represents a lower limit to the diameter
that is of concern when considering asbestos. The vertical line to the right represents the cutoff
where deposition in the deep lung becomes unimportant due to removal of such particles by the
naso-pharyngeal passageways. This latter cutoff correspondsto atrue fiber diameter of 2.0 um,
which theoretically represents the upper limit to the size of asbestos that isrespirable. As
indicated in the figure, however, deposition in the deep lung drops precipitously for fibers
thicker than about 0.7 um so that no more than afew percent of asbestos fibers thicker than
approximately 1 um actually reach the deep lung.

Harris and Timbrell (1977) also evaluated the relationship between the overall shape of a particle
and the extent of deposition. Over the range of diameters that potentially represent the range of
asbestos fibers likely to be encountered, pulmonary deposition decreases with increasing
complexity of shape beyond simple cylinders (such as clusters and matrices (see Section 4.2) at
the expense of increasing naso-pharyngeal or tracheo-bronchial deposition. This change also
becomes increasingly important as the length of the structure increases. For structures <25 um
in length, the difference in deposition between simple fibers and complex clusters or matrices
may vary by up to afactor of 2 with the complex structures being more likely to be removed in
the naso-pharyngeal portion of the respiratory tract and the fibers more likely to be deposited in
the deep lung. At 100 um lengths, the fraction of complex structures that survive passage
through the nose and throat in comparison with simple fibers may vary by afactor of 5. This
means that large structures become relatively less respirable as their complexity increases.
However, during mouth breathing large clusters and matrices may enter the deep lung.
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Figure 6-2. Fractionsof Respirable Particles Deposited in the Various Compartments of
the Human Respiratory Tract asa Function of the True Diameter of Asbestos Fiber s
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When all of the factors that Harris and Timbrell (1977) addressed are considered, the efficiency
of the deposition of asbestos structures in the deep lung is maximal for short, thin, single fibers
(<10 umin length with atrue diameter <0.7 um). The efficiency decreases slowly with
increasing length (up to an effective limit of 200 pm), moderately with increasing complexity of
shape, and rapidly with increasing diameter (up to an effective limit of 2.0 pm, true diameter).
Thinner fibers, down to the lower limit of the range for asbestos fibers (0.02 um, true diameter),
are deposited with roughly the same efficiency. Approximately 20—-25% of the fibers between
0.7 and 0.02 pm in diameter (and <10 um in length) are deposited in the deep lung.
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Sussman et al. (1991a,b) Findings. Based on a series of experiments on human tracheal
bronchial casts, Sussman et al. (1991a,b) also developed models of fiber deposition in the human
lung. Such experiments are in fact illustrative of several research groups who have devel oped
deposition models based on results from experiments on airway casts (for areview, see Stober et
al. 1993).

The results reported by Sussman et al. (1991a,b) appear to be generally consistent with the
results reported by Harris and Timbrell (1977) and Y u and coworkers (described below),
although the manner in which their results are reported make them somewhat less directly
comparable. Briefly, Sussman et al. (1991a,b) report that deposition increases along most
generations of the bronchial tree with increasing fiber length and increasing airflow rate for any
fixed aerodynamic diameter. Thisincreased deposition efficiency is demonstrated for airway
generations at least through the ninth bifurcation and isimplied to continue through to airway
generations that would be representative of the respiratory (pulmonary) portion of the lung (i.e.,
airway bifurcations greater than approximately 16 to 22). For definitions and a description of
airway generations, see Section 4.4.

Findingsof Yu and Coworkers. In aseries of studies, Yu and coworkers combined an
improved model of human lung physiology (Asgharian and Y u 1988) with a series of more
rigorous equations to describe fiber mobility (Chen 1992) and used these to evaluate the
deposition of various types of fibrous materialsin the lung. The trendsindicated in their studies
show general agreement with those reported by Harris and Timbrell (1977), but with several
notable refinements.

In astudy of refractory ceramic fibers (Yu et al. 1995a), a maximum deposition efficiency of
15% is reported for fibers that are approximately 6 um long and approximately 1 pm in diameter.
Thisis closeto the fiber size at which maximal deposition is reported by Harris and Timbrell
(2977). Aswith Harrisand Timbrell (1977), Yu et al. (1995a) also report that deposition
efficiency decreases precipitously as diameter increases beyond 1 pm and decreases more slowly
as diameter decreases below 1 um. For thinner structures, deposition efficiency increases with
both decreasing width and length. Asfibers get longer, optimum deposition occurs with
decreasing thickness. Thus, for example, a maximum deposition rate of 10% occurs for fibers
that are 20 um long at a thickness of 0.8 um.

In astudy of silicon-carbide whiskers (Strom and Y u 1994), the deposition model is extended to
fiber widths as narrow as 0.01 pm. Results from this study indicate that fibers between 0.01 and
0.1 pm in thickness are deposited with a minimum efficiency of 5% up to lengths of
approximately 40 pm before efficiency drops below 5%. For thin fibers (thinner than 0.5 pm),
shorter fibers tend to be deposited in the deep lung much more efficiently than longer fibers.
More than 25% of thin fibers shorter than 1 um are deposited in the deep lung following
inhalation. Strom and Y u (1994) report that the efficiency of deposition in the deep lung of long
structures increases substantially during mouth breathing.

Comparing the results reported for refractory ceramic fibers (density=2.7 g/cm®) and silicon-
carbide whiskers (density=3.2 g/lcm®), it also appears that the efficiency of deep-lung deposition
increases for thinner and for longer structures as the density of the structures increases. Given
the observed density effect, chrysotile fibers that are longer than approximately 6 um and thinner
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than 1 um would be deposited in the deep lung less efficiently than (denser) amphibole fibers of
the same size. However, shorter and thicker chrysotile structures would be deposited somewhat
more efficiently than similarly sized amphiboles. This suggests that a greater fraction of the
mass of chrysotile that gets deposited in the deep lung will be composed of very short fibers and
somewhat longer bundles than the mass fraction of short fibers or longer bundlesin the air
breathed. Also, to the extent that chrysotile fibers are curved, these would be deposited
somewhat |ess efficiently than straighter (amphibole) fibers of comparable size.

Based on the deposition efficiencies predicted by Y u and coworkers, fibrous structures that reach
the deep lung in humans are effectively limited to those thinner than approximately 1 pm. Given
that fibrous structures have traditionally been defined as particles exhibiting aspect (length to
width) ratios >3:1 (Walton 1982), it is clear that only particles shorter than 3 um could
potentially be respirable and still be excluded from the definition of a fibrous structure based on
aspect ratio. Therefore, the thickness constraint for al longer structuresis best described as a
maximum width (rather than an aspect ratio) when defining the range of structures that
potentially contribute to biological activity.

Rats versus Humans. Yu and coworkers also modified their models to evaluate the rates that
fibrous materials are deposited in rat lungs and compared these with results for humans. Such
comparisons have implications for the manner in which results from animal inhalation studies
are extrapolated to humans.

Resultsfrom Yu et al. (1994) suggest that pulmonary deposition of all fibrous structures with
lengths between about 1 and 100 um and thinner than approximately 1 um occurs at much higher
rates in rats than in humans. Fibersaslong as 90 pm are deposited in rat lungs at efficiencies
exceeding 20% while fewer than 5% of structures this long are deposited in the pulmonary
region of human lungs. Infact, it isonly structures between 1 and about 20 um within avery
narrow range of thicknesses (centered around 1 pm) that are deposited more efficiently in the
deep lungs of humans than in rats.

Yu et a. (1995a) aso indicate that, even when deposition efficiencies are comparablein rats and
humans, due to differences in the total lung mass and breathing dynamics across species, the
resulting lung burdens (i.e., the mass or number of structures per mass of lung tissue) are 5-10
times higher in the rat than in humans for any given exposure. Lung burden per lung surface
area are also higher in the rat than in humans.

Toillustrate, assume rats and humans are similarly exposed to a concentration of 0.1 f/cm®

(100 f/L) of some fibrous material with alength at which both species retain approximately 10%
of thefibersinhaled. Table 6-1 then indicates the calculations required to determine the relative
rates at which the lung (volume and surface area) burdens in each species would develop.

6.9



Table 6-1. Estimation of Lung Volume and Lung Surface Area Loading Ratesfor Rats

and Humans
Body LungVolume LungSurface Rest Breathsper Tidal Lung
Species Weight (kg) (L) Area (m?) Minute (bpm) Volume (L)
Human 70 5 140 15 15
Rat 0.15 0.01 04 70 0.0019
No. Fibers No. Fibers Lung Surface
Breathing Inhaled per Deposited per Lung Volume Area L oading
Rate Minute Minute Loading Rate Rate
Species (L/min) (f/min) (f/min) (f/L-min) (f/m2-min)
Human 21.7 2170 217 43.4 16
Rat 0.13 13.3 13 130 33

From Table 6-1, it is clear that rats exposed to comparable airborne concentrations as humans
will increase their loading of fibers per volume (or mass) of lung at arate that is approximately
3 times that of humans (for fibersin sizes that are deposited with 10% efficiency in both
species). Similarly, the fiber load per surface area of lung will increase in rats at arate that is
approximately twice that of humans. Moreover, even higher relative mass or surface area
loading rates are expected for the rat than shown in the table, due to the greater efficiency with
which most fiber sizes are deposited in rat lungs. Data used to compute the loading rates in the
table (which are also presented) are derived from Gehr et a. (1993) and supplemented with
information from Stober et al. (1993). A more detailed description of thisinformation is
provided in Section 4.4.

6.1.3 The Effects of Electrostatic Charge on Particle Respirability

Electrostatic charge has been shown to affect the retention of particles within the lungs (see, for
example, Vincent 1985). Since processes that generate airborne particles generally involve some
form of abrasion, airborne dust particles frequently exhibit varying degrees of electrostatic
charge. Although this potentially leads to variation in the efficiency of particle retention in the
lungs as afunction of the source of the dust, a detailed relationship between surface charge and
retention was not described in this paper. A more detailed and quantitative treatment was
developed by Chen and Y u (1993) and the implications of the Chen and Y u model are described
below (following discussion of the results of Davis et al. 1988a). Davis et al. (1988a) report that
animals exposed to dusts containing fibrous chrysotile, whose surface charge is reduced with a
beta minus source, retain significantly less chrysotile than animals dosed with dusts containing
particles whose surface charge has not been reduced. However, the magnitude of the difference
in the mass of fibersretained isless than afactor of 2, implying that the absolute variation due to
this effect may be small. Further research in this areais needed.

Chen and Y u (1993) report that, based on modeling of lung deposition, overall deposition
increases with increasing charge density on the particlesinhaled. However, due to the pre-
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iltering by the naso-pharyngeal and tracheo-bronchia portions of the respiratory tract, the effects
of electrostatic charge on deep lung deposition appear to be only slight to modest.

Given the results of the above studies, the overall effects of electrostatic charge on particle
deposition in the deep lung appear to be relatively minor. Therefore, such effects do not need to
be considered explicitly when evaluating the health consequences of asbestos.

6.1.4 General Conclusions Concerning Particle Respirability

Based on the information provided in the last several sections, it is apparent that in humans:

deposition of asbestos fibersin the pulmonary portion of the lung occurs
primarily at alveolar duct bifurcations;

electrostatic effects on pulmonary deposition are likely minor;

fibersthat are deposited in the pulmonary portion of the lung are largely thinner
than approximately 0.7 um and virtually all are thinner than 1 pm (except during
mouth breathing, when thicker and more complex structures may be respired);

the length of afiber has limited impact on respirability up to alength of
approximately 20 pm, but the efficiency of deposition of longer fibers decrease
slowly with increasing length for longer fibers;

asthe length of the fibers that are inhaled increases, the thinner fibers are
deposited with greater efficiency. Thus, the longer the fibers inhaled, the thinner
the fibers retained;

due to differences in density, shorter and thicker chrysotile structures will be
deposited more efficiently in the pulmonary portion of the lung than
corresponding amphibole structures and longer and thinner amphibole structures
will be deposited more efficiently than corresponding chrysotile structures;

curly chrysotile structures are less likely to reach the pulmonary portion of the
lung than straight amphibole (or chrysotile) structures;

except for avery narrow range of fiber sizes (centered around 6 um in length and
1 umin diameter), virtually al size fibers are deposited with greater efficiency in
rat lungs than human lungs,

due to body morphology and the dynamics of breathing, rats exposed to similar

air concentrations will accumulate fiber burdens both per mass (volume) of lung
tissue and per lung surface area at arate that is several times the rate such burdens
accumulate in humans; and

the dynamics of fiber lung deposition can now be accurately predicted in great
detail using currently available models.
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6.2 FACTORSAFFECTING DEGRADATION, TRANSLOCATION, AND
CLEARANCE

Degradation and clearance mechanisms compete with deposition to determine the fraction of
asbestos that is retained in the lungs. Other (translocation) mechanisms mediate the movement
of asbestos from sites of initial deposition to various target tissues within the lung and
mesothelium. These factors affect all of the toxic endpoints of interest. Studiesindicating the
dependence of the various contributing mechanisms on fiber size and mineralogy are
highlighted, as well as studies indicating differences between mechanisms in humans and
laboratory animals.

The three units of the respiratory tract defined in the last section (naso-pharyngeal, tracheo-
bronchial, and bronchio-alveolar units) differ primarily by the types of clearance (and
trangl ocation) mechanisms operating in each unit (Raabe 1984). These are summarized in
Table 6-2 along with rough estimates of the time frames over which each mechanism may
operate (to the extent that such estimates are available in the literature).

Briefly, the structures of the nose and throat are bathed in a continual flow of mucous, which is
ultimately swallowed or expectorated. The mucous traps deposited particles and carries them
out of the respiratory tract. The air channels of the tracheo-bronchial section of the respiratory
tract are lined with cilia and mucous secreting cells. Asin the nose and throat, the mucous traps
particles deposited in these air pathways and the ciliary escalator transports the mucous up to the
throat where it may be swallowed or expectorated. Neither the alveolar ducts nor the alveoli of
the pulmonary compartment of the lung are ciliated (inferred from St. George et al. 1993).
Therefore, particles deposited in this section of the respiratory tract can only be cleared by the
following mechanisms:

1 if the deposited particles are soluble, they may dissolve and be transported away
from the lungsin blood or lymph; or

if they are sufficiently compact, they may be taken up by alveolar macrophages
and transported outward to the muco-ciliary escalator of the tracheo-bronchial
portion of the respiratory tract.

Due to acombination of chemical and physical stresses in the environment of the lung, deposited
asbestos structures may degrade by splitting. Longitudinal splitting, primarily of bundles,
produces thinner structures and transverse splitting produces shorter structures. In both cases,
the number of structures produced may be larger than the number of structuresinitially
deposited.

By changing the size and number of structures that were initially deposited in the lungs, splitting

may affect the rates and efficiency with which the various other degradation and clearance
mechanisms operate.
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Table6-2. Relative Rates, Half-livesfor Particles Cleared by the Varous Operating M echanisms of a Healthy L ung

Particle
Fiber Half-life*  Kinetic  Mineralogical Size

Tissue/Lung Regime Species Type (days) Order Effects Effects Reference

M echanisms

(Component Mechanisms)

Nasal-pharyngeal

Expectoration and Swallowing ~ Human Minimal

Muco-ciliary Transport Human Particles  0.0028 Zero No Effect No Effect Raabe 1984
Tracheo-bronchial

Muco-ciliary Transport Human Particles 0.021-0.21 Zero No Effect No Effect  Raabe 1984
Pulmonary (Bronchio-alveolar)

AM Phagocytosis, Transportto  Rat Particles 49 Ps- First No Effect Inhibited Stober et al. 1990

MC Escalator by length;  in Stober et al.

conc. (1993)
Rat Short 14 Fibers Yuetal. 1990
Chr <4um
Dissolution in Extracellular In-vitro Chr 180 Zero Affectsrate Diameter Hume and
Fluid determines  Rimstidt 1992
lifetime
In-vitro Crc 11,000 Zoitus et al. 1997
Transport to the Interstitium Rat Particles 2.3 - — — Stober et al. 1990

(Component Mechanisms)

(Phagocytosis and expulsion by epithelial cells)

(AM phagocytosis, transport through epithelium)
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Table6-2. Relative Rates, Half-livesfor Particles Cleared by the Varous Operating M echanisms of a Healthy L ung

(continued)
Particle
Fiber Half-life*  Kinetic  Mineralogical Size
Tissue/Lung Regime Species Type (days) Order Effects Effects Reference
M echanisms
(Diffusive transport through the epithelium)
(Forced mechanical transport through the epithelium)
Sequestration
(Phagocytosis and internalization by epithelial cells)
(AM phagocytosis, immobilization due to overload)
Pulmonary (I nterstitial)
IM Phatogyctosis, Transportto  Rat Particles 2,300 Unspecified Inhibited Stober et al.
Lymphatics negative effect by length; ~ (1990) in Stober et
conc. al. (1993)
Dog Ams 2,200 Oberdorster et a.
(1988)
Diffusive Fluid Transport to 2,200 Churg 1994
Lymph
Dissolution in Extracellular (Same as Above)

Fluid
Transport to Endothelium, Pleura
(IM phagocytosis, transport through interstitium)
(Diffusive transport through the interstitium)
(Forced mechanical transport through the interstitium)
Sequestration
(Encapsulation in granulomatous tissue)
(Internalization by interstiial/endothelial cells)

6.14



Table6-2. Relative Rates, Half-livesfor Particles Cleared by the Varous Operating M echanisms of a Healthy L ung

(continued)
Particle
Fiber Half-life*  Kinetic  Mineralogical Size
Tissue/Lung Regime Species Type (days) Order Effects Effects Reference
M echanisms
ThePleura

PM Phatogyctosis, Transport to Lymphatic Stomata
Dissolution in extracellular fluid
Sequestration
(Encapsulation by granulomatous tissue)
(Phagocytosis by mesothelial cells)

4For zero order mechanisms, half-lives reported are half of the time required for complete clearance for the process that is constant with time.
For first order mechanisms, the true half-lives (i.e., the time required for half of the initial population to disappear) is reported.
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Particles and fibers that are deposited in the pulmonary portion of the lung may also be
transported by a variety of mechanismsinto and through the epithelium lining, the alveolar
ducts, and alveoli to the underlying interstitium and endothelium that are located within the
interalveolar septa (see Section 4.4). In those portions of the lung parenchyma that lie proximal
to the pleura, such mechanisms may also facilitate transport to the mesothelium. Putative
mechanisms by which such transport may occur include:

1 if particles are sufficiently compact to be phagocytized by alveolar macrophages,
they may be transported within macrophage “hosts’ through the epithelium to the
interstitium;

if particles are sufficiently compact to be phagocytized by the epithelia cells
lining the air passageways of the deep lung, they may be transported into cell
interiors or transported through to the basement membrane, the interstitium, the
endothelium, and (eventually) the pleura;

particularly when associated biological effects that cause changesin the
morphology of epithelial cells, particles may diffuse between the cells of the
epithelium to underlying tissues; and/or

particles may be transported through respiratory epithelium mechanically due to
physical stresses associated with respiration within the lung.

Although the transport of fibers and particles from airway lumenato the interstitium is apparent
in many studies (see below), the precise mechanisms by which such transport actually occurs has
yet to be delineated with certainty.

Particles deposited in the interstitium can also be cleared and the processes by which these
particles are ultimately cleared are similar to, but may be substantially slower than, the
mechanisms by which particles deposited in airway spaces can be cleared. Such mechanisms
include:

1 if the deposited particles are soluble, they may dissolve and be transported away
from the lungs in blood or lymph; or

if the particles of the interstitium are sufficiently compact to be phagocytized by
interstitial macrophages, they may be taken up and transported to the lymphatic
system for removal.

The mechanisms by which particles that reach the pleura and mesothelium may be cleared are
also similar to those operating in the interstitium:

1 if the deposited particles are soluble, they may dissolve and be transported away
from the lungsin blood or lymph; or
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1 if the particles that reach the pleura are sufficiently compact to be phagocytized
by pleural macrophages, they may be taken up and transported to the lymphatic
system for removal.

Particles cleared from the pleura by macrophages appear subsequently to be deposited at sites of
lymphatic drainage along the pleura (i.e., at lymphatic ducts) from where they are ultimately
cleared in lymph (Kane and MacDonald 1993).

The various degradation, clearance, and transport mechanisms that affect the retention of
asbestos in the lung and other target tissues (identified above) exhibit disparate kinetics that may
be further altered by the size, shape, mineralogy, and concentration of the particles affected.
Therefore, the kinetics of these mechanisms are considered below. The mechanisms evaluated
include:

dissolution;

muco-ciliary transport;

macrophage phagocytosis and transport; and
diffusional transport.

Evidence for the existence of these mechanisms and inferences concerning their kinetics derive
primarily from retention studies, which may include both studies of retained structuresin
animals following either short-term or chronic exposure, or human pathology studiesin which
the lung burdens of deceased individuals are correlated with their exposure history. Other
information also comes from in vitro studies. Various, increasingly sophisticated models have
also been developed to predict the individual and combined effects of these mechanisms.

6.2.1 Animal Retention Studies

Retention studies track the time-dependence of the lung burden of asbestos or other particulate
matter (i.e., the concentration of particlesin the lung) during or following exposure. Thus, such
studies are designed to indicate the degree to which inhaled structures are retained. Depending
on the time frame evaluated, however, effects due to deposition and those due to clearance may
not easily be distinguished in such studies. Moreover, due to the near impossibility of isolating
the various compartments of the lung when preparing for quantitative analysis of tissue burden
(e.0., the pure respiratory components vs. the larger airways or the tissues directly associated
with airway lumenavs. the underlying interstitium or endothelium), it is nearly impossible to
separate the effects of the various clearance mechanisms, which typically operate over vastly
different time scales (Table 6-2). Thisiswhy modeling has proven so important to
distinguishing effects attributabl e to individual mechanisms.

Results from retention studies must be evaluated carefully. In addition to the limitations
highlighted above, the lung burden estimates from such studies may be affected by the manner in
which asbestos isisolated from lung tissue for measurement and the manner in which the
concentration of asbestos is quantified (Chapter 5). For example, lung burden estimates may
vary substantially depending on what portions of lung parenchyma are sampled or whether
whole lungs are homogenized. Results may also vary depending on whether lung tissue is ashed
or dissolved in bleach during sample preparation. More importantly, because several clearance
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mechanisms are affected by the size and even the mineralogy of the structures being cleared,
studies (particularly older studies) that track lung burden by mass or by total fiber number may
not adequately capture such distinctions.

6.2.1.1 Studies involving short-term exposures

The latest retention studies tend to focus on the fate of long fibers (typically those longer than
20 pm) in support of the generally emerging recognition that these are the fibers that cannot be
readily cleared from the pulmonary compartment of the lung and that, not coincidentally,
contribute most to disease (further addressed in Section 6.4).

Hesterberg et al. (19984), for example, tracked the time-dependent retention in rats of two fiber
categories: (1) WHO fiberst and (2) WHO fibers longer than 20 um for arange of man-made
vitreous fibers (MMVF's), arefractory ceramic fiber (RCF1a), and amosite following a 5-day
(6 hr/day), nose-only exposure. Rats were sacrificed at intervals up to ayear following
exposure. The amosite was size-sel ected to contain a high proportion of fiberslonger than 20
pm. Aerosol concentrations were also adjusted to maintain target concentrations of 150 f/cm®
for long fibers for each sample tested. Airborne mass concentrations varied between 17 mg/m?
for amosite to as much as 60 mg/m? for the other fiber types. Lungs (without trachea or main
bronchi) were weighed and stored frozen. For analysis, each lung was dried to constant weight,
minced, and a portion was ashed. The ashed portion was further washed with filtered, household
bleach, then filtered and applied to an SEM stub. Fiber numbers and dimensions (in both
aerosols and tissue) were determined by SEM with a minimum of 200 fibers counted. In
addition, analysis continued until a minimum of 30 fibers longer than 20 pm were counted.

In their study, Hesterberg et al. (1998a) tracked the ratios of retained fiber concentrations with
time to the concentration retained 1-day following cessation of exposure. The observed time-
dependent decay in these ratios were then fit to one-pool (single first order decay) or two-pool
(weighted sum of two first order decays) models. With zero time assumed to be the time
immediately following cessation of exposure. The authors recognize that at least some clearance
likely takes place during the 5 days of exposure so they expected the assumption that retained
concentrations at the end of exposure on day 5 to be equal to deposited concentrations would
cause their analysisto slightly underestimate clearance rates. They also recognized that waiting
24 hours after cessation of exposure to measure retention allows some short-term clearance of
upper airways, so that they expected their analysis would better focus on slower clearance from
deeper in the lung.

Results reported by Hesterberg et al. (1998a) indicate that the dimensions and concentrations of
fibersin aerosols from the five synthetic fibrous materials were all similar, but that the amosite
aerosol contained a substantially greater number of fibers (including the longest fibers) and that
the fibers, on average, were somewhat shorter and substantially thinner than the other aerosols.
Of thefibersinitialy deposited in the lung (based on measurements made 1 day following
cessation of exposure), comparable fiber numbers of long (>20 um) fibers were retained across

“WHO fibers are those longer than 5 pm, thinner than 3 pm with an aspect (Iength to width) ratio greater
than 3 (WHO 1985).
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all six fiber types. Deposited concentrations of fibers 5-20 um in length were more variable, but
values within one standard deviation still overlapped. About 6 times as many short amosite
fibers (<5 um) wereinitially deposited than for any of the other fiber types. The authors also
indicate that the dimensions of retained fibers were generally shorter and thinner than the
original aerosol and were much more similar across retained fiber types than the origina
aerosols.

Clearance of long fibers (>20 um) for all six fiber types could best be described using a two-pool
model. Thefirst pool cleared relatively rapidly (within the first 90 days) and represented a
minimum of 65% of the lung burden observed 1 day following exposure. The second pool
cleared much more slowly. For amosite fibersin the second pool, during the approximately 275
days of clearance, retention was only reduced to 80% of the 90-day value. In contrast, all five of
the synthetic fibers were reduced to less than 30% of their 90-day value during this period. For
amosite, the first pool decayed with a half-life of 20 days (90%CL: 13-27) and al of the other
fibers with half-lives of 5-7 days (with varying confidence bounds). For the slower pool,
amosite fibers exhibited a half-life of 1,160 days (90% CL: 420—-) with the other fibers showing
half-lives varying between 24 and 179 days. The combined, weighted half-life for anosite was
418 days (90%CL: 0-1060). The authors aso note that data reanalyzed from an earlier study
(Hesterberg et a. 1996) indicate a corresponding weighted half-life for crocidolite of 817 days

(246—>) and indicate that this was best fit using a single exponential (a one-pool model).

Hesterberg et al. also indicate that in this and previous studies approximately 20-60% of long
fiberstypically clear from the lung within 2 weeks post-exposure. They further suggest that this
rapid clearance may be attributable to muco-ciliary clearance from the upper respiratory tract.
They further report from the present study that short amosite fibers cleared much more rapidly
than long fibers. Fibers <5 pmin length were reduced by 90% in the first 90 days (in
comparison to 65% for long fibers). However, from 90 to 365 days, little or no clearance was
observed for amosite fibers of any length.

For four of the synthetic fibers, long fibers cleared at the same rate as short fibers (all more
rapidly than amosite) and the authors report that the data suggest transverse breakage for these
fibers. Moreover, they attribute the more rapid clearance of long fibers among the MMV F sto
dissolution, since these fibers exhibit in vitro dissolution rates that are rapid relative to the time
scale of macrophage clearance. One synthetic fiber MMV F34, which is a stonewoal,
disappeared much more rapidly than any other fiber and the long fibers disappeared more rapidly
than the short fibers. MMV F34 shows the greatest in vitro dissolution rate at neutral pH for any
of the fibers tested in ths study and dissolves particularly rapidly at pH 4.5 (the pH found in the
phagosomes of macrophages). The authors postulate that clearance of all of the synthetic fibers
are enhanced over amosite by dissolution and breakage.

In summary, Hesterberg et al. (1998a) observed that:

1 multiple clearance mechanisms (operating over multiple time scales) contribute to
clearance;
1 for sufficiently soluble fibers, long fibers clear more rapidly than short fibers;

6.19



for insoluble fibers, a subset of long fibers clears rapidly within the first few
months following exposure and the remaining long fibers clear only extremely
sowly, if at al;

short fibers of all types are cleared at approximately the same rate (much more
rapidly than long, insoluble fibers);

asmall, residual concentration of short fibers may not always clear and may
remain in the lungs (sequestered in alveolar macrophages) for extended periods;
and

in this study, there is some suggestion that short amosite fibers clear somewhat
more slowly than short fibers of the other, non-asbestos mineral types studied.

Regarding the last observation, whether thisis attributable to differences in fiber thicknesses
among the various mineral types, due to partial contributions (even among short structures) to
dissolution, or due to aunique, toxic effect of amosite isunclear. However, the likeliest of these
candidate hypotheses is that the effect is due to partial dissolution.

This general pattern of observations are consistent with the findings of most, recent retention
studies following short-term exposure.

In an earlier study of similar design, Bernstein et al. (1996) evaluated the deposition and
clearance of a series of 9 glass and rock wools. These authors similarly found that clearance
could be modeled using a double exponential for all length fibers (in similar length categories of
<5, 5-20, and >20 pm) and that for soluble fibers, long fibers clear more rapidly than short fibers
(with the intermediate length fibers in between).

For the Bernstein et al. (1996) study, if one assumes that the pool of longer-lived fibersis
representative of macrophage clearance, this suggests that the efficiency of clearance by
macrophages decreases with increasing fiber length and that the longest structures are not
phagocytized at all, so that they remain exposed to the extracellular medium where dissolution
occurs. Lending further support to this interpretation, the authors also report that the clearance
rate for long fibers correlate with measured in vitro dissolution rates at neutral pH while the
clearance rates for short fibers neither correlate with in vitro dissolution rates at neutral pH or at
pH 4.5. Although the latter pH corresponds to the pH found in the phagosomes of macrophages,
thereislikely too little fluid available in such organelles to support efficient dissolution. The
authors also indicate that a sufficient number of fibers were counted during the study to suggest
that breakage is not playing arole in clearance (except at very early times) and that the clearance
rate for short fibers appears to be the same or slower than that observed for nuisance dusts.

In another, earlier study of similar design Eastes and Hadley (1995) evaluated four types of
MMMF s and crocidolite. All of the samples (including crocidolite) had been size-selected to
assure alarge fraction of fiberslonger than 5 um. Unfortunately, due to differencesin reporting,
it is not possible to compare the initial loading of crocidolite fibers to those reported for amosite
in the Hesterberg et al. (1998a) study. However, results from this study further support the
physical interpretation of clearance suggested in the studies discussed above. In fact, the authors
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report that the time-dependent size distribution of retained fibers observed in this study agree
well with a computer simulation of fiber clearance. The simulation assumes that long fibers
dissolve at the rate measured for such fibersin vitro and that short fibers of every type are
removed at the same rate as short fiber crocidolite (which is practically insoluble). Thisis strong
evidence that short fibers are cleared by macrophage phagocytosis and that long fibers cannot be
cleared by macrophages, but may dissolve in extracellular fluid provided that they are
sufficiently soluble.

Regarding crocidolite, the data from the Eastes and Hadley (1995) study suggest that short
crocidolite fibers appear to clear at arate that is somewhat slower than observed for any of the
short MMVF fibers. Importantly, however, the interpretation of short fiber clearancein this
paper is somewhat confounded because, unlike the studies discussed above, short fibersin this
paper are defined as al fibers <20 um, so there may be some confounding with MMV F fibers
that are dissolving. As previously indicated, the Hesterberg et al. (1998a) work also suggests
that short asbestos (amosite) fibers may clear more slowly than short fibers of differing
mineralogy and Hesterberg et al. only includes fibers <5 pm in their definition. Nevertheless, it
is still possible that some effects due to dissolution may still be affecting the clearance of these
shorter fibers.

Surprisingly, avisual inspection of the data presented in Eastes and Hadley (1995) table suggests
alack of any long-term clearance for long fiber crocidolite (>20 pm). Yet, the authors model
long fiber crocidolite clearance using a single exponential (suggesting no rapidly clearing
compartment). The long-term half-life reported for crocidolite in this study is approximately
220 days (with estimated Cls of 165-566 days). This overlaps with the long-term clearance half-
life reported by Hesterberg et a. (1996) for crocidolite of approximately 820 days (246—).

Equally surprising, Hesterberg et al. (1998a) also modeled crocidolite clearance asasingle
exponential, which might suggest better penetration to the deep lung by crocidolite, less
clearance by muco-ciliary transport or aveolar macrophage transport, or better penetration to the
interstitium than other fibers. Morelikely, however, it may ssmply indicate that the two-pool
model does not represent a statistically significant improvement in model fit over the one-pool
model. However, relative size distributions would need to be evaluated carefully before drawing
any such conclusions. Eastes and Hadley (1995) also report clearance of short fiber crocidolite
ismodeled as a double exponential with short and long half-lives of 25 and 112 days,
respectively. Sincethisfiber category contains fibers up to 20 pmin length (in this study only),
this does suggest at |east some contribution from muco-ciliary and alveolar macrophage
mediated clearance for crocidolite.

In two studies, Coin et a. (1992, 1994) evaluated the fate of chrysotile fibersin rats exposed for
3 hoursto 10 mg/m? (reportedly containing >5,000 fibers longer than 5 pm/cm®). For lung
analysis, the left lung was separated into peripheral and central regions under a dissecting
microscope. Slices of peripheral and central portions were separately weighed and minced.
Tissue was digested in sodium hypochlorite and then filtered. A quality control test indicated
that the digestion process caused a slight (~10%) decrease in fiber number and dlight decreases
in fiber diameter and fiber length. Fiber-size distributions were evaluated by SEM. A stratified
counting procedure was employed to assure equal precision for each length category of interest.
M easurements for each category were then converted to mass equivalents.
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Results from the Coin et al. (1992, 1994) studies indicates no difference between deposition in
central or peripheral regions of the lung. They also confirm that chrysotile splits longitudinally
in the lungs with a half-life that is competitive with the clearance rates measured in this study.
Clearance was found to be very length-dependent, so that rates decrease from a half-life of about
10 daysfor fibers about 4 um in length, through 30 days for fibers 8 um, to 112 days (which is
no different from zero) for fibers longer than 16 um (all after adjusting for longitudinal splitting).
Importantly, the brief follow-up period (30 days) is too short to provide an adequate evaluation
of the longer term clearance pools observed in other studies and certainly too short to evaluate
any effects potentially associated with chrysotile dissolution. Also, that the decay curvesfor
clearance were limited to four points, makes evaluation of the slopes for these curves highly
uncertain.

Coin et al. (1992, 1994) also report that the mass of chrysotile deposited during these short
exposures (i.e., no more than 20 pg) is very small compared to levels at which overload has been
reported to occur (approximately 1 mg, see, for example, Yu and Y oon 1991) and that the
volume of the 16 um fibers, which have an average diameter of 0.2 um and therefore a mean
volume of 0.5 pm?®, is small relative to the volume at which macrophage clearance of non-fibrous
particlesis reported to be hindered (Morrow 1988). Thus, the authors conclude that fiber length
presents an additional constraint on macrophage clearance, independent of any other overload.
They also indicate that inhibition of clearance due to fiber length isindependent of fibrosis.

Coin et a. (1992, 1994) also discuss the effect of fibrosis on clearance. They indicate that,
although increased concentrations of short fibers are observed in focal areas of fibrosis, it is
more likely that such fibers accumul ate because clearance is hindered by fibrosisin these areas
than the hypothesis that the short fibers are causing fibrosis. Thisis because, as they point out,
there are too many studies demonstrating the lack of ability of short fibers to induce fibrosis.

Evidencein the Coin et al. (1992, 1994) studies suggests that no transl ocation from central to
peripheral regions of the lung were detected. An upper bound rate that is about 20% of clearance
isreported. However, the short follow-up time in this study would have precluded slower
processes from being detected. Despite the lack of evidence of tranglocation, the authors report
that duct bifurcations in peripheral regions of the lung where fibers are deposited are no more
than 1-2 mm from the visceral pleura. Infact, in the 1994 study, the authors show that 50% of
the primary duct bifurcations in the peripheral portion of the rat lung occur within 1 mm of the
visceral pleuraand some occur as close as 220 pm. Deposited fibers may also affect the pleura
by inducing generation of diffusable, inflammatory agents.

A short-term inhal ation study by Warheit et al. (1997) evaluated retention of chrysotile and

aramid fibers. In this study, rats (and hamsters) were exposed, nose only, for 6 hours/day,

5 days/week for 2 weeks by inhalation to UICC chrysotile and p-aramid fibers (each at two doses
of 460 or 780 fibers/ml, although the size range of these fibersis not stated nor is the manner in
which they were analyzed). Fixed lungs were digested in chlorox during preparation for
asbestos analysis. Animals were followed for up to ayear post-exposure.

Asin studies described above, results from the Warheit et al. (1997) study indicate rapid
clearance of short chrysotile fibers, but slow to non-existent clearance of fiberslonger than
20 um. In contrast, aramid fibers apparently degrade and are subsequently cleared fairly rapidly
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invivo. Based on the data provided in figures, although the reported concentrations of chrysotile
and aramid fibers to which animals were exposed were equivalent, at both the lower and higher
concentrations, it appears that ratsinitialy retain 3 to 5 times as many aramid fibers as chrysotile
fibers (at least for the size range counted, which was not reported). For both fiber types,
clearance appears rapid for an initial period of approximately 90 days post-exposure. During
this time, the mean length of chrysotile fibers also appears to increase steadily, which suggests
rapid, preferential clearance of short structures. After the initial period, it appears that (as the
authors suggest), aresidual concentration of longer fibers are cleared only very slowly, if at all.

Oberdorster et a. (1988) instilled a3 ml suspension of irradiated amosite into the bronchio-
alveolar space of the right diaphragmatic lobe of the lungs of dogs to evaluate clearance and
transport. The amosite used was modified by sedimentation from UICC amosite to contain only
fibers shorter than 20 um. One dog aso had unmodified UICC amosite instilled directly into a
lymph node in the thigh. The dogs had been cannulated to alow collection of lymph from the
right lymph duct-RLD and the thoracic duct-TD (both in the neck).

Results from Oberdorster et al. (1988) indicate that within 4 hours following instillation in the
lung, low activity was noted in postnodal lung lymph, but not in either the RLD or TD. Within
24 hours, however, activity and fibers (determined by SEM) were observed in both the RLD and
the TD. The median length of fibers observed in the lymph were significantly longer than the
instilled material, although there appeared to be a cutoff length of 16 um in fibers observed at
nodes and 9 pm in fibers observed directly in lymph. Fibers recovered from lymph were also
significantly thinner and appeared to exhibit an absolute cutoff at a maximum width of 0.5 pm.
Fibers recovered from the TD and RLD in the dog that had unmodified UICC amosite instilled
directly into leg lymph were all short (with a maximum length of 6 um). Since collection times
were all short, the authors indicate that it is unknown whether longer fibers would have been
observed at later times. The authors also note the almost total absence of fibers shorter than

1 umin lymph, which they assume are cleared rapidly and efficiently by alveolar macrophages.

Oberdorster et a. (1988) also report that a rough calculation, based on the fraction of the
material originally instilled that was recovered in the first 24 hours, it would take approximately
6 yearsto clear all of theinstilled asbestos (assuming no other clearance mechanisms were
active).

Everitt et a. (1997) performed a short-term inhalation study that is interesting, particularly,
because it focused on pleural (as opposed to lung) fiber burden. The authors exposed rats and
hamsters to one type of refractory ceramic fiber (RCF-1) by nose-only inhalation for periods of
0, 4, and 12 weeks and animals were held for observation for up to an additional 12 weeks post-
exposure. Exposures were conducted for 4 hours/day, 5 days/week, at 45.6:10 mg/m®. Groups
of 6 animals were held for 0,4, 12, and 24 weeks to determine pleural fiber burden. An agarose
casting method was reportedly used to recover fibers from the pleura. Analysiswas by electron
microscopy. Fiberswere observed in the pleura at each time point examined (including samples
from rats sacrificed immediately following the last day of a5-day exposure). Fiberswere all
reported to be short and thin (geometric mean length: 1.6 um with GSD: 1.8, geometric mean
diameter: 0.1 pm with GSD: 1.5). Concentrations averaged approximately 40,000 fibers (per
whole pleura, units not reported). The authorsindicate that such fibers would not typically be
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visible by optical microscopy. They also indicate that use of casts may be a more efficient
method of recovering fibers from the pleura.

Everitt et al. (1997) indicate that observation of rapid translocation of short, thin fibersto the
pleura has also been observed in studies of chrysotile so these results are not unique. Although it
is stated that the mechanisms facilitating translocation are currently unknown, the authors
indicate that their finding of site-specific mesothelial proliferation supports observations by
Boutin et a. (1996) that ashestos fibers accumulate in the parietal pleura of humans at sites
associated with lymphatic drainage. Kane and MacDonald (1993) have suggested that fibers are
transported to these locations by pleural macrophages. However, the mechanisms by which
fibers are transported from the lung to the pleura are still unconfirmed.

Older Retention Studies. Although the older retention studies generally support the results of
newer studies (such as those cited above), older studies are sometimes limited by such things as
the tracking of lung burden in terms of fiber mass or use of analytical techniques such asinfrared
spectroscopy for detection of asbestos, which are neither capable of distinguishing individual
fibers nor provide any information on their sizes. Tracking of lung burdens in terms of mass
may not reflect the fate of long, thin fibers, which (by increasing concurrence) appear to be the
legitimate focus of studies evaluating biological hazards attributable to asbestos.

In two studies (Roggli and Brody 1984 and Roggli et al. 1987), Roggli and coworkers tracked
the behavior of chrysotile (not UICC) and UICC crocidolite in rats following 1 hour exposure by
inhalation to 3.5-4.5 mg/m® dusts. The authors indicate that this results in deposition of
approximately 21 pg of dust. Portions of the lower lung lobes of selected rats were collected and
digested for asbestos analysis using a scheme that was shown to be representative. To evaluate
size distributions, more than 400 fibers from each sample were characterized by SEM. Fiber
dimensions were then used to estimate total fiber mass.

Based on their study, Roggli and coworkers indicate that similar fractions of inhaled chrysotile
and crocidolite dust are deposited in the lung during inhalation (23 and 19%, respectively). The
authors therefore concluded that respirability and deposition do not depend on fiber type.
Importantly, however, the manner in which this study was conducted does not facilitate
distinguishing deposition in the deep lung from deposition in the upper respiratory tract.

Roggli and coworkers further indicate that clearance rates for the two fiber types appear
comparable. Of the chrysotile initially deposited, they report that 81% of this material is cleared
after 4 weeks. Similarly, 75% of the crocidoliteis cleared. Importantly, because thisis based on
total mass (estimated by summing volume contributions from observed fibers), it may not reflect
the specific behavior of long, thin structures. Therefore, it isdifficult to compare such results
with those of more recent studies. However, the authors do report that short structures are
cleared more readily than long structures and that chrysotile is observed to split longitudinally

in vivo (based on observation that the total number of chrysotile structuresinitially increases and
the mean length increases). The authors further conclude that clearance rates appear to be
independent of fiber type.

In another short-term study, Kauffer et a. (1987) report that the average length of retained
chrysotile structures increases in rat lungs following 5-hours inhalation of chrysotile dust. Based
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on their results, the authors report that fibers shorter than approximately 8 um are preferentially
cleared. Kauffer and coworkers aso confirm that chrysotile fibers split longitudinally in the
lung. Infact, severa other studies (Kimizuka et al. 1987;Le Bouffant 1980) also provide
supporting observations that chrysotile fibers (or bundles) split longitudinally in the lung.

In two studies (Morgan et al. 1978, 1980), Morgan and coworkers report on the fate of fibers
following short-term inhalation of radio-labeled fibers by rats. In thefirst study (Morgan et al.
1978), ratsinhaled UICC anthophyllite at 35 mg/m? for atotal of 8.4 hours spread over 3 days.
The authors report that the rats retained approximately 190 ug of dust at the end of exposure,
mostly in the alveolar region; the authors assumed that conducting airway clearanceis
sufficiently rapid to clear this portion of the lung within afew days. Beginning about 7 days
following exposure, the rats were then sacrificed serially for a period up to 205 days following
exposure. Because anthophyllite fibers are relatively thick, fibers were analyzed by optical
microscopy. Fiberswere determined both in free cells (mostly macrophages) recovered in
bronchopulmonary lavage and in lung tissue. Tissue samples and cells were digested in KOH
and peroxide in preparation for fiber analysis.

Based on thisfirst study, Morgan et a. (1978) report that anthophyllite lung content declined
steadily by a process that could be described as a simplefirst order decay with a half-life of
approximately 76 days. Free macrophages recovered by lavage, initially contained about 8 pg
and this too declined steadily with a half-life of about 49 days. The authors further indicate that,
if the number of macrophages remains constant with time (i.e., they are replaced at the same rate
they are cleared), then the decay of the load in the macrophages should match what is observed
in the rest of thelung. They suggest that the discrepancy may be due either to an influx of an
increasing number of macrophages in response to injury with time and/or to transfer of some
fibers through the alveolar wall. They also cite unpublished work indicating that uptake of fibers
by alveolar macrophages is essentially complete within hours after cessation of exposure.

The authors also report that, initialy, the lengths of fibers recovered in lung lavage was greater
than in the original aerosol, but that the prevalence of the longest fibers decreased after the first
7 days. Inlung tissue, however, the fraction of longer fibers (among total fibers) steadily
increased with time. This suggests rapid clearance of naked fibers by muco-ciliary transport
(which is alength independent process) with later times dominated by slower clearance in the
deep lung by alveolar macrophages, which is alength-dependent process.

Morgan and coworkers also radiometrically determined the fraction of fibersin rat feces (prior to
sacrifice). They assumed that after 14 days, this would represent the fraction of asbestos cleared
primarily from the alveolar region of the lung. Initially 1.4% of lung anthophyllite content was
excreted daily, but thisfell to 0.5% after 120 days. The authors indicate that this suggests that
the elimination from asbestos in lung tissue cannot be described by a single exponential because
multiple processes are involved and that, over longer periods of time, the slower processes
become increasingly important.

In the second study, Morgan et al. (1980) track the fate of several size-selected radiolabeled
glassesin rats, again following short-term inhalation. From an analysis of the size dependence
of deposited fibersin this study, the authors suggest that alveolar deposition in therat islimited
to structures with aerodynamic equivalent diameters less than about 6 um and that deposition in
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thisregion of the lung falls precipitously for fibers with thicknesses between about 2 and 3 pm
(aerodynamic equivalent diameter). For fibersthat are the density of asbestos, this represents an
upper bound limit to alveolar deposition for the absolute thickness of afiber of approximately
1.5 um with fibers deposition of fibers thicker than approximately 0.7 pm being drastically
reduced. Thisisin concordance with conclusions concerning deposition provided in

Section 6.1.4. Alveolar deposition efficiency is also shown to decrease with increasing fiber
length, at least for fiberslonger than approximately 8 um, also in concordance with findings
presented in Section 6.1.4.

Intratracheal Instillation. The fate of fibers following intratracheal instillation into the lungs
has also proven informative in some studies. For example, Wright and Kushner (1975)
intratracheally instilled paired samples each of several types of glass fibers, fluoramphibole, and
crocidolite into guinea pigs. For each mineral tested, a sample with predominantly short
structures (25 mg total dose for crocidolite, reportedly 99% <5 pm) and another with
predominantly long structures (4 mg total dose for crocidolite, reportedly 80% >10 um) were
evaluated. Unfortunately, the authors do not report how fibrous structures were characterized.
Resultsin the cited paper report observations only after 2 years following the last injection.

Wright and Kuschner (1975) report that long structures uniformly caused fibrosis (primarily
involving the respiratory bronchioles and alveoli and abutting the terminal bronchioles) while
the short structures were uniformly phagocytized and generally removed to thoracic lymph
nodes. Among other things, clearance to lymph suggests that fibers reached the interstitium
(Section 6.2.5). Itisinteresting that, even after 2 years of recovery, the authors observe elevated
levels of macrophages in the alveoli of animals dosed with short structures. Based on the
relative size distributions of the samples analyzed, the authors report that structures up to 10 um
in length appear to be efficiently scavenged by macrophages. Based on the observation of larger
numbers of short structures than expected in comparison with their fractions in the original
samples, the authors further conclude that glass structures underwent biodegradation so that
longer structures broke down into shorter structures that could be phagocytized.

Wright and Kuschner (1975) aso report that long fibers are occasionally visible within the
fibrotic interstitium of dosed animals. The long-fiber dosed animals also show macrophagesin
hilar lymph nodes containing fibers that are too small to resolve and all of them are short. In
short-fiber dosed animals, some fibers are seen to remain in the lung within aggregates of
macrophages, both in alveoli and the interstitium. Short-fiber dosed animals also show many
more macrophages within the hilar lymph nodes than long-fiber dosed animals.

In two reports of the same study (Bellman et a. 1986, 1987), Bellman and coworkers followed
the fate of UICC chrysotile, UICC crocidolite, several fibrous glasses, and other manmade
mineral fibersfollowing asingle intratracheal instillation of 0.3 ml of fibrous material in rats.
Groups of rats were then sacrificed at 1, 6, 12, 18, and 24 months following instillation. Lungs
were low temperature ashed and the resulting, filtered suspension analyzed by transmission
electron microscopy. Some of the fiber types were also acid treated with 0.1 M oxalic acid for
24 hours prior to ingtillation.

Bellman and coworkers (1987) report that short fibers (<5 um) from all of the fiber types were
shown to be cleared from the lungs with half-lives of approximately 100 days, with the asbestos
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varieties tending to exhibit slightly longer half-lives than the other fibers. Short crocidolite
fibers exhibited a half-life of 160 days. The half-life for clearance of short chrysotile was
reported to be 196 days (the longest of all). However, this was attributed to positive
contributions from breakage of longer fibers.

Bellman and coworkers (1987) report that the behavior of the different long fibers (>5 um) for
the different fiber types was radically different. The authors report no observed net declinein
long crocidolite fibers over the 2 years of follow-up. The also report no observable changesin
width of these fibers with time. In contrast, long chrysotile fibers increased in number with time
throughout the 18-month follow-up period and this was attributed to longitudinal splitting. The
width of these fibers reportedly decreased with time.

Bellman et al. (1987) also report that a more detailed examination of the time dependence of the
width of chrysotile fibers indicates arapid increase in the number of thin fibrils (<0.05 pmin
width) and thin bundles (<0.1 um in width) within 100 days (at the expense of thicker bundles).
The authors suggest that this would result in rapid decrease in the number of chrysotile structures
visible by optical microscopy and, possibly, increased clearance of the thinnest fibrils by
dissolution, but this study shows no increased rate of clearance for thinner chrysotile structures
compared to thicker structures (when viewed by electron microscopy). In contrast, long
chrysotile fibers that were acid-leached prior to ingtillation reportedly disappeared with a half-
life of 2 days.

Generally, the rate of clearance of the long fractions of the other fibers reported in the Bellman et
al. (1986, 1987) papers varies as afunction of solubility and overall thickness. Importantly, all
half-lives are reported to have high standard errorsin this study, due to the small number of
animalsincluded for examination.

In summation, virtually all short-term retention studies indicate that:
1 fibersretained in the lung tend to be shorter and thinner than the aerosols from

which they derive and the size distributions of retained structures tend to be more
similar overall than the size distributions observed in the origina aerosols;

chrysotile asbestos undergoes rapid, longitudinal splitting in the lung while
amphiboles do not;

by mass, chrysotile and amphibole asbestos are deposited in the lung with
comparable efficiencies, although it is not clear whether chrysotile dusts tend to
contain sufficient numbers of curly fibersto limit deposition in the deep lung;

multiple clearance processes operate over different time frames and some of these
processes are strongly length-dependent. Fibers shorter than approximately

10 um appear to be cleared rapidly relative to longer fibers and those longer than
approximately 20 pm are not cleared efficiently at all (if the fibers are insoluble).
The Bellman et a. (1986, 1987) studies appear to contrast with other studiesin
thisregard in that they suggest fibers longer than 5 um do not readily clear;
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the quickest clearance process (presumably muco-ciliary clearance) is not
dependent on length; and

the effects of fiber diameter on clearance have not been well delineated overall,
although fibers that reach the deep lung appear to be largely limited to those
thinner than approximately 0.7 um.

These findings are in addition to those mentioned previously from the newer studies:

1 multiple clearance mechanisms (operating over multiple time scales) contribute to
clearance;

for sufficiently soluble fibers, long fibers clear more rapidly than short fibers;

for insoluble fibers, a subset of long fibers clears rapidly while the remaining long
fibers clear only extremely slowly, if at all;

short fibers of all types are cleared at approximately the same rate (much more
rapidly than long, insoluble fibers);

asmall fraction of short fibers may be retained for long periods under certain
circumstances (sequestered in alveolar macrophages) despite overall rapid
clearance of these structures; and

there is some suggestion that short asbestos fibers clear somewhat more slowly
than short fibers of the other, non-asbestos mineral types studied.

Regarding specifically the clearance of long fibers, it appears that a component of all such fibers
clears rapidly within the first 2 weeks and this likely represents muco-ciliary clearance. A
second component (representing as much as 60% of the fibers) clears within 90 days and this
likely represents clearance by alveolar macrophages. The remaining long fibers are cleared only
very slowly, if at all, and this likely represents fibers that are sequestered in granulomas or that
escape into the interstitium.

6.2.1.2 Studies involving chronic or sub-chronic exposures

Although the results of older retention studies following longer term (sub-chronic or chronic)
exposure were difficult to reconcile with the results following shorter-term exposures, newer
studies suggest greater consistency and a clearer picture of the fate of fibersin the lung.
Moreover, although there are further suggestions of mineralogy (fiber type) dependent effects
with some clearance mechanisms, it isimportant that size effects be considered simultaneously,
if the dynamics of these processes are to be understood.

In some of the latest studies, for example, Hesterberg et al. (1993, 1995, and 1998b) exposed rats
(nose only) by inhalation to a series of man-made vitreous fibers (including a variety of fibrous
glasses, rock wools, and refractory ceramic fibers) and two kinds of asbestos: chrysotile
(intermediate length NIEHS fiber) and crocidolite (size selected). Animals were dosed for 6
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hours/day, 5 days/week for up to 2 years at target concentrations of 10-60 mg/m?®. The target
concentration for chrysotile and crocidolite was 10 mg/m?®. Animals were periodically sacrificed
during the exposure regimen to determine the character of the retained fibers. Vitreous fiber
aerosols were characterized by PCM, SEM or, for chrysotile, by TEM. The right accessory lung
lobe of sacrificed animals was tied off, frozen, and stored for lung burden analysis.

For analysis, lung lobes were dried to constant weight, ashed, the residue suspended in distilled
water, and then filtered on Millipore filters (for examination by optical microscopy) or
Nuclepore filters (for analysis by SEM or TEM for chrysotile). Approximately 100 fibers were
reportedly characterized to establish fiber size distributions. However, thisis problematic for
this study because chrysotile asbestos concentrations in the aerosol s to which the animals were
exposed contained approximately 100 times as many fibers as the other aerosols. Thus, although
no fiberslonger than 20 um were observed during characterization of the chrysotile, the
concentration of such long fibers could still have been larger in this aerosol than the other
aerosols and it would not necessarily have been observed. Thisisalso true of lung burden
analyses especially because indirect preparation tends to magnify the number of short chrysotile
structures observed in a sample.

A comparison of the retention patterns of chrysotile and RCF-1 from the Hesterberg et al.
(1998b) study is particularly instructive. First, it should be noted that, in contrast to the values
reported by the authors of this study, chrysotile and RCF-1 in fact appear to exhibit comparable
in vitro dissolution rates (12.7 vs. 8 ng/cm*hr, respectively) when rates are measured using
comparable techniques (see discussion in Section 6.2.4). The dissolution rates quoted in the
Hesterberg et al. study are not derived in comparable studies.

Although afull set of time-dependent analyses are apparently not available for chrysotile, itis
reported that approximately 14% of those chrysotile WHO fibers observed to be retained after
104 days of exposure continue to be retained after 23 days of recovery. Under the same
conditions, it is reported that 43% of RCF-1 fibers are retained, which suggests more rapid
clearance for chrysotile. Even adjusted for the fraction of RCF-1 structures that are longer than
20 pm (and that are presumably cleared even more slowly), approximately 37% of the RCF-1
WHO fibers (<20 um) are apparently retained over this period, which is still more than twice the
rate reported for chrysotile. Still, more detailed characterization of the size distributions of these
two fiber types would need to be evaluated before it could be concluded with confidence that
chrysotileis cleared more rapidly than RCF-1 or that dissolution plays arole. In fact, dissolution
would tend to cause more rapid clearance only of the longest fibers (i.e., the ones that cannot be
cleared by macrophages [see Section 6.2.1.1]), which would further reduce the apparent
retention rate of the shorter RCF fibers, making it even more comparable to the chrysotile
number.

Based on these studies, Hesterberg et al. (1998b) report that fibers deposited and retained in the
lung tend to be shorter and thinner on average than the sizes found in the original aerosol. Itis
also apparent from their data that long RCF-1 fibers clear more rapidly than short RCF-1 fibers
(although asmall fraction of long structures are retained at all time points following a recovery
period after cessation of exposure), which is consistent with observations in other studies for
fibersthat dissolve at moderate rates. In the short-term study performed by the same laboratory,
Hesterberg et al. (1998a), long fiber (>20 um) RCF-1a appearsto clear at approximately the
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same rate as the shorter structures (<5 um), although the scatter in the data (and an unexplained
initial risein long-fiber RCF) prevent a more careful comparison. Similar results are also
apparent in the data presented for MMV F21. It should be noted that the dissolution rates for
RCF-1 and MMV F21 bracket the estimated dissolution rate for chrysotile asbestos (when the
three are derived from comparable studies [ see Section 6.2.4]).

The data presented in Table 3 of Hesterberg et al. (1998b), which are reproduced in Table 6-3,
can also be used to evaluate the time-trend of retention during chronic exposure. The values
presented in Columns 2, 4, and 6 of Table 6-3 present, respectively, measurements of the lung
burden for chrysotile WHO fibers, RCF-1 WHO fibers, and RCF-1 long WHO fibers (>20 um)
in animals sacrificed immediately following cessation of exposure for the time period indicated
in Column 1. Unlike results reported in some earlier chronic studies based on mass (see below),
there is no evidence from this table (based on fiber number) that chrysotile lung burdens reach a
plateau. Rather chrysotile lung burdens (as well as RCF-1 lung burdens) continue to increase
with increasing exposure.

The data presented in Table 6-3 can also be used to gauge the relative efficiency with which the
chrysotile and RCF fibers are retained. Considering that the number of fibersinhaled (N, over
the period of exposure would be equal to the product of the aerosol concentration (C,, in f/cm?),
the breathing rate of the exposed animal (R; in cm®/week), and time (in weeks):

Nin=Car* Rg*t (Eq. 6-1)
and the efficiency of retention is simply equal to the quotient of the number of fibers retained
(Niung) and the total number inhaled: N,,,./N;,, then the efficiency of retention is estimated by the
following simple relationship:

Efficiency of retention=N,,,,/(C;* Rg*1) (Eq. 6-2)

By rearranging Equation 6-2, one obtains:

Efficiency of retention*t=(N,,,/(C,,)* (1/Rg) (Eg. 6-3)
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Table 6-3. Fraction of Fibers Retained Following Chronic Exposur €

Chrysotile RCF-1
Lung/ Lung/ Long Lung/
Exposure WHO Aerosol WHO Aerosol WHO Aerosol
Period Fibers Ratio Fibers Ratio fibers Ratio
f/lung x f/lung x f/lung x
Weeks 106 10"6 10n6
0.0357 0.009 4.81E-05 0.002 1.98E-05
13 250 0.024 39 0.209 3 0.030
26 180 0.017 56 0.299 6 0.059
52 1020 0.096 119 0.636 20 0.198
78 853 0.080 173 0.925 21 0.208
104 1600 0.151 143 0.765 25 0.248

Aerosol Concentration

(f/ml) 10600 187 101

aSource: Hesterberg et al. (1998b)

Because the breathing rate for the rats in the Hesterberg et al. (1998b) study can be considered a
constant for all experiments, Equation 6-3 indicates that the slope of aplot of N,,,/C;;, versus
time should yield estimates of the relative efficiency of retention for each of the fiber types
evaluated. The plot for chrysotileis presented in Figure 6-3. Results from this plot and similar
plots for RCF-1 WHO fibers and long WHO fibers (data not shown), result in the following
estimates of the relative efficiencies of retention (along with the corresponding R? value for the
fit of the linear trend line):

chrysotile WHO fibers: 0.0014, R?>=0.856
RCF-1 WHO fibers: 0.0095, R*=0.694
RCF-1 long, WHO fibers: 0.0026, R*=0.880

Thus, it appears that chrysotile WHO fibers are retained somewhat |ess efficiently than either
RCF-1 WHO fibers or RCF-1 long WHO fibers. However, whether thisis due to less efficient
deposition or more efficient clearance cannot be determined from this analysis. It isalso not
possible to determine whether such differences are due to the effects of differencesin size
distributions among the various fiber types. Interestingly, based on the data presented by
Hesterberg et al., which indicates that long RCF-1 WHO fibers clear more rapidly than regular
RCF-1 WHO fibers, the differences in the relative retention of these two length categories of
fibersisdue primarily to relative efficiency of clearance.
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Figure 6.3:
[Chrysotile Lung Burden/Aerosol
Concentration] vs. Time of Exposure
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In asimilar study involving chronic exposure to Syrian golden hamsters (Hesterberg et al. 1997),
fiber retention and biological effects associated with exposure to amosite and a series of MMV Fs
were evaluated. The amosite was size selected and hamsters were exposed to one of three levels
(0.8+0.2, 3.7+0.6, and 7.3+1.0 mg/m®). Amosite lung burdens were shown to increase regularly
with dose and time of exposure. The time dependence for accumulation of some of the MMVF's
was more complicated. None of the animals were apparently followed for any recovery periods
following cessation of exposure. The authors also indicate that the severity of the effects
observed (inflammation, cellular proliferation, fibrosis, and eventually several mesotheliomas),
appear to correlate well with the concentration of fiberslonger than 20 pm.

Earlier Studies. Earlier studies, in which asbestos concentrations tend to be monitored as total
mass tend commonly to show that chrysotile asbestos is neither deposited as efficiently as
various amphibole asbestos types nor isit retained aslong (i.e., it is cleared much more rapidly
from thelungs). In fact, several such studies tend to show that chrysotile asbestos concentrations
eventually reach a plateau despite continuing exposure, which suggests that clearance and
deposition come into balance and a steady state is reached. In contrast, amphibole asbestos
concentrations continue to rise with increasing exposure, even at the lowest exposure levels at
which experimental animals have been dosed. Such observations do not appear to be entirely
consistent with those reported in newer studies (see above) that track fiber number
concentrations (in specific size categories). In these newer studies, chrysotile retention is not
observed to level off, but continues to increase in amanner paralleling amosite or other fibers.
As indicated below, however, the limitations associated with these older studies suggest that,
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although it may not be easy to reconcile them quantitatively with the newer studies, results from
these studies are not necessarily inconsistent with those of the newer studies. Moreover, the
trends observed in the newer studies are likely more directly relevant to issues associated with
the induction of asbestos-related disease. The problems with the older studies are:

1 the trends seen in the older studies (based on mass) may mask the more important
trends associated with deposition and retention of long, thin fibers. Thus, results
from such studies may not be directly relevant to considerations of risk; and

the observed differences between chrysotile and the amphiboles may be attributed
to differencesin size distribution (among other possibilities). Thus, lacking
detailed information on size distributions, it is difficult to reconcile the results
from the older studies with results from the newer studies, which explicitly track
specific size ranges of fibers.

Given these limitations, the earlier studies are only mentioned briefly.

Middleton et al. (1979) tracked the fate of asbestos (as mass measured by infrared spectroscopy)
in rats following inhalation of several asbestos aerosols (UICC chrysotile A, UICC amosite, and
UICC crocidolite) at multiple concentrations (reported at 1, 5, or 10 mg/m?). To account for
possible differences in the nocturnal (vs. daytime) activity level of rats, several groups of rats
were also exposed in a“reversed daylight” regimen (in which cages were darkened during the
real day and bathed in light during the real night). Acclimatized rats in these groups were thus
dosed at times corresponding to their night. Exposure continued for 7 hours/day, 5 days/week,
for 6 weeks.

Results from the Middleton et al. (1979) study were fit to a three compartment model (originally
proposed by Morgan et al. 1978) and the authors concluded that clearance was independent of
fiber type, but that the initial deposition of fibers was very dependent on fiber type. Thiswas
indicated by a*K-factor” representing the efficiency of initial deposition. Chrysotile showed K
factors that range between 0.17 and 0.36 and vary inversely with the initial exposure
concentration. In contrast, amosite exhibits aK factor of 0.69 and crocidolite aK factor of 1.0
and both are independent of exposure level. Although the design of this experiment precluded
fitting of the shortest two compartments of the model (with half-lives of 0.33 and 8 days, from
Morgan et a. (1978), they did optimize the half-life of the longest compartment. Fibersin this
compartment were cleared with a half-life of 170 days.

In a series of studies, Davis and coworkers (1978, 1980, 1988a, and 1988b) report that retention
of asbestos (measured in terms of mass) appears to be afunction of fiber type and surface charge
in addition to fiber size. With regard to fiber type, for example, Davis et al. (1978) report that
substantially more amphibole (amosite) asbestos appears to be deposited and retained in the
lungs of exposed rats than chrysotile. Chrysotileis also apparently cleared more readily than
amosite. However, mineralogical effects should only be judged after adjusting for fiber size.

Rats in the studies by Davis and coworkers were dosed at 6 hours/day, 5 days/week for up to
1 year at dust concentrations of 2, 5, or 10 mg/m? (depending on the specific experiment). Right
lungs (used for determining lung burden) were ashed and the residue was washed in distilled
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water and filtered. The residue was formed into a potassium bromide disc and asbestos (mass)
content was determined by infrared spectroscopy.

Jones et al. (1988) report that the lung-tissue concentration of amosite increases continually with
exposure (at 7 hours/day, 5 days/week for up to 18 months) and the rate of increaseis
proportional to the level of exposure. A leveling off of amphibole concentrations in lung tissue
was not observed in this study aslong as exposure continued, even for the lowest level of
exposure (0.1 mg/m®) studied. The lowest exposure concentration evaluated in this study is only
1% of the concentration at which chrysotile lung burdens were shown to reach equilibriumin
other retention studies (see below). Importantly, however, these are only the older studiesin
which fiber burden is tracked by mass. The newer studies don’t show this effect.

The authors also report lack of any apparent change in size distribution with time among the
fibers recovered from the animal’ s lungs, which suggests lack of substantial clearance even of
short fibers. However, the longest recovery period following the cessation of exposure evaluated
in this study isonly 38 days, which may be too short to allow evidence for differential clearance
as afunction of size to become apparent (at least in a chronic study; the time dependence in
chronic studies such as this are more complicated than for short-term studies). Moreover, the
apparent inclusion of lymph nodes as part of the lung homogenate may have caused short fibers
initially cleared from the lung to be added back in. In this study, lungs were recovered intact
including the associated mediastinal and hilar lymph nodes, which were ashed in toto. Ash
residue was washed in acid and water, ultrasonicated and filtered for electron microscope
analysis. Note that such a procedure would include any fibers cleared to local lymph nodes.

In awidely cited study, Wagner et al. (1974), report that amphibole lung burdens increase
continually as long as exposure to amphiboles continues and that amphibole concentrationsin
lung tissue decrease only slowly following cessation of exposure. In contrast, chrysotile lung
burdens reach a plateau despite continued exposure. Importantly, asbestos content was estimated
by determining total lung silica content and adjusting for similar analysis on filtered samples of
the original aerosols. Thus, in addition to suffering from the limitations associated with tracking
fiber burden by mass, there are questions concerning the validity of using total silicato represent
asbestos content. Therefore, for these reasons and the additional reason of the lack of controlling
for fiber size, the ability to interpret this study and reconcile its conclusions with those of newer
studiesis severely limited.

Chronic Inhalation of Non-fibrous Particulate Matter. A recent study involving chronic
inhalation of non-fibrous materialsis helpful at elucidating the relative localization of particles
in rats and primates. Nikulaet al. (1997) studied lung tissue from a 2-year bioassay, in which
Cynomolgus monkeys and F344 rats were exposed to filtered, ambient air or air containing one
of three particulate materials: diesel exhaust (2 mg/m?®), coal dust (2 mg/m?, particles <7 umin
diameter), or a50/50 mix of diesel exhaust and coal dust (combined concentration: 2 mg/m°).

Results from Nikula et al. (1997) indicate that responsesto all three particulate materials were

similar. The particlestended to localize in different compartments of the lung in a species-
specific manner:
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73% of particlesremain in the alveolar lumen of rats, but only 43% in monkeys.
The remainder can be found in the interstitium;

in both the alveolar lumen and in the interstitium, virtually al of the particles are
observed to be isolated within macrophages; and

the particles in the interstitium reside in macrophages within the alveolar septa,
the interstitium of respiratory bronchioles, the adventitia and lymphatic capillaries
surrounding arterioles and veins of pulmonary parenchyma, or in the pleura.

It is not known whether free particles penetrate the epithelial lining of the airway lumena and
escape into the interstitium or whether such particles are first engulfed by macrophages and then
transported in their macrophage “hosts’ into the interstitium.

Importantly, even after 2 years of exposure, the particlesin the interstitium do not appear to have
elicited atissue response. Also, the aggregates of particle-laden macrophages observed in
alveolar lumena elicited significantly less of atissue response im monkeysthan inrats. Such
responses included: alveolar epithelial hyperplasia, inflammation, and focal septal fibrosis.

The authors further indicate that “ epithelial hyperplasia concomitant with aggregation of
particle-laden macrophages in alveolar lumen is a characteristic response to many poorly soluble
particlesin the rat lung, both at exposure concentrations that result in lung tumors and at
concentrations below those resulting in tumors. Such aresponse, however, was not
characteristic of what was observed in monkeys. Among other things, these differencesin
responses suggest that rats may not represent a good model for human responses to inhalation of
poorly soluble particulate matter. It would also have been interesting had they tested a * benign”
dust such as TiO.,.

In summation:
1 results of (newer) sub-chronic and chronic retention studies are generally
consistent with those of retention studies that track lung burden following short-
term exposure (Section 6.2.1.1);

there is some indication in these sub-chronic and chronic studies that chrysotile
asbestos may not be retained as efficiently as amphibole asbestos. It islikely,
however, that such distinctions are due more to fiber size than fiber type so that
definitive conclusions concerning such effects cannot be reached until better
studies that properly account for both size and type are conducted; and

although earlier studies that track mass instead of fiber number suggest otherwise,
chrysotile and amphibole asbestos concentrations (when measured by fiber
number) continue to increase with time as long as exposure continues. Dueto a
lack in the ability to distinguish among size-dependent effects when lung burdens
are tracked by mass, the results of the earlier studies are not necessarily
inconsistent with the results of the later studies.
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6.2.2 Animal Histopathological Studies

Studies in which the lungs of dosed animals are examined to determine the fate and effects of
inhaled asbestos are helpful for understanding the movement and distribution of retained
particles within the lung and surrounding tissue. Both the newest retention studies and the older
retention studies tend to include at least some of this type of information. They also tend to
indicate a consistent picture of the fate and effects of asbestos. While such studies tend to
confirm that translocation in fact occurs, they are less helpful for elucidating the specific
mechanisms by which translocation occurs.

Newer Studies. Ilgren and Chatfield (1998) studied the biopersistence of three types of
chrysotile (“short chrysotile” from Coalingain California, “long” Jeffrey fiber from the Jeffrey
mine in Asbestos, Quebec, and UICC-B (Canadian) Chrysotile, ablend from several minesin
Quebec). Both the Coalinga-fiber and the Jeffrey-fiber were subjected to further milling prior to
use. Inthisstudy, rats were exposed viainhalation for 7 hours/day, 5 days/week for up to

2 years. Concentrations were; 7.78+1.46 mg/m? for Coalinga-fiber, 11.36+2.18 mg/m? for
Jeffrey-fiber, and 10.99+2.11 mg/m? for the UICC-B fiber. An additional group of rats was also
dosed for asingle 24-hour period with Jeffrey-fiber at a concentration of 5,000 f/ml >5 um.
Estimates of lung content of chrysotile were based on measurements of total silica content. The
character of the three chrysotile types evaluated in this study was previously reported (Campbell
et a. 1980; Pinkerton et al. 1983). The animal studies were conducted previously with the
overall approach reported by McConnell et al. (1983a,b) and Pinkerton et al. (1984). Based on
the characterization presented in these papers, Coalinga-fiber is short, but not as extremely short
as suggested by the authors:

Ratio of fiberslonger than: 5pum: 10um: 20pum
Coalinga-fiber: 200: 78: 0.98
Jeffrey-fiber: 591. 220: 78

Such calculations also suggest that the single, “high” dose in this experiment was equivalent
only to a concentration that is approximately 10 times the other concentrations studied, so that it
isequivalent only to a 10-day exposure and small relative to the longer term (up to 2 years)
exposures considered in this study.

Results reported by llgren and Chatfield (1998) indicate that the lung burden for short fiber
chrysotile initially increases with exposure, reaches a steady state, and then decreases steadily
following cessation of exposure. Approximately 95% of this material is cleared within 2 years.
Thus, short fibers appear to exhibit the trend suggested by the older chronic retention studies that
tracked burden by mass and is consistent with the newer studies indicating rapid clearance of
short structures (Section 6.2.1.2).

In the studies reported by Ilgren and Chatfield (1998), most short fibers are found initially within

alveolar macrophages and, while concentrations in Type | epithelium, interstitial cells, and
interstitial matrix increase with time, little appears to be taken up by Type Il epithelium. Small
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amounts of short fiber chrysotile are also observed to be taken up by endothelial cells. Thereis
also little sign of inflammation or fibrosis following exposure to the Calidria-chrysotile.

Jeffrey-chrysotile also initially appears to be taken up primarily by alveolar macrophages, but
later becomes most prevalent in the interstitial matrix and, to alesser extent, in interstitial cells.
Substantial numbers of fibers are also taken up by Type | epithelium and small amounts by
endothelial cells. Similar, but slightly delayed effects were seen for UICC-B chrysotile (which
has a smaller fraction of long fibers and therefore, the authors suggest, takes longer to
accumulate). Note that, by 12 months, the mgority of long fibers from both these types were
found in interstitial matrix while the majority of Calidria-material was still found in aveolar
macrophages. Thisis consistent with observations concerning behavior between short and long
fibers reported by Wright and Kushner (1975), Section 6.2.1.1. At this point, the Jeffrey-
material also caused substantial thickening of the basement membrane and most fibersin the
interstitium were trapped within the collagenous matrix. The authors note that some of the most
severeinterstitial changes occurred adjacent to areas of bronchiolar metaplasia. Such effects
were not seen with Calidria-exposure.

Thickened basement membranes, calcium deposits, metaplastic changes, and structural
abnormalities were all observed with long fiber exposure, but not with Calidria-exposure.
Interstitial macrophages also showed morphological changes following phagocytosis of fibers.
While Calidria-material was about evenly distributed between interstitial matrix and cells, the
vast majority of long fiber material was found in the matrix. Movement into the matrix was also
observed to increase even after exposure ceased. With time, the number of long fibersin
interstitial cells declined modestly, but declined precipitously for Calidria-material.

Jeffrey-fibers accumulated in Type | epithelial cells during exposure and then levels decreased
slowly after exposure ceased. UICC-B fibers accumulated more slowly, never reaching the same
levels as for Jeffrey and decreased more rapidly. Concentrations of Calidria-fibersin Type |
epithelial cellswaslow at all time points.

Type Il epithelia cells accumulated very few fibers of any type (although they took up slightly
more Jeffrey-fiber than the others). All three fiber types caused substantial increasesin
interstitial cells (mostly macrophages) at 3 months and this increase persisted for the Jeffrey-
fiber, but decreased to background after 24 months for the other two fiber types. Fibroblast
numbers also increased with the long fiber types, but not Calidria-chrysotile.

Type Il epithelia cells showed decreases in volume and number that persisted until exposure to
long fiber ceased and these cells displayed dramatic structural aberrations despite absence of a
fiber load. One possible explanation for the observed changesin Type Il cells, especially the
reduction in their number, is that they were undergoing terminal differentiation to Type cells
(see Section 4.4). In fact, the apparent absence of fibers observed within Type Il cells might be
explained by such cells taking up fibers, but being induced to terminally differentiate, once fibers
are accumulated. Overall, Typell cells displayed greater cellular response than Type | cells
(which might also suggests arole for cytokines). All effects were observed to be fiber length
dependent and all were exaggerated following exposure to long fiber material.
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Rats exposed to long fiber had numerous accumulations of dust-laden interstitial macrophages
and/or small focal accumulations of dust within the interstitium at the end of the lifetime study,
but such changes were not observed for Calidria-exposed animals.

The lung burden for rats exposed to the single, “high” Jeffrey-fiber exposure (based on total
silica) at 12 months (i.e., 12 months post-exposure) was not different from controls. Therefore,
the authors conclude that short-term, “high” exposures are rapidly cleared (even exposures
containing substantial quantities of long fibers). Other changes induced by the single, short-term
high exposure of Jeffrey-fiber that was followed for 24 months also showed reversion to close to
background status. Importantly, these observations are not based on quantitation of fiber burden
inlung tissue. Rather they areinferred by observing the effects caused by the presence of fibers.
This may suggest, for example, that more than 10 day’ s worth of exposure would be required at
thislevel of exposure before irreversible lesions develop.

In the study by Hesterberg et al. (1997), which was previously discussed (Section 6.2.1.2), the
authors note (among dosed hamsters) that the magnitude of cellular effects appeared to differ
among the fibrous glasses as a function of their relative biodurability. For animals dosed with
the least biopersistent glass, only transient effects (influx of macrophages, devel opment of
microgranulomas) were observed and these did not progress further. For the more persistent
glasses, injury progressed through more intense inflammation, interstitial fibrosis, pleural
collagen deposition, mesothelia hypertrophy and hyperplasia and eventually, mesothelioma.
The authors also suggest that amosite appears to be more potent than chrysotile, even when
aerosols contain comparable numbers of fibers longer than 20 pm.

Choe et a. (1997) exposed rats to chrysotile and crocidolite (both NIEHS samples) by inhal ation
for 6 hours/day, 5 days/week, for 2 weeks. The rats were then sacrificed and their pleural
cavities lavaged. Resultsindicate that significantly more pleural macrophages were recovered in
plueral lavage fluid at one and 6 weeks following exposure than sham exposed rats. The
centrifuged pellet from pleural lavage fluid from one of four rats also exhibited long (>8 pm),
thin (<0.5 um) crocidolite fibers (1 week following exposure). The concentration of fibersin
this pellet suggested approximately 1 f per 4,000 cellsin the pleura. Note that chrysotile rats
were not examined for fiber content.

Older Studies. Inthe series of studies by Davis et al. (1978, 1980, 1985, 1986a), the authors
generally report similar histopathological observations that emphasizes a marked distinction
between effects from long and short fibers. From the 1986 study, for example, Daviset al.

report that at the end of 12 months of exposure, rats exposed to long fibers (amosite in this case)
exhibited deposits of granulation tissue around terminal and respiratory bronchioles. They
further indicate that the granulation tissue consists primarily of macrophages and fibroblasts with
occasional foreign body giant cells.

Asthe animals aged, there was increased evidence of collagen deposits in these lesions and the
oldest lesions consist mainly of acellular, fibroustissue. The aveolar septain these older
animals showed progressive thickening. Initialy, this was apparently due primarily to
hyperplasiaof Type Il epithelial cells, but with time was increasingly due, first, to reticulin and,
later, to collagenous deposits in the septal walls. Asbestos dust was frequently visible in these
deposits. Epithelia cellslining alveoli adjacent to the oldest lesions also tended to become
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cuboidal in shape. Asthe animals aged, these areas of interstitial fibrosis became more
extensive.

In contrast, animals exposed to short fibers (also amosite in this case) showed no such lesions
(peribronchial fibrosis) at any point in time. At the end of exposure, the lungs of these animals
contained large numbers of pulmonary macrophages packed with fibers, but these cells remained
freein the avleolar spaces. The authors report that large numbers of laden macrophages
sometimes aggregated in alveoli close to respiratory bronchioles, but that there would be no
formation of granulation tissue or thickening of alveolar septa at these locations. Thus, with the
exception of the presence of dust-laden macrophages, the structure of the lung of these rats was
not altered.

In the Davis et al. (1987) study of chrysotile, aslight variation of the above scenario isworth
noting. In this study, the development of peribronchial fibrosis was reported for animals dosed
both with the long fiber material and with the short fiber material. However, the authors also
report that the short fiber chrysotile in this study in fact contains a sizable fraction of longer
structures and this finding was corroborated by more formal size characterization (Berman et al.,
unpublished) later conducted in support of a study to evaluate the effects of size (Berman et al.
1995).

In this study, Davis et a. also reported observations on the morphological changes observed in
the mesothelium during these studies. The authors indicate that the older animals in these
studies exhibit “areas of vesicular pleural metaplasia consisting of loose, fibrous tissue
containing large vesicular spaces lined with flattened cells’. The authors also report that
examination in previous studies indicates that these cells are of a mesothelial type.

Daviset a. report that, “...occasionally the walls between vesicular spaces were so thin that they
consisted of two closely opposed layers of extended and flattened cells with no basement
membrane in between them. Where cells were supported by areas of fibrous tissue, a basement
membrane was present. While no method for the direct quantification of this pleural metaplasia
has been developed, its occurrenceis closely related to the presence of advanced interstitial
fibrosis or adenomatosis in the lung tissue and it is particularly common where patches of this
type of parenchymal lesion have reached the surface. It isnot known whether such lesions are
precursors to mesothelioma. Davis et al. aso note that neither of the two mesotheliomas
observed in this study showed histological patterns consistent with the observed vesicular
hyperplasia.

Brody et al. (1981) tracked the distribution of chrysotile following inhalation by rats. Asbestos
was initially deposited amost exclusively at alveolar duct bifurcations. In agreement with
Pinkerton et al. (1986), the degree of deposition appeared to be an inverse function of the path
length and bifurcation number for each alveolar duct. Uptake by macrophages and type 1
epithelial cells were observed following deposition. Asbestos was observed both in lipid
vesicles and free in the cytoplasm of type 1 cells. After 8 days, alveolar duct bifurcations
became thickened with an influx of macrophages. Asbestos was also observed in basement
membrane below the epithelium. Apparently, structures had been transported through type 1
cellsto the basement membrane. Once in the basement membrane, asbestos may enter the
interstitium. Predominantly short structures were monitored in this study. Long structures were
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not readily observed (but thisis likely a counting problem; under such circumstances, short
structures may serve as surrogates for the presence of other structures).

Intratracheal Instillation. Bignon et al. (1979) studied the rate of translocation of various
materialsin rats. Chrysotile, crocidolite, and glass fibers were intrapleurally injected into rats
and their concentration was monitored as a function of time in lung parenchyma and other tissues
removed from the pleura. Within 1 day following injection, asbestos was detectable in lung
parenchyma. After 90 days, asbestos was found in al of the tissues analyzed. Based on the rate
of tranglocation to the lung, crocidolite migrates about 10 times more rapidly than chrysotile (on
amass basis). The rate of migration of glassisin between the two asbestos types. Structures
initially found in the lung were significantly shorter than the average size of structures injected.
After 7 months, however, the average lengths of structuresin all tissues monitored were longer
than the average length of structures originally injected. Thus, short structures migrate more
rapidly than longer structures (possibly by a different mechanism), but long structures eventually
translocate aswell. Within atarget tissue, preferential clearance of short structures also
contributes to observed increases in the average length of the structures with time.

Studies of Non-Fibrous Particulate Matter. Studies of the fate and effects of respirable, non-
fibrous particulate matter provide evidence for at least one mechanism by which particles (and
fibers) may be transported to the interstitium.

Li et a. (1997) evaluated the effect of urban PM 10, carbon black, and ultrafine carbon black on
rats following intratracheal instillation (0.2 ml volume instilled containing between 50 and 125
ug of particles). After 6 hours, there was anoted influx of neutrophils (up to 15% of total cells
observed in bronchioalveolar lavage-BAL fluid) and increases in epithelial permeability was
surmised based on increased total protein (including increases in levels of |actate dehydrogenase,
which isamarker for cell membrane damage) in BAL fluid.

Conclusions. Overal, observations among both the newer and the older studies (including the
study by Wright and Kuschner 1975, see Section 6.2.1.2) tend to be highly consistent,
particularly with regard to the distinction between the effects of short and long fibers. Typicaly,
long fibersinitially produce substantial inflammation characterized by an influx of macrophages
and other inflammatory cells. Ultimately, exposure to such fibers cause thickening of aveolar
septa (particularly near avleolar duct bifurcations) due to a combination of epithelial hyperplasia
and deposition of reticulin and, later, collagen resulting in interstitial fibrosis. In contrast, short
fibers cause aninitial influx of macrophages and, long-term, show persistent accumulations of
fiber-laden macrophages both in aveolar lumenaand in pulmonary lymph nodes, but otherwise
no structural changes are observed in the lung tissue of these animals.

These studies also provide ready evidence of the effects of fiber transocation, but generally offer
only limited evidence for elucidating the mechanisms by which such translocation occurs. There
isevidence that Type | (and possibly Type Il) epithelium phagocytize particles and fibers and it
is possible that such fibers may be passed through to the basement membrane and the
interstitium. For Type | cells, the distance between the alveolar lumen and the basement
membrane averages lessthan 1 pm in any case (Section 4.4). Certainly fibers are also observed
in the interstitium. Particulate studies also indicate that oxidative stress induced by particul ate
matter and fibers may cause morphological changesin Type Il cells with consequent loss of
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integrity of the epithelium, which increasesit’s permeability overall and may aso allow
diffusional passage of particles and fibers.

6.2.3 Human Pathology Studies

Human pathology studies provide additional information concerning the nature of asbestos
deposition, clearance, and retention. These are the studies in which lung burdens are measured
in samples of lung tissue and correlated with the exposures received by the individuals from
which the lung samples derive.

Among the advantages of human pathology studiesis that they provide direct insight into the
behavior of asbestosin humans. They are also limited, however, by the lack of ability to obtain
time-dependent estimates of lung burden (because samples are derived from deceased
individuals), by the manner in which lung tissue is stored (several of the fixatives employed to
store tissue samples have been shown to enhance dissolution of asbestos (Law et al. 1990, 1991),
by the manner in which samples are prepared for asbestos analysis, by the manner in which
asbestos is analyzed, and by the limited ability to re-construct the uncontrolled exposures
experienced by study subjects (Section 5.2).

Perhaps most importantly, the ability to construct anything but the coarsest quantitative
comparisons across subjectsis also typically limited by use of “opportunistic” tissue samples
(i.e., use of samples that happened to have been collected and stored during autopsy or necropsy)
because such samples are not controlled for location on the respiratory tree (i.e., the linear
distance and branch number from the trachea) that is represented by the sample. Becauseit has
previously been shown that deposition is a strong function of such location (see, for example, Yu
et al. 1991), comparisons across lung samples not controlled for these variables are problematic.
It has also been shown that samples collected from adjacent locations in lung parenchymacanin
fact exhibit strikingly different fiber concentrations due specifically to the differencesin the
location of the respiratory tree represented by the alveoli and respiratory bronchiolesin the
spatialy adjacent samples (Brody et al. 1981; Pinkerton et al. 1986 [ Section 5.2]).

Despite the above indicated cautions, when interpreted carefully, human pathology studies can
provide useful evidence regarding fiber deposition, clearance, and retention in the human lung.

Newer Studies. Among the most recent studies, Finkelstein and Dufresne (1999) evaluated
trends in the relationship between lung burdens for different fiber types and different size ranges
as afunction of historical exposure, the duration of such exposure, the time since last exposure,
and other variables. The analyses were performed among 72 cases from which tissue samples
could be obtained (including 36 asbestosis cases, 25 lung cancer with asbestosis cases, and 11
mesothelioma cases).

Due to the excessive scatter in the data, most of the analyses presented depend on “Lowess
Scatterplot Smoothers’. Moreover, although not stated, it islikely that the tissue samples
obtained were “opportunistic” in that they were not matched or controlled for relative position in
the respiratory tree.
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Finkelstein and Dufresne (1999) employed the multi-compartment model developed by Vincent
et a. (1985) to evaluate trendsin their data. The features of this model include:

1 a compartment representing conducting airways that are cleared within minutes to
hours by muco-ciliary transport;

a compartment representing the subset of fibers reaching the pulmonary portion of
the lung that are cleared by aveolar macrophages and transported to the muco-
ciliary escalator. Thistype of clearanceis also considered relatively rapid with
half-lives of no more than several days to severa weeks. Macrophage clearance
is also considered size-dependent and long fibers are cleared less efficiently than
short fibers;

when sufficient dust isinhaled (or dust is sufficiently cytotoxic) to impair the
motility of macrophages (either by volumetric overload or by toxicity), a
sequestration compartment forms that consists of laden, but immobile,
macrophages. Although this compartment may ultimately be cleared to lymphatic
drainage, such clearance is assumed to be slow and size dependent (with half-
lives of 2 or 3 yearsfor short fibers and 8 years for fibers longer than 10 um); and

once the macrophage system is overloaded, fibers may cross the alveolar
epithelium and reach the interstitium and this compartment must be cleared by
transport to lymphatic drainage, which is assumed to be an extremely slow
process.

Finkelstein and Dufresne (1999) indicate that chrysotile splits both longitudinally and
transversely in the lung and that chrysotile lung burdens decrease significantly with time since
last exposure (with short fibers clearing even faster than long fibers), while tremolite burdens do
not appear to decrease with time since last exposure. They also suggest that smoking does not
appear to affect clearance rates.

Finkelstein and Dufresne (1999) indicate that these type of studies are not useful for examining
the behavior in rapidly clearing compartments of the lung, but they may provide insight
concerning the more slowly clearing compartments. Based on their modeling, they suggest that
tremolite is transferred to the sequestration compartment at rates that are 6—20 times that of
chrysotile (which they indicate is comparable to what was found for crocidolite by de Klerk).
The authors suggest that retained chrysotile concentrations tend to plateau after accumulation of
about 35 years of exposure, while tremolite concentrations continue to increase. They aso
suggest, however, that chrysotile concentrations may begin to increase again after 40 years
(suggesting the overload is eventually reached for chrysotile aswell). Reported half-lives from
the long-term compartment are:
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Chrysotile

fibers shorter than 5 pm 3.8 years
fibers 5-10 pmin length 5.7 years
fiberslonger than 10 pm 7.9 years

Tremolite
fibers shorter than 5 um 14.3 years (not different from )
fibers 5-10 pminlength 15.8 years (not different from o)
fiberslonger than 10 pm 150 years (not different from o)

In acase-control study, Albin et al. (1994) examined the lung burdens of deceased workers from
the asbestos-cement plant previously studied for mortality (Albin et a. 1990). In this study,
details of the procedures used to prepare lung tissue for analysis were not provided. Itisalso
assumed that available tissue samples were “opportunistic” in that they were not matched or
controlled for relative position in the respiratory tree.

Results from Albin et a. (1994) are consistent with (but do not necessarily support) the
hypothesis that chrysotile is cleared more readily from along-term sequestration compartment
than amphiboles. The authors also report that chrysotile fibers observed in this study are much
shorter than the amphibole fibers observed, so that differences in clearance rates might be
attributable to size differences. The authors also suggest that clearance isimpaired by fibrosis.

Studies of Quebec Miners. Several authors also studied the lung content of various groups of
deceased chrysotile miners in Quebec and found, despite overwhelming exposure to chrysotile
from the ore (which contains only trace quantities of tremolite, see Case et al. 2000 and
Sebastien et al. 1986), a substantial number of fibers (in some cases the majority of fibers)
observed in the lungs of deceased miners from this area are tremolite. Thus, for example:

1 in astudy of lung burdens in 6 mesothelioma victims, Churg et al. (1984) showed
that amphiboles structures were 5-15 times as plentiful as chrysotile despite the
predominantly chrysotile exposure;

in astudy of lung tissue from 20 asbestosis cases, Pooley (1976) found substantial
concentrations of tremolite in the lungs of deceased Quebec chrysotile workers;

in amuch larger study comparing lung burdens of Quebec workers with those
from the South Carolinatextile mill, which has also been extensively studied for
asbestos-related mortality (Section 7.2.3), Sebastien et al. (1989) examined 161
lung tissue samples (89 from the Quebec mines). Results from this study indicate
that geometric mean tremolite fiber concentrations were more than 3 times mean
chrysotile fiber concentrations (18.4 vs. 5.3 f/ug dry lung tissue) among the
deceased Quebec miners evaluated. It was also found that, despite these
differences, the overall size distributions of tremolite and chrysotile fibers
observed in lung tissue were approximately the same, although this conclusion is
suspect. A more detailed discussion of the results of this study is provided in
Section 7.2.3; and
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in amore focused study using a subset of the lung samples evaluated by Sebastien
et a. (1989), Case et a. (2000) found that the majority of long fibers (longer than
18 um) in the lungs samples from the deceased Quebec miners that he examined
were in fact composed of tremolite. These authors also found substantial
concentrations of long tremolite fibers (relative to chrysotile fibers) in deceased
workers from South Carolina and even higher concentrations of commercial
amphibole fibers (amosite and crocidolite) in the lungs of these workers. Thus, in
addition to suggesting the relative persistence of amphibole asbestos compared to
chrysotile in vivo, this finding aso suggests that the accepted notion that the
South Carolina cohort studied by Dement et al. and McDonald et a. (see
Appendix A) was exposed almost exclusively to chrysotile may not be correct.
This study is discussed more fully in Section 7.2.3.

These observations provide evidence that either amphibole (tremolite) asbestos is deposited
more efficiently in the compartments of the lung where clearance is slow or chrysotile asbestos
is cleared more rapidly and efficiently from even the slowest clearing compartments of the lung
(or both). Moreover, this conclusion appears to apply similarly to both short and long fibers.

In another study, McDonald et al. (1993) suggest more specifically that lung burden datafrom
Quebec indicate little evidence of decreasing chrysotile concentration with time since last
exposure. Rather they suggest simply that tremoliteisinitially deposited in the deep lung more
efficiently. These authors aso indicate that tremolite fibers are mostly optical while chrysotile
are mostly “ Stanton” or thinner.

McDonald et al. (1993) report good correlation of both tremolite and chrysotile with estimated
past exposures, which contrasts with the findings of the evaluation we conducted on the data
from Sebastien et a. (Section 7.2.3). In McDonald et al.(1985), reported geometric mean
measurements for the various fibersin lung are: tremolite: 1x10°-18.2x10° chrysotile:
1.5x10°-15.7x10°, respectively, when exposure varied from <30 mpcf to >300 mpcf. However,
note that, if these are PCM measurements, this may not be telling the whole story. The authors
also report that 66% of those who died 10 years since first exposure and half of those who died
30 years since first exposure showed high chrysotile concentrations in their lungs.
Unfortunately, without access to the raw data from this study, it is not possible to identify the
route of the apparent discrepancy between the findings of this study and those reported above for
ostensibly similar studies.

Some of the pathology studies that have been published suggest that at |east some clearance
mechanisms show a dependence on fiber size, which is consistent with what is observed in
animal studies (Section 6.2.1). Notably, for example, Timbrell (1982) studied deceased workers
and relatives from the Paakkila anthophyllite minein Finland. He found that structures shorter
than 4 um and less than 0.6 pm in diameter are completely cleared from heathy lungs. The
efficiency of clearance decreases slowly with increasing size. Structures longer than 17 pm and
thicker than 0.8 um in diameter are not significantly cleared. The study is based on a
comparison of structure size distributionsin lungs compared to the structure size of the material
in the original dust exposure. Timbrell also noted that asbestosis suppresses the removal
process.
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When considering the dependence of clearance on size (particularly via mechanisms involving
phagocytosis), it is necessary to address differences in human and animal physiology. Due to
differences in the morphology, for example, human macrophages have been shown capable of
phagocytizing larger particles and longer fibers than macrophages found in mice and rats
(Krombach et al. 1997 [for details, see Section 4.4]). Thus, the range of fibrous structures that
are efficiently cleared from human lungs is expected to include longer fibers than the range
efficiently cleared in mice or rats. Unfortunately, given the limited precision of the available
data, the size ranges that are reported to be cleared efficiently in rats and humans, respectively,
cannot be easily distinguished.

Several human pathology studies also support observations from animal studies indicating that
clearance may be inhibited by the development of fibrosis (Albin et al. 1994;Churg et al. 1990;
Morgan and Holmes 1980) or by heavy smoking. However, other studies do not indicate such
hindered clearance either with smoking (Finkelstein and Dufresne 1999) or with fibrosis.

Older Studies. Morgan and Holmes (1980) examined tissue samples from 21 patientsin
England (10 who died of mesothelioma, 3 who died of lung cancer, and 8 who died of other
causes). In thisstudy, formalin-fixed tissue samples were digested with hypochlorite. The
residue was then rinsed, diluted, and an aliquot filtered. The filter was mounted on a microscope
dlide and clarified for analysis by phase contrast optical microscopy. Importantly, the authors
note that chrysotile fibers were ignored in this study because they would not generally have been
detected by this technique. Portions of the filters were also carbon coated and prepared for TEM
analysis. Based on the observation that only 19% of the fibers observed in this study were
between 2.5 and 5 um, when the authors expect airborne distributions to contain closer to 90% of
the fibers within this size range, the authors conclude that short fibers are preferentially cleared
from the lung. They also conclude, based on one subject with asbestosis whose lung tissue
exhibited 72% short fibers, that asbestosis hinders clearance. The authors also note that fewer
than 1% of ferrugenous bodies (iron-coated asbestos bodies) are <10 um in length, which
indicates (in agreement with previously published work) that such bodies seldom form on short
fibers. They also suggest that virtually all fiberslonger than 20 pm tend to be coated in the
distributions they observe.

Le Bouffant (1980) studied the concentrations, mineralogy, and size distributions of asbestos
fibers found in the lungs and pleura of deceased asbestos workers. Based on the analysis,

Le Bouffant (1980) found that the average ratio of chrysotile fiber concentrations found in the
lung versus the pleurais 1.8 while for amosite the ratio is 34. Thisindicates that chrysotile
migrates from the lung to the pleura more rapidly than amphiboles resulting in a higher fraction
of total fibersin the pleura being composed of chrysotile (3% in the lungs versus 30% in the
pleura). With regard to size, the researchers found the size distribution of amositeisvirtually
identical in the lung and pleurawhile chrysotile fibers found in the pleura are much shorter than
chrysotile fibers found in lung tissue. This suggests that the movement of chrysotileis aresult of
a combination of translocation and degradation to shorter fibers (or that tissue samples have been
contaminated with environmentally ubiquitous short, chrysotile structures). The authors indicate
that chrysotile fibers apparently degrade to shorter fibers more rapidly than amosite and

trang ocate to the pleura more rapidly than amosite. Thus, a greater fraction of chrysotile fibers
(albeit short fibers) reach the pleura than amosite fibers over fixed time intervals. However, the
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results of this study also confirm that the longer amosite fibers do eventually translocate,
although on a much more extended time scal e than the translocation of chrysotile.

Importantly, the results of this study need to be evaluated carefully. Boutin et al. (1996) showed
that the majority of asbestos fibersin the pleura (particularly the long fibers) are aggregated in
localized “black spots’ (which surround the sites of lymphatic drainage). Thus, if the tissue
samples analyzed by Le Bouffant (1980) do not contain representative sets of such spots, the
conclusions drawn by Le Bouffant (1980) may be subject to question.

In summation, human pathology studies tend generally to support the findings of other studies
regarding the size effects of asbestos (i.e., short fibers tend to clear more rapidly than long fibers,
which can be retained in pulmonary tissues for extended periods). They also appear to highlight
drastically different behavior between chrysotile and the amphibol e asbestos types (particularly
tremolite) regarding the heavily favored retention of the latter, which has also been indicated in
animal studies. Unfortunately, the ability to draw quantitative conclusions from human
pathology studies is hampered by the severe limitations of these studies (Section 5.2).

6.2.4 Studiesof Dissolution/BioDur ability

Although asbestos minerals are relatively insoluble in vivo in comparison, for example, to
various fibrous glasses or other man-made mineral fibers (see, for example, Hesterberg et al.
1998a or Eastes and Hadley 1996), they do eventually dissolve in the body. Therefore, this
pathway may contribute importantly to the overall biological clearance of asbestos. Moreover, it
has been suggested by several researchers (see, for example, McDonald 1998a and other
references cited below) that differences in biodurability between chrysotile and the amphiboles
may at least partialy explain the disparate potencies observed for these fiber types toward the
induction of mesothelioma and, potentially, lung cancer (see Sections 7.2.4.2 and 7.3.3.2).

Note that the term “biodurability” is used here to indicate the persistence of a
particle or fiber attributable specifically to solubility (in the absence of other
clearance or degradation mechanisms). In contrast, the term “biopersistence” is
used to indicate the overall persistence of a particle or fiber in the body
attributable to the combined effect of all mechanisms by which it might be
removed. Thus, for example, while biopersistence can be evaluated in vivo,
biodurability can best be inferred from in vitro dissolution studies so that effects
from other clearance mechanisms can be eliminated.

Several studies further indicate that both the in vivo biopersistence and the bio-activity
(including carcinogenicity) of various fiber types may be linked to their observed, in vitro
dissolution rates (Bernstein et a. 1996; Eastes and Hadley 1995, 1996; Hesterberg et a. 1998a,
1998b). Such studies, however, typically involve fiber types with dissolution rates that are rapid
relative to the rates of clearance by other mechanisms (Sections 6.2.1.1 and 6.2.1.2). In such
studies, moreover, the various types of asbestos are typically employed as negative (insoluble)
controls. In fact, most of these studies are based on experiments with rats and the 2-year lifetime
of arat is comparable to the anticipated lifetime of chrysotile asbestos in the body and short
compared to the anticipated lifetimes for the amphiboles (see below). Therefore, such studies
are not particularly sensitive to differencesin the relative biodurability of the different asbestos
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types. Infact, in the majority of these studies, the dissolution rates reported for asbestos were
derived indirectly by analogy with other minerals or are quoted from other studies that derive
rates similarly and may therefore be somewhat unreliable. Nevertheless, areview of a subset of
these studiesisinstructive.

Eastes and Hadley (1995 and 1996) report a simple model that reasonably predicts the relative
fibrogenicity and tumorigenicity for arange of synthetic fibers based on the dissol ution rates of
the fibers measured in vitro. The authors found that they could explain observations by
assuming that the effects of the various fibers are a function of an adjusted dose that accounts for
biodurability. Thus,

F=f(ax)

where “F isthe observed incidence of the endpoint, “f” is the dose-response function proposed
for the effect, “x” isthe measured dose, and “a’ is an adjustment factor that accounts for
durability.

In the model, “a’ is determined simply as “t,/t,” wheret, isthetimethat afiber of diameter, “D”
remainsin the lung and t, isthe lifetime of the exposed animal (e.g., 2 yearsfor rats). This
simple model reasonably reconciles the results observed in animal inhalation and injection
studies of MMVF's, RCF's, and asbestos for endpoints including lung tumors, degree of fibrosis,
and (for intrapleural injection studies) mesothelioma. Based on a chi-square test, the smple
model is shown to adequately fit the data to a number of databases reviewed. In contrast, the
unadjusted doses do not. Importantly, the dissolution rates used for the various asbestos
mineralsin this study were estimated by analogy with similar minerals and therefore may be
unreliable.

In studies comparing in vivo biopersistence with dissolution rates measured in vitro, Bernstein et
a. (1996) and Hesterberg et al. (1998a), indicate that it is necessary to consider only long fibers
(typically longer than 20 um), because shorter structures are typically cleared by other
mechanisms. They also indicate, at least for thistype of study in which whole lungs were
homogenized and dissolved prior to preparation for ashestos analysis,? that clearanceisinitially
rapid. Thisreflects muco-ciliary clearance from the upper respiratory tract. Therefore, itis
clearance of long fibers from alonger term pool that tractsin vitro dissolution rates.

These authors also report that long, soluble fibers (longer than 20 um) are actually cleared more
rapidly than short fibers in these studies. They indicate that thisislikely due to long fibers being
too long to be effectively phagocytized by macrophages so that they are | eft to dissolve in the
extracellular fluid at neutral pH. Shorter fibers are effectively taken up by macrophages so that
dissolution is hindered by the more acidic environment of the phagosomes (pH 4.5) and by the
limited volume of fluid within which to dissolve.

AWhen whole lungs are homogenized to determine lung burden, this includes the largest airways, which
initially contain substantial concentrations of material that is rapidly cleared by the muco-ciliary escalator.
However, because this material dominates the quantity of material observed, such studies are not useful for tracking
the longer term clearance processes that occur in the deep lung.
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Law et al. (1991) studied the dissolution of a range of fibersin solutions used as common
fixatives for biological samples. The authors report that chrysotile and crocidolite, as well as
many other fibers, dissolve at measureable rates in the fixatives studied (Karnovsky’ s fixative
and formalin fixative). They therefore recommend that fiber concentrations and size
distributions obtained from tissue samples stored in such fixatives should be evaluated carefully
to account for the possible effects of the fixatives.

Although Coin et al. (1994) reported seeing no effective reduction in long fiber (>16 pm)
chrysotile (nor other evidence of dissolution) in their study of fiber biopersistence, the limited
time frame of this study (30 days) may have been too short to allow detectable changes to
accumul ate.

The most consistent data for the comparative biodurability of chrysotile and the amphiboles
(specifically crocidolite) isfound in two in vitro studies of the dissolution rates of fibers that
were conducted under comparable conditions. In the first of these studies, Hume and Rimstidt
(1992) measured the dissolution rate for chrysotile asbestos at neutral pH under conditions
analogous to biological systems. The dissolution rate that they report for chrysotile converts to:
K 4<=12.7 ng/cm?*-hour and thisis reportedly independent of pH. In acomparable study Zoitus
et a. (1997) report the following dissolution rate for crocidolite: K ;=0.3 ng/cm*hour, whichis
40 times slower than for chrysotile. Dissolution rates for several MMV F s and RCF-1 are also
reported in the latter paper, which are listed from fastest dissolving to slowest in Table 6-4.

Table6-4. Measured in vitro Dissolution Ratesfor Various Fiber s

Fiber Type K 4is (Ng/lcm?-hr)
MMVF 10 259
MMVF 11 142
MMVF 22 119
MMVF 21 23
Chrysotile 12.7°
RCF 1 8
Crocidolite 0.3

aSource: Zoitus et a. (1997)
Source: Hume and Rimstidt (1992)

Note that dissolution rates for other amphiboles, such as amosite are probably no more than a factor of

two or three different than that reported above for crocidolite (see, for example, Hesterberg et al.
1998a,b).
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To compare the effect of biodurability on the in vivo biopersistence of asbestos and other fiber
types, both the detailed kinetics of dissolution and the distribution of fiber sizes must be
considered.

Asreported by Zoitus et al. (1997), at a sufficiently high rate of fluid flow, the rate of mass loss
from afiber is proportional to its surface area, A. Thus:

dM/dt=-KA. (Eq. 6-4)

This means that for a uniform mass fiber dissolving congruently:

1-(M/M)%>=2kt/D p. (Eq. 6-5)
where:
M isthe mass at timet;
M, istheinitia massat timet=0;
D, istheinitial diameter of the fiber; and
P isthe density of the fiber.

Substituting the equation relating the mass and the diameter of afiber (M=pnd?h/4) into the
above equation, cancelling terms, and rearranging indicates that (during dissolution) the diameter
of afiber decreases linearly with time:

D=D, -2kt/p. (Eq. 6-6)

where:
D isthe diameter at timet; and
all other terms have been previously defined.

Furthermore, the rate of reduction in radiusis given by: k/p. Based on the dissolution rates given
above for chrysotile and crocidolite, the radius reduction rates (v,,,) for these fiber types are
determined to be: 1.26x10® pm/sec and 2.6x10™° um/sec, respectively. Thus, the dissolution of
each fiber isazero order process (i.e., the rate is constant with time and independent of
concentration). Given these rates, a chrysotile fiber 1 um in diameter will disappear in
approximately a year (3.9x10’ sec) and a crocidolite fiber of the same diameter in approximately
60 years (1.9x10° sec).

The number rate of disappearance of a population of fibers due to dissolution is afunction of the
rate of radial reduction for the fiber type and the distribution of fiber diameters in the popul ation.
The time at which the entire population finally dissolves can be estimated simply by dividing the
radius of the largest fiber by the radius reduction rate, v,, that is appropriate for the fiber type.
The number of fibers remaining from the population at timet will be equal to the number of
fibersin the original distribution with radii larger than v it for the reduction rate that is
appropriate for the fiber type.
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Note that dissolution will not cause an immediate reduction in fiber concentration.
The number of fiberswill not begin to decrease until sufficient time has elapsed
for the thinnest fibers to completely dissolve. Eastes and Hadley (1994) therefore
recommend tracking the time dependence of the mode of the distribution of fiber
diameters to best gauge the effects of dissolution in vivo.

Importantly, fibersin vivo will only dissolve at the rates predicted by the above equations if the
fluid in which they are dissolving flows past the fibers sufficiently rapidly to prevent saturation
from limiting the rate (Mattson 1994). Especially for slow dissolving materials of limited
solubility like asbestos, it is expected that the observed dissolution rate in vivo will generally be
slower than the rates predicted based on in vitro measurements. Even for more rapidly
dissolving fibers like most fibrous glasses and manmade mineral fibers, dissolution is hindered
in compartments of the body in which the volume of available solute islimited.

In summary, dissolution is a zero-order (i.e., constant with time, independent of concentration)
clearance mechanism that is dependent on fiber mineralogy, that the effect it has on fiber
populations (concentrations) is a function of the distribution of fiber diameters within the
population, and that the theoretical rate of dissolution may not be achieved in all tissuesin all
compartments of the lung or mesothelium due to limitsin the rate of in vivo solute flow.

6.2.5 Dynamic Models

Unlike particle deposition in the lungs, which is an entirely mechanical process, clearance,
transport, and degradation mechanisms tend to be complex biochemical processes. Dueto the
incompl ete understanding of such processes, state-of-the-art modeling of degradation and
clearance is not as advanced as that for deposition. Even the most sophisticated of degradation
and clearance models remain semi-empirical. Although, current modelsin this area show

general agreement with the sparse, available data, there are clearly areas of weakness that require
additional research. Nevertheless, the models provide a good indication of the kinds of

processes that are important in the body and their overall constraints. It is also noted that models
for degradation and clearance in humans tend to be better devel oped than those for animals,
primarily due to confounding uncertainties associated with animal ventilation rates. An
overview of the state of the art, which was current as of the date of publication, can be found in
Stober et al. (1993).

According to Stober et al. (1993), the general conclusions that can be drawn from the current
models are that:

1 clearance from ciliated airways s rapid, independent of particle/fiber type,
apparently independent of particle size, and can be described as the sum of two,
weighted exponentias (i.e., an assumed combination of two first-order decay
processes), although the process may in fact be zero order (i.e., the reduction in
concentration with time is constant and independent of concentration) with rates
that differ primarily by the distance that a particle must traverse to return to the
trachea.
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Based on studies of particle clearance reported by Raabe (1984), muco-ciliary
transport in the nose and throat generally exhibits a half-life for clearance of

4 minutes. Clearance of the tracheo-bronchial section of the respiratory tract isa
function of the distance from the trachea and generally varies from a half-life of
30 minutes for the largest bronchi to approximately 5 hours for the smallest and
most remote bronchi. In healthy humans, material deposited in thisregionis
generally cleared within 24 hours. In contrast, the clearance mechanisms
operating in the deep lung, beyond the muco-ciliary escalator, operate over time
frames of many daysto years (see Table 6-2);

clearance of insoluble particles from the pulmonary portion of the lung occurs
primarily by macrophage transport and such transport has several components.
One component represents the population of “free” macrophages located within
the alveoli that engulf particles and transports them to the muco-ciliary escalator.
Macrophages are also renewed at some rate of recruitment that may be dependent
on particle concentrations. In fact, numerous studies have demonstrated that
macrophage recruitment is induced by the deposition of asbestos and other
particlesin the lung (Section 6.3.5). Particles also migrate into the interstitium
where another population of macrophages clears these particles to lymph. This
second component (interstitial clearance) is much slower than the first (see
Table 6-2);

each macrophage can carry a maximum load and the mobility of each macrophage
decreases with increasing load. At sufficient loading, macrophages become
immobile and aggregates of overloaded macrophages in the alveoli may then
sequester particles for some period of time as this clearance mechanism is shut
down. In theinterstitium, masses of immobile macrophages may trigger
development of granulomas that sequester particles for extended periods of time
by effectively preventing clearance of the particles within such tissue, at least

until or unless the granulomas resolve. Thus, these models incorporate overload
mechanisms and the incorporation of such overload mechanisms are required to
explain observed trends in experimental results; and

in various published studies, overload (immobilization of laden macrophages) has
been model ed as dependent on the total volume or mass of phagocytized material
(for compact particles) and (additionally) on the length of phagocytized material
(for fibers). Itisalso possible that the motility of macrophages and the
consequent overall rate of this clearance processis additionally a function of fiber
diameter and/or particle toxicity (the latter for special cases).

Interestingly, while it is reported that large, spherical particles are not readily cleared by this
mechanism, the range of sizes over which clearance becomes hindered corresponds reasonably
well to the limits of overall respirability. In contrast, fibersthat are clearly too long to be cleared
by macrophages, if they are sufficiently thin, are quite respirable. Thus fibrous materials present
aunigue challenge to the respiratory tract based solely on the dimensions of these materials.
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Stober et al. (1993) also notes that many models incorporate the assumption that most clearance
processes are first order (i.e., that the rate of reduction of mass or fiber number is proportiona to
the remaining mass or fiber number, respectively, and independent of other factors). Thus, the
combined effects of multiple clearance processes can be expressed as a weighted sum of
exponentials and this approach has been fairly successful at mimicking actual processes. This
means, however, that the half-lives“t,, ‘' s" attributed to the various first order decays are
empirical and do not necessarily correspond to any specific physiological or biochemical
features of the processes being modeled. Depending on the specific process, clearance rates may
be zero order or may be a more complicated function of multiple variables than can be described
by afirst order decay. Nevertheless, models incorporating these simplifying assumptions have
shown good success at adequately describing observed effects.

Note that half-lives for first order decay processes represent the time required for half of the
initial mass to decay (or be transported or whatever) and can be estimated as: t,,=(In2)/k with k
being the first order rate coefficient or proportionality constant between rate and mass. Thisis
why so many of the retention studies cited above provide estimates of a series of decay constants
or half-lives that are assumed to correspond approximately to the major clearance processes
contributing to the observed, overall reduction in concentration.

Due to the complexity of the processes involved, only a small number of dynamic models for
fiber retention have been developed. Interpretation of the results of these models requires that
the meaning of the term “retention” first be reconciled across studies.

Dement and Harris (1979) report that, based on a mathematical model, the fraction of structures
retained in the deep lung is unlikely to vary by more than afactor of 2 for different asbestos
mineral types. In this study, however, the term retention appears to refer primarily to avery
short time period that primarily includes consideration of deposition, but not clearance processes.

Using a definition for retention that reflects long-term residence in the lung, Yu et al. (1990)
developed a model of chrysotile retention that explicitly incorporates longitudinal splitting,
dissolution, and size-dependent clearance. Time-dependent lung burden estimates derived using
the model were shown to compare reasonably well with published data (Abraham et al. 1988, as
cited by Yu et a. 1990) both in terms of fiber concentrations and fiber size-distributions.

In alater modification of their retention model for chrysotile, Yu et al. (1991) also considered
the effect of airway asymmetry on fiber retention. In thisversion of the model, Yu and
coworkers incorporated information concerning the geometry of the bronchio-alveolar tree
(including mean distance and the mean number of airway bifurcations between the trachea and
the alveoli in each section of the lung) and studied the effects of such considerations. The
modified model predicts a non-uniform distribution of the asbestos that is retained in the lung
and the predictions reasonably reproduce the distributions observed by various researchers and
measured formally by Pinkerton et al. (ascited by Yu et a. 1991).

Y u and Asgharian (1990) also modeled the long-term retention of amositein rat lungs. In
contrast to the models employed for chrysotile, the model presented for amosite incorporates a
term for the clearance rate that is not a constant but, rather, isafunction of the lung
concentration of asbestos, which was adapted from an earlier model for diesel soot. This
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modification was incorporated to adequately mimic the suppression of clearance with increasing
lung burden that has been observed by severa research groups (e.g., Davis et a. 1978; Wagner
et a. 1974) for amphiboles. Conditions under which elevated asbestos (or dust) concentrations
are observed to reduce clearance are referred to as “overload” conditions. Model predictions
were shown to reasonably reproduce the time-dependence of amosite lung burdens (in terms of
mass) in several studies.

Importantly, the overload conditions addressed in the Y u and Asgharian (1990) model were
primarily observed among older retention studies where lung burden was tracked as total
asbestos mass (Section 6.2.1). Such studies tend to suggest a difference in the behavior of
chrysotile and the amphiboles. Asindicated in Section 6.2.1, however, later retention studies,
which track lung burden as a function of fiber number (in specific size categories) tend to show
this effect isafunction of fiber length more than fiber type and newer models may need to
incorporate such factors that indicate reduced macrophage motility as afunction of fiber length.

Moreover, it isimportant to consider the major, confounding effects, if the goal isto develop a
model that not only reproduces the time-dependence of clearance, but also captures relevant
physical phenomena. Thus, for example, Yu et al. (1994) were able to reproduce the time-
dependence of the retention in rats of inhaled RCF-1 (as a function of fiber size) using a model
in which macrophage motility was limited only by total lung burden and not dependent on fiber
size. However, these authors also failed to consider that long RCF-1 fibersin fact dissolve at
rates competitive with the clearance of short fibers (see Section 6.2.1), which is probably why
they did not find a dependence on length; the two effects cancelled out.

6.2.6 General Conclusions Regarding Deposition, Transocation, and Clearance

The current literature on deposition, translocation, and clearance paint a consistent picture of the
fate of fibrous structuresin the lung. The ultimate fate of biodurable fibers depends
overwhelmingly on their size. Although there may be additional effects due to mineralogy
(addressed further in Section 6.3) and for rare, special cases this may be important, generally
such effects appear to be minor.

The primary effect attributable to mineralogy that isimportant to consider in relation to
clearance is that associated with biodurability. Fibersthat dissolvein the lung at rates that are
competitive with the other clearance mechanisms described below may be cleared sufficiently
rapidly to preclude adverse effects, even when such fibers are too long to be cleared efficiently
by macrophages (see Section 6.2.1).

A schematic representation of the complex set of mechanisms that contribute to the translocation
and clearance of fibrous structures that have been deposited in the deep lung is presented in
Figure 6-4. This description was devel oped based on the complete spectrum of observations
reported in each of the previous sections of this chapter including, primarily, the descriptions of
the most sophisticated of the models reviewed by Stober et al. (1993).
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FIGURE 6-4:
PUTATIVE MECHANISMS FOR CLEARANCE AND TRANSLOCATION
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Figure 6-4. Key for Putative M echanismsfor Clearance and Translocation of Fibersin the

Lung

rate constant for phagocytosis of fibers by alveolar macrophages. This mechanismisan
inverse function of fiber length and, likely, diameter. This mechanismislikely pseudo
first order (assuming sufficient numbers of macrophages, the rate will be proportional to
the number of fibers);

rate constant for phagocytosis of fibersby Type | epithelia cells. This mechanismisan
inverse function of fiber length and, likely, diameter. This mechanism islikely pseudo
first order;

rate constant for diffusion of fibers from the alveolar air space (lumen) through the
epithelial lining to the underlying interstitium. This mechanism is diffusion limited and
likely independent fiber size or type. This mechanism likely parallels the behavior of
diffusion in through afinite, column of fixed diameter.

rate constant for phagocytosis of fibers by Type Il epithelial cells. This mechanismisan

inverse function of fiber length and, likely, diameter. This mechanismislikely pseudo
first order;
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Figure 6-4 Key for Putative Mechanismsfor Clearance and Translocation of Fibersin the

L ung (continued)

rate constant for transport by macrophage to the muco-ciliary escalator. This mechanism
islikely an inverse function of fiber length and the volume (or mass) of the fibers
phagocytized. Macrophages that become immobilized tend to aggregate in alveolar
lumena. For macrophages with fixed loads, this mechanism may be first order or zero
order.

rate constant for putative discharge to interstitium of phagocytized fibers by Type |
epithelial cells. There has been no direct verification of this mechanism;

rate constant for phagocytosis of fibers by endothelium. This mechanismisaninverse
function of fiber length and, likely, diameter. This mechanism islikely pseudo first
order;

rate constant for putative mechanism in which fibers internalized by macrophages are
transported through the epithelial lining of the alveolar space to the underlying
interstitium. There has been no direct verification of this mechanism;

rate constant for diffusion of fibers from the interstitium through the endothelial lining to
the enclosed, capillary lumen. This mechanism is diffusion limited and

likely independent fiber size or type. There has been no independent verification of this
mechanism;

rate constant for phagocytosis of fibers by interstitial macrophages. This mechanismis
an inverse function of fiber length and, likely, diameter. This mechanismislikely pseudo
first order (assuming sufficient numbers of macrophages, the rate will be proportional to
the number of fibers);

rate constant for transport by macrophage from the interstitium to the lymphatic system.
This mechanism s likely an inverse function of fiber length and the volume (or mass) of
the fibers phagocytized. Macrophages that become immobilized tend to induce
formation of interstitial granuloma. For macrophages with fixed loads, this mechanism
may befirst order or zero order.

rate constant for putative discharge to capillary lumena of phagocytized fibers by
endothelial cells. There has been no direct verification of this mechanism;

rate constant for phagocytosis of fibers by mesothelial cells of fibers transported to the

mesothelium. This mechanism is an inverse function of fiber length and, likely,
diameter. This mechanismislikely pseudo first order;
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Figure 6-4 Key for Putative Mechanismsfor Clearance and Translocation of Fibersin the

Ku=

L ung (continued)

rate constant for putative mechanism in which fibers internalized by macrophages are
transported from the interstitium through intervening tissue and the mesothelium to the
pleural space. There has been no direct verification of this mechanism;

rate constant for phagocytosis of fibers by pleural macrophages. This mechanismisan
inverse function of fiber length and, likely, diameter. This mechanismislikely pseudo
first order (assuming sufficient numbers of macrophages, the rate will be proportional to
the number of fibers);

rate constant for transport by macrophage to sites of lymphatic drainage (Ilymphatic
ducts) along the pleura. This mechanism islikely an inverse function of fiber length and
the volume (or mass) of the fibers phagocytized. For macrophages with fixed loads, this
mechanism may be first order or zero order.

Not shown: apparently fibers that are too large to pass through lymphatic ducts attract
accumulation of macrophages at sites of lymphatic drainage (Kane and MacDonald
(1993).

rate constant for the renewal of the alveolar macrophage population. While the thereis
likely a steady state rate for background renewal, given that the average life of an
alveolar macrophage is reported to be on the order of 7 days, thisrate is also stimulated
in response to insult by foreign substances in the lung;

rate constant for the renewal of the interstitial macrophage population. While the thereis
likely a steady state rate for background renewal, thisrate is also expected to be
stimulated in response to insult by foreign substances in the interstitial space;

rate constant for the renewal of the pleural macrophage population. While the thereis

likely a steady state rate for background renewal, thisrate is also expected to be
stimulated in response to insult by foreign substances in the pleura;
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Asshown in Figure 6-4, briefly, the first reaction to the introduction of fibers (or other
particulate matter) into the alveolar lumen is scavenging by alveolar macrophages. It has been
reported that the initial uptake by macrophages is arapid process that is essentially complete
within hours after initial deposition. Rates for several of the mechanisms depicted in Figure 6-4
have been estimated in the literature and are summarized in Table 6-2.

The rate of removal (to the muco-ciliary escalator) by alveolar macrophages is then determined
by avariety of effects. Macrophage motility is a size dependent-process so that only fibers that
are sufficiently compact (<~20 um) can be removed from the lung. The rate of removal by this
process may also be suppressed both for fibers of intermediate lengths (1020 um, which are
short enough to be phagocytized, but long enough to suppress macrophage motility) and by the
overall mass/volume of particles deposited (and, proportionally, taken up by each macrophage).
Note that the dimensions provided are the ones that are apparently appropriate for humans. For
rats, the corresponding dimensions may be somewhat smaller.

Likely competing with scavenging by macrophages are (1) phagocytosis by the epithelial cells
lining the alveolus and (2) diffusive transport to the intersititium. Both Type | and Typell
epithelial cells appear to phagocytize fibers. Although relatively few fibers are observed to be
taken up by Type |l cells, as previously discussed (Section 6.2.2), one possible explanation for
the limited observation of fibersin Typell cellsisthat uptake of fibersinduces terminal
differentiation to Type| cells. It isexpected that phagyctosis by epithelial cellsisasize-
dependent process.

Especially when the presence of fibers (or other particulate matter) induces morphological
changesin Type Il cells that increase the overall permeability of the epithelial lining (Section
6.3.7), fibers can apparently diffuse into the interstitium. This process, potentially supplemented
with expulsion of phagocytized fibers by epithelial cells and/or transport of fiber laden
macrophages through the epithelial lining, represents the set of putative mechanisms by which
fibers may reach the interstitium. It is expected that these processes are somewhat slower than
uptake by alveolar macrophages (see Table 6-2).

Therefore, if this latter mechanism is operating at peak efficiency, relatively few fibers may
reach the interstitium. Note that diffusive transport is likely independent of fiber length, but may
be dependent on fiber width with thinner fibers more rapidly diffusing to the interstitium.

Fibers reaching the interstitium are likely cleared primarily by interstitial macrophages, which
phagocytize the fibers and transport them to the lymphatic system. Both the efficiency of
phagocytosis and motility of macrophage transport in the interstitium likely depend on fiber size
and the total volume/mass of fibersin the same way described above for transport by alveolar
macrophages. However, all such mechanisms are substantially slower in the interstitium than in
the alveolar lumen (see Table 6-2).

Macrophages that have been immobilized (due to fiber size or volume/mass) in the interstitium
tend to aggregate and induce formation of granulomas, which may sequester the fibers in these
cells. Although thereisless evidence for this, fibers free in the interstitial matrix might also
trigger such aprocess. Such fibers would typically be too large to have been effectively
phagocytized by any of the cells of the interstitium.
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Fibers may also reach the endothelium and be taken up by endothelial cells lining the capillaries
of the deep lung. Because fibers have also been observed in capillary lumena, mechanisms
similar to those described for transport through the alveolar epithelium to the interstitium may be
operating to transport fibersinto capillary lumena. While it is expected that such mechanisms
will al'so show size dependence similar to that previously described, little is known about the
details or the rates of such processes.

Also by mechanisms similar to some or all of the putative mechanisms described for
translocation of fibers from the alveolar lumen to the interstitium, fibers may reach the pleura.
Whether fibers can also reach the pleuraviatransport in blood or lymph has not been definitively
determined. Fibers reaching the pleura may be phagocytized by mesothelial cells or may pass
through such cellsto the pleural cavity. Fibersreaching the pleural cavity are apparently
phagocytized by pleural macrophages (probably showing asimilar size or volume/mass effect as
described above for similar mechanisms) and are apparently transported to (and deposited at)
sites of lymphatic drainage along the pleura. If such fibers are then too large to pass through the
lymphatic ducts, they may trigger accumulation of additional macrophages and other
inflammatory cells.

Overall, the effects of size appear to be:

1 few fibers thicker than approximately 0.7 um and virtually none thicker than
approximately 1.5 pm appear to reach the deep lung. Of these, the longer the
fiber, the thinner the fiber. Importantly, the distribution of sizes of structures
deposited in the deep lung tend to be much more similar across studies than the
distributions in the aerosols originally inhaled. Thus, depositionisavery
effective filtering process; and

short fibers (or compact particles) that are shorter than somewhere between 10
and 20 um tend to be taken up amost entirely by macrophages and are either
cleared via the muco-ciliary escalator, isolated in immobilized macrophages that
remain within alveolar lumena, or transported to lymphatics (presumably after
first reaching the interstitum). These processes appear to be efficient for the
shortest of the fibersin this range (and all shorter fibers) so that no further effects
aremanifest. In contrast, longer fibers, which are not efficiently cleared or
isolated by macrophages either in the alveolar lumen or the interstitium appear to
trigger arange of additional responses, some of which appear to lead to disease.

Therefore, based on deposition, translocation, and clearance, it is fibers thinner than
approximately 0.7 um and longer than a minimum of approximately 10 um (with relative
contributions increasing with increasing length up to at least 20 um) that likely contribute to
disease. Modificationsto thisrange of structure sizes due to effects attributable to direct
biological responses are addressed further in Section 6.3.

Regarding putative differences in behavior between chrysotile ashestos and amphibol e asbestos,
such effects are adequately addressed by the unifying discussion provided above. To make sense
of such differences, the effects of fiber size must first be explicitly considered. Thus, chrysotile
fibers may not be as efficiently deposited in the deep lung to the extent that they are curlier or
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occur in thicker bundles than amphibole fibers. The overall load of chrysotile deposited in the
deep lung may also be cleared more rapidly than amphiboles to the extent that (1) short, thin
fibrils ultimately represent a greater fraction of the total load of chrysotile than the amphiboles
and (2) a subset of long chrysotile fibers, not sequestered in an environment with limited fluid
flow, may be cleared more rapidly than similarly long amphibole fibers due to contributions
from dissolution.

Importantly, the concentrations of asbestos to which humans are exposed are much lower than
the concentrations to which animals were exposed in the various literature studies cited.
Moreover, asindicated in Section 6.1.2, for virtually any exposure of interest, the resulting
(volumetric or surface area) lung burden will be substantially higher in rats than in humans.
Therefore, overload conditions or other processes that might impede or ater the clearance
mechanisms described above, will never occur in humans without first having affected the
results of the animal studies reported. Thus, conclusions concerning size-dependence and related
effects (except to the extent that they need to be adjusted for cross-species differences) should
remain valid when extrapol ated between animals and humans.

6.3 FACTORSGOVERNING CELLULAR AND TISSUE RESPONSE

For inhaled structures that survive degradation and clearance, a series of complex reactions
between the structures retained in the lung and surrounding tissue may induce a biological
response. Asbestosis (fibrosis), pulmonary carcinomas, or mesotheliomas may result.
Mesotheliomas are likely associated with structures that are translocated from the lung to the
mesenchyme, although diffusable growth promoters and other chemical signals produced by
asbestos exposed cellsin lung tissue immediately proximal to the mesothelium may also play a
role (see Adamson 1997, as described in Section 6.3.4.1).

That the specific biochemical triggers for asbestos-related diseases have not been definitively
delineated as of yet is not surprising. Despite great progress in elucidating candidate
mechanisms, the number of candidate mechanismsis large and confounded by “cross-talk”
between mechanisms. Moreover, similar toxic endpoints may result from entirely independent
mechanisms that exhibit disparate dose-response characteristics but, nevertheless, may be
triggered by the same or similar toxins. 1n such cases, however, the relative contributions from
each mechanism to a particular endpoint may vary substantially. Unfortunately, the ability to
compare results across studies of different mechanismsis currently limited due to the inability to
reconcile the quantitative effects of dose and response across dissimilar studies.

Table 6-5 illustrates the range and complexity of the biological responses triggered by asbestos
in lung tissue. The table was developed based on the information gleaned from the studies
described in this section. Importantly, not all of the mechanisms listed contribute equally to the
toxic endpoints that are attributable to asbestos, but their relative importance has yet to be
entirely delineated. The toxic endpoints of potential interest to which each of the listed
mechanisms potentially contribute are indicated in bold italics.
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Table 6-5. Putative M echanisms by Which Asbestos May I nteract with Lung Tissueto
Induce Disease Following Inhalation

Asbestos (in vivo)

Generates reactive oxygen species (ROS)
I may affect neighboring cells and tissues
Interacts with macrophages

Interacts with lung epithelium

Asbestos inter acts with macrophages

Induces generation and release of reactive oxygen species/reactive nitrogen species (ROS/RNS)
I may affect neighboring cells and tissues
I may induce inflammatory response (which may promote cancer)
I may induce fibrogenesis (which may promote cancer)
I induces signaling cascades in macrophages and neighboring tissues
— mediates apoptosis (which may regulate cancer)
—mediates proliferation (which may promote cancer)
I causes genotoxic effects in neighboring tissues
—may cause cancer initiation
—may induce arrest of cell cycle
— induces signaling cascades
*» mediates apoptosis (which may regulate cancer)
» mediates proliferation (which may promote cancer)
I depletes reserves of antioxidants in macrophages and neighboring tissues
—may induce cytotoxicity (which may promote cancer, by inducing proliferation)
—may increase susceptibility to insult by other toxic agents (which may promote cancer)
Induces release of various cytokines
I affects neighboring cells and tissues
I mediates inflammatory response (which may promote cancer)
I mediates fibrogenesis (which may promote cancer)

I induces signaling cascades in macrophages and neighboring tissues
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Table 6-5. Putative M echanisms by Which Asbestos May I nteract with Lung Tissueto
Induce Disease Following I nhalation (continued)

— mediates apoptosis (which may regulate cancer)
—mediates proliferation (which may promote cancer)
I mediates proliferation in neighboring tissues (which may promote cancer)
Induces signaling cascades and mediates apoptosis in macrophages (which may regulate cancer)

At high enough concentrations, promotes cytotoxic cell death (which may promote cancer by
inducing proliferation)

Asbestosinteractswith Lung Epithelium

Induces release of reactive oxygen species/reactive nitrogen species (ROS/RNS)

I may affect neighboring cells and tissues

I may induce inflammatory response (which may promote cancer)

I may induce fibrogenesis (which may promote cancer)

I induces signaling cascades in epithelium and neighboring tissues
— mediates apoptosis (which may regulate cancer)

—mediates proliferation (which may promote cancer)

I causes genotoxic effects in epithelium and neighboring tissues
—may cause cancer initiation
—may induce arrest of cell cycle
— induces signaling cascades

* mediates apoptosis (which may regulate cancer)
» mediates proliferation (which may promote cancer)

I depletes reserves of antioxidantsin epithelium and neighboring tissues
—may induce cytotoxicity (which may promote cancer by inducing proliferation)
—may increase susceptibility to insult by other toxic agents (which may promote cancer)

Induces release of various cytokines

I affects neighboring cells and tissues

I mediates inflammatory response (which may promote cancer)

I mediates fibrogenesis (which may promote cancer)

I induces signaling cascades in epithelium and neighboring tissues

— mediates apoptosis (which may regulate cancer)
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Table 6-5. Putative M echanisms by Which Asbestos May I nteract with Lung Tissueto
Induce Disease Following I nhalation (continued)

—mediates proliferation (which may promote cancer)
I mediates proliferation in epithelium and neighboring tissues (which may promote cancer)
Causes genotoxic effects
I may cause cancer initiation
I may induce arrest of cell cycle
! induces signaling cascades
— mediates apoptosis (which may regulate cancer)
— mediates proliferation (which may promote cancer)
Induces signaling cascades
I mediates apoptosis (which may regulate cancer)
I mediates proliferation (which may promote cancer)
Increases epithelial permeability
I encourages fibrosis (which may promote cancer)
I facilitates trandlocation

At high enough concentrations, promotes cytotoxic cell death (which may promote cancer by
inducing proliferation)
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Asindicated previously (Section 6.0), although much has been learned about specific
components of the underlying mechanisms by which asbestos causes the above-listed diseases,
substantial knowledge gaps remain. Moreover, because of these gaps, multiple candidate effects
have been explored as potential contributors to carcinogenicity (or fibrogenicity) and one of the
goals of this document is to distinguish among those effects that are likely to contribute to the
induction of cancer from those that are less likely or unlikely to contribute (given the current
state of knowledge). Accordingly, an overview of recent studiesis presented below following a
brief description of the current model of the general mechanism for cancer. Note that, due to the
availability of severa recent reviews (including, for example, Economou et al. 1994; Floyd
1990; Kamp et al. 1992; Kane and MacDonald 1993; Mossman and Churg 1998; Mossman et al.
1996; Oberdorster 1994; Robledo and Mossman 1999), only the most recent primary articles are
included in the following review.

Also, asindicated below, many of the biological responses provoked by retained asbestos arein
fact dependent on fiber size and type. Therefore, studies that distinguish among effects induced
by different size fibers (or fibers and non-fibrous particles) of the same mineralogy and studies
that distinguish among effects induced by comparably sized fibers (or non-fibrous particles), but
differing mineralogy are highlighted. However, due to the limits with which fibrous materials
have tended to be characterized in many of these studies, the database from which to distinguish
among the effects of size and mineralogy are limited and conclusions from differing studies must
be compared with caution.

A large body of evidence supports the conclusion that it is primarily (if not exclusively) long
fibers (those longer than a minimum of 5-10 um) that contribute to disease (see Sections 6.2.1,
6.2.2, and 6.4). Much evidence also indicates that the potency of long fibers increases with
length at least up to a length of approximately 20 um. Therefore, because short and long fibers
are both respirable (for fibers that are sufficiently thin, less than approximately 0.7 pmin
diameter), differencesin the ultimate response to short and long fibers must be attributable to
differencesin tissue and cellular responses to the retained fibers in each size range.

At least at a histopathological level, clear differences have been observed in the responses
evoked by short and long structures (see Sections 6.2.1 and 6.2.2). Itisagoa of this sectionto
determine whether the biochemical triggers that mediate the disparate responses to short and
long fibers can also beidentified. Unfortunately, while alarge body of knowledge has been
amassed, definitive conclusions are not yet possible. Thisis because the specific mechanisms by
which asbestos acts have still not been definitively determined, although many candidate
mechanisms have been elucidated (see above). However, important inferences can still be
gleaned from the available studies.

Evidence for the relationship between fiber diameter and disease is somewhat |ess clear.
Although there appears to be afairly sharp cutoff in the diameter of fibers that are respirable (see
Section 6.1.4), severa studies suggest that the most potent fibers are substantially thinner than
the sharp cutoff in respirability (see Section 6.4). If these latter observations are valid then, as
with length, differences in the ultimate response to thick and thin fibers must be attributable to
differences in the tissue and cellular responses elicited by retained fibers of each width. As
indicated with length, however, definitive conclusions regarding biochemical triggers and the
effect of size on such triggers are not yet possible because the specific triggers that lead to
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specific asbestos-related diseases have not been definitively identified. Still, useful inferences
can be developed.

6.3.1 TheCurrent Cancer Model

The following description of the current model for cancer is derived from the ideas presented in
Moolgavkar et al. 1988, Mossman 1993, and Economou et al. 1994.

In the current model of cancer, normal cells must accumulate specific, multiple mutations before
atumorigenic cell is created that can lead to the development of cancer. Each successive
mutation produces an initiated cell (acell that is transformed from normal cells because it
incorporates one or more of the requisite mutations, but that has not yet acquired all of the
changes needed to produce cancer). Each initiated cell may then proliferate to generate a
population of similarly initiated cells, which increases the probability that other events will lead
to further mutation in at least one of these cells. Individual mutations may occur spontaneously
or may be induced by exposure to mutagens.

Generally, the minimum, heritable changes required before anormal cell istransformed into a
metastatic tumor cell include, but may not be limited to (see, for example, Hei et a. 1997 or
Kravchenko et al. 1998):

1 escape from terminal differentiation or programmed cell death (especially in
response to DNA damage);

escape from anchorage/neighbor dependent growth inhibition;

development of self-promoting growth and proliferation; and

active expression of cytokines needed to promote angiogenesis and allow tissue
invasion.

It is not clear whether the mutations associated with these changes need to occur in a particular
order, athough thefirst of the above-listed changes would facilitate accumulation of all later
changes. It isalso unclear which of the above changes contribute to the time dependence of
tumor development and this may vary among tumor types. It islikely that only a subset of the
required mutations determine the ultimate time devel opment of the associated cancer. For
example, once a cell begins self-promoting growth, later mutations (even relatively rare ones)
may become incorporated rather quickly. Also, some mutations may be rare or may require
intervention by atoxic agent, while other mutations may occur spontaneously and may thus
occur frequently, once a sufficient number of initiated precursor cells are generated. Thisisone
of the reasons that models with as few as one or two stages have proven successful at predicting
the time course of many types of cancer (see, for example, Moolgavkar et al. 1988).
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To produce cancer, the mutations that occur must also be “heritable” meaning that they must be
preserved and passed on to daughter cells during mitosis. Thus, it isnot only necessary to cause
alteration in the DNA of acell (genetic damage), but the mechanisms by which the cell
subsequently repairs such changes or prevents cell division (e.g., arrest of the cell cycle,
programmed cell death, terminal differentiation) in the presence of such changes must also be
defeated. Generally, if acell proceeds through DNA synthesis (in preparation for mitosis) before
accumulated alterations to DNA are repaired, the sites of such alterations can lead to errorsin
replication during synthesis, which in turn result in permanent, heritable mutations in one or both
of the daughter cells that are created from mitosis.

Toxic agents that (directly or indirectly) cause DNA alterations may contribute to the
development of cancer by inducing one or more of the set of requisite mutations required for
cancer to develop. Intraditional parlance, such agents are termed “initiators’. In addition, any
toxic agent that enhances proliferation also facilitates the development of cancer both by
increasing the probability of creating spontaneous mutations (due to errors that infrequently, but
unavoidably, occur whenever DNA is synthesized in support of mitosis) and by increasing the
numbers of any initiated cells that may be present, which may then serve as additional targets for
initiators or may incorporate additional spontaneous mutations. Agents that facilitate the
development of cancer by inducing proliferation are traditionally termed “ promoters.”

Multiple mechanisms have been identified by which both initiators and promoters may act.
Initiators, for example, may react directly with DNA to cause genetic damage, or may induce
generation of other reactive species (such as reactive oxygen species or reactive nitrogen
species) that, in turn, react with DNA to cause genetic damage. In addition, fibrous materials
may uniquely damage chromosomes by interfering with mitosis causing aneuploidy
(incorporation of an incorrect number of chromosome copiesin cells) and/or various clastogenic
changes (aterations in the organization and structure of specific chromosomes).

Promoters may also induce proliferation viaa variety of mechanisms. Cytotoxic agents, for
example, may induce proliferation in atissue by damaging or killing cells and thereby induce
stem cellsto proliferate to replace the damaged cells. Promoters may also induce rel ease of
various growth factors that, in turn, induce proliferation in targeted tissues. This may occur, for
example, as part of the inflammatory response to tissue insult.

Promoters that are biopersistent (such as long asbestos fibers) or promoters that are continually
reintroduced (through chronic, external exposure) may aso chronically up regulate (or down
regulate) certain cell signaling cascades that may contribute to cancer development in a variety
of ways including: (1) activation of genes that mediate proliferation or production of various
growth factors (including any of various oncogenes) or (2) suppression of genes that inhibit
proliferation or growth (including any of various tumor-suppressor genes).

Thereis growing evidence that all varieties of asbestos fibers (and certain other fibrous
materials) can act both as cancer initiators and promoters. However, the biological responses to
these materials appear to vary in different tissues so that it may be important to separately
evauate the behavior of asbestosin specific tissues. Biological responses to varying fiber types
also appear to vary, particularly in relation to a fiber’ s biopersistence (Sections 6.2.1 and 6.2.4).
Accordingly, an overview of the generic evidence that specific types of asbestos may act as an
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initiator and, separately, as a promoter is reviewed below, followed by consideration of the more
limited data suggesting tissue-specific variation in biological responses.

6.3.2 Evidencefor Transformation

Several recent studies provide evidence that specific types of asbestos can induce transformation
of cellsin specific tissues (both lung epithelium and mesothelium) to create tumor cells. This
provides further, confirmatory support for the whole animal studies in which cancer isinduced
by exposure to asbestos (see Sections 6.4).

Animmortalized, but non-tumorigenic, cell line of human bronchial epithelial cells (BEP2D
cells) was transformed by a single exposure to 4 ug/cm? UICC chrysotile B (Rhodesian).
Surviving cells (the treatment caused 18% cell death) went through several transformations
including: altered growth kinetics, resistence to serum induced terminal differentiation, and loss
of anchorage dependent growth, before becoming tumorigenic (Hel et al. 1997). Tumorigenicity
developed in the various exposed cell lines over aperiod of several to 11 weeks following
exposure. When injected into nude mice, secondary tumors developed with alatency of 8-10
weeks.

The authors indicate that there were no mutations in these cells at either codon 12 or 13 or the
ras gene (mutations that have sometimes been observed in asbestos-induced lung cancers. Also,
because this cell line already contains alterations in genes for p53 (a protein that playsarolein
cell-cycle control, among other things, see Table 6-6) and Rb (Table 6-6), the authors speculate
that such changes are not rate controlling for transformation to cancer.

It should also be noted that cultures of Type Il cells have been particularly difficult to maintain
due to the tendency of these cellsto undergo terminal differentiation (to Type | cells) once they
are removed from their natural environment in the epithelial lining of lung aveoli (see Leikoff
and Driscoll 1993, as described in Section 4.4).

Kravchenko et al. (1998) indicates that, unlike cultures of lung epithelial cells, in vitro cultures
of rat mesothelial cellstend to transform spontaneously to tumorigenic cells. The major changes
that occur with time include: altered response to epithelial growth factor (from growth-
proliferation inhibition by this factor to growth-proliferation stimulation), morphol ogical
changes (from polygonal epithelial-like cells to elongated fibroblast-like cells and, eventually,
polynucleated cells exhibiting broad polymorphism), and multi-layered growth and an ability to
grow as colonies and masses in semi-solid agar. Eventually, these cells become immortal and
induce cancer when harvested and injected into other rats. The authors indicate that asbestos-
induced transformations in such cultures proceed through identical stages, but that they occur
much more rapidly. For example, incorporation of the stimulating response to EGF occurs
spontaneously at passages 9 or 10, but at passages 6 or 7 when induced by asbestos. Asbestos
was applied at 5 pg/cm?, which was noted to be sub-lethal (95% cell survival was noted at this
rate of application).
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Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters

6.67

Chemical Species Abbrev. Sources Reference Effects Reference
Signal Transmitters
Activator Protein-1 ~ AP-1 A transcription factor Mossman and
Churg 1998 (Citing:
Angel and Karin
1991)
Binds the DNA promoter
region of genes governing
inflammation, proliferatin, and
apoptosis
BAX Induced by high Lechner et a. 1997  Induces apoptosis Lechner et al. 1997
concentrations of p53
Bcl-2 Inhibits apoptosis Lechner et al. 1997
Fifth Component C5 M ediates asbestos-induced McGavran et a.
of Compliment fibrosis 1989
Cyclin Dependent  CDK's Mediates cell cycle Lechner et al. 1997
Kinases
Cyclin Dependent  CDlI's Inhibits advance of cell cycle  Lechner et a. 1997
Kinase Inhibitors
CINC
Epithelial Growth  EGF Inhibits proliferation of Kravchenko et al.
Factor mesothelial cells 1998
Stimulates proliferation of Goodglick et a.
mesothelioma tumor cells 1997
Epithelial Growth  EGFR Mediates MAPK signaling Mossman et al.
Factor Receptor 1997



Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)

Chemical Species Abbrev. Sour ces Reference Effects Reference
EGFR regulated ERK Mediates apoptosis Mossman et al.
kinase 1997
Granulocyte- GM-CSF
macrophage colony
Stimulating Factor

GRP78
Human neutrophil HNE Released from asbestos  Kamp et al. 1993 By itsdlf, increases pulmonary  Kamp et al. 1993
€lastase activated PMN epithelial cell detachment in
culture
With asbestos, increases Kamp et al. 1993
pulmonary epithelial cell lysis
HSP72/73
Intercellular ICAM-1 Released by lung Nario and Hubbard  Facilitates migration of Nario and Hubbard
adhesion epithelial and 1997 leukocytes out of blood to 1997
molecule-1 endothelia cells sites of injury
following exposure to
silicabut not TiO2
Enhanced expressionby  Choe et a. 1997
RPM cells exposed to
chrysor crc
Interleukin-1 IL-1
Interleukin-6 IL-6 Induced by ROS in Luster and Isapleiotropic cytokine Luster and
Type |l epithelia cells Simeonova 1998 Simeonova 1998
Interleukin-8 IL-8 Is aneutrophil chemoattractant Luster and
Simeonova 1998
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Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)
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Chemical Species Abbrev. Sour ces Reference Effects Reference
Inducible Nitric iNOS Expressed by activated ~ Jesch et al. 1997
Oxid Synthase macrophages, but not in
primates
Keritonizing KGF Derived from fibroblasts Adamson 1997 Inducestransient proliferation ~ Adamson 1997
Growth Factor of mesothelia cells
Mitogen Activated MAPK M ediates transcription of Mossman et a.
Protein Kinase AP-1 1997
Mediates ERK signaling Mossman et al.
1997
Macrophage MIP-1
Inflammatory alpha
Protein-lalpha
Macrophage MIP-2 A chemoattractant for PMN's,  Osier et al. 1997
Inflammatory but may not be involved with
Protein-2 inflammatory response
Matrix Metallo- MMP's Relative expression Morimoto et al.
proteinases affected by cigaret 1997
smoke and fiber
exposure
Neu
Nuclear Factor-KB  NF-KB A transcription factor that Barchowsky et al.
regulates genesinvolved with 1998
the inflammatory response,
cell adhesion, and growth
control.
Nitric Oxide NOS
Synthase



Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)

MMP's

affected by cigaret
smoke and fiber
exposure
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Chemical Species Abbrev. Sour ces Reference Effects Reference
Ornithine odc Promoted by AP-1 Mossman and
Decarboxylase Churg 1998

Encodes akey enzymeforthe  Mossman and
biosynthesis of polyamines Churg 1998
Platelet-Derived PDGF Activated macrophages  Baumanet al. 1990  Induces proliferation of lung Bauman et al. 1990
Growth Factor fibroblasts
Elevated expression in Lechner et a. 1997  Induce proliferation of Brody et al. 1997
mesothelioma cells mesothelia cells
Asbestos and iron Osornio-Vargas Is achemotactic attractant for ~ Osornio-Vargas
treated AM and et al. 1993 rat lung fibroblasts et al. 1993
Interstitial macrophages
release PDGF
p53 Induced by DNA Lechner eta. 1997  Atlow conc, arrestscell cycle  Unfried et al. 1997
damage a GlS
At higher conc, induces BAX
protein, which induces
apoptosis
Poly(ADP- Inhibited by Broaddus et al. 1997
ribosyl)polymerase 3-aminobenzamide
Rb
Tissueinhibitorsof TIMP's Relative expression



Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)

Chemical Species Abbrev. Sour ces Reference Effects Reference
Tumor Necrosis TNF- Some particlesinduce Driscoll etal. 1997  Induces INK arm of MAPK Mossman et al.
Factor Alpha apha activated macrophages cascade 1997

to release this (shown
both in vitro and in
Vivo)
Regulated by oxidant- Driscoll et al. 1997  Isinvolvedintherecruitment  Driscoll et al. 1997
sensitive transcription of of inflammatory cells
NF-KB
Macrophagesin BAL Zhang et al. 1993 Stimulates macrphages, Driscoll et a. 1997
from asbestosis and epithelial cells,endothelial
idiopathic interstitial cells, fibroblasts to secrete
fibrosis patients release chemokines and adhesion
TNFapha molecules
Can induce apoptosis among Leighet al. 1997
neutrophils
Can induce ROS productionin  Kaiglovaet al. 1999
leukocytes
Intradermal inj stimulates Zhang et al. 1993
local accumulation of
fibroblasts and collagen
In vitro, stimulates fibrobl ast Zhang et al. 1993
DNA synthesis and
proliferation
Transforming TGF- Expressed in BA Brody et al. 1997 Isamitogen for epithelial cells Brody et a. 1997
Growth Factor apha epithelium exposed to
Alpha asbestos
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Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)

Chemical Species Abbrev. Sources Reference Effects Reference
Transforming TGF-beta Expressedin BA Brody et al. 1997 Inhibits fibroblast proliferation Brody et al. 1997
Growth Factor epithelium exposed to but stimulates formation of
Beta asbestos extracellular matrix

Macrophage stimulated ~ Brody et al. 1997 Can induce apoptosisin Leighet al. 1997
Type Il epi cells different types of cells

produce both TGF-betal

and TGF-beta2

All three isoforms Jagiirdir et al. 1997  Does not appear to induce Osornio-Vargas et
expressed in the fibrotic chemotaxis of rat lung al. 1993

lesions (by hyperplatic fibroblasts

type Il cells) of

asbestosis and pleural

fibrosis patients from

Quebec

Mesothelial tumor cells  Jagiirdir et al. 1997  Induces chemotaxis of rat Osornio-Vargas et
expressed only TGF- mononuclear leukocytes al. 1993

betal and 2

Also typell célls of Jagiirdir et al. 1997

silicosis patients express
all three forms

Asbestos and iron Osornio-Vargas

treated AM and et a. 1993

Interstitial macrophages

release TGF-beta
Urokinase-type uPA Associated with increased Barchowsky et al.
Plasminogen pericellular protyolytic 1998
Activator activity in endothelial tissue
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Table6-6a. Sourcesof Various Cytokinesand Other Chemical Transmitters (continued)

Chemical Species Abbrev. Sour ces Reference Effects Reference
Vascular Cell VCAM-1 Enhanced expressionby Choeet al. 1997
Adhesion Molecule RPM cells exposed to
chrysor crc
WT1 Forms a heterodimer w p53 Unfried et al. 1997
and alters behavior
Enzymes
M n-dependent Mn-SOD
SuperOxide
Dismutase
Gene Products
c-fos Linked to apoptosis Timblin et al. 1998a
Transcription factor that Jagirdar et al. 1997
activates the TGF-betal
promotor
Proteins of c-fos dimerizewith  Mossman and
C-jun to create activator Churg 1998
protein-1 (AP-1)
c-jun Linked to proliferation Timblin et a. 1998a
Transcription factor that Jagirdar et al. 1997
activates the TGF-betal
promotor
Transcription factor that Mossman and
activates the TGF-betal Churg 1998
promotor
mdm?2 A protococoncogene that Lechner et a. 1997
inhibits p53
c-myc
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Table 6-6b. Effectsof Various Cytokinesand Other Chemical Transmitters

Chemical Species Abbrev. Effects Reference
Signal Transmitters
Activator Protein-1 AP-1 A transcription factor Mossman and Churg 1998
(Citing: Angel and Karin 1991)
Binds the DNA promoter region of genes
governing inflammation, proliferatin, and
apoptosis
BAX Induces apoptosis Lechner et a. 1997
Bcl-2 Inhibits apoptosis Lechner et a. 1997
Fifth Component of Compliment C5 M ediates asbestos-induced fibrosis McGavran et al. 1989
Cyclin Dependent Kinases CDK's Mediates cell cycle Lechner et a. 1997
Cyclin Dependent Kinase Inhibitors  CDI's Inhibits advance of cell cycle Lechner et al. 1997
Cytokine-induced Neutrophil CINC
Chemoattractant
Epithelial Growth Factor EGF Inhibits proliferation of mesothelial cells Kravchenko et al. 1998
Stimul ates proliferation of mesothelioma tumor Goodglick et al. 1997
cells
Epithelial Growth Factor Receptor  EGFR Mediates MAPK signaling Mossman et al. 1997
EGFR regulated kinase ERK Mediates apoptosis Mossman et al. 1997
Granul ocyte-macrophage colony GM-CSF
Stimulating Factor
GRP78
Human neutrophil elastase HNE By itself, increases pulmonary epithelial cell Kamp et al. 1993

detachment in culture
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Table 6-6b. Effectsof Various Cytokines and Other Chemical Transmitters (continued)

Chemical Species Abbrev. Effects Reference
With asbestos, increases pulmonary epithelial cell Kamp et a. 1993
lysis
HSP72/73
Intercellular adhesion molecule-1 ICAM-1 Facilitates migration of leukocytes out of blood to  Nario and Hubbard 1997
sites of injury
Interleukin-1 IL-1
Interleukin-6 IL-6 Isapleiotropic cytokine Luster and Simeonova 1998
Interleukin-8 IL-8 Is a neutrophil chemoattractant Luster and Simeonova 1998
Inducible Nitric Oxid Synthase iNOS
Keritonizing Growth Factor KGF Induces transient proliferation of mesothelial Adamson 1997
cells
Mitogen Activated Protein Kinase ~ MAPK Mediates transcription of AP-1 Mossman et al. 1997
Mediates ERK signaling Mossman et a. 1997
Macrophage Inflammatory MIP-1
Protein-lalpha apha
Macrophage Inflammatory MIP-2 A chemoattractant for PMN's, but may not be Osier et a. 1997
Protein-2 involved with inflammatory response
Matrix Metalloproteinases MMP's
Neu
Nuclear Factor-KB NF-KB A transcription factor that regul ates genes Barchowsky et al. 1998
involved with the inflammatory response, cell
adhesion, and growth control.
Nitric Oxide Synthase NOS
Ornithine Decarboxylase odc Promoted by AP-1 Mossman and Churg 1998
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Table 6-6b. Effectsof Various Cytokines and Other Chemical Transmitters (continued)

Chemical Species Abbrev. Effects Reference
Encodes a key enzyme for the biosynthesis of Mossman and Churg 1998
polyamines

Platelet-Derived Growth Factor PDGF Induces proliferation of lung fibroblasts Bauman et a. 1990
Induces proliferation of mesothelial cells Brody et al. 1997
Is achemotactic attractant for rat lung fibroblasts ~ Osornio-Vargas et al. 1993

p53 At low concentration, arrests cell cycle at GL/S Unfried et al. 1997

At higher concentration, induces BAX protein,
which induces apoptosis

Poly(ADP-ribosyl)polymerase

Tissue inhibitors of MMP's TIMP's

Tumor Necrosis Factor Alpha TNF-apha Induces JINK arm of MAPK cascade Mossman et al. 1997
Isinvolved in the recruitment of inflammatory Driscoll et a. 1997
cells
Stimulates macrphages, epithelial Driscoll et a. 1997
cells,endothelial cells, fibroblasts to secrete
chemokines and adhesion molecules
Can induce apoptosis among neutrophils Leighetal. 1997
Can induce ROS production in leukocytes Kaiglovaet al. 1999
Intradermal inj stimulates focal accumulation of Zhang et al. 1993
fibroblasts and collagen
Invitro, stimulates fibroblast DNA synthesisand  Zhang et al. 1993
proliferation

Transforming Growth Factor Alpha TGF-alpha  Isamitogen for epithelia cells Brody et al. 1997

Transforming Growth Factor Beta ~ TGF-Beta  Inhibits fibroblast proliferation but stimulates Brody et al. 1997

formation of extracellular matrix
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Table 6-6b. Effectsof Various Cytokines and Other Chemical Transmitters (continued)

Chemical Species Abbrev. Effects Reference
Can induce apoptosis in different types of cells Leigh et a. 1997
Does not appear to induce chemotaxisof rat lung  Osornio-Vargaset a. 1993
fibroblasts
Induces chemotaxis of rat mononuclear Osornio-Vargas et al. 1993
leukocytes
Urokinase-type Plasminogen uPA Associated with increased pericellular protyolytic  Barchowsky et al. 1998
Activator activity in endothelial tissue
Vascular Cell Adhesion Molecule VCAM-1
WT1 Forms a heterodimer w p53 and alters behavior Unfried et a. 1997
Enzymes
Mn-dependent SuperOxide Mn-SOD
Dismutase
Gene Products
c-fos Linked to apoptosis Timblin et al. 1998a
Transcription factor that activatesthe TGF-betal ~ Jagirdar et al. 1997
promotor
Proteins of c-fos dimerize with c-jun to create Mossman and Churg 1998
activator protein-1 (AP-1)
c-jun Linked to proliferation Timblin et al. 1998a
Transcription factor that activatesthe TGF-betal ~ Jagirdar et al. 1997
promotor
Transcription factor that activatesthe TGF-betal ~ Mossman and Churg 1998
promotor
mdm2 A protococoncogene that inhibits p53 Lechner et a. 1997
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Table 6-6b. Effectsof Various Cytokines and Other Chemical Transmitters (continued)

Chemical Species Abbrev. Effects Reference

c-myc
H-RAS
K-RAS
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In astudy in which p53 deficient mice were intrapleurally injected with UICC crocidolite (200 pg/week),
Marsellaet a. (1997) showed that p53 deficient mice exhibited substantially increased susceptibility to
development of mesothelioma. In this study, 12.5% of homozygous mice (p53 deficient) devel oped
mesothelioma and the rest died of lymphomas or hemangiosarcomas that develop spontaneously in these
mice; 76% of heterozygous mice died of mesothelioma, and only 32% of wild-type mice (p53 competent)
died of mesothelioma. The authors suggest that p53 deficient mice are susceptible to excess proliferation
induced by crocidolite due to loss of control at the G1/S check point that is normally mediated by p53.

In further confirmation of this hypothesis, Marsella et al. (1997) report in the same study that 7.5 pg/cm?
of crocidolite applied to wild murine mesothelial cellsin culture induced substantial apoptosis while
p53-deficient cells were resistant to apoptosis. The authors aso note that most of the p53-deficient cells
are tetraploid (suggesting aloss of a spindle check point) while the wild type cells are all diploid.

Note that, although these studies suggest that asbestos alone can induce complete transformation of both
lung epithelial cells and mesothelial cells, such studies must be eval uated with caution. In the case of the
Hel et a. (1997) study, for example, the effects of the (asbestos-independent) mutations required to
initially establish the immortal line of lung epithelial cells are not entirely known. Therefore, the
response to asbestos of epithelial cellsin vivo may be substantially different.

In the case of the Kravchenko et al. (1998) study, it is clear that mesothelial cellsin vitro do not behavein
the same manner as those in vivo; in vitro, they spontaneously transform to tumorigenic cells. This
suggests that one or more growth inhibitory signals exist in vivo (which are absent in vitro) that are
critical to maintaining the health of the mesothelium

6.3.3 Evidencethat Ashestos Acts Asa Cancer Initiator

Asindicated in areview by Jaurand (1997), historically, the status of asbestos as a mutagen was
guestioned, due primarily to the failure to produce detectable gene mutations in short-term assays.
However, more recent studies provide clear evidence that asbestos (and other fibrous materials) can
produce mutations. Moreover, fibrous materials may induce mutations by multiple mechanisms
including, for example:

1 direct interference with mitosis;
1 production and release of reactive oxygen species (ROS); or
1 production and release of reactive nitrogen species (RNS).

Of these, the most consistent, positive evidence that asbestos can act as a cancer initiator (i.e., a genotoxin
or mutagen) has been from assays designed to detect the kinds of genetic damage that result from
interference with mitosis (Jaurand 1997). Although generation of ROS and RNS plays aclear rolein
mediating asbestos-induced disease, the direct link to arole of asbestos as an initiator is somewhat more
tenuous (see Sections 6.3.3.2 and 6.3.3.3).

6.3.3.1 I nterference with mitosis

Apparently, the physical presence of asbestos fibers can interfere with proper spindle formation and the
function of other structural units required for mitosis (Jaurand 1997). Thistypically leads to aneuploidy
(an incorrect number of copies of the chromosomes contained within a cell), development of micronuclei
(fragments of chromosomes enclosed in a membrane that are isolated from the main nucleus of the cell),
and has also been shown to lead to clastogenic effects (changes in the organization and structure of the
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chromosomes). Assays for these kinds of genetic alterations have consistently shown asbestos capable of
inducing these effects.

Jaurand (1997) also indicates that:

1 fibers must be phagocytized by the target cells before they can interfere with mitosis;
1 once phagocytized, all asbestos types are observed to interfere with mitotic activity; and
1 samples enriched in long, thin fibers enhance these effects. In contrast, short fibers do

not appear to contribute to these effects.

Jaurand (1997) notes, however, that results related to fiber size have not been entirely consistent,
primarily because not all studies have rigorously controlled for or even adequately characterized the sizes
of the fibrous structuresin test materials. Jaurand (1997) also notes that this mechanism is not dependent
on the formation of reactive oxygen species or any other reactive free radicals.

Among studies that suggest that surface chemistry (or presumably fiber type) may not be an important
factor in determining the degree to which asbestos (or other fibrous materials) interfere with mitosis,
Keane et a. (1999), exposed cultured V79 cells (hamster lung fibroblasts) to untreated and HCl-treated
chrysotile asbestos. The acid treatment substantially reduces the magnesium content on the surface of the
chrysotile. The authors also noted a“small” effect on fiber size due to treatment (treated fibers showed a
20% excess of short fibers). Cells were exposed to doses ranging between 0.4 and 12.7 pg/cm? (each
dose left in place for 24 hours and then rinsed off). Cells were harvested after an additiona 24 hours and
evaluated for cytotoxicity and the presence of micronuclei.

Results from the Keane et a. (1999) study indicate that untreated fibers were shown to be slightly more
cytotoxic than treated fibers, but both treated and untreated fibers were observed to increase the
abundance of micronuclei in asimilar, dose-dependent fashion. The induction of micronuclei appeared to
saturate at approximately 35/1,000 cells observed at an applied asbestos concentration of 40 pg/cm?. In
contrast, substantial cytotoxicity was only observed at the highest doses employed. The authors thus
concluded that surface chemistry (at least in terms of magnesium content) does not appear to have a major
affect on induction of micronuclei and that the observed genetic damage and cytotoxicity appear to occur
through entirely independent mechanisms.

In other studies, cultured cells were assayed for avariety of genotoxic effects following exposure to a
range of fibrous materials.

For example, Dopp and Shiffmann (1998) dosed human amniotic fluid (HAF) cells or Syrian Hamster
Embryo (SHE) cells with UICC amosite, Rhodesian chrysotile, crocidolite, or ceramic fibers at
concentrations of 0.5, 1.0, 5.0, and 10.0 pg/cm? and assayed the cultures for formation of micronuclei and
avariety of clastogenic effects.

Based on their study, Dopp and Shiffmann (1998) report that all asbestos types induced formation of
micronuclei in SHE cells in a dose-dependent fashion at rates that were significantly elevated over control
animals. The effect appeared to saturate at doses between 1 and 5 pg/cm? and rates appeared to peak at
between 48 and 66 hours post-exposure. Ceramic fibers, which were noted to be longer but thicker than
the asbestos fibers tested, also showed significantly increased induction of micronuclel, but at rates less
pronounced than for asbestos. However, it is difficult to judge whether this is due to differencesin fiber
type because the data in the paper are not adequate to distinguish effects of fiber size and number from
effects of fiber type. Similar results were obtained with HAF cells, but overall rates were about one third
those observed in SHE cells.
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The authors also note observing various disturbance of chromatin structure during interphase. They
report observing formation of chromatin bridges and chromosome displacements in meta and anaphases
and impaired chromatin separation in mitosis. They also report that cytokinesis was frequently blocked.

In addition to the effects that they observed that are attributable to fiber interference with mitosis, Dopp
and Shiffmann report observing a variety of clastogenic effects. In al cases where the authors labeled
specific regions of specific chromosomes, fiber-exposed cells showed significantly greater frequencies of
DNA breaks over controls or gypsum-exposed animals. Different regions of various chromosomes also
showed significantly different frequencies of breakage with patterns that were specific to the different
fiber types. The authors hypothesize that the observed clastogenic effects may be due to production of
reactive oxygen species, to formation of some type of clastogenic factor, or to the direct interactions
between fibers and chromosomes during mitosis that are the apparent cause of the disturbances discussed
in the previous paragraphs. However, It was not possible to distinguish among hypothetical causes of the
observed clastogenic effects in this study.

Kodama et al. (1993) exposed cultures of human bronchiolar epithelial (HBE) cells to asbestos (chrysotile
at 0 to 4 pg/cm? and crocidolite at 0 to 300 ug/cm?). They then examined cells at 24, 48, 72, and 96 hours
following exposure for cytotoxic effects and cytogenetic effects. Results indicate that both fiber types
induced concentration-dependent inhibition of cell proliferation and colony-forming ability, but chrysotile
was 100 to 300 times more toxic. The authors report this trandlates to a 40-fold increase in toxicity on a
fiber for fiber basis (although the range of sizes included in this count is not indicated).

Kodama et al. (1993) also report that, at 72 hours, chrysotile (4 pg/cm?) caused a 2.7-fold increase in
binuclei and a 1.6-fold increase in micronuclei. Over the sametime interval, at 300 pg/cm?, crocidolite
caused a 1.9-fold increase in binuclei, but did not cause micronuclei. They also report that chrysotile
failed to produce significant numerical chromosome changesin HBE cells and increased structural
aberrations only at the 24-hour time point. The frequency of neither aneuploidy nor polyploidy was
increased at any time point following exposure to asbestos in this study. The authors indicate that this
contrasts with observations of relatively high incidences of asbestos-induced chromosome changes
observed in some rodent cell cultures and clastogenic effects observed in human mesothelial cell lines.
They further speculate that phagocytic cells with high mitogenetic activity are likely most susceptible to
the effects of asbestos, which primarily interferes with mitosis. However, they suggest that epithelial
cells that are exposed to fibers may undergo terminal differentiation (from Type 1l to Type| cells) and
thus cease mitosis. Thiswould effectively prevent adverse genetic effects from asbestos exposure. Such
pathways are not available to mesothelia cells.

Hart et a. (1994) studied the effects of arange of fiber types (with varying size distributions) on Chinese
hamster ovary (CHO) cells. The authorsindicate that such cells are very different from cellsin
pulmonary tissues in that they are immortalized, aneuploid, undifferentiated, and preneoplasic. They also
note that the responses observed in these cells differs from responses observed in cells from pulmonary
tissues. Nevertheless, the implications concerning fiber size are instructive. Fibers evaluated included
long, medium, short, and UICC crocidolite and chrysotile along with arange of MMVF's, RCF's, and
fibrous glasses. Exposure concentrations ranged between 10 and 225 pg/cm?.

Results from the Hart et al. (1994) study indicate that all of the fibers caused qualitatively similar toxic
effects. concentration-dependent reduction in cell numbers and an increase in the incidence of abnormal
nuclei with little or no lossin viability. Fiber-induced cell death in CHO cells appears to be minor, even
at relatively high exposure concentrations. Based on mean dimensions (which is problematic), the
diameter dependence on the observed toxic effects, particularly on the formation of aberrant nuclei, was
dlight or absent. However, the effect with length was striking. For lengths up to at least 20 um, potency
toward both cytotoxicity and the induction of aberrant nuclel increased dramatically with increasing
length. The authors also note that the lack of an observed fiber composition associated effect on the
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toxicity of CHO cells does not correlate with findings from recent rodent inhalation studies using the
same test fibers. The authors therefore speculate that CHO cells may not represent an appropriate in vitro
model for fiber effects. However, it may also be that effectsin vitro occur over time scales that are rapid
relative to those that occur in vivo so that biodurability is not important in vitro.

In astudy by Takeuchi et al. (1999) cultured human mesothelioma cells (MSTO211H) and, separately,
cultured human promyelocytic leukemia cells (HL60), which are not phagocytic, were dosed with
crocidolite between 0.6 and 6.6 ug/cm? (no size range indicated). Studies with latex beads confirmed that
the mesothelioma cells are actively phagocytic, but that the leukemia cells are not. The authors indicate
that dosed mesothelioma cells showed significantly increased numbers of polynucleated cells, tetraploid
cells, and cells with variable DNA content at the GO/GL1 transition in the cell cycle and that the extent of
effects was dose-dependent. Leukemia cells showed no such effects.

The authors further indicate that, when the mesothelioma cells were sorted by fiber content, those with the
highest fiber content showed the greatest effects. The authors also indicate that cells are stimulated
neither to release superoxide nor NO at the concentrations of crocidolite studied. However, they
hypothesize that intracellular ROS may have been generated because they report finding increased levels
of 8-OH-dGua (and oxidized form of one of the DNA bases) following crocidolite exposure.

Nevertheless, the authors conclude that the mechanisms by which crocidolite induce cytotoxicity and,
potentially, carcinogenicity is related to phagocytosis. Importantly, the effects described in the Takeuchi
et al. study are entirely consistent with effects attributable to interference with mitosis, despite any
speculation by the authors.

6.3.3.2 Generation of reactive oxygen species (ROS)

ROS have been implicated as mediatorsin a variety of toxic effects (including cancer initiation)
associated with a broad range of toxins (see, for example, Floyd 1990). Moreover, substantial evidence
indicates that asbestos can induce generation of ROS by several mechanisms and that asbestos-induced
ROS play arolein severa of the toxic effects attributable to asbestos (see below). However, whether
ROS play an important role in asbestos-associated cancer initiation is less clear and needs to be evaluated
carefully. Therefore, evidence that asbestos induces the production of ROS and that ROS contribute to
the adverse health affects attributable to asbestos are reviewed below with particular attention to effects
that may contribute to the initiation of cancer. Contributions by ROS to other asbestos-related toxic
effects are also evaluated in later sections of this chapter.

Note, that generation of certain reactive nitrogen species (specifically the peroxinitrite ion) is closely
associated with ROS generation so that evidence for the generation of certain reactive nitrogen species
(Section 6.3.3.3) constitutes additional evidence for the generation of ROS.

Asbestos-induced Generation of ROS. Asbestos has been shown capable of generating a variety of
reactive oxygen species (ROS) including hydrogen peroxide (H,0,), superoxide (02), and hydroxyl
radical (OHe) via several mechanisms (see, for example, Fubini 1997; Jaurand 1997; Kamp et al. 1992)
including:

1 catalytic production of superoxide from oxygen in agueous solution;

1 catalytic production hydrogen peroxide from oxygen in agueous solution;

1 catalytic production of hydroxyl radical by the Fenton reaction (degradation of hydrogen
peroxide catalyzed by iron on the surface of fibers or mobilized from the surface of
fibers);
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catalytic production of several ROS by redox cycling of iron on the surface of fibers or
mobilized from the surface of fibers (Haber-Weliss type reactions);

catalytic production of ROS by release of heme and heme protein from various cellular
components,

by inducing release of various ROS species from phagocytes during “frustrated”
phagocytosis; and

by binding to cell receptors or other features of surface membranes that trigger signaling
cascades mediating the production and release of various ROS (and RNS).

For agenera review of the chemistry involved in these processes, see Floyd (1990).

Fenton, Haber-Weiss, and Related Reactions. Most of the evidence for Fenton and Haber-Weiss
reactions (and related free radical generating reactions) that take place on the surface of asbestos fibers
comes from experiments in cell-free systems (see below). Therefore, their relevance to the conditions
found in vivo may be limited. Moreover, the size of the fibers (especially in terms of their cumulative
surface area) and the history of their surfaces (in terms of metal contaminants or coatings that might be
present) may substantially alter the effects of such experiments (Fubini 1997). Unfortunately, however,
few of the available studies report characterization of fiber sizes or surface conditions in sufficient detail
to judge the importance of these effects.

For fibers. Zalmaet al. (1987) evaluated a range of fibers (UICC crocidolite, UICC amosite, UICC
Canadian and Zimbobwean chrysotile, industrial chrysotile, and magnetite) for their ability to produce
free radicals by the direct reduction of oxygen in aqueous solution. In some cases, hydrogen peroxide
was also added to the solution. Results indicate that al of the fibers tested were able to generate hydroxyl
radicals (even in the absence of hydrogen peroxide), but that the efficiency of production was a strong
function of the activation (by grinding) or pacification (by coating with benzene or other agents) of the
fiber surface. Chrysotile was reported to be the most efficient at generating radicals and the authors
assumed that thisis due to iron contamination on the surface (since iron is not a component of the “ideal”
chrysotile fiber). However, such conclusions are difficult to evaluate in the absence of simultaneous
consideration of fiber size.

Governaet a. (1998) evaluated the ability of wollastonite fibers to generate ROS in both a cell free
system and a suspension of polymorphonucleocytes (PMN’s). The fibers were observed to produce ROS
in both systems and that ground wollastonite produced substantially more ROS than unground. The
efficiency of ROS generation in PMN suspension is also reported to be greater for wollastonite than for
either chrysotile or crocidolite (tested in previous studies). However, no size information is given. Based
on additional work with various inhibitors added to the system, the authors also indicate that only a
fraction of the ROS generated was composed of hydroxyl radicals.

Brown et al. (1998) subjected several different fiber types (amosite, silicon carbide whiskers, RCF-1, and
various fibrous glasses) to two standard chemical assays for free-radical production (in cell-free systems).
The authors indicate that, of the fiber types tested, only amosite showed free radical activity significantly
above controls in both assays and only RCF-1 additionally showed significantly elevated free radical
activity in one assay. However, thereis not enough information provided in this study to determine
whether the observed differences are due to differencesin fiber sizes, sample preparation (i.e., surface
condition), or fiber type. In apparent contrast, for example, Gold et al. (1997) report that amosite and
crocidolite produce few free radicals in cell free systems, unless they are ground.
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Weitzman and Graceffa (1984) indicate that chrysotile, crocidolite, and amosite are all capable of
catalyzing the generation of hydroxyl radicals and superoxide from hydrogen peroxidein vitro and that,
based on experiments with various iron chelators, these reactions are iron dependent. The authors further
indicate that hydrogen peroxide is produced in large quantities as a normal bi-product of tissue
metabolism, but that it is effectively scavenged by various enzymes. The authors speculate that, by
physically damaging cell membranes, asbestos may allow release of the precursor hydrogen peroxide
before it can be scavenged.

For particles. Silica, residual fly ash, and ambient air dusts also can create ROS in vitro and the
efficiency of production correlates with ionizable concentrations of various transition metals complexed
on the dust (Martin et al. 1997). In vivo, such metal containing particles also cause release of ROS from
macrophages (Martin et al. 1997). Additionally, binding of silicato plasma membranes of airway lung
cells and phagosomes provokes generation of ROS.

Castronova et al. (1997) further indicate that it is the concentration of contaminating iron on the surface
of freshly fractured quartz that enhances free radical production in aqueous solution (in cell free systems).
These authors also showed that high iron-containing (430 ppm) quartz dust inhaled by rats (at 20 mg/m?
for 5 hours/day for 10 days) induced 5 times more leukocyte recruitment, 2 times more lavageable red
blood cells, 30—90% increase in macrophage production of ROS, 71% increase in nitric oxide production
by macrophages, and 38% increase in lipid peroxidation of lung tissue than observed in rats exposed to
low iron-containing (56 ppm) quartz.

Although iron isrequired for the reactions considered here, studies indicate that the iron content of the
fiber itself is not agood indicator of reactivity (Gold et al. 1997). Studies also indicate that the iron that
participates in these reactions need not originate with the fiber (Fubini 1997; Jaurand 1997) and
biological systems contain abundant sources of iron. Therefore, both iron-containing fibers and iron-free
fibers have been shown to participate in these reactionsin vivo.

Release of heme and heme protein. At least one research group (Rahman et al. 1997) indicates that heme
and heme protein cause extensive DNA damage in the presence of asbestosin vitro and, based on
previous studies, that this may involve heme catalyzed production of ROS foll owing asbestos-induced
release of heme from cytochrome P-450, from prostaglandin H synthetase (or perhaps from other heme
containing proteins). Importantly, the authors indicate that such observations relate to a nuclear pool of
heme, which suggests that ROS generation via this mechanism may occur in the immediate vicinity of
DNA. Thework by this group suggests at least one additional pathway by which asbestos may induce the
production of ROS and by which ROS-mediated damage to DNA might occur.

Frustrated phagocytosis. Numerous studies indicate that long asbestos fibers (longer than somewhere
between 10 and 20 pm) cannot be efficiently phagoycitized by macrophages (see, for example, Sections
4.4 and 6.2) and that macrophages that are damaged by such “frustrated” phagocytosis release ROS (see,
for example, Kamp et al. 1992; Mossman and Marsh 1991). Due to the differencesin the size of
macrophages across species (see discussion of Krombach et al. [1997] in Section 4.4). The minimum
length beyond which phagocytosis may become frustrated may differ in different animals. However, itis
clearly longer fibers that contribute to this mechanism for generating ROS. Shorter fibers (<10 pm) are
unlikely to cause frustrated phagocytosisin any of the mammalian species of potential interest.

Lim et a. (1997) showed that alveolar macorphages in culture (after stimulation with
lippopolysaccharide) generated free radicals (ROS) when subsequently exposed to chrysotile, cracidolite,
or amosite (all UICC). They found chrysotile to be the most potent inducer of free radical activity (which
is not surprising given that UICC chrysotile contains the highest fraction of long fibers of the UICC
samples tested (Berman, unpublished). Based on tests with various inhibitors, the authors indicated that
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the free radicals generated by the alveolar macrophages occurred through a pathway mediated by protein
tyrosine kinase, phospholipase C, and protein kinase C and that the effects are dose-rel ated.

Kostyuk and Potapovich (1998) cultured peritoneal macrophages and showed that treatment with
chrysotile asbestos (1 g, no size data given) resulted in production of frustrated phagocytosis and cell
injury (the latter as evidenced by release of lipid dehydrogenase, LDH, a marker for membrane damage).
By working with various chelators and flavonoids (natural plant products, some of which quench
superoxide and some of which chelate iron), the authors indicate that cell injury was likely induced by
superoxide and that the superoxide was likely produced by an iron-dependent mechanism. Note that this
contrasts with the above studies that suggests production of radicals by frustrated phagocytosisin culture
is an iron-independent mechanism.

At least for one kind of phagocyte: polymorphonucleocytes (PMN’s), a study by Ishizaki et a. (1997)
suggests that crocidolite and erionite may induce production of ROS from PMN'’s by each of two
mechanisms. The first requires phagocytosis and may represent the traditional, “frustrated” phagocytosis
pathway indicated above. The second pathway is triggered by an interaction between the fiber and the
cell surface and is mediated by NADPH. The authors also cite evidence that chrysotile may similarly act
through both of these pathways.

Afag et al. (1998) cultured alveolar macrophages and peripheral red blood cells (RBC's) that were
harvested from rats 30-days following a single 5 mg intratracheal instillation of UICC crocidolite, UICC
chrysotile, or ultrafine titanium dioxide. The authors indicate that populations of aveolar macrophages
were significantly increased (over sham-exposed rats) for all three particle types and that acid
phosphatase and lipid dehydrogenase (LDH), which are markers of cell membrane damage, were
observed in cell-free lung lavage from animals exposed to al three particle types. Both alveolar
macrophages taken from asbestos-exposed animal s (both types) showed significantly elevated lipid
peroxidation and hydrogen peroxide production over titanium dioxide exposed animals. However, the
latter also showed elevated peroxidation and peroxide production that were significantly elevated over
sham-exposed animals. Similar results were observed among RBC' s from asbestos-exposed animals, but
not from titanium dioxide-exposed animals. Note, it is possible that ROS production induced by TiO,
occurs by a different mechanism (or set of mechanisms) than that for asbestos (see, for example, Palekar
et a. 1979, Section 6.3.4.4).

In vivo Evidence for Asbestos-generated ROS. Severa studiesinvolving whole animals also indicate
that asbestos exposure induces the generation of ROS. Importantly, in such studies, evidence for
generation of ROS is generally determined based on observation of the putative effects of ROS, rather
than ROS directly.

Ghio et a. (1998) intratracheally instilled 500 ug of crocidolite (NIEHS) into rats. Thiswas observed to
induce a neutrophilic inflammatory response within 24 hours (in contrast to saline-exposed rats). The
authors collected chloroform extracts from exposed lungs and subjected them to el ectron spin residence
(ESR) spectrometry. Results indicate the presence of a carbon-centered radical adduct that has a structure
consistent with products of lipid-peroxidation. The radical signal was only observed in asbestos-exposed
animals and persisted even after one-month following exposure. The authors also report that depletion of
neutrophils did not affect the signal and that dextrin-induced inflammation did not produce the signal.

Y amaguchi et al. (1999) studied effectsinrat lung tissueat 1, 3, 5, 7, and 9 days following asingle
intratracheal ingtillation of 2mg of either glassfiber or UICC crocidolite. The authors indicate
significantly increased levels of 8-OH-Guanine (an oxidized form of the DNA base Guanine) one day
after crocidolite instillation and increasing repair activity for this oxidized form of guanine with time that
became significant at days 7 and 9 following ingtillation. Glass fibers (noted to be non-fibrogenic and
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non-tumorigenic) did not produce either increases in 8-OH-Gua or itsrepair activity. The effects
associated with crocidolite were all noted to be dose related.

Severa of these studies also suggest distinctions in ROS generation (either the absol ute generation of
ROS or generation of specific ROS species by specific tissues) due to differencesin fiber (or particle) size
or type.

Nehlset a. (1997) intratracheally ingtilled rats either with quartz (2.5 mg) or corundum (2.5 mg). The
latter mineral is reportedly non-tumorigenic. Results indicate that lung epithelial cellsin quartz exposed
rats exhibited increased 8-oxo-Guanine levels (a DNA adduct generated by reaction with ROS, see above)
that persisted for up to 90 days post-exposure. Elevated levels of the DNA adduct appeared in all cell
typesin al areas of the lung. The authors suggest that the observed persistence of the elevated levels of
8-oxo-Guanine suggests that it was produced at arate in excess of the lung's capacity for repair. The
authors also report enhanced and persistent inflammation, cell proliferation, and an increase in neutrophil
population in bronchio-alveolar lavage (BAL) fluid and an increase in tumor necrosis factor alpha
(TNF-«) in BAL fluid in the quartz exposed animals. TNF-« isa cytokine linked to avariety of effects
including the recruitment of inflammatory cells (see Table 6-6). In contrast, exposure to corundum
produced none of the effects observed with quartz.

Timblin et al. (1998b) report that ROS induced responses by rat lung epithelial cells vary depending on
whether exposure is to crocidolite, hydrogen peroxide, or cadmium chloride (CdCl,). In response to ROS
generation induced by the first two agents increased levels of cJun protein (a protooncogene, Table 6-6) is
observed. Further, crocidolite, but not hydrogen peroxide, causes elevation in the levels of manganese-
containing superoxide (MnNSOD) dismutase (an enzyme that catalyzes dismutation of superoxide, Table
6-6). Neither of these agents affect levels of either of two common stress proteins (Table 6-6): GRP78 or
HSP72/73, nor do they affect cellular glutathione levels. In contrast, cadmium chloride does not ater
MnSOD levels, but increases levels of GRP78 and HSP72/73 in addition to cJun protein. Therefore,
ROS-related mechanisms may be complex and may be toxicant-specific. Thus, it may not be correct to
assume that all fibers and particles act through common ROS-related pathways.

In contrast to the results of the above study (which showed no affect on glutathione levels), Golladay et
a. (1997) showed that human lung epithelial cells (cultured A549 cells) exposed to crocidolite (NIEHS
sample) showed substantial reduction in intracellular levels of glutathione (without increasesin the
oxidized forms of glutathione). Rather, an associated increase in extracellular, reduced glutathione was
observed, suggesting that crocidolite induces release of glutathione from the interior of these cellsto the
environment. The authors also indicate that, given that the half-life for reduced glutathione outside of
cellsison the order of an hour, while extracellular reduced glutathione levels remained elevated for more
than 24 hours following exposure, cells must have been releasing reduced glutathione continuously.
Because no concomitant release of LDH or labeled adenine was observed (despite loading of cellswith
|abeled adenine prior to the experiment), the authors conclude that release of glutathione is not associated
with membrane disruption or apoptosis (which isinduced to some degree by exposure to crocidaolite).
Also, all of the effects described above were similarly associated with exposure to de-ironized crocidolite.
Thus, the iron content of the fibers does not play arolein this process.

Note that the apparent difference in the reported effect of crocidolite exposure on intracellular glutathione
levelsin the above two studies might be due (individually or in combination) to differencesin the cell-
types studied, differences in the size distribution of the crocidolite employed, differencesin study design,
or other factors. Insufficient information is available to distinguish among these possihilities.

Kaiglovaet a. (1999) intrapleurally injected rats with 10 mg of long amosite and collected bronchio-
aveolar lavage (BAL) fluid 24 hours following exposure and at later time intervals. They indicate that
total protein and alkaline phophatase (AP) were both elevated in BAL 24 hours after exposure and that
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AP remained elevated for at least 3 months following exposure. They also noted increased levels of lipid
peroxidesin BAL at 24 hours, but not 3 months following exposure. The authors indicate that
antioxidants were significantly decreased following exposure: glutathione was significantly decreased in
lung tissue at both 24 hours and 3 months following exposure, but was normal in BAL fluid at al time
points; «-tokopherol and retinol were significantly decreased at 3 months in lung tissue; and ascorbic acid
was significantly decreased in both lung tissue and BAL at 24 hours and remained low at 3 months. The
authors indicate that decreases in antioxidants implies arole for ROS (or RNS) in lung tissue injury. Itis
aso possible that the varied responses of specific antioxidants may suggest arole for toxin- and injury-
specific ROS/RNS.

Conclusions Concerning Generation of ROS. Except for frustrated phagocytosis (which is unique to
long fibers), ROS generation by the mechanisms discussed above are considered a common response to
respiration of particlesin general (see, for example, Martin et al. 1997 who suggest that ROS “...may be a
global signaling mechanism mediating response to particul ate insult mostly by activation of kinases and
transcription factors common to many response genes.” They further indicate that if the load of ROS
generated istoo great, or the airway in which it is generated has been previously impaired, “...these same
mechanisms can result in deleterious respiratory lesions and outright pathology”). However, not al non-
fibrous particles are similarly capable of inducing production of ROS. Asindicated above, for example,
while crystalline silicais a potent inducer of ROS production, carundum is not (Nehls et a. 1997).
Moreover, the spectrum of ROS (set of species) that are induced by particular toxicants are generally
specific to the offending toxicant (Timblin et al. 1998b). Therefore, the generic grouping of ROS
mediated pathways by particles and, especially, by particles and fibers, does not appear justified. These
mechanisms are more complex and individualized than such generic grouping suggests.

ROS can be generated by multiple pathways that are variously dependent on particle size, whether a
particleis afiber, fiber size, and particle or fiber type (i.e., chemical composition). The primary
mechanism(s) through which ROS are generated in response to one type of particle or fiber may be very
different than that through which ROS generation is induced by another and the resulting suite of ROS
(set of species) may also differ. Importantly, the relationship between dose and response for each
mechanism may also differ (see, for example, Palekar et al. 1979, Section 6.3.4.4).

Given the above, comparing among the ability of fibrous materials and non-fibrous analogs to induce
generation of ROS requires that such analogs be properly matched before valid conclusions can be drawn.
Thus, for example, the appropriate non-fibrous analog for crocidolite is the massive habit of reibeckite
and the appropriate analog for chrysotile is the massive habit of antigorite or lizardite. Due to differences
in both chemistry and crystal structure, crystalline silicais not an appropriate non-fibrous analog for any
of the asbestos types. Moreover, because ROS can be generated by different mechanisms, critical
comparison across anal ogs requires more than the simple confirmation that ROS are generated or even
whether the relative efficiency with which ROS are generated is comparable. It is also necessary to
contrast the specific complexion of ROS (set of species) generated and the specific tissue/cellular
environments (i.e., locations within a cell) in which they are generated in response to each analog.

It isalso clear that ROS are generated by both iron-dependent and iron-independent pathways. Even for
the iron-dependent pathways, however, the source of iron need not derive from the fibers or particles
themselves. Therefore, sinceiron is abundant in vivo (and the environment), both iron-containing and
iron-free fibers (or particles) can potentially participate in both the iron-independent and the iron-
dependent pathways.

Effects Mediated by ROS. ROS have been implicated as mediators in avariety of toxic effects

(including cancer initiation) associated with a broad range of toxins (see, for example, Floyd 1990; Martin
et al. 1997). Celular and tissue effects that have been associated with the effects of ROS include:
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enhancement of overall uptake of particles by epithelium;

stimulation of inflammatory responses,

stimulation of various signaling cascades and production of cytokines;
inducement of apoptosis;

cytotoxicity;

mediation of cell proliferation;

formation of oxidized macromolecule (including DNA) adducts; and
induction of DNA strand breaks.

However, only the last two of the above list of ROS effects are potentially relevant to the initiation of
cancer (the topic of this section). The other effects in the above list likely contribute to the induction of
other asbestos-related diseases and may even promote (but not initiate) asbestos-related cancer. Thus,
they are addressed further in later sections of this chapter (see below).

Although, ROS generation is associated with exposure to various particles and fibers (including all forms
of asbestos), generation of ROS does not necessarily imply carcinogenesis. For example, Zhu et al.
(1998) indicate that ROS generation is induced in response to exposure to asbestos, crystalline silica, and
coa mine dust. However, based on an extensive record of human exposure, the latter (coal mine dust) is
not carcinogenic in humans. Therefore, evidence related to the last two of ROS-associated effects listed
above, are examined in more detail below.

Severa studies indicate that, once generated by exposure to asbestos, ROS can interact with DNA in vitro
and in vivo to produce oxygenated adducts, primarily 8-oxo-Guanine. Of the studies reviewed above, for
example, Yamaguchi et al. (1999) observed that crocidolite, but not (non-tumorigenic) glass produced
dose-dependent increases in 8-oxo-Guanine in rat lung tissue following intratracheal ingtillation. Also,
Leanderson et al. (1988), Park and Aust (1998), Keane et a. (1999) indicate that asbestos induces
formation of oxidized DNA adductsin in vitro assays. Brown et al. (1998) indicate that asbestos induces
ROS-mediated DNA strand breaks.

However, not all DNA strand breaks attributable to asbestos occur through pathways involving ROS.
Ollikainen et al. (1999) exposed cultures of human mesothelial cells (MeT-5A, transfected with SV-40,
but nontumorigenic) to hydrogen peroxide (100 pM) or crocidolite (2—4 pg/cm?), either aloneor in
combination with TNF-¢ and performed assays for DNA strand breaks. The authors note that the
concentrations of asbestos evaluated are well below those that have been associated with cytotoxic
effects. Crocidolite alone was shown to produce DNA strand breaks at the concentrations tested. The
authors also note that, at lower concentrations, only reversible effects were observed (presumably
indicating DNA repair). Co-exposure to crocidolite and TNF-« increased the observed incidence of DNA
damage, but the effect was less than additive. The authors indicate that additional studies with
antioxidants indicate that the DNA damage induced by crocidolite in this study occurs through a
mechanism that does not involve ROS. In fact, a potentially much more substantial mechanism by which
asbestos may induce DNA breaks and various clastogenic alterations involves its ability to interfere with
mitosis (Section 6.3.3.1).

Thereis also evidence that different tissues may respond to asbestos-induced ROS generation differently.
For example, Zhu et a. (1998) indicate that MnSOD is found in the mitochondria of Type Il epithelial
cells of rats exposed to crocidolite. The authors further indicate that, because fibroblasts, alveolar
macrophages, or endothelial cells do not display this protein when stimulated by exposure, this suggests a
difference in the susceptibility of epithelial cellsto certain types of asbestos-induced injury.

Importantly, although these studies provide evidence that indicates asbestos is capable of producing
oxidized DNA adducts (or strand breaks) through ROS mediated processes, they do not address the
question of whether such adducts can lead to heritable mutations in DNA in vivo nor do they indicate
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whether such adducts lead to tumor production. Therefore, such studies should only be construed to
suggest a potential that asbestos can act as a cancer initiator through ROS-mediated pathways.

As previoudly indicated, not al mechanisms involving the generation or effects of ROS are similarly
fiber-size or fiber-type dependent and those that are do not necessarily depend on these variablesin the
sameway. At thistime, it isnot possible to distinguish among the relative importance of the different
mechanisms, so that it is difficult to judge the relative importance of the different effects. However, the
overal general implication (with the few exceptions noted) is that ROS generation more likely contributes
to other ashestos-related diseases and to cancer promotion than to cancer initiation.

Onefinal note concerning the effects of ROS that specifically involves the behavior of the hydroxyl
radical isaso warranted. The hydroxyl radical is an extremely reactive species. Whether in vitro or in
Vivo, this species will react with virtually 100% efficiency with every organic molecule it encounters.
Therefore the effects attributable to the hydroxyl radical are limited to those involving reactions in the
immediate vicinity of the location at which it is generated. Thus, unless asbestos-induced generation of
this radical occurs within the nucleus and in the immediate vicinity of susceptible strands of DNA, it is
unlikely that these radicals are the direct cause of DNA damage.

Rather, hydroxy! radicals tend to react with cell membranes and other cellular components to produce
further intermediate radicals (primarily lipid peroxides), which are much more stable than the hydroxyl
radical and may migrate substantial distances before having an effect. It islikely that these intermediate
radicals are ultimately responsible for any ROS-mediated DNA damage that may be attributed to
asbestos.

6.3.3.3 Generation of reactive nitrogen species (RNS)

Nitric oxide (NO) is produced ubiquitously in biological systems and serves many functions (Zhu et al.
1998). Itishighly reactive and, therefore, generally short-lived in vivo. However, nitric oxide has been
shown to react with superoxide (O,) to form the peroxynitrite ion (ONOQO) at near diffusion-limited rates
(see, for example, Zhu et a. 1998). This the peroxynitrite ion (an RNS) may represent the primary
species responsible for the effects attributed to ROS (at least when the primary ROS formed is
superoxide).

Asbestos-induced Generation of RNS. Alveolar macrophages, lung endothelial and epithelial cells, and
aveolar epithelium (in both rats and humans), when stimulated by inflammatory agents, generate both
superoxide and over-produce nitric oxide. These then combine to produce the perxoynitrite ion (Martin et
a. 1997; Zhu et d. 1998). These cells up-regulate production of NO when stimulated by various
cytokines, lipopolysaccharide, and interferon y. Because the peroxynitrite ion is a strong oxidant and
nitrating agent and is extremely reactive, evidence for its production is generally indicated in most studies
by the presence of nitrotyrosine, the stable product of tyrosine nitration, (Zhu et al. 1998). Evidence for
production of NO is frequently indicated by observation of nitrite. Numerous studies also provide
evidence of nitric oxide and peroxynitrite ion production specifically in response to exposure to asbestos
in various tissues.

Both chrysotile and crocidolite up-regulate the production of nitric oxide by alveolar macrophagesin the
presence of interferon-y and the interaction between asbestos and interferon is synergistic. Non-
fibrogenic carbonyl iron did not induce nitric oxide formation (Zhu et al. 1998). These authors also cite a
study in which intratracheal instillation of silicaand coal mine dust caused more inflammation and nitric
oxide formation than TiO, or carbonyl iron (on an equal particle basis). This suggests both the geometry
and chemical composition of particles determine their ability to up-regulate nitric oxide.
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Inhalation of chrysotile or crocdolite induces secretion of both TNF-« and nitric oxide by pleural
macrophages (Tanaka et al. 1998). Tanaka et al. (1998) studied the effects of RNS in rats exposed by
inhalation to 6 to 8 mg/m® crocidolite or chrysotile (both NIEHS samples) for 6 hours/day, 5 days/week
for 2 weeks. Ratswere sacrificed at 1 and 6 weeks following exposure. The authors indicate that
asbestos induces formation of stable products of nitric oxide in cells obtained by lung lavage 1 week after
asbestos exposure. Nitrotyrosine (a marker for ONOO™ formation) was also observed. Also, a greater
number of alveolar macrophages and pleural macrophages were shown to express iNOS protein (the
inducible form of nitric oxide synthase, Table 6-6) than sham exposed animals. Exposed rats showed
significantly elevated immuno-staining for nitrotyrosine in the region of thickened duct bifurcations as
well as within bronchiolar epithelium, alveolar macrophages, and mesothelial cells of both the visceral
and parietal pleura. Nitrotyrosine staining was persistent, being observed at both 1 and 6 weeks following
exposure.

Quinlin et al. (1998) studied the production of nitric oxide in rats exposed to crocidolite or chrysotile
asbestos (both NIESH reference samples). Rats were exposed by inhalation at 6 hours/day, 5 days/week
and lavaged at 3, 9, and 20 days. Lavaged macrophages showed significantly increased nitrite/nitrate
(indicating production of nitric oxide) and this was suppressed with inhibitors to iNOS. Thus, nitric oxide
is produced viaan iINOS pathway. The authors also note that nitric oxide production correlated
temporally with neutrophil influx in the lavage fluid. They also indicate that asbestos exposed animals
showed a 3- to 4-fold increase in INOS positive macrophages in their lungs.

Quinlin et al. (1998) also exposed cultured murine aveolar macrophages (RAW 264.7 cells) to
crocidolite, riebeckite, and crstobalite silicain vitro. These cells showed increased INOS mRNA
following exposure to asbestos and even greater increases if the cells were also stimulated with
lipopolysaccharide (LPS). Both crocidolite and riebeckite (but not cristobalite silica) stimulated increased
iNOS promoter activity when applied in combination with LPS. Thus, in this case, their appearsto be a
mechanism that is sensitive to particle composition, but not size.

Park and Aust (1998) treated cultures of human lung epithelial (A549) cells with crocidolite and observed
induction of iINOS and reduction of intracellular glutathione (GSH) levels. Based on studies with
inhibitors, the authors further indicate that iron mobilized from crocidolite was required both for
formation of nitric oxide and to generate 2'-deoxy-7-hydro-8-oxoguanosine, but not for the observed
decrease in intracellular glutathione. The authors note that approximately 5 times as much chrysotile
(containing approximately 3% iron) as crocidolite was required to produce the same level of nitric oxide
formation. Importantly, these experiments were conducted in vitro in serum-free medium, so that no
extra-biological source of iron was present.

Choe et al. (1998) dosed cultured rat pleural mesothelial cells with either chrysotile or crocidolite (both
NIEHS samples) at concentrations between 1.05 and 8.4 pg/cm? with or without co-stimulation with 50
ng/ml of interleukin-1p (IL-1B). The authors report that MRNA for iNOS in asbestos and IL-1p dosed
cellsincreased progressively from 2 to 12 hours following exposure. Both types of asbestos also
stimulated production of nitric oxide (measured as nitrite) in IL-1p stimulated cells in adose- and time-
dependent fashion. Both types of asbestos also induced expression of iNOS protein and formation of
nitrotyrosine (based on nitrate detection) in IL stimulated cells. In contrast, carbonyl iron particles did
not induce any of the effects observed for asbestosin IL stimulated cells. Thus, formation of RNS
appears to be either fiber size dependent (not induced by particles) or mineralogy-dependent (or both).

Aswith the production of ROS, RNS production is apparently a function of multiple, complex
mechanisms. Also, aswith production of ROS, the dose-response characteristics of the various
mechanisms differ. Several of the mechanisms show a strong dependence on fiber size and some
dependence on fiber type. However, there are other mechanisms that are dependent primarily on fiber (or
particle) type, but may not be dependent on size (or at least not dependent on fiber size). At thispoint in
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time, it is not possible to gauge the relative importance of the various mechanisms by which RNS may be
generated, except that it islikely that the importance of the various mechanisms likely differ in different
cells and tissues and likely differ as afunction of the specific toxin whose presence isinducing RNS
production.

There are aso indications that production of RNS may be (animal) species specific. For example, Jesch
et al. (1997) report that alveolar macrophages harvested from rats expressed iNOS when stimulated with
either LPS (lippopolysaccharide) or interferon-y. In contrast, INOS expression could not be induced in
hamster, monkey or human macrophages.

Effects Mediated by RNS. Based on Zhu et al. (1998), over-production of nitric oxide can:

inactivate critical enzymes,

cause DNA strand breaks that result in activation of poly-ADP-ribosyl transferase
(PARS);

inhibit both DNA and protein synthesis; and

form peroxynitrite by reaction with superoxide.

In turn, peroxynitrite ion may:

1 initiate iron-dependent lipid peroxidation;

1 oxidize thiols;

1 damage the mitochondrial electron transport chain; and
1 nitrate phenolics (including tyrosine).

Also, some of the damage to alveolar epithelium and pulmonary surfactant system previously attributed to
reactive oxygen species may actually be caused through ROS generation of peroxynitrite. For example,
Chao et al. (1996) report that crocidolite treatment of human lung epithelial cells (A549 cells) resultsin
formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) in DNA and synthesis of mMRNA for iINOS. An
iINOS inhibitor reduces intracellular nitrite and eliminates production of 8-OHdG. Addition of
independent NO donor, recovers production of 8-OhdG. Thus, production of the oxygenated DNA
adduct in this case appears to be generated by reaction with RNS.

Aswith ROS, it is primarily the potential for RNS to contribute to DNA damage (e.g., strand breaks or
generation of oxygenated adducts) that represent the primary pathways by which RNS might participate
in cancer initiation (as opposed to cancer promotion or other asbestos-related diseases). It appears that
RNS-mediated DNA damage is closely associated with ROS generation and mediation of DNA damage
(see Section 6.3.3.2). Thus, thereislittle to add here.

6.3.3.4 Conclusions concerning asbestos as a cancer initiator

The strongest, most consistent evidence that asbestos can act as a cancer initiator relates to the tendency
of asbestos to interfere with mitosis. Although there is evidence that asbestos may induce production of
DNA adducts and DNA strand breaks (through ROS and RNS mediated pathways), whether such adducts
or breaks ultimately lead to permanent, heritable changes to DNA remain to be demonstrated. The
relative importance of the ROS/RNS mediated pathways compared to the pathway involving interference
with mitosis also remains to be determined. Asindicated in later sections, however, ROS/'RNS mediated
pathways may play substantial rolesin cancer promotion and induction of other asbestos-related diseases.

Regarding the primary mechanism by which asbestos may initiate cancer (interference with mitosis), the
pathway islength dependent (short fibers do not appear to contribute to the effect). Further, although
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there may also be a dependence on fiber type (chemical composition), it is apparent that all types of
asbestos can act through this pathway. The dependence of this pathway on fiber diameter isless clear.
Thus, other than to suggest that fibers must be respirable (and therefore thinner than approximately 0.7
um, Section 6.1) to have an opportunity to act, whether further diameter constraints are associated
specifically with the mechanism of cancer initiation is not known.

For pathways involving generation of ROS or RNS, some mechanisms (such as those associated with
frustrated phagocytosis) are length dependent, others are not. Although there appears to be some
dependence on fiber type for severa mechanisms and a general dependence of several of these
mechanisms on surface chemistry, the relative importance of fiber type to the overall contributions from
these pathways remains to be determined.

Importantly, although crystalline silicamay aso act to produce some of the same effects as asbestos
(including potentially induction or promotion of cancer), there is substantial evidence that this material
does not act through the same pathways and that the characteristics of its respective dose-response
relationships may differ. Thus, for example, while asbestos likely initiates cancer through a mechanism
that favorslong (and potentially thin) fibers, silicamore likely acts through a mechanism that is
dependent on total surface area, with freshly and finely ground material likely being the most potent. In
contrast, grinding asbestos fibers tends to lesson carcinogenicity overall. Dueto differencesin chemistry
and crystallinity (reinforced by studies indicating alack of correspondence in behavior) crystalline silica
does not appear to be an appropriate analog for any of the asbestos types. Rather, for example, the
appropriate non-fibrous analog for crocidolite is riebeckite and the appropriate non-fibrous analog for
chrysotile is antigorite or lizardite.

Thereis also evidence that the relative importance of asbestos as a cancer initiator may differ in differing
tissues. For example, asbestos can only interfere with mitosisin cells that actively phagocytize fibers and
not all cell types actively phagocytize particles (although both mesothelial cells and pulmonary epithelial
cells appear to actively phagocytize fibers, Section 6.3.3.1). However, thereis also evidence that
pulmonary epithelial cells (Type 11) may undergo terminal differentiation to Type | cells and thus escape
potential cancer initiation by asbestos (Section 6.3.3.1). Such a pathway is not available to mesothelial
cells. To the extent that pathways involving generation of ROS or RNS contribute to cancer initiation, as
indicated throughout this section, the rates of generation and the spectrum of the species generated varies
as afunction of cell type.

6.3.4 Evidencethat Asbestos Acts Asa Cancer Promoter

Primarily, asbestos may promote cancer by facilitating tissue proliferation. However, additional
mechani sms associated with the observed interaction between asbestos exposure and smoking (Section
6.3.4.6) also need to be considered.

Substantial evidence exists indicating that asbestos induces proliferation in target tissues associated with
lung cancer and mesothelioma and this is summarized below followed by an overview of studies that
suggest the various mechanisms by which asbestos may facilitate such proliferation. Evidence suggesting
the various mechanisms related to the interaction between smoking and asbestos exposure are a so briefly
reviewed.

There are numerous mechanisms by which asbestos may facilitate proliferation including:
1 direct cell signaling to induce proliferation. This may occur by:

— direct interactions between fibers and receptors on the cell surface;
— interactions between phagocytized fibers and intracellular components of
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signaling cascades; and
— or interactions between cells and intermediate species (e.g., ROS or RNS)
whose generation and release has been induced by asbestos; or

response to induced cell death in target tissues, which then stimulates stem cellsto
proliferate to replace killed cells. Cell death may be induced either through:

— inducing apoptosis (programmed cell death); or

—direct cytotoxic effects, which leads to necrosis.

These pathways are summarized in Table 6-5, which provides a perspective on the complexity of the
interactions between asbestos and the cells and tissues of the body.

Regarding asbestos-induced cell death, asbestos-induced apoptosis (and al of the other effects described
above) typically occurs at exposure concentrations that are much lower than required to induce frank
cytotoxic effects (Sections 6.3.4.3 and 6.3.4.4). Therefore, it is primarily the former that is of potential
interest in terms of implications for asbestos-induced diseasesin humans. Due to the high exposure
concentrations typically required, the importance of contributions from frank cytotoxicity to human
diseaseis unclear (Section 6.3.4.4).

6.3.4.1 Asbestos-induced proliferation

Numerous in vivo studies indicate that al types of asbestos induce proliferation in target tissues relevant
to lung cancer and mesothelioma. Such proliferation is also suggested by the animal histopathological
observations previously described (Section 6.2.2). Moreover, many of these studies suggest that the
underlying mechanisms may be fiber size- and fiber-type specific. Responses may also be species-
specific.

Importantly, there are some studies (primarily in vitro studies) that suggest asbestos acts to inhibit (rather
than induce) proliferation. Although it islikely that the contrasting observations found in such studies are
due to differences in conditions, timing, dose, or the type of asbestos employed, the underlying reason for
the contrasting observationsis not always apparent.

The evidence for proliferation is summarized by tissue below.

In lung epithelium. Brody et a. (1997) showed that rats and mice exposed for a brief (5 hour) period to
chrysotile asbestos at 1,000 fibers'cm® (no size indicated) exhibited focal scarring at bronchio-alveolar
duct junctions that are identical to those seen in asbestos-exposed humans. After 3-consecutive
exposures, the lesions persisted for 6 months. In regions where fibers are deposited, macrophages are
observed to accumulate, epithelium isinjured, and proliferation is observed to occur. In this study, the
authors a so showed by immunohybridization staining that the four genes required to express three
peptide growth factors (TGF-«., TGF-f, and the A and B chains of PDGF) and the proteins themselves are
expressed in bronchio-alveolar tissue within 24 hours of exposure. PDGF is expressed almost
immediately and expression remains elevated for 2-weeks post-exposure, but only in regions where fibers
are deposited.

The authors report that PDGF is a potent growth factor for mesenchymal cells, TGF-« is a potent mitogen
for epithelial cells, and TGF- inhibits fibroblast proliferation, but stimulates synthesis of extra-cellular
matrix (Table 6-6). The authors also report additional experiments with knockout mice indicate that
TNF-« isrequired to induce the early stages of proliferation. The authors also indicate that Type |l cells
produce TGF-p1 and TGF-B2 (two of three isoforms of this protein) and that they are stimulated to do so
when co-cultured with macrophages.
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Adamson (1997) intratracheally instilled size-separated (by sedimentation) long and short crocidolite
fibersinto rats (0.1 mg in asingle dose) and noted that the long fibers damaged the bronchiolar
epithelium and that fibers were incorporated into the resulting connective tissue; granulomas formed with
giant cells containing fibers). The long fibers also appeared to escape into the interstitium. Labeled
thymidine uptake (which indicates DNA synthesis and suggests proliferation) following long fiber
exposure was seen in lung epithelial cells, fibroblasts, and pleural mesothelial cells. Such labeling peaked
at 2% in mesothelia cells and 3% in epithelial cells within one week following exposure. Proliferation
appeared to end shortly beyond one week. Short fibers were observed to have been efficiently
phagocytized by alveolar macrophages and a small increase in macrophage population appeared to have
been induced. Otherwise, none of the other effects attributable to long fibers (described above) were
observed with short fibers. Note that such observations are entirely consistent with those reported for the
range of studies described in Section 6.2.2.

McGavran et a. (1989) exposed both normal (C5+) mice and compliment deficient (C5-) mice to asbestos
(at 4 mg/m?) by inhalation and observed proliferation of bronchio-alveolar epithelium and interstitial cells
at alveolar duct bifurcations (based on incorporation of tritiated thymidine) between 19 and 72 hours after
asingle, 5-hour exposure. Sham exposed rats showed fewer than 1% of epithelial and interstitial cells at
aveolar duct bifurcations incorporate labeled thymidine. In contrast, thymidine uptake in asbestos
exposed animalsis significantly elevated for the first few days, beginsto decrease at 8 days, and returns
to normal by one month following exposure. Both C5+ and C5- mice show similar increases in volume
density of epithelial and interstitial cells at 48 hours post-exposure. However, one month following
exposure C5+ mice developed fibrotic lesions while C5- mice were no different than controls. The
authors conclude that the depressed macrophage response in C5- mice does not appear to change the early
mitogenic (and proliferative) response to asbestos, but apparently attenuates later fibrogenesis.

Chang et al. (1989) describes the morphometric changes observed in rats following 1 hour inhalation
exposure to chrysotile (at 13 mg/m?). Within 48 hours following exposure: the volume of the epithelium
increased by 78% and the interstitium by 28% at alveolar duct bifurcations relative to sham-exposed
animals. Alveolar macrophages increased 10-fold and interstital macrophages 3-fold. Numbers of Type |
and Type |l epithelia cells increased by 82% and 29%, respectively. At 1 month following exposure, the
numbers of Type | and Type Il pneumocytes were till elevated, but not significantly. However, the
volume of the interstitium had increased by 67% accompanied by persistently high numbers of interstitial
macrophages, accumulation of myofibroblasts, smooth muscle cells, and an increased volume of
interstitial matrix.

I'n lung endothelium. In addition to the general evidence for proliferation of epithelial cells provided by
Adamson (1997), McGavran et a. (1989), and Chang et al. (1989), as cited above, a more detailed
description of the nature of asbestos-induced proliferation of endothelial cellsis also available.

Proliferation of endothelial cells and smooth muscle cells of arterioles and venules near alveolar duct
bifurcationsisinduced in ratsinhaling chrysotile (no size information given) for 5 hours at 4 mg/m?
(McGavran et a. 1990). Thisisbased on the observed uptake of labeled thymidine (which indicates
DNA synthesis and suggests proliferation) that is significantly increased over controls between 19 and 72
hours following exposure. Twenty-eight percent of vessels near bifurcations exhibited labeled cells 31
hours after exposure. One month following exposure, the thickness of the smooth muscle layers around
these blood vessels is significantly increased (doubled). In contrast, labeling of these same endothelial
and smooth muscle cells in sham exposed rats is zero. The authors indicate that endothelial cells and
smooth muscles associated with pulmonary blood vessels are normally quiescent with turnover rates on
the order of years.
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In mesothelium. In the second part of the study addressing epithelial proliferation, Adamson (1997)
reports that rats instilled with 0.5 mg of unmodified, UICC crocidolite were sacrificed at 1 week and

6 weeks following exposure and subjected to bronchiolar lavage and pleura cavity lavage. Lavaged
alveolar macrophages were observed to contain fibers, but pleural macrophages did not. At 1 week,
collected pleural macrophages were shown to induce proliferation of fresh mesothelial cellsin culture and
pleural lavage fluid showed an even greater effect. No effects were observed at 6 weeks. Further work
with anti-bodies to various cytokines indicated that early, transient proliferation of mesothelial cells was
dependent on kertinocyte growth factor (KGF), but not on PDGF, FGF, or TNF-« (Table 6-6). This
suggests that early, transient proliferation isinduced by diffusing cytokines rather than direct fiber
exposure. Adamson further reports that KGF is afibroblast-derived cytokine that acts on epithelial cells
so that it’ s up-regulation likely results from epithelial injury with penetration of asbestos to the
interstitium (where fibroblasts are found, Section 4.4). A similar transient proliferative responsein
mesothelial cells was also observed following exposure to chrysotile and in response to crystalline silica
exposure. Thus, it appears that the mesenchymal proliferative response may be mineralogy specific for
particles and is size-specific for fibers.

Everitt et al. (1997) exposed rats and hamsters by inhalation to RCF-1 (45 mg/m®-650 f/cm?®) for 12
weeks and then let them recover for up to an additional 12 weeks prior to sacrifice. The authorsindicate
that both rats and hamsters showed qualitatively similar levels of inflammation at time examined (4 weeks
and 12 weeks). They also indicate the mesothelial cell proliferation was observed in both animal types,
but was more pronounced in hamsters at all time points examined. The greatest proliferation in both
species was in the parietal pleuralining the diaphragm. The authors also report that fibers (primarily

short and thin) were also observed in the pleural cavities of both speciesat all time points.

Several in vitro studies provide evidence that asbestos either induces or inhibits proliferation in lung
tissues of interest and that at |east some of the mechanisms involved are fiber size and mineral ogy
dependent. As previously indicated, the specific reasons for the apparent contrast between results
observed in vivo (where asbestos consistently promotes proliferation) and the inhibition sometimes
observed inin vitro studies is not always apparent. However, it must be due to the special conditions that
must be created to conduct in vitro studies, which may not support certain mechanisms that are important
in vivo.

Timblin et al. (1998a) completed a study in which rat pleural mesothelioma (RPM) cellsin culture were
dosed with crocidolite or various cation-substituted erionites. The expression of several gene and gene
products were then tracked. Culturesin this study were exposed to 1, 5, or 10 ug/cm? of the various
fibrous materials. Analysis of the fibrous materialsindicated that crocidolite contained many more fibers
per gram of material (probably because they are thinner) and that the preparation contains somewhat
longer fibers than the erionites evaluated. In crocidolite, for example, 88% of the fibers are longer than 5
pm, 68% longer than 10 um, and 37.5% longer than 20 pm. All of the cation substituted erionites showed
approximately the same size distribution: 50% longer than 5 pm, 10-20% longer than 10 um, and 1-5%
longer than 20 um.

Results indicate that the various cation substituted erionites behave differently and that the Na substituted
erionite shows the largest overall potency, at least for some endpoints, but not others. Fe, Na, and Ca
substituted erionite all appear to induce c-fos expression in a dose-dependent fashion (increasing regularly
among the 1, 5, and 10 pg applications). K-erionite may also show the same pattern, but the changes
were not indicated as significant over controls (apparently due to greater variability). Only Na-erionite
showed significantly increased expression of c-jun (at 1 and 5 pg applications, but not significantly at 10
1g, apparently due to greater variability. However, the mean result for 10 pg shows a consistent trend
with the lower concentration application results).
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Na-erionite induces c-fos at the same or greater rates as crocidolite asbestos for the same mass application
(but not the same fiber number). Crocidolite also appears to show a dose-response trend for c-jun
expression, but only the result for the highest application (10 pg) is significantly different from controls.
In contrast, Na-erionite appears to show greater induction of c-jun expression at lower dose than
crocidolite, but the increase with increasing dose is much lower for Na-erionite. Crocidolite also appears
to induce substantial apoptosis (even at the low dose of 5 pg) and that the induction is dose-dependent. In
contrast, non-fibrous riebeckite does not appear to induce apoptosis. Comparison between crocidolite
dosed cultures and Na-erionite dosed cultures indicate that crocidolite induces substantial apoptosis at all
time periods following application, but that Na-erionite induces little apoptosis even at higher mass dose
and longer time periods than crocidolite. The authors also indicate that crocidolite and Na-erionite appear
to stimulate DNA-synthesis, which appears to be a compensating mechanism to fiber cell toxicity. The
authors indicate that chemistry isimportant in fiber toxicity as Na-erionite was a strong inducer of c-jun,
even a relatively low concentrations, but several of the other cation substituted erionites (including
Fe-erionite) were not. They further suggest that, given the difference in the fiber lengths of the
crocidolite samples and Na-erionite samples, that fiber length may be a less important consideration than
fiber surface chemistry. However, despite the author’ s assertion, considering that non-fibrous riebeckite
does not induce any of the effects observed for crocidolite, there appears to be a clear size effect. It may
simply require that a defined, minimum length is necessary to induce the effect.

The authors also indicate that bal ance between proliferation and apoptosisis required to maintain
homeostasis in healthy tissue. They further indicate that other studies suggest that c-Jun expression is
linked to proliferation and induction of cancer, while c-fos expression is linked to apoptosis. Thus,
suppression of c-fos may be linked to carcinogenesis by allowing establishment or maintenance of a
transformed cellular phenotype. Thisisin fact an early step in carcinogensis. Many environmental
agents stimulate both apoptosis and proliferation and, depending on the degree, may cause imbalances
that lead to disease. Relative stimulation of c-fos and c-jun may reflect some of these pathways. Since
crocidolite induces both c-fos and c-jun in this study, the implication is that it mediates both apoptosis
and proliferation.

Wylie et a. (1997) dosed hamster tracheal epithelial (HTE) cells and rat pleural mesothelial (RPM) cells
with various asbestos and talc samples and evaluated proliferation based on a colony-forming efficiency
(CFE) assay. The sampleswere NIEHS crocidolite and chrysotile and three different talcs. Samples were
characterized in the paper by mineralogical composition, surface area, and size distributions.

The authors indicate that both asbestos samples increased colony formation of HTE cells (suggesting
induction of proliferation), but talc samples did not. RPM cells, in contrast, showed only dose-dependent
decreases in colony forming efficiency for al samples, which the authorsindicate is asign of
cytotoxicity. The authors report that all samples show corresponding effects when concentrations are
expressed as fibers longer than 5 um or by total surface area. They aso suggest that the “ unique”
proliferative response by HTE cells could not be explained by either fiber dimension or surface area and
suggests amineralogical effect.

Barchowsky et al. (1997) dosed cultured (low passage) endothelial cellsto NIEHS chrysotile, crocidolite,
or RCF-1. After 1 to 3 hours exposureto 5 pg/cm? (non-lethal concentrations), asbestos (but not RCF-1)
causes changes in cell morphology (cells elongate), increases in cell motility, and increases in gene
expression. Further work by the authors indicate that these effects are mediated by interaction between
asbestos and the receptor for urokinase-type plasminogen activator (UPAR). The authors also suggest that
attachment of asbestos to cell membranes, internalization of asbestos fibers by the cells, and the
morphological changes induced by asbestos are each mediated by different proteins.

Examples of in vitro studies that indicate asbestos (and other fibrous materials) may inhibit proliferation
in culture include the following.
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In contrast to the above, Levresse et a. (1997) found that chrysotile and crocidolite act to inhibit
proliferation in cultured rat pleural mesothelioma (RPM) cells. In this study, RPM cells (diploid, no more
than 25 passages) were dosed with either UICC crocidolite or NIEHS Zimbabwean Chrysotile at
concentrations varying between 0.5 and 20 ug/cm?. The authors also note that the chrysotile sample
contains approximately 4 times the number of fibers as the crocidolite samples. Cells were then examined
at 4, 24, and 48 hours following treatment. In untreated cultures, the number of cellsin replicative phase
decrease with time, which indicates that such cells are headed for confluence (completion of a monolayer
on the culture medium). At 48 hours, for example, 10% of untreated control cells were observed to bein
replicative stage. Chrysotile (but not crocidolite) decreased the fraction of cellsin replicative phasein a
time- and dose-dependent manner. At 48 hours, for example, cells treated with 10 pg/cm? chrysotile
showed only 1.5% in replicative phase. Further tests confirmed that this was due to blockage of cells at
the G1/S boundary of the cell cycle. Both chrysatile and crocidolite appears to induce a time-dependent
increase in the number of cellsat G2/M in the cell cycle, although this effect was not observed to be dose-
dependent for chrysotile. Even on afiber-number basis, chrysotile appearsto be elicit a greater response
(arrest a greater percentage of cells) than crocidolite.

The authors also indicate that chrysotile caused nuclear-localized, time-dependent increases in p53
concentrations. Crocidolite produced much lower levels that were not detectable in the nucleus.
Chrysotile was a so observed to produce blockage at the GO/GL1 transition of the cell cycle, but crocidolite
did not. They also note that p53 is known to mediate arrest at this stage in the cycle so observing that
chrysotile induces arrest at this transition in the cell cycle may be consistent with the observed increased
expression of p53. The authors aso note that chrysotile triggers apoptosis in this study and that
crocidolite shows a smaller, but detectable effect. Spontaneous apoptosis in untreated cultures ran
between 0.5 and 1% at 24-48 hours whereas chrysotile induced 4% apoptosis, peaking at 72 hours
following exposure to 10 ug/cm?. The authors indicate that the lower level of effects observed with
crocidolite could be due to the substantially smaller number of long fibersin UICC crocidolite compared
to NIEHS chrysatile.

The previously reviewed (Section 6.3.3.1) study by Hart et al. (1994) also suggests that long, medium,
short, and UICC crocidolite and chrysotile along with arange of MMV F' s show a dose-dependent
inhibition on proliferation of cultured CHO cells and that potency toward the effect is adirect function of
fiber length.

Several of the above-described studies, in addition to providing evidence that asbestos induces
proliferation in various lung tissues, also suggests certain mechanisms. Asbestos may induce
proliferation, for example, by inducing production of specific cytokine growth factors (Adamson 1997;
Brody et a. 1997), or by inducing certain signaling cascades (Barchowsky et a. 1997, Timblin et al.
1998b). It isalso possible that the two effects may be related (i.e., that stimulation of a particular
signaling cascade may result in production of certain growth-stimulating cytokines). Other mechanisms
may also be important (Table 6-5).

6.3.4.2 Asbestos induced cell signaling

Asbestos has been shown to induce a variety of cell signaling cascades in avariety of target cell and
tissue types. Such signaling may then trigger effects in the stimulated cells that may include:

proliferation;

morphological changes;

generation and release of various cytokines, enzymes, or extracellular matrix; or
programmed cell death.
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Note, due to the large number of chemical species that need to be considered in this discussion, Table 6-6
provides a summary of the sources of such species (Table 6-6A) and the effects attributable to such
species (Table 6-6B).

In specific cases, asbestos may initiate cell signaling by interacting directly with receptors on the cell
surface, by causing generation and release of intermediate species (e.g., ROS or RNS) that trigger cell
signaling, or (for phagocytized fibers) by interacting with intracellular components of a particular
signaling cascade. The specific responses to cell signaling induced by asbestos are frequently cell- or
tissue-type specific. Moreover, depending on the specific mechanism, cell signaling by asbestos may be
dependent on fiber size and/or type.

Barchowsky et al. (1998) showed in a set of studies that long chrysotile and long crocidolite, but not
RCF-1 fibers (at concentrations between 1 and 10 ug/cm?), which is reportedly below levels that typically
induce cytotoxic effects) induced up-regulation of urokinase-type plasminogen activator (uPA) and its
receptor (UPAR) in both lung endothelial cells (vascular cells) and lung epithelial cells. They also
showed that the increased pericellular protolytic activity (requiring cleavage of plasminogen to plasmin)
that isinduced by asbestos in these cells is mediated by uPA.

In prior studies, chrysotile has been shown to cause endothelial cells to elongate and increase expression
of adhesion molecules for phagocytes. They also show enhanced proteolytic activity and matrix
interactions. Chrysotile has aso been shown to stimulate fibrinolytic activity in lung epithelial cells and
extravasating macrophages. All such stimulation appears to result from up-regulation of uPA. Thus, this
mechanism may explain the observed asbestos-induced changes in lung endothelial and epithelial cells
including vascular remodeling, development of vascularized granular tissue, increased matrix turnover,
and leukocyte extravasation (which in turn may be caused by cell activation and el aboration of proteases
and adhesion molecules). The authors suggest that asbestos-induced up-regulation of uPA and uPAR
expression may represent a global mechanism for pulmonary toxicity and fibrosis induced by crystalline
fibers. Importantly, chrysotile was shown to induce uPA and uPAR expression in the absence of serum,
so the effect is apparently due to direct binding of fibers to cell-surface receptors.

Mossman et al. (1997) observed that concentrations of 1.25-5 pg/cm? of crodidolite (sample from TIMA)
caused expression of ¢-jun and AP-1 in both cultured hamster tracheal epithelial (THE) cells and cultured
rat pleural mesothelial (RPM) cells. Crocidolite was aso observed to trigger the EGFR-regulated kinase
(ERK) and mitogen activated protein kinase (MAPK) pathwaysin RPM cells. The authorsindicate that
these pathways are also stimulated by hydrogen peroxide and that NF-xf induction stimulated by
crocidolite is also stimulated by crystalline silica (although silica stimulation of the MAPK pathway was
not investigated). They also note that the non-fibrous analog to crocidolite, riebeckite does not dlicit
these activities.

The authors indicate that induction of the NF-xf cascade was inhibited by excess glutathione, whichis
stimulated by N-acetylcysteine (NAC), suggesting that this pathway isinduced by asbestos-caused
oxidative stress (perhaps through ROS or RNS intermediates). Application of NAC also diminished
crocidolite induced c-fos and c-jun RNA levels and inhibited activation of the ERK-MAPK cascade.
Further work suggests that asbestos triggers the MAPK pathway by interaction with the Epithelial Growth
Factor Receptor (EGFR), either directly or by phosphorylation of this receptor by ROS. At the
concentrations examined, crocidolite induces substantial apoptosis (apparently through activation of the
ERK-MAPK cascade). In contrast, the authors note that TNF-o induces the INK arm of the ERK-MAPK
cascade, which leadsto proliferation. Asbestos does not elevate INK over the time-period of the study.
The authors note that it has been shown in some studies that inhibition of ERK in some cells, also inhibits
asbestos-induced apoptosis. Importantly, given that these processes are induced by crocidolite, but not by
its non-fibrous analog, riebeckite, induction of the ERK-MAPK cascade appears to be afiber-size
dependent process.
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In arelated study to that conducted by Mossman et al. (1997), Zanella et al. (1999) report that the (TIMA)
crocidolite (at concentrations of 2.5-10 pg/cm?, but not its non-fibrous anal og, riebeckite, eliminated
binding of EGF to its receptor EGFR. Because EGF does not bind to crocidolite in the absence of
membrane, thisis not simply a case of crocidolite tying up ligand. Crocidolite also induces a greater than
2-fold increase in steady-state message and protein levels of EGFR.

The authors also note that the tyrphostin, AG-1478 (which specifically inhibits the tyrosine kinase
activity of EGFR), significantly mitigated asbestos-induced increases in mRNA levels of c-fos, but not
c-jun, and that the asbestos action was not blocked by a non-specific tyrphostin, AG-10. Moreover,
pretreatment of RPM cells with AG1478 significantly reduced asbestos-induced apoptosis. Therefore, the
authors concluded that asbestos-induced binding to EGFR initiates signaling pathways responsible for
increased expression of the protooncogene c-fos and the development of apoptosis. This apparently
occurs through the EGFR-extracellular signaling regulated kinase (ERK). It is hypothesized that asbestos
may induce dimerization and activation (phosphorylation) of EGFR, which aso prevents binding of EGF.
Asbestos apparently serves the samerole as EGF in that it promotes aggregation of EGFR, which in turn
promotes binding to the extracellular domain of tyrosine kinase receptors and the activation of their
intracellular kinases. The authors also indicate that other work suggests that crocidolite fiber exposure
leads to aggregation and accumulation of EGFR at sites of fiber contact and that asbestos also stimulates
biosynthesis of the EGFR and activates ERK in an EGFR-dependent manner.

The authors speculate that asbestos binding may not be ligand-site specific, but may be charge related or
may induce EGFR phosphorylation by local production of ROS, which has previously been demonstrated
to cause EGFR activation. As previoudly indicated, that this effect is driven by crocidolite exposure, but
not by exposure to riebeckite indicates that this mechanism is fiber-size specific.

Johnson and Jaramillo (1997) showed that UICC crocidolite, but not IM-100 glass, applied to a culture of
immortalized human Type |1 epithelial (A549) cells at non-cytotoxic concentrations (for 20 hours) results
in increased expression of p53, Cipl, and GADD153 in a dose- and time-dependent fashion. Expression
was observed to be maximum at 18 hours. The crocidolite treatment was also shown to cause an increase
in the number of cells arrested in Stage G2 of the cell cycle (with a persistent decrease in the number of
cellsin G1). Thiswas considered surprising because both p53 and Cipl are known to mediate arrest in
Stage G1. The authors suggest that these findings indicate a strong dependence on both fiber type and
fiber size (JM-100 glass contains substantially more long fibers than crocidolite). However, it isnot
possible to separate the effects of fiber type versus fiber size in this study.

Luster and Simeonova (1998) indicate that at high concentrations, ROS may induce frank cytotoxicity.
At low or moderate levels, ROS are more likely to induce cell signaling cascades that may, in turn,
contribute to asbestos-related disease. The authors dosed cultures of immortalized human Type 11
epithelial (A549) cells, originally derived from alung carcinoma, and normal human bronchioepithelial
(NHBE) cellswith long (Certain-Teed supplied) crocidolite (reported mean length: 19 um) at
concentrations ranging between 0 and 24 pg/ml. Results indicate that secretion of both Interluken-8
(IL-8) and IL-6 was stimulated by crocidolite exposure in a dose-dependent manner. In contrast,
increases in LDH levels (which indicate cell damage) was only detected at the highest exposure
concentrations tested. Further work indicates that stimulation of IL-6 and IL-8 secretion occurs through
ROS that are generated in an iron-dependent process (that may also include NF-xf induction). Note that
the trend of cell signal induction at low and moderate levels of asbestos exposure with evidence for
cytotoxicity observed only at the highest exposure concentrations is common to many of these kinds of
studies.
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Choe et al. (1999) conducted a combined in vivo/in vitro study of the effects of low level exposure to
chrysotile or crocidolite at inducing leukocyte attachment to rat pleural mesothelia cells. The authors
note that similar populations of rat pleura leukocytes (74% macrophages, 2% neutrophils, 10% mast
cells, and 10% eosinophils) were observed in both asbestos-exposed and unexposed rats.

In the second part of the study, cultured RPM cells were exposed to either crocidolite or chrysotile (both
NIEHS samples) at concentrations ranging between 1.25 and 10 pg/cm?, which was noted to be below
levels at which substantial cytotoxicity isobserved. Attachment of rat pleural leukocytesto RPM cells
was then observed to increase with increasing dose of asbestos to the RPM cells. In contrast, carbonyl
iron (a non-fibrous particle) also induced enhanced attachment, but at much lower levels and the effect
was not dose-dependent. Further analysisindicated that asbestos-induced adhesion is mediated by up-
regulation of IL-1p (but not dependent on TNF-« or nitric oxide production, although it is noted that
TNF-o independently increases attachment). Asbestos also induces increased expression of vascular cell
adhesion molecule (VCAM-1). The authors aso note that rat pleural leukocytes harvested from asbestos-
exposed rats also showed increased adhesion to in vitro RPM cells over leukocytes harvested from sham
exposed rats. Thus, asbestos appears to trigger aterations in these cells as well.

In arecent paper, Driscoll et a. (1997) reviewed the role of tumor necrosis factor alpha (TNF-«) in
mediating the inflammatory response to lung insult by particulate matter. The authorsindicate that
quartz, coal dust, crocidolite, and chrysotile are al potent inducers of TNF-« production. Titanium
dioxide (TiO,), corundum (aluminum oxide: Al,O,), and latex beads are not. Pulmonary macrophages
have been shown to secrete TNF-« in vivo in response to exposure to some of the dusts listed above
(including asbestos). Thisis also observed among macrophages from asbestosis patients.

The authors indicate that rats immunized against TNF-« show reduced recruitment of neutrophils, which
demonstrates that TNF-« isinvolved in the recruitment of inflammatory cells. TNF-o stimulates
macrophages, epithelial cells, endothelia cells, and fibroblasts to rel ease chemokines that include
adhesion molecules (Eselectin, ICAM, VCAM). Inflammatory cells then interact with such molecules
and migrate along gradients from vascular structures in the lung to the lung interstitium and even the lung
air spaces. It has also been shown that release of TNF-a: by macrophages is apparently dependent on
oxygen stress (i.e., exposure to ROS/RNS) that isinduced in pathways that require iron. Production of
TNF-o and other compounds that mediate the inflammatory response are regulated by the oxidant-
sensitive transcription factor NF-xp. This factor exists as a heterodimer in the cytoplasm in an inactive
form because it is bound to the inhibitory 1-kappaBalpha (1-xB«), which masks a nuclear translocation
signal. Appropriate stimulation of a cell induces phosphorylation of 1-xBea, which then marksit for
proteolytic degradation. Then, NF-xp translocates to the nucleus and induces transcription. The process
is stimulated by oxidants and inhibited by antioxidants.

In another review, Finkelstein et al. (1997) indicated that Type |1 epithelial cells and Clara cells (non-
ciliated bronchiolar epithelial cells) respond to and produce specific cytokines during the inflammatory
process. Early responses to particle challenge include increasesin mRNA and protein for IL-1p, IL-6,
and TNF-«. These are aso accompanied by changes in specific epithelial genes including those for
surfactant protein C and Clara cell secretory protein. The authors further indicate that these responses are
due to direct interaction with particles rather than a result of macrophage-derived mediators and they
suggest amore significant role for epithelial secretions in the overall pulmonary response than previously
suspected. Results also suggest that Type Il pneumocyte-derived growth factors may play a significant
role in the pathogenesis of pulmonary fibrosis.

Also in this paper, Finkelstein et al. (1997) report that intratracheal instillation of lipopolysaccharide (a
potent inflammatory agent) caused increases in both lavage fluid and plasma levels of TNF-« and IL-6.
Intrapleural injection induced primarily increasesin plasmalevels. The authors indicate that this suggests
that the observed cytokines are produced primarily at the site of injury. The authors further indicate that
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IL-6 is elevated in lavage fluids following exposure to Ni,S;, a suspected human carcinogen, but not
following exposure to TiO, or NiO. In vitro studies indicate that release of 1L-1f3 and TNF-« by Type I
cells occurred only following exposure to crocidolite or ultrafine TiO,, but not pigment grade TiO,. The
authors also indicate that protein C and Clara cell secretory protein were both expressed in their
respective source cells following exposure only to the fibrogenic of the above particles. They aso report
that crystalline silica has been shown to promote cytokine release and hypertrophy in Type Il cells.

Jagirdar et a. (1997) used immunohistochemistry in a study to show that all three isoforms of TGF-§
(1,2, and 3) are expressed in the fibrotic lesions of asbestosis and pleural fibrosis patients from the
Quebec mines, primarily by Type Il pneumocytes. The cases examined averaged 38 years of exposure to
the Quebec chrysotile. The authors aso indicate that the hyperplastic epithelium of silicosis patients also
show elevated expression of all threeisoforms. They further indicate from previous studies that
mesotheliomatumor cells frequently express TGF-p2 while the cells in the stroma of such tumors
frequently express TGF-p1. It isaso noted in this study that jun and fos are both transcription factors
that activate the TGF-B1 promoter.

Zhang et al. (1993) indicate that macrophages obtained in BAL fluid from idiopathic pulmonary fibrosis
(IPF) patients and asbestosis patients show significantly increased secretion of TNF-a and asbestosis
patients also showed significantly increased secretion of IL-13. Macrophages and monocytes obtained
from both kinds of patients also show elevated expression of mMRNA for these cytokines. Inanin vitro
part of this study, Zhang and coworkers, showed that chrysotile, crocidolite, amosite, and crystalline silica
al stimulated IL-1p and TNF-« release and up-regulated their respective mRNA in both macrophages and
monocytes. The authors aso report that these two cytokines have been shown to up-regulate collagen
Types| and 111 and fibronectin gene expression in human diploid lung fibroblasts after short-term, serum
free exposurein vitro.

Holian et al. (1997) exposed cultures of normal human alveolar macrophages (AM) (obtained by lavage)
to varying concentrations (up to 25 pg/ml) of short chrysotile, UICC crocidolite, ground silica,
wollastonite, and titanium dioxide to determine whether these materials cause a phenotypic shift in
macrophage populations by inducing selective apoptosis. The authors indicate that normal lungs contain:
40-50% RFD1+7+ suppressor AM, and 5-10% RFD1+ immune activator. In this study, the fibrogenic
subset of the particles tested (not wollastonite or titanium dioxide) increased the ratio of
activator/suppressor AM by afactor of 4 within afew hours and the effect was seen to increase with time.
The authors also note that fibrogenic particles decrease the abundance of RFD7+ AM (phagocytic), but
the consequences of this phenotypic shift are unclear.

The authors indicate that AM taken from fibrotic patients release a variety of proinflammatory mediators
capable of stimulating fibroblast proliferation and collagen synthesis. Even in the absence of evidence of
fibrosis, workers who have been heavily exposed to asbestos yield similarly activated AM. In contrast,
they aso note that, in vitro studiesin which AM are stimulated with fibrogenic particles, while such AM
are activated to release inflammatory cytokines, such releases are orders of magnitude less than that seen
from AM derived from fibrotic patients. The authors indicate that the apoptosis-driven phenotypic shift
in AM that isindicated by this study may explain the apparent discrepancy.

In apreviously described study, Timblin et al. (1998a), see Section 6.3.4.1, showed that crocidolite
asbestos and several cation substituted erionites all stimulate c-jun and c-fosin rat pleural mesothelial
cells, but to varying degrees depending on fiber chemistry. The effect also appears to be size dependent
as crocidolite, but not its non-fibrous analog riebeckite induces the effect.

In general, the kinds of signaling cascades that are potentially stimulated by exposure to asbestos are
important due to their potential to contribute to the promotion of cancer. Such pathways, for example,
may mediate proliferation or may suppress apoptosis. Alternately, they may mediate an inflammatory
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response that in turn may lead to proliferation or to production and release of other, mutagenic agents
(e.g., ROSor RNS). Pathways that facilitate development of fibrosis may aso contribute to cancer
promotion, given the apparent link between fibrosis and the development of lung cancer, which may
relate (among other possibilities) to inhibition of fiber clearance (Section 6.3.4.5).

The ERK-MAPK signaling pathway evaluated in multiple studies by Mossman and coworkers (Mossman
et al. 1997; Timblin et al. 1998a,b; Zanella et al. 1999) in rat pleural mesothelial (RPM) cellsisacasein
point (see above). These studies suggest that crocidolite stimulates the ERK-MAPK cascade through
interaction with the EGF receptor. This ultimately leads to transcription of mMRNA for c-fos. Crocidolite
has also been shown to induce c-jun (apparently through a separate mechanism) and the balance between
c-jun and c-fos has been implicated in guiding a cell toward either proliferation or apoptosis. Although
the direct connection between c-jun/c-fos and apoptosis has not been established, it is observed that
crocidolite induces substantial apoptosisin RPM cells at the same concentrations at which it induces
substantial expression of c-fosand c-jun. Thelink is also implied because inhibition of the ERK pathway
has been shown in some studies to inhibit asbestos-induced apoptosis. Na-erionite has also been shown to
induce c-fos at levels comparable or higher than crocidolite for comparable exposures (at least on a mass
basis) and induce c-jun at higher levels. However, it is not known whether Na-erionite and crocidolite act
viathe same pathways. Potentially due to the increased, relative expression of ¢-jun induced by
Na-erioinite, increased apoptosis is not observed in association with exposure to Na-erionite. However,
the link between increased c-jun expression and inhibition of apoptosis has not been demonstrated
explicitly.

Both crocidolite and Na-erionite were also shown by Mossman and coworkers to induce uptake of
bromodeoxyuridine (BrdU) by RPM cellsin these same experiments. Uptake of BrdU is an indicator of
DNA synthesis. Sinceit has also been shown that crocidolite is capable of damaging DNA via ROS and
other pathways (Sections 6.3.3) and both crocidolite and erionite are known to induce mesotheliomasin
any case, the balance between proliferation and apoptosisin this cell population that is struck by exposure
to these toxins may very well determine whether development of cancers are promoted or prevented. Of
course, both proliferation and apoptosis may also be mediated by other pathways independent of the ones
described here.

The problem is that the range of responses that are induced by asbestos in the lung are varied and
complex (see Table 6-5) so that it has not yet been possible to definitively identify the biochemical
triggers that lead to lung cancer or mesothelioma. It is even likely, for example, that different
mechanisms (or combinations of mechanisms) predominate under different exposure conditions or in
association with differing fiber types or particle sizes. Still, examination of the dependence of candidate
mechanisms on fiber type and particle size can be instructive, especialy to the degree that such
indications are consistent with observations in whole animal studies (see, for example, Section 6.2.2). For
the signaling cascade described above by Mossman and coworkers, for example, the effects attributable to
crocidolite are clearly dependent on fiber size because the non-fibrous analog to crocidolite, riebeckite
does not induce any of the effects. It also appears that the chemistry of the fibers is important, given the
observed differences in responses among the various, substituted erionites.

6.3.4.3 Asbestos-induced apoptosis

Apoptosis (programmed cell death) is generally triggered when a cell accumulates certain types of genetic
damage, when cell signaling cascades are triggered by external stimuli that may occur, for example, as
part of the need to maintain tissue homeostasis or to cause a phenotypic shift in response to toxic
challenge (see, for example, Holian et al. 1997, Section 6.3.4.2), or when a cell has completed a pre-
programmed number of divisions. Asbestos can induce apoptosisin avariety of cells by severa
mechanisms including primarily:
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1 by causing sufficient genetic damage to trigger apoptosis; or
1 by triggering asignal cascade that |eads to apoptosis.

As previously indicated, asbestos may trigger signaling cascades by interacting directly with receptors on
the cell surface, or by inducing production of intermediate species (such as ROS or RNS) that may in turn
induce cell signaling.

Some of the mechanisms by which asbestos may act to induce apoptosis may be fiber size- or type-
dependent. Also, responses may vary in different target tissues.

Fibers. Asindicated in Section 6.4.3.2, crocidolite (but not the non-fibrous anal og riebeckite) induces
apoptosisin hamster tracheal epithelial cells and rat pleural mesothelial cells when applied at non-
cytotoxic concentrations (Mossman et al. 1997). Results from the study also indicate that apoptosisis
triggered in this case by inducing an ERK-MAPK signaling cascade as a consequence of interaction with
EGF receptors on the cell surface. The interaction may be direct or may be caused by asbestos-induced
ROS. In arelated study (also previously summarized, Section 6.3.4.1), Timblin et al. (1998a) indicate
that the asbestos-induced apoptosis reported in the Mossman et al. (1997) work is fiber-type specific and
the pathway involved appears to stimulate expression of c-fos.

In astudy previously reported in greater detail (Section 6.3.4.1), Levresse et al. (1997) indicate that
chrysotile induces apoptosis in cultured rat pleural mesothelioma cells with the effect peaking at 4% at 72
hours following exposure to 10 ug/cm?.  Although the authors observed a much smaller effect with
crocidolite, they indicate that the difference islikely due to the much smaller number of long fibersin the
particular crocidolite sample evaluated.

Broaddus et al. (1997) indicates that crocidolite (not UICC), but not wollastonite, glass beads, or non-
fibrous riebeckite cause substantial apoptosisin rabbit pleural mesothelioma cellsin culturein a dose-
dependent fashion. The extent of apoptosisinduced was inhibited by treatment with catalase and by
3-minobenzamide (an inhibitor of poly(ADP-ribosyl) polymerase. The former indicates arole for ROS
mediation and the latter indicates that this enzyme, which mediates DNA repair, also mediates asbestos-
induced apoptosis (perhaps triggered by asbestos-induced DNA damage). Asbestos induced apoptosis
was also inhibited by treatment with desfeoxamine, but effects were restored by adding iron to the
medium. The authors note that in other studies, crocidolite has been shown to induce DNA strand breaks
within 2 hours after exposure and induces unscheduled DNA synthesis within 24 hours following
exposure. Asbestos also induces production of poly(ADP-ribosyl) polymerase.

Non-fibrous particles. Leigh et a. (1997) intratracheally instilled rats with silica (a non-fibrous particle)
at doses varying between 2 and 22 mg. They then collected cells by bronchio-alveolar lavage (BAL) 10
days after ingtillation. The authors observed large numbers of apoptotic cellsin BAL fluid and that the
number of such cells was dose-dependent. The dead cells were primarily neutrophils (so that this might
represent some type of mechanism to restore homeostasis). Engulfment of apoptotic cells by
macrophages was also observed. The authors report that, 56 days after instillation, apoptotic cells were
observed in granulomatous tissue within the lungs of rats exposed to silica. This suggests that apoptosis
may also occur in response to chronic inflammation. The authors conclude that silica induces apoptosis
among granulomatous cells and aveolar cells and that such apoptosis and the subsequent engulfment of
apoptotic cells by macrophages may play arole in the evolution of silica-related disease. The authors
also note that granuloma formation is a hyperplasia-related event.

At least some of the mechanisms suggested above for ashestos-induced apoptosis are dependent on fiber

size (the non-fibrous analog of crocidolite does not induce the effect) and dependent on the chemistry of
the fibersinvolved (various, cation-substituted analogs of erionite exhibit disparate ability to induce the
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effect). Although non-fibrous particles (such as crystalline silica) may also induce apoptosis, as
previously suggested, this may be through separate mechanisms from those responsible for asbestos-
related effects, even if the same endpoint results.

6.3.4.4 Asbestos-induced cytotoxicity

While there is ample evidence from various in vitro studies that asbestos is cytotoxic, such effects are
observed amost exclusively at the highest concentrations evaluated in an experiment (for example, Luster
and Simeonova [1998], Section 6.3.4.2 and Choe et al. [1999], Section 6.3.4.2). Many experiments are
conducted at concentrations below those for which cytotoxicity isimportant because the other toxic
effects attributabl e to asbestos occur at substantially lower exposure levels and researchers prefer to study
such effects in the absence of potentially confounding cytotoxicity. For in vitro studies, for example,
non-cyotoxic effects are typically studied at concentrations |ess than approximately 10 pg/cm? (or

20 pg/ml) while substantial cytotoxicity is not typically observed until exposure concentrations are
several times higher.

Because most of the other effects attributable to asbestos occur at concentrations that are substantially
lower, this begs the question as to whether frank cytotoxicity is an effect that is relevant to human
exposures. Thereis also substantial evidence that the mechanisms associated with asbestos-induced
cytotoxicity are separate from the mechanisms that mediate most of the other asbestos-related effects of
interest.

Kamp et al. (1993) dosed cultured pulmonary epithelia (PE) cells with UICC amosite asbestos. In some
studies, polymorphonuclear leukocytes (PMN) were also added to the culture. Typical dosesin this
experiment were on the order of 250 ug/cm?, which is quite high for these types of studies. For example,
compare this level with the levels reported for studies of ROS/RNS generation (Section 6.3.3), cell
signaling (Section 6.3.4.2), proliferation (Section 6.3.4.1) or apoptosis (Section 6.3.4.3).

Kamp and coworkers indicate that the effect of amosite exposure on cultured PE cells (at the
concentrations studied) was to induce substantial cell lysis (cytotoxicity) and little cell detachment (from
the culture medium), which would indicate increased cell motility. Addition of PMN to the culture
resulted in both increased cell lysis and cell detachment for comparabl e exposures to amosite. The
observed cell detachment was mitigated in a dose-dependent fashion by adding protease inhibitors.
Further work indicated that asbestos induces release of human neutrophil elastase (HNE), which may
mediate the combined effects with PMN. PE cell exposure to HNE alone causes increases in cell
detachment in a dose-dependent fashion. However, when combined with asbestos exposure, cell lysis
increases at the expense of cell detachment. The authors suggest that HNE becomes bound to asbestos,
which also becomes bound to PE cells and this facilitates augmented cytotoxicity by proteases that are
secreted by PMN'’s.

Blake et al. (1998) studied the effect of fiber size on the cytotoxicity of alveolar macrophagesin vitro.
Cultured cells were dosed with concentrations varying between 0 and 500 ug/ml of each of 5 different
length preparations of JM 100 glass fiber. Cytotoxicity was monitored by assays for extracellular LDH
and by chemiluminescence following zymosan addition. The latter assy is intended to show macrophage
stimulation. Results indicate that all samples showed dose-dependent increases in toxicity (i.e.,
increasing LDH and decreasing chemiluminescence). Comparing across samples, relatively long fibers
(mean=17 um) showed the greatest toxicity. The authors further indicate that microscopic examination
suggests that frustrated phagocytosis plays arole in cytotoxicity.

Goodglick and Kane (1990) studied the effect of three different length preparations of crocidolite (long,
short, and UICC) on dlicited macrophages (stimulated initially with thioglycolate) in vitro and in vivo.
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The long and short samples were reportedly prepared from the UICC sample by repeated centrifugation.
Goodglick and Kane (1990) report that all three types of crocidolite stimulated rel ease of ROS from
macrophages. At sufficiently high concentrations, al three also caused substantial cytotoxicity, although
apparently due to the longer time required to settle in culture, the full effects from short fibers take longer
to develop. They suggest that, on atotal fiber number or surface area basis, long and short crocidolite
appear to exhibit approximately equal potency toward the cytotoxicity of macrophages. Further work
with various inhibitors indicates that cytotoxicity is mediated by production of ROS and that ROS are
produced via an iron-dependent pathway. They also indicate that, among the effects of crocidolite
exposure is that macrophage mitochondrial membranes are depolarized.

Goodglick and Kane (1990) also evaluated the effects of long and short crocidolite in vivo. Thiswas
done by evaluating the effects of intraperitoneal injection of the various samples (long, short, or mixed
crocidolite or titanium dioxide particles) in C57B1/6 mice. Resultsindicate that a single injection of long
crocidolite (480 pg) induced an intense inflammatory response, leakage of albumin, and fibers observed
scattered across the diaphragm. In contrast, a single injection of short crocidolite (600 pg) induced only a
relatively mild inflammatory response and only limited clusters of fibers observed on the surface of the

diaphragm.

To test whether short fibers would show a greater response, if they were not cleared more readily than
long fibers, Goodglick and Kane (1990) also subjected miceto 5 consecutive, daily injections of 120 ug
of short crocidolite and noted more substantial aggregations of fiber clusters along the diaphragm as well
as amore pronounced inflammatory response. Cell injury was also assessed by Trypan blue staining
(which indicates cell death). All mice singly or multiply injected with mixed or long crocidolite showed
marked Trypan blue staining. Single injections of short structures showed only limited Trypan blue
staining. However, following 5 daily injections of short fibers, multiple Trypan blue stained cells were
observed on the diaphragm in the vicinity of the locations were clusters of fibers were also observed. The
authors also indicate (in contrast) that neither single injections of 160 or 800 ug nor 5 consecutive (160
ng) injections of titanium dioxide produced any Trypan blue staining.

The authors conclude from this study that both short and long crocidolite fibers appear to be cytotoxic to
macrophages while titanium dioxide particles are not (suggesting that not only fiber length, but fiber type
isimportant to cytotoxicity). They further suggest that, while short fibers tend to be cleared rapidly in
vivo, when such clearance mechanisms are overwhelmed (such as by repeated insult through repeated,
daily injectionsin this study), then the toxic effects of short structures becomes apparent. Asindicated in
other studies, however, there may be multiple mechanisms working to produce similar responses, that
such mechanisms may exhibit varying dose-response characteristics, and that cytotoxicity may not
generaly be directly related to mechanisms that contribute to carcinogenesis. Moreover, there almost
certainly are at least some longer fibers in the short fiber preparation and extended analysis to determine
their relative concentration with adequate precision would be helpful to see if the relative magnitude of
the observed effects correlate.

Palekar et al. (1979) studied the ability of four different samples of commingtonite-grunerite, each also
subjected to varying degrees of grinding, to induce hemolysis of mammalian erythrocytes and
cytotoxicity to Chinese hamster ovary (CHO) cells. The samples studied include: UICC amosite

(4.13 m?/g surface arealmass), which is denoted as “asbestiform grunerite; “ semi-asbestiform”
commingtonite (3.88 m%g); acicular commingtonite (ground to three particle sizes: 3.76, 2.45, and 0.82
m?/g), and acicular grunerite (2.82 m?g).

Results from this study indicate that amosite induced the greatest hemolysis of erythrocytes by far
(approximately 50%) while acicular, unground grunerite caused no hemolysis. However, grinding the
acicular grunerite to increasingly smaller particle sizes and greater surface area ultimately resultsin some
hemolysis. Both semi-asbestiform and acicular, unground commingtonite show hemolytic activity
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between amosite and unground, acicular grunerite and grinding acicular commingtonite also increased its
hemolytic activity.

Similar results were also observed for cytotoxicity. Amosite was by far the most cytotoxic and the effect
was dose-dependent. A dose of 0.05 mg/ml caused approximately 75% cell death for CHO cells. At 0.2
mg/ml, only 1% of cells survived. Acicular grunerite was nontoxic even at 0.5 mg/ml. With grinding,
acicular grunerite cytotoxicity increased, albeit only slowly. The most heavily ground sample killed
fewer than 25% of cellsat 0.2 mg/ml and killed only 65% at 0.5 mg/ml. The cytotoxicity of semi-
asbestiform commingtonite was substantially less than amosite, but greater even than ground, acicular
grunerite. For this material, 0.2 mg/ml killed approximately 65% of cellsand 0.5 mg/ml killed
approximately 90%. Interestingly, approximately the same dose-response curve for cytotoxicity was
observed for the 3.88 and 1.61 specific surface area samples of this material. The 1.21 samples was
somewhat less cytotoxic. Acicular commingtonite was somewhat |ess cytotoxic (for corresponding
doses) than semiasbestiform commingtonite at the highest specific surface area (3.76) and its toxicity
decreased with decreasing surface area.

The authors also indicate that neither surface charges on crystal particles nor Magnesium ion content
appear to correlate with biological activity. The authors conclude that the degree of “asbestiform”
character of amineral has adominant effect on biological activity. Moreover, athough non-fibrous
particles may aso be biologically active (and their activity increases with increasing specific surface
areq), the effects of particles and fibers lie along entirely separate dose-response curves. The biological
activity of fibrous materials does not appear to depend directly on specific surface area.

Importantly, the results of the Palekar et al. (1979) study are also consistent with the possibility that
fibrous structures within a specific range of sizes and shapes contribute strongly to biological activity
while largely non-fibrous particles act through a separate mechanism that depends primarily on total
surface area, but that particle-for-particle elicits a substantially lower overall response than the
mechanism by which fibers act. Such a scenario is supported by several studies. Jaurand (1997), for
example, indicate that ROS are implicated in the cytotoxicity of long, but not short fibers on tracheal
epithelia cells. Although the evidence for distinct mechanisms for fibers and particles discussed hereis
specific to cytotoxic and hemolytic effects, evidence in other studies suggest similar scenarios for other
toxic endpoints (potentially including endpoints that contribute to carcinogenicity).

Comparisons of the rate and extent of effects observed in epidemiology studies, whole animal dose-
response studies, and in vitro studies suggests that cytotoxicity may not be important to human exposures.
Unfortunately, however, there is currently insufficient information to compare doses and exposures across
these studies in amore quantitative fashion. Therefore, the importance of cytotoxicity to human asbestos
exposure cannot be definitively determined at thistime.

6.3.4.5 Association between fibrosis and carcinogenicity

The hypothesis that lung tumor induction is associated with the fibrosis has been examined by several
authors. There appears to be a debate as to whether fibrosis is a necessary precursor for development of
lung cancer (associated with exposure to fibers), whether the presence of fibrosisis an additional factor
contributing to increased risk for lung cancer, or whether the two diseases are largely unrelated. Thisis
an important consideration because the characteristics of the exposure-response relationship between
asbestos and lung cancer or asbestosis (fibrosis) apparently differ (Sections 6.3.6 and 6.4).

Based on animal studies, Davis and Cowie (1990) found that rats that developed pulmonary tumors

during inhalation experiments exhibited a significantly greater clinical degree of fibrosis than rats that did
not develop tumors. Furthermore, Davis and Cowie (1990) reported suggestive evidence that the
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pulmonary tumors that did develop in the dosed rats tended to develop within portions of the rat’s lungs
that were aready scarred by fibrosis.

As part of areview, Mossman and Churg (1998) indicate that fibrosis of any cause (including diffuse
idiopathic fibrosis) appears to be associated with an increased risk of lung cancer and that thisis observed
in both human and animal studies. They aso indicate that only those strains of mice and hamsters that
develop fibrotic lesions following exposure to crystalline silica show an increased risk of developing
cancer. They aso report that, in parallel to what is reported for asbestos by Davis and Cowie (1990), lung
tumors that develop following exposure to crystalline silicatend to occur primarily (if not exclusively) in
those portions of the lung where fibrotic lesions predominate.

In contrast, Case and Dufresne (1997) from their study of lung burdens among Quebec miners and millers
indicate that there is high overlap in the range of concentrations that lead to both lung cancer and
asbestosis and those that lead to lung cancer alone, which the authors suggest show alack of relationship
between the two diseases (one is not predictive of the other). The authors indicate that, based on
regression of the 111 cases they examined, the only indicator that reasonably tracks lung cancer is
severity of smoking and they indicate that thisis true despite the level of fiber content in the lung.

Although a definitive determination concerning the relationship between fibrosis (asbestosis) and lung
cancer cannot be developed at thistime, it does appear that there is some association between the two
diseases. Most likely, fibrosisis an additional risk factor for lung cancer and thus represents an additional
set of mechanisms that may contribute to the overall risk of developing lung cancer in association with
exposure to asbestos. However, based on the evidence as a whole, including the evidence that the
character of the dose-response relationship for lung cancer and asbestosis differ, it is not clear that
development of fibrosisis an absolute precursor that is required before asbestos-related lung tumors can
develop. Interestingly, based on the studies reviewed by Mossman and Churg (1998), the relationship
between fibrosis and lung cancer induced by silicamay be substantially stronger than that between
fibrosis and lung cancer induced by asbestos.

6.3.4.6 I nteraction between asbestos and smoking

Numerous studies have indicated a synergistic relationship between smoking and asbestos exposure
toward the induction of lung cancer (see, for example, Hammond et al. 1979; Kamp et al. 1992, 1998;
Mossman et a. 1996). Smoking is also suspected to facilitate development of asbestos-induced fibrosis
(Kamp et a. 1992). However, amore recent study (Liddell and Armstrong 2002) suggests a more
complicated relationship that is closer to additive than multiplicative (for amore detailed discussion of
this study, see Section 7.2.3). Therefore, discussion of a more complex interaction (which may not be
specifically synergistic) is addressed below.

Putative mechanisms that may contribute to an interaction between asbestos exposure and smoking
include:

facilitated transport of carcinogenic components of smoke that may be adsorbed on the
surface of asbestos fibers, which may then serve as vehicles to transport these materials
through cell membranes to cell interiors and even to locations adjacent to or within the
nucleus (see, for example, Fubini 1997; Mossman et al. 1996);

asbestos-catalyzed production of more highly mutagenic metabolites of the various
components of smoke, including benzo(a)pyrene (see, for example, Mossman et al.
1996);
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smoke-product induced inhibition of clearance of asbestos fibers and/or asbestos induced
inhibition of clearance of smoke products (see, for example, Mossman et al. 1996); and

smoke-product induced facilitation of uptake of asbestos by lung epithelium (see, for
example, Mossman et al. 1996).

Although much progress has been made at elucidating the nature of these mechanisms and other candidate
mechanisms, at thispoint in timeit is possible to indicate definitively neither what mechanisms are
important to any observed interaction between smoking and asbestos exposure nor to indicate the relative
magnitude of the contributions from such mechanisms. Moreover, adetailed review of such mechanisms
is beyond the scope of this document.

6.3.4.7 Conclusions concerning asbestos as a promoter

Thereis strong evidence that asbestos acts as a promoter for cancer. While this may primarily involve
mechanisms the contribute to the induction of proliferation, mechanisms associated with the an
interaction between smoking and exposure to asbestos (for the induction of lung cancer; smoking does not
appear to affect mesothelioma) are also important. There also appears to be an association between the
development of fibrosis and an increased risk for lung cancer.

Evidence indicates that multiple mechanisms may be involved with asbestos-induced cancer promation
and that such mechanisms may be complex and interacting. The different mechanisms also appear to
exhibit dose-response relationships with differing characteristics. While there are indications that the
most important among these mechanisms may be strong functions of fiber size (with long fibers
contributing most to the induction of disease), mechanisms that depend primarily on surface area or total
fiber (particle) number (for any size range) may also contribute to overall cancer promotion. Importantly,
these latter mechanisms also appear to be strongly associated with the composition of fibers (particles)
and may therefore contribute more substantially to the disease induction of agents that have been shown
to be particularly toxic (such as crystalline silica), as opposed to particles, fibers, or asbestosin general.

At thispoint in time, the available data may not be sufficient to distinguish among the relative
contributions from the various mechanisms to the overall promotion of cancer, at least in terms of the
mechanistic dataitself. Importantly, however, the mechanistic data should not be considered to be
inconsistent with the results from whole animal studies, where there are clearer indications that fiber size
plays amajor rolein carcinogenicity and fiber (particle) type is also important (see Sections 6.2 and 6.4).
Such studies indicate, for asbestos (and other biodurable fibers) that:

1 short fibers (less than somewhere between 5 and 10 um) do not appear to contribute to
disease;

potency likely increases regularly for fibers between 10 pm and aminimum of 20 um
(and, perhaps, continues to increase up to lengths of at least 40 pm); and

1 fiber type may be important primarily in determining biodurability.
They further indicate that particularly (or uniquely) toxic particles (such as crystalline silica) may act
through a different set of mechanisms that are not dependent on fiber length, but that induce toxic

endpoints paralleling those observed for asbestos.

Importantly, the mechanisms by which asbestos may act as a promoter appear to occur in cell lines that
may contribute both to the induction of lung cancer and mesothelioma.

6.108



6.3.5 Evidencethat AsbestosInducesan Inflammatory Response

There is ample evidence that asbestos induces an inflammatory response in pulmonary tissues and the
pleura (see, for example, Sections 6.2.2 and 6.3). Moreover, there appears to be multiple biochemical
triggers that mediate this response and various mechanisms may be fiber size- and/or fiber type-specific
(Table 6-5). Because the role that inflammation plays in the induction of cancer has been addressed
elsewhere (Sections 6.3.3 and 6.3.4), it is beyond the scope of this document to provide a detailed review
of the mechanisms that lead specifically to inflammation.

6.3.6 Evidencethat Asbestos Induces Fibrosis

Thereis ample evidence that asbestos induces fibrosis in pulmonary tissues (see, for example, Sections
6.2.2 and 6.3). Moreover, there appears to be multiple biochemical triggers that mediate this response
and various mechanisms may be fiber size- and/or fiber type-specific (Table 6-5). Because the role that
fibrosis plays in the induction of cancer has been addressed el sewhere (Sections 6.3.3 and 6.3.4), it is
beyond the scope of this document to provide a detailed review of the mechanisms that lead specifically
to fibrosis. Such mechanisms have also been the subject of recent reviews (see, for example, Mossman
and Churg 1998; Robledo and Mossman 1999).

6.3.7 Evidencethat Asbestos Mediates Changesin Epithelial Permeability

As previously indicated (Section 4.4), maintaining the overall integrity of the epithelial surface of the
lung is among the various functions of Type Il epithelial cells (Leikauf and Driscoll 1993). It has been
shown that asbestos induces changes in the morphology of Type Il epithelia cells (see, for example,
Ilgren and Chatfield 1998), which has the effect (among others) of increasing the overall permeability of
lung epithelial tissue to various macromolecules and, potentially to asbestos fibers themselves. The
former plays arole in asbestos-induced fibrosis (by allowing cytokines that stimulate fibroblast
proliferation or stimulate fibroblasts to generate extracellular matrix to pass through the epithelium and
reach the underlying fibroblasts, Section 6.3.6). The latter may be important to facilitating transport of
asbestos from the alveolar lumen to the interstitium (see, for example, Lippmann 1994).

Changesin epithelial permeability may be triggered by cytokines released from other cells or by the
action of asbestos fibers on epithelial cells directly. Moreover, some of the mechanisms that mediate this
response may be sensitiveto fiber size and/or fiber type. For example, Gross et al. (1994) showed that
monolayers of human bronchial epithelial cells cultured over a porous medium and exposed to
cryogenically ground chrysotile (average length: 1 um, average aspect ratio:14 at 15 pg/culture plate)
became permeabl e to fibrin breakdown products (FBP's). The cultures were grown over human serum
with labeled fibrinogen. Thiswas based on observed increased concentrations of FBP's (double in 24
hours) in the ablumenal chambers of exposed cells compared to cellsin control cultures. Because the
epithelium showed greater permeability to al concentrations, the increased concentrations were not due to
increased breakdown. The observed FDP flux was not vectoral, not saturable, and required neither
proteolytic processing nor active transport. Thus, asbestos increases the paracellular flux of intact FDP
across airway epithelium.

6.3.8 Conclusions Regarding the Biochemical Mechanisms of Asbestos-Related Diseases

That the specific biochemical triggers for asbestos-related diseases (particularly, the asbestos-related
cancers) have not been definitively delineated as of yet isnot surprising. The detailed interactions
between fibers (and particles) and the cells and tissues of the lung are complex and there are complex,
multiple, interacting mechanisms by which such interactions may contribute to disease. Despite great
progress in elucidating candidate mechanisms, the number of candidate mechanismsislarge and
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distinguishing among their relative contributions has been difficult. Thisis because, among other things,
the ability to compare results across studies of different mechanismsis currently limited due to the
inability to reconcile the quantitative effects of dose and response across dissimilar studies.

Nevertheless, a number of important implications can be gleaned from the available literature. First, it
appears that asbestos can function both as a cancer initiator and a promoter. It also appears that both the
initiation and promotion of cancer may occur through more than one mechanism.

Regarding cancer initiation, asbestos likely acts primarily through a mechanism involving interference
with mitosis. By this mechanism, asbestos fibers are phagocytized by target cells, migrate to perinuclear
locations, and interact with the spindle apparatus and other cell assemblages required to complete mitosis.
Thistends to result in aneuploidy and may cause various clastogenic effects. This mechanismisdriven
by long fibers; short fibers do not appear to contribute to the effect. It also appears that all asbestos fiber
types (and potentially other durable fibers with sufficient dimensions) cause genetic damage viathis
mechanisms. If there are effects due to fiber type, they appear only to play a secondary role.

Although there is a so evidence that asbestos may induce production of DNA adducts and DNA strand
breaks (through ROS and RNS mediated pathways), whether such adducts or breaks ultimately lead to
permanent, heritable changes to DNA remain to be demonstrated. The relative importance of ROS/RNS
mediated pathways for initiating cancer, compared to the pathway involving interference with mitosis,
also remains to be determined.

Thereis also some evidence that the relative importance of asbestos as a cancer initiator may differ in
different tissues. Lung epithelial cells, for example, appear to be relatively resistant to the mechanisms by
which asbestos may initiate cancer. Mesothelia cellsare not. Among several possibilities, this may be
due to the ability of proliferation-competent lung epithelial cells (Type Il cells) to undergo terminal
differentiation when challenged with certain toxins and thisis a pathway not available to mesothelial

cells.

The mechanisms by which asbestos may promote cancer primarily involve mechanisms that contribute to
the induction of proliferation, although mechanisms associated with an interaction between smoking and
exposure to asbestos to induce lung cancer are a'so important. There also appears to be an association
between the development of fibrosis (including asbestosis) and an increased risk of lung cancer.

Evidence indicates that multiple mechanisms may be involved with asbestos-induced cancer promation
and that such mechanisms may be complex and interacting. The different mechanisms also appear to
exhibit dose-response relationships with differing characteristics. While there are indications that the
most important of these may be strong functions of fiber size (with long fibers contributing the most to
carcinogenicity), mechanisms that depend primarily on surface area or total fiber number (for any size
range) may also contribute to overall cancer promotion. These latter mechanisms also appear to be
strongly associated with the composition of fibers and may therefore contribute more substantially to the
disease induction of agents that have been shown to be particularly toxic, as opposed to particles, fibers,
or asbestos in general.

Although crystalline silica may act to produce some of the same effects as asbestos (including
carcinogenicity), there is substantial evidence that this family of materials do not act through the same
pathways and that the characteristics of their respective dose-response relationships may differ. Thus, for
example, while asbestos likely induces cancer through mechanisms that favor long (and potentially thin)
fibers, silicamore likely acts through a mechanism that is dependent on total surface area, with freshly
and finely ground material likely being the most potent. In contrast, grinding asbestos fibers tends to
lesson its carcinogenicity overall. Dueto differencesin chemistry and crystallinity (reinforced by studies
indicating alack of correspondence in behavior), crystalline silica does not appear to be an appropriate

6.110



analog for any of the asbestos fiber types. Rather, for example, the appropriate non-fibrous analog for
crocidolite is riebeckite and the appropriate non-fibrous analog for chrysotile is antigorite or lizardite.

6.4 ANIMAL DOSE RESPONSE STUDIES

Ideally, human epidemiology studies (reviewed in Chapter 7) provide the best data from which to judge
the effects of asbestos in humans and from which to derive exposure-response factors for humans.
However, animal dose-response studies have proven useful for elucidating certain features of the
relationship between asbestos dose and response that cannot be adequately explored in the human studies,
primarily due to limitations in the manner that exposures were characterized in the human studies (see
Chapter 5).

Unlike human epidemiology studies, exposures in animal studies are controlled and better quantified.
Frequently, the characteristics (in terms of fiber size, shape, and type) of such exposures have also been
better quantified and this has allowed exploration of the effects that such characteristics (fiber size, shape,
type) have on disease response. Accordingly, an overview of animal dose-response studiesis provided in
this section. Both injection-implantation studies and inhalation studies are reviewed. Particular attention
isaso focused on a“supplemental” animal inhalation study that we conducted with the specific aim of
identifying the characteristics of asbestos that best relate to risk. The strengths and limitations of these
kinds of studies are described in Chapter 5.

6.4.1 Injection-Implantation Studies

Because the fibrous materials in injection and implantation studies are placed immediately against the
target tissue, the effects of processes associated with inhalation, retention, and transl ocation are avoided.
The only active mechanisms that need to be considered in these studies are those that occur directly in the
target tissue (including degradation, clearance, and biological responses of the types described in the
previous sections of this chapter). Fibrous materials placed against the tissue surface are subject to
dissolution, phagocytosis by macrophages, and phagocytosis by the cells of the target tissue. These
mechanisms are described in greater detail in Section 6.2. A range of biologic responses have also been
observed (described in Section 6.3).

Numerous researchers have performed these types of studies.

The Work of Stanton and Coworkers. Inaseries of studies, Stanton and coworkers (1972, 1977, 1981)
implanted fibrous materials and induced mesotheliomas in rats. In the studies, a pledgette composed of
coarse glass is loaded with hardened gelatin containing sample material and is surgically implanted
immediately against the left pleura of the rats. Control studies demonstrate that the coarse glass of the
pledgette does not induce significant tumors in the absence of other tumorigenic agents in the gelatin.

Although the mass dose of material implanted was the same for all experiments (40 mg), the observed
incidence of mesothelioma varied among samples. By characterizing the dimensions of fibrous structures
in the samples using a microscope, the researchers were able to explore the relationship between fiber size
and the incidence of mesothelioma. By studying awide range of fibrous materials, Stanton and his
coworkers concluded that the induction of mesotheliomais determined primarily by the physica
dimensions of fibers and that mineral composition is secondary. Further, potency appearsto increase
with the length and decrease with the diameter of fibrous structures. The researchers also concluded that
the incidence of malignant tumors correlates with the degree of fibrosis induced by the presence of the
fibrous materials. This does not necessarily imply, however, that fibrosisis a necessary step in the
induction of asbestos-induced tumors (see Section 6.3.4.5).
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Conclusions from the Stanton et a. (1972, 1977, 1981) studies indicating that mineralogy is not afactor
in biological response conflicts with evidence provided in Chapter 7 and implications gleaned from
mechanism studies presented in Section 6.3. However, the studies by Stanton and coworkers have been
shown to suffer from certain methodological limitations (Berman et al. 1995) so that results from these
studies should be considered more qualitative than quantitative.

Dueto limitations in the ability to produce samples composed of uniform fibers, quantitative relationships
between size and potency were explored by Stanton and coworkers using aregression analysis.

Structures longer than 8 pm with diameters less than 0.25 um or longer structures with diameters less than
1.5 um were found to represent the range of sizes that best correlate with carcinogenicity. It was further
stated that such correlations did not eliminate the possibility that other size ranges aso contribute to
potency, only that the two size ranges identified appear to correlate best. Samples that varied
significantly from the reported correlations were attributed to errors in the characterization of structure
size distributions in those samples. However, other methodological limitations might also have
contributed to the observed deviations or such “outliers” may also suggest evidence for amineralogical
effect that is similar to what is reported in other studies (see Section 6.3 and Berman et al. 1995).

The precision of estimates for the ranges of sizes that contribute to biological activity that are derived
from the Stanton and coworkers (1972, 1977, 1981) studiesis limited so that such estimates should also
be considered qualitative. Size distributions were determined by characterizing 200 to 1,000 structures
using TEM and there is no indication that statistically balanced counting rules were employed (Section
4.3). Under such conditions, counts of structures longer than 8 um are likely small and subject to large
uncertainties for most of the samples characterized. Confidence intervals are not provided for any of the
exposure val ues presented in these studies.

Potentially larger errorsin the studies by Stanton and coworkers could have been introduced by the
method employed to relate fiber counts to sample mass. Asindicated in Chapter 5, estimating
contributions to mass by sizing total particles and assuming that thisis proportional to total sample mass
is subject to error from the limit to the precision of characterizing structure dimensions (particularly
diameter) and by not accounting for nonasbestos (and possibly nonfibrous) material in the samples. Thus,
for example, there is no discussion of the precision with which the cut point of 8 um was determined in
these studies.

Re-analysis and Extension of the Stanton Studies. Several researchers have re-eval uated data from the
implantation studies to test additional hypotheses. Using the Stanton and coworkers (1972, 1977, 1981)
data, Bertrand and Pezerat (1980) examined the relationship between mesothelioma incidence and severa
characteristics not evaluated by Stanton and coworkers including: average fiber length, average fiber
diameter, average fiber aspect ratio, total fiber surface area and total fiber volume. Results from the
regression analysisindicate that potency varies directly with average length and inversely with average
diameter, but that neither parameter is a good indicator alone. Combining the effects of length and
diameter, average aspect ratio is highly correlated with potency. Biological activity does not correlate
highly with structure count, surface area or volume except when fiber sizes are restricted to the long, thin
structures that Stanton and coworkers defined. Results of this study are not inconsistent with those
originally presented by Stanton and coworkers except that they emphasize a set of characteristics that
relate parametrically to biological activity rather than expressing exposure as a single restricted size range
of structures.

Bertrand and Pezerat (1980) were able to find good correlations between response and specific "average”
characteristics of the samples that are not proportional to the quantity of the material present in the sample
("intensive" characteristics). Such intensive characteristics as average aspect ratio, average length, or
average diameter are properties that are independent of the mass of material in asample. Since response
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must be a function of the quantity of sample present, intensive characteristics should have to be multiplied
by characteristics that are proportional to the mass of a sample (e.g., fiber number, sample mass, or
sample volume) in order to relate them to response. Properties that vary with the mass of a sample are
termed "extensive" properties.

The correlations between intensive properties and response reported by Bertrand and Pezerat (1980)
likely succeed within the Stanton and coworkers (1972, 1977, 1981) database because a constant sample
mass (40 mg) was employed for all of the implantation experiments. However, to apply dose-response
relationships that are dependent only on intensive characteristics beyond the data presented by Stanton
and coworkers (where mass dose will not be constant), it is necessary to pair intensive characteristics with
extensive characteristics (such as mass or number of fibers per sample). Therefore, it isunclear how the
conclusions from this paper may be generalized to other data sets.

Inasimilar study, Bonneau et al. (1986) also examined parametric rel ationships between structure
characteristics and mesotheliomainduction. The paper examined specifically correlations between
carcinogenicity and dose in terms of two specific relationships. dose expressed as fibers longer than 8 pm
that are thinner than 0.25 pm (" Stanton” fibers) and dose expressed as mean aspect ratio. The researchers
conclude that mean aspect ratio provides an excellent indication of carcinogenicity for individual fiber
types, but that each fiber type must be treated separately. Poorer correlations are found for the
relationship between the concentration of " Stanton” fibers and mesothelioma, even when fiber types are
considered independently. Although these results appear to be consistent with findings reported from
mechanistic studies (Sections 6.2 and 6.3) in that they posit arole for fiber mineralogy, the relationships
evaluated by Bonneau et al. (1986) also suffer from the limitation of expressing dose only in terms of
intensive quantities, as discussed above. Direct comparison with other studiesis therefore difficult.

Following up on the reported problems of the studies by Stanton and coworkers in characterizing
crocidolite, Wylie et a. (1987) reanalyzed seven crocidolite samples originally studied by Stanton et al.
She and coworkers then used the new size distributions to reevaluate the " Stanton hypothesis® (that the
concentration of “ Stanton” fibersin a sample correlates with carcinogenicity). Wylie and coworkers note
that substantial deviations from the Stanton hypothesis occur for specific samples. They conclude that a
specific structure size range alone is not sufficient to characterize biological activity and that a parametric
relationship with other structure characteristics (potentialy including mineral type) may be necessary to
sufficiently describe biological activity.

Conclusions from the Wylie et al. (1987) paper must be interpreted carefully because the researchers
evaluated only the relationship between carcinogenicity and the single specific size range indicated
("Stanton” fibers). Thus, the possihility that improved correlations exist between biological activity and
different size ranges or a combination of size ranges cannot be ruled out. Qualitatively, conclusions
presented in this paper are not inconsistent with the conclusions reported by Stanton and coworkers
regarding the general relationship between response and fiber dimensions.

TheWylie et d. (1987) study appears to suffer from several methodological problems. These relate to the
manner in which the sample reanalysis was performed. The drop method for preparing electron
microscopy grids (used in this study) is not satisfactory for preparing grids. In fact, as reported in the
study itself, grids prepared as duplicates by this method were shown to be non-uniform at the 95%
confidence interval using a chi-sguare test. In addition, only 100 to 300 fibers were counted for each
sample. Sincethereisno indication that statistically balanced counting was performed, the uncertainty
associated with counts of “ Stanton” fibers may be substantial. Such errors would be further multiplied by
uncertainty introduced during the sizing of total particles to determine the number of fibers per unit mass.

In alater study, Wylie et al. (1993) examined the effect of width on fiber potency. In thislatter study,
results from animal injection and implantation studies were pooled and subjected to regression analyses to
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identify correlations between exposure and tumor incidence. The animal studies selected for inclusion in
this analysis were performed on avariety of tremolite samples exhibiting a range of morphological and
dimensional characteristics.

In their regression analyses, Wylie et a. (1993) evaluated a range of exposure indices that emphasize
different morphological or size characteristics to help elucidate the characteristics of asbestos that induce
abiological response. Because al of the animal studiesincluded in their analysesinvolved tremoalite,
mineralogy was hot an issue. Results from this study suggest that fibers longer than 5 um and thinner
than 1 pm best correlate with tumor incidence among the animal injection and implantation studies
examined. Further, they suggest that awidth limit, rather than alimit on aspect ratio, better reflects the
bounds of the asbestos characteristics that determine biological activity. They also suggest that complex
structures (bundles and clusters) need to be evaluated as part of the determination of exposure because
such structures can breakdown and contribute to the population of thinner fibers.

Although the results of the Wylie et al. study tend to support the general conclusions in this document
related to width, if not to length (see Section 6.5 and Appendix A), as the authors themselves indicate,
such results should be considered qualitative due to the limitations imposed on their study by the
methodology employed. Their study was conducted by:

1 combining results from multiple studies without careful consideration of variation
introduced by methodological differences across the studies;

employing asbestos concentrations determined by SEM and without careful consideration
of differencesin the counting methodol ogies employed by differing research groups
across studies; and

considering injection and implantation studies, which do not account for mechanisms
related to inhalation and deposition that affect the exposure-response relationship in
humans.

The limitations imposed by the above constraints are highlighted in Chapters 4 and 5 of this report.

Other Injection Studies. A series of injection studies were conducted by several research groups. In
these studies, fibrous materials were suspended in saline and injected into rats immediately adjacent either
to the pleura or peritoneum. A large number of fibrous materials have now been studied by this process,
as reported by: Bolton et al. (1982, 1984, 1986); Davis et al. (1985, 1986a,d, 1987, 19884); Muhle et al.
(1987); Pott et a. (1974, 1976, 1978, 1982, 1987); and Wagner et al. (1976, 1982, 1985). Newer studies
are also discussed in Section 6.2. Results confirm that it is the fibrous nature of the materials that is the
primary factor leading to the induction of tumors and that potency appears to depend directly on length
and inversely on diameter.

The authors of these studies tend to indicate that, except where fibers are not persistent in vivo, due to
solubility or other degradation processes, the mineralogy of the fibers appearsto play only a secondary
role in determining disease incidence. Researchers conducting injection experiments also tended to report
acorrelation between tumor incidence and the degree of fibrosisinduced by the sample. These
observations are consistent with the ideas originally articulated by Stanton.

Pott developed Stanton's ideas further by suggesting that carcinogenicity is a continuous function of fiber
dimensions, which decreases rapidly for lengths less than 10 um and also decreases with increasing
diameter. The possibility was also raised that the apparent inverse dependence on diameter may be an
artifact due to the limited number of thick fibers that can be injected in a sample of fixed mass.
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Although the published injection studies indicate that potency decreases with decreasing length,
researchersin these earlier studies were reluctant to identify alength below which contributions to
carcinogenicity can be considered inconsequential. This may be due in part to the skewed distribution of
fiber sizestypical of asbestos dusts. Thus, for example, even if structures lessthan 5 um are only 1% as
potent as structures longer than 5 pm, they may be as much as 100 times as plentiful in some asbestos
dusts, so that the total contribution to potency would be equal for both size fractions.

Reasonabl e dose-response curves have been generated using various sample masses of a single materia in
some of these studies. This has been demonstrated for UICC crocidolite and UICC chrysotile"A"

(Bolton 1984). Resultsindicate that the relationship between tumor incidence and the log of the dose
may be linear and there is no effective threshold. A consistent difference between the two dustsis
apparent; the points lie along separate curves and chrysotile appears to be more potent per unit sample
mass.

In general, the analytical techniques used for quantifying size distributions in these studies are not fully
documented. To the extent that they are, it appears that similar approaches were adopted to those
described for the implantation studies above. Consequently, similar limitations apply to the interpretation
of results. Briefly, large uncertainties are likely associated with counts of long fibers and estimates of the
number of fibers per unit sample mass. Countsin several of the studies also suffer from limitationsin the
ability of SEM or PCM to detect thin fibers (Section 4.3); whenever SEM or PCM was employed, the
thinner fibers were likely under-represented in reported fiber size distributions.

Because samples are placed against mesenchyme in the published implantation and injection studies,
results of these studies most directly represent processes associated with the induction of mesothelioma.
Assuming, however, that clearance and degradation processes are similar in the deep lung, once afiber
reaches atarget tissue, results from the implantation and injection studies may also provide amodel of
biological response in lung tissue and the factors that lead to the induction of pulmonary tumors. Such a
model must be considered qualitative at best, however, because it has been shown that the mechanisms of
tissue response to the presence of asbestos in lung parenchyma and in the mesenchyme differ in detail
(Section 6.3). Thetime periods over which the various clearance mechanisms operate in the deep lung
and the mesenchyme also differ (Section 6.2), although, it is apparent that the general nature of the
clearance and degradation processes in the two tissue types are generally similar.

6.4.2 Animal Inhalation Studies

Animal inhalation studies measure response to exposure in controlled systems that model most of the
relevant variables associated with asbestos disease mechanisms in humans (including respirability,
retention, degradation, clearance, translocation, and tissue-specific response). Thus, the available
inhalation studies are the best database from which to evaluate the integrated effects that lead to the
development of asbestos-related disease. Such studies can be used both to identify the characteristics of
asbestos that determine biological activity and to qualitatively elucidate the nature of the corresponding
relationship between exposure viainhalation and the induction of disease.

In this section, the existing animal inhalation studies are reviewed. In the following section, a project
undertaken to overcome the limitations of the existing animal inhalation studiesis described (the
supplemental inhalation study). Because this latter project was specifically designed to support the risk
protocol presented in this document, the nature and results of this project are described in detail.

The existing animal inhalation database consists of approximately 30 studies of which approximately 20

contain dose-response information based on lifetime monitoring of exposed animals, including the work
by: Bellman et al. (1986, 1995); Bolton et al. (1982); Davis et al. (1978, 1980, 1985, 1986a,d, 1988a,b);
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Goldstein et al. (1983); Le Bouffant et al. (1987); Leeet a. (1981); McConnell et a. (1982); Muhle et al.
(1987); Platek et al. (1985); Smith et al. (1987); and Wagner et al. (1974, 1982, 1985, 1987). The studies
are similar in overall design, although differences in experimental details potentialy affect the
comparability of results from separate studies.

In the inhalation studies, plugs formed from bulk samples of fibrous asbestos and related materials are
placed in adust generator and aerosolized. The generators (Beckett 1975), usualy a modified version of
the apparatus originally designed by Timbrell et a. (1968), consist of arotating brush that sweeps over an
advancing plug of bulk material and liberates fibers that are entrained in the controlled air flow passing
through the device. The airborne dust is then passed either into a delivery system for nose-only exposure
or into an exposure chamber where animals are kept for fixed periods of time (usualy 7 hours per day) on
aweekly routine (typically 5 days per week). The exposure routine is continued for aslong as 2 yearsin
some of the studies. In some, but not all of the studies, fiber-containing air is passed through a cyclone or
elutriator prior to the exposure chamber so that exposure consists primarily of particle sizes within the
respirable range.

Asbestos concentrations in the animal inhal ation experiments are monitored by a combination of
techniques. The concentration of total dust in the chamber is generally monitored gravimetrically.
Simultaneously, membrane filter samples are collected and fibers counted by PCM. The quotient of these
two measurements yields the number of (PCM) fibers per unit mass of dust (Section 4.3). The
distribution of fiber sizes within the dusts introduced into the animal exposure chambers may also be
determined in these studies by any of avariety of methods. Asindicated previously (Section 4.3),
however, the utility of such measurements depends on the precise manner in which they are derived.

To derive fiber size distributions, dust samples from these studies have generally been collected on
polycarbonate filters for analysis by SEM. However, such distributions suffer both from the limitations
of SEM (Section 4.3) and from the manner in which they are tied to the inhalation experiments (see
Chapter 5).

Theoretically, the dose of any fiber size fraction can be estimated in a two-step process. The procedure
incorporates consideration of a size fraction termed the PCM-equivalent fraction (PCME), which isthe
fraction of structures measured by SEM (or TEM) that correspond to the size range of structures known to
be visible and therefore countable by PCM. First, the concentration of the PCM-equivalent fraction of the
fiber size distribution (measured by SEM) is normalized by dividing its value by the PCM-measured
concentration per unit dust mass observed in the inhalation experiment. Thisratio isthen multiplied by
the fractional concentration of any specified size range of interest within the distribution (measured by
SEM) to determine the exposure level for that size fraction. However, because bivariate (length by
diameter) size distributions have not typically been developed in the available studies and because the
number of total fiberslonger than 5 um observed by SEM (without adjustment for width) does not
correspond to the number of total fibers longer than 5 pm observed by PCM, it is not possible to derive a
true PCME fraction from the SEM data. Therefore, the theoretical approach described above for
estimating exposure to specific size fractions cannot generally be applied in the existing studies.

Note that SEM analyses are typically conducted on limited dust samples only to provide information on
size distributions. SEM is not used routinely to monitor daily asbestos concentrations in these
experiments. Therefore a procedure like that described above is required to link the absolute
concentrations to which rats are exposed to the measured and relative size distributions that are
determined by SEM.

Asindicated above, the data within the published animal inhal ation studies are further constrained by the
limitations of the analytical methods employed to generate the data (Section 4.3). Comparison of data
between studiesis also hindered by the lack of sufficient documentation to indicate the specific methods
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and procedures employed in each study. Frequently, for example, it is unclear whether respirable dusts or
total dusts have been monitored. Also, several studiesfail to report one or both of two critical pieces of
information: fiber-number-to-mass conversion factors and fiber size distributions. In addition, few
studies indicate the precise counting rules employed for generating size distributions.

When structure-number-to-mass conversion factors are provided, unless the conversion factor is derived
by counting fibersin a specific size range in a known mass of sample, and fiber concentrationsin other
size ranges are normalized to this count, several types of error may beintroduced. For example, if total
sample mass is assumed proportional to calculated mass derived from volume characterizations of the
particles counted, unless isometric particles are sized along with fibers and both asbestos and nonasbestos
particles are included in the count, a bias will be introduced in the conversion factor because total sample
mass will have been under-represented to the extent that such particles are ignored in the estimation of
fiber mass. Even if such particles are included, significant uncertainty may result from estimating the
volumes of irregular particles and the limited precision associated with the count of the largest particles
(due to their limited number). The uncertainty in the measurement of afiber's diameter is squared in
contributing to the uncertainty associated with a mass estimate.

Among reported variations in study design, differences in the detailed design and operation of the
aerosolization chamber and the frequency and duration of exposure also potentially contribute to variation
in results between studies. Also, use of differing animal strains and species across the various studies
suggest the possibility that physiological differences may contribute to the observed variation in study
results. Such differences are discussed further in Chapter 5.

A small subset of the asbestos dusts evaluated in the animal inhalation studies have been analyzed by
TEM. However, even the published fiber size distributions from these TEM studies are subject to
variation from differences in procedures used for sample preparation, from differences in counting rules,
and from precision limitations due to the limited number of fibers actually characterized (Section 4.3).
This latter limitation particularly affects the precision with which longer fibers are counted.

Although fiber-size distributions are primarily based on SEM analyses rather than TEM analysesin the
existing animal inhalation studies, results generally echo the results of the injection and implantation
studies. Thus, longer fibrous structures are observed to contribute most to asbestos biological activity, at
least qualitatively. For example, dusts containing predominantly long amosite or long chrysotile fibers
induce far more pulmonary tumors than samples containing predominantly short structures (Davis et al.
1986a,b). However, dusts evaluated in the existing inhalation experiments have not been characterized
sufficiently to distinguish the dependence of biological activity on fiber diameter. Neither are the existing
studies sufficient to evaluate the importance of mineralogy (or other potentially important asbestos
characteristics) in determining risk.

6.4.3 Supplemental Inhalation Study

Given the problems with the existing animal inhalation studies, a project was undertaken to overcome
some of the attendant limitations (Berman et al. 1995). To control for effects from variation in study
design and execution (including choice of animal strain, animal handling procedures, equipment design,
sample handling procedures, dosing regimen, and pathology protocols), the project focused on a set of
studies generated from a single laboratory (i.e., the studies published by Davis and coworkers).
Ultimately, the results from six studies covering nine different asbestos samples (including four types of
asbestos with samples exhibiting multiple size distributions for two asbestos types) and a total of 13
separate experiments (some samples were studied at multiple exposure levels or in duplicate runs) were
pooled for analysis. The database of experiments employed in the project is described in Table 6-7.
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To overcome the limitations in the Davis et al. studies associated with the characterization of asbestos
itself, the dusts studied in the thirteen experiments listed in Table 6-7 were regenerated by the same group
who performed the original studies, from the same starting materials, using the same equipment, and
reproducing the same conditions under which the original studies were conducted. Samples of the
regenerated dusts were then collected and analyzed by TEM using a modified version of the Superfund
air method (Chatfield and Berman 1990) to generate bi-variate size distributions that also include detailed
characterization of the shapes and complexity of fibrous structures observed.

The total mass concentration of the regenerated dusts and fiber measurements by PCM were also
collected to provide the data required to link size distributions in the regenerated dusts to absolute
structure concentrationsin the original inhalation experiments. The manner in which such calculations
are performed has been published (Berman et al. 1995).

The concentration estimates (for asbestos structures exhibiting a range of characteristics of interest) that
were derived from the TEM analyses of the regenerated dusts were then combined with the tumor
response data from the set of inhalation experiments listed in Table 6-7 and a statistical analysis was
completed to determine if a measure of asbestos exposure could be identified that satisfactorily predicts
the lung tumor incidence observed. A more limited analysis was also performed to address
mesothelioma; the small number of mesotheliomas observed Davis et al. studies constrained the types of
analyses that could be completed for this disease. The detailed procedures employed in this analysis and
the results from the first part of the study have been published (Berman et al. 1995). These are
summarized below along with results from the parts of the study that remain to be published.
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Table6-7. Summary Data for Animal Inhalation Experiments Conducted by Davis and Cowor ker s*°

Number of  Number of Total

Mass Number Benign Malignant ~ Number of Meso-
Fiber Concentration PCM of Pulmonary  Pulmonary  Pulmonary  theli-
Type Description Abbreviations (mg/m3) fiml Animals Tumors Tumors Tumors omas Reference
Chrysotile  UICC-A uc 2 390 42 6 2 8 1 Daviset a. 1978
Chrysotile  UICC-A uc 10 1,950 40 7 8 15 0 Daviset a. 1978
Chrysotile  Long LC 10 5,510 40 8 12 20 3 Daviset a. 1988a
Chrysotile  Short SC 10 1,170 40 1 6 7 1 Daviset al. 1988a
Chrysotile  UICC-A uc 9.9 2,560 36 6 8 14 0 Daviset a. 1988b
Chrysotile  UICC-A (Discharged)° DC 9.9 2,670 39 4 6 10 1 Daviset a. 1988b
Chrysotile ~ WDC Yarn® wcC 3.6 679 41 5 13 18 0 Daviset a. 1986b
Amosite uUiCcC UA 10 550 43 2 0 2 0 Daviset a. 1978
Amosite Long LA 10 2,060 40 3 8 11 3 Daviset a. 1986a
Amosite Short SA 10 70 42 0 0 0 1 Daviset a. 1986a
Crocidolite  UICC UR 4.9 430 43 2 0 2 1 Daviset a. 1978
Crocidolite  UICC UR 10 860 40 1 0 1 0 Daviset a. 1978
Tremolite Korean KT 10 1,600 39 2 16 18 2 Daviset al. 1985
None Control C 0 20 0 0 0 0 Daviset a. 1978
None Control C 0 36 0 0 0 0 Daviset a. 1985
None Control C 0 61 1 1 2 0 Daviset a. 1986a
None Control C 0 64 1 1 2 0 Daviset al. 1986b
None Control C 0 47 1 1 2 0 Daviset a. 1988a

aSource: Berman et a. 1995

PExposure occurred for 7 hours per day, 5 days per week for 1 year.

“UICC-A chrysotile in this experiment was treated with mixed polarity air (produced with a source of beta radiation) following generation to reduce the surface charge on
individua particles within the dust.

dChrysotile samples used for dust generation in this experiment were obtained from material treated by a commercial wet dispersion source.
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In the statistical analysis performed in this study, the individual dose-response profiles from each
of the two data sets were fit to alinear dose-response model:

P=1-exp(-Q,- b Y,;3x;) (Eq. 6-7)
where:
"P" isthe probability of inducing pulmonary tumors observed in the "ith" study;

"Q," isaparameter that accounts for the background incidence of pulmonary tumors
(assumed to be the samein all studies);

"x;"  isthe concentration of the "jth" size fraction of fibersin the "ith" study;
isthe coefficient of potency for the "jth" size fraction of fibers; and

"b"  isacoefficient that represents the absolute potency of asbestos. 1n some analyses
this coefficient is allowed to assume different values for different types of
asbestos (e.g., chrysotile vs. amphibole), or other differencesin experimental
conditions.

The"ga"sinthis analysis are constrained to be positive because it is assumed that no fiber
prevents cancer. The "g"s are also constrained to sum to 1.0, which means that they represent
relative potency rather than absolute potency. Asbestos size fractions evaluated represent
digoint (mutually exclusive) sets.

The model (Equation 6-7) allows separate potency coefficients to be assigned to individual size
fractions in a dose-response relationship that depends on multiple size fractions.
Simultaneously, the "b" coefficients allows separate potencies to be assigned to different fiber
types or to results from different studies performed under different experimental conditions.

Several investigators (Bertrand and Pezerat 1980; Bonneau et al. 1986; Stanton et al. 1977;
Wylie et al. 1987) have used alogit curve to investigate the dose-response relating various
measures of asbestos exposure to tumor response. The logit formula specifies that the tumor
probabilities satisfy the relation:

log[P/(1-P)]=a+ b-log x (Eq. 6-8)

where log x is some measure of asbestos exposure, such aslog of concentration of fibersin some
sizerange. In some instances, the logit model was expanded by replacing b-log x with aterm
representing alinear combination of exposure indices, so that multiple exposure indices could be
explored simultaneously. The models were fit using standard linear regression based on normal
theory.
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An equivalent form for the logit model is:
P=e’"/(1 + &) (Eq. 6-9)

Written in thisform, it is clear that this model does not permit a background response (i.e., P=0,
whenever x=0). Thisisnot a serious limitation when there are no tumors in control animals,
such as was the case in Stanton et al. (1977). However, the model will not adequately fit datain
which tumors are found in control animals. This was one reason for adopting the linear model
(Equation 6-7) used in the investigation of the animal data reported in the study described here.

There is no evidence from this study that the linear model isinadequate. For casesin this study
in which the fit between exposure and response is shown to be inadequate, the lack of fitis
typically observed to be due to an inconsistent (non-monotonic) dose-response curve so that
there is no indication that a non-linear model, such as the logit, would provide a better fit.

The linear model (Equation 6-7) used in this study was fit using a maximum likelihood (Cox and
Lindley 1974) approach that utilizes the actual underlying binomial probabilities. Thisisamore
efficient estimation method than use of regression methods based on normal theory, which was
the fitting method used in the earlier studies (described above). In addition, the regression
procedures applied in the earlier studies indicate only whether the exposure measures that were
studied are significantly correlated with tumor response. In contrast, statistical goodness of fit
tests were applied in this study to determine whether exposures that are described by a particular
characteristic (or combination of characteristics) satisfactorily predict the observed tumor
incidence. Toiillustrate, it is apparent from Text Figure 2 of Stanton et al. (1981) that the
exposure measure they identify as being most highly correlated with tumor incidence (fibers
longer than 8 um and thinner than 0.25 um) does not provide an acceptabl e fit to the observed
tumor incidence. Similarly, although all of the univariate exposure measures listed in Table 2 of
Berman et al. (1995) are highly correlated with tumor incidence, none of them adequately
describe (fit) lung tumor incidence.

To test for goodness-of-fit in this study, each relationship was subjected to a chi-square
goodness-of -fit test in which the fit of the model was rejected if the corresponding p-value was
less than 0.05, indicating that the true model would provide aworse fit only 5% of the time.
Among models that were not rejected based on a goodness-of-fit test, several hypotheses
concerning the relative merit of the various models were also examined using the method of
maximum likelihood (Cox and Lindley 1974).

An example of an adequate fit to the tumor response data is provided in Figure 6-5 (Figure 3 of
Berman et al. 1995). Note that Figures 2 and 3 of the original paper were inadvertently switched
during publication; the correct Figure 3 is reproduced here. The exposure index plotted in
Figure 6-5 is the sum:

Exposure=a, x;; + & X, + & X;3=0.0017C, + 0.853C, + 0.145C, (Eq. 6-10)

6.121



Figure 6-5. Fit of Model. Tumor Incidencevs. Structure Concentration by TEM
(Length Categories 540 pm, >40pm, Width Categories: <0.3 um and >5 pm)
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1] C3"

(= x;,) isthe concentration of structures between 5 and 40 pm in length that are
thinner than 0.3 um;

(= X;,) isthe concentration of structures longer than 40 pm that are thinner than
0.3 um; and

(= x;3) isthe concentration of structures longer than 40 um that are thicker than 5
pwm.

Thisindex of exposure represents one of the optimum indices reported in Berman et a. 1995.

Asisclear from the figure, when exposure is expressed in the manner described above, the
tumor responses observed in the 13 separate experiments that were evaluated increase
monotonically with increasing exposure. It is also apparent that the data points representing
each study fall reasonably close to the line representing the optimized model for this exposure
index. Thiswas verified by the fact that the corresponding goodness-of -fit test p-value was
greater than 0.05. Thus, exposure adequately predicts response.

Results obtained from completing more than 200 statistical analyses to determine whether
various measures of asbestos exposure adequately predict lung tumor response (Berman et al.
1995) indicate that:

neither total dust mass nor fiber concentrations determined by PCM adequately
predict lung tumor incidence;

no univariate measure of exposure (i.e., exposure represented by the
concentration of asingle size category of structures as measured by TEM) was
found to adequately predict lung tumor incidence. Of the univariate measures of
exposure examined, the concentration of total structureslonger than 20 pm
provides the best fit (although still inadequate); and

lung tumor incidence can be adequately predicted with measures of exposure
representing aweighted sum of size categoriesin which longer structures are
assigned greater potency than shorter structures.

The set of analyses completed in support of thiswork are summarized in Appendix C.

One example of an exposure measure that adequately describes lung tumor incidenceis
presented in Figure 6-5. Another exposure index shown to provide an adequate fit is:

0.0024C, + 0.9976C, (Eq. 6-11)
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where:
[13 CaH

143 Cb”

is the concentration of structures between 5 and 40 pm in length that are thinner
than 0.4 um; and

is the concentration of structures longer than 40 um that are thinner than 0.4 um.

The fit of thisindex is depicted in Figure 6-6.

In addition to the above, a series of hypotheses tests were also conducted to test such questions
as. whether fiber type affects potency or whether the component fibers in complex clusters and
matrices should be counted individually. Questions concerning whether mesothelioma incidence
can be adequately described by the same measure(s) of exposure that describe lung tumor
incidence were also addressed. Taken as awhole, the results presented in Berman et a. (1995)
support the following general conclusions:

structures contributing to lung tumor incidence are thin (<0.5 um) and long (>5
pum) with structures longer than 20 um being the most potent;

the best estimate is that short structures (<5 upm) are non-potent. Thereisno
evidence from this study that these structures contribute anything to risk;

among long structures, those shorter than 40 pm appear individually to contribute
no more than a few percent of the potency of the structures longer than 40 pm;

lung tumor incidence is best predicted by measurements in which the component
fibers and bundles of complex structures are individually counted;

at least for lung tumor induction in rats, the best estimate is that chrysotile and the
amphiboles are equipotent;

for equivalent size and shape structures, amphiboles are more potent toward the
induction of mesothelioma than chrysotile; and

after adjusting for the relative potencies of fiber type, the size categories that

contribute to lung tumor incidence appear also to adequately describe
mesotheliomaincidence.
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A number of supplemental analyses were also conducted, primarily to identify optimal
procedures for performing asbestos analysis and for estimating concentrations. These analyses
have not yet been published, but they are included in the summariesin Appendix C. The most
important results of the supplemental analyses are that:

1 tumor incidence can only be adequately fit by data derived from TEM analysis of
samples prepared by a direct transfer procedure. Measurements derived from
indirectly prepared samples could not be fit to lung tumor incidence in any
coherent fashion; and

it was not possible to identify an exposure measure in which potency is expressed
in terms of a single, continuous function of structure length.

Regarding the last point, athough we were not able to identify a continuous function of length
that provides an adequate fit to the tumor incidence data, the general results from the above
analysis are not inconsistent with the hypothesis that potency is a continuous function of length
(i.e., the Pott hypothesis, Pott 1982). The Pott hypothesis suggests that relative potency islow
for short fibers, rises rapidly over an intermediate range of length, and approaches a constant for
the longest fibers.

6.4.4 Conclusions Concerning Animal Dose-Response Studies
Results from our evaluation of the animal dose-response data for asbestos (including the existing
injection/implantation studies, the existing inhal ation studies, and our supplemental study)

indicate that:

1 short structures (less than somewhere between 5 and 10 um in length) do not
appear to contribute to cancer risk;

beyond afixed, minimum length, potency increases with increasing length, at
least up to alength of 20 um (and possibly up to alength of as much as 40 pm);

the majority of structures that contribute to cancer risk are thin with diameters
less than 0.5 um and the most potent structures may be even thinner. Infact, it
appears that the structures that are most potent are substantially thinner than the
upper limit defined by respirability;

identifiable components (fibers and bundles) of complex structures (clusters and
matrices) that exhibit the requisite size range may contribute to overall cancer risk
because such structures likely disaggregate in the lung. Therefore, such structures
should be individually enumerated when analyzing to determine the concentration
of asbestos;

for asbestos analyses to adequately represent biological activity, samples need to
be prepared by a direct-transfer procedure; and
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1 based on animal dose-response studies alone, fiber type (i.e., fiber mineralogy)
appears to impart only a modest effect on cancer risk (at |east among the various
asbestos types).

Regarding the last of the above bullets, that only a modest effect of fiber mineralogy was
observed in the available animal dose-response studies (when large effects are observed among
human studies, Chapter 7), may be due at least in part to the limited lifetime of the rat relative to
the biodurability of the asbestos fiber types evaluated in these studies, although it is also possible
that different mechanisms drive the effects observed in the animal studies than those that
dominate for asbestos-induced cancersin humans and that such mechanisms depend more
strongly on mineralogy. Other explanations are also possible. Issues relating to both fiber
mineralogy and fiber size are addressed further in Section 6.5 and Chapter 7.

6.5 CONCLUSIONSFROM AN EVALUATION OF SUPPORTING STUDIES

Although gaps in knowledge remain, areview of the literature addressing the health-rel ated
effects of asbestos (and related materials) provides a generally consistent picture of the
relationship between asbestos exposure and the induction of lung cancer and mesothelioma.
Therefore, the general characteristics of asbestos exposure that drive the induction of cancer can
be inferred from the existing studies and can be applied to define appropriate procedures for
evaluating asbestos-related risk. Furthermore, although it would be helpful to definitively
identify the underlying biochemical triggers and associated mechanisms that drive asbestos-
induced cancer, thisis not an absolute prerequisite for the development of a technically sound
protocol for assessing asbestos-related risk.

As previoudly indicated (Sections 6.3.8), the biochemical mechanisms that potentially contribute
to the induction of asbestos-induced cancer are complex and varied. Moreover, different
mechanisms appear to exhibit differing dose-response characteristics (i.e., the various
mechanisms do not all show the same kind of dependence on fiber size or fiber type). Some
mechanisms, for example, suggest that fiber length isimportant and that only structures that are
sufficiently long induce aresponse. In contrast, other mechanisms suggest that fibers (and even
non-fibrous particles) may all contribute to response and that the magnitude of the responseisa
function of the total surface area of the offending fibers (or particles). Among these
mechanisms, additionally, some suggest that fiber type (i.e., mineralogy) is not an important
determinant of potency while other mechanisms indicate that fiber type is an important
determinant of potency.

The existing studies are not currently adequate to support definitive identification of the specific
mechanisms that drive the induction of asbestos-related cancer (versus other mechanisms that
may contribute only modestly or not at all). However, whatever mechanismsin fact contribute
to the induction of disease, they must be consistent with the gross characteristics of exposure that
are observed to predict response in the available whole-animal dose-response studies and human
epidemiology studies. Therefore, the implications from these latter studies regarding the
dependence of asbestos-induced cancers on fiber size and type are reviewed here in some detail.
Further, in Chapter 8, they are used to support development of a protocol for evaluating
asbestos-associated risks.
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Fiber Length. Fiberslessthan a minimum length between 5 and 10 um do not appear to
contribute to risk. Thisis supported both by the results of our re-analysis of the animal
inhalation studies conducted by Davis and coworkers (Section 6.4.3 and Berman et a. 1995), in
which this hypothesis was tested formally, and by inferences from the broader literature. As
long as fiber size is adequately characterized, the animal inhalation studies (Section 6.4.2) and
injection/implantation (Section 6.4.1) studies consistently indicate lack of ability of short
structures to contribute to the induction of cancer. Furthermore, animal retention studies
(Section 6.2.1) and histopathology studies (Section 6.2.2) provide strong mechanistic evidence
that explains the lack of potency for short structures; they are readily cleared from the respiratory
tract. Even when sequestered in large numbers in macrophages within the lung, thereislittle
indication that such structures induce the kinds of tissue damage and related mechanisms that
appear to be closely associated with the induction of cancer.

Although there are mechanism studies that may suggest arole for short fibersin the induction of
asbestos-rel ated disease (see, for example, Goodglick and Kane 1990, Section 6.3.4.4), such
studies do not track cancer as an endpoint. Therefore, the relationship between the toxic
endpoint observed and the induction of cancer needs to be adequately addressed before it can be
concluded definitively that short structures can contribute to cancer. Moreover, such a
conclusion would be surprising given the substantial evidence that exists to the contrary.

Beyond the minimum length below which structures may be non-potent, potency appears to
increase with increasing length, at least up to a length of 20 um and potentially up to alength of
40 um. The latter limit is suggested by our re-analysis of the Davis et al. studies (Section 6.4.3)
in which it was also found that structures longer than 40 pm may be as much as 500 times as
potent as those between 5 and 40 um in length. The former limit is suggested by broader
inferences from the literature that suggest the cutoff in the length of structures that are at least
partially cleared by macrophages from the lung may lie close to 20 pm and that the efficiency of
clearance likely decreases rapidly for structures between 10 and 20 pm in length (Section 6.2).
Such inferences are further reinforced by measurements of the overall dimensions of
macrophages in various mammals by Krombach et al. (1997), as reported in Section 4.4.

Importantly, the inferences that potency increases for structures longer than 10 um (up to some
limiting length) from these various studies are strongly reinforcing, even though the upper limits
to the points at which potency stopsincreasing do not precisely correspond. Furthermore, that
the longest structures are substantially more potent than shorter structures (and that the shortest
structures are likely non-potent) dictates that asbestos analyses performed in support of risk
assessment need to provide adequate sensitivity and precision for counts of the longest
structures.

Fiber Diameter. Because fibers that contribute to the induction of cancer must be respirable,
they must also be thin. The studies reviewed in Section 6.1 indicate that respirable fibers are
thinner than 1.5 um and the vast majority of such structures are thinner than 0.7 um. In fact, the
results of injection, implantation, and inhalation studies reviewed in Sections 6.4.1 and 6.4.2 and
the results of our supplemental re-analysis of the Davis et a. studies (Section 6.4.3) indicate that
the fibers that contribute most to the induction of asbestos-related cancers are substantially
thinner than the limit suggested by respirability alone.
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Importantly, the results of al of the studies cited above indicate that it is a cutoff in absolute
width that defines the bounds of biological activity rather than a cutoff in aspect ratio (the ratio
of length to width) that has been used to define fibrous structures heretofore. That iswhy the
exposure index recommended based on our review of the studies by Davis and coworkers
incorporates a maximum width as a cutoff, rather than a minimum aspect ratio.

Fiber Complexity. In our supplemental evaluation of the Davis et al. studies (Section 6.4.3), the
tumor incidence data from the animal inhalation studies were best fit (predicted) by exposure
indices in which the component fibers and bundles of complex structures (clusters and matrices)
were separately enumerated and included in the exposure index used to represent concentration
(Section 6.4.3). The appropriateness of such an approach is further supported by the observation
that loosely bound structures (including, for example, chrysotile bundles) readily disaggregate
invivo (Section 6.2). Therefore, it isrecommended in this report that those components of
complex structures that individually exhibit the required dimensional criteria be individually
enumerated and included as part of the count during analyses to determine the concentration of
asbestos in support of risk assessment.

Fiber Type (Mineralogy). The magnitude of any effect of mineralogy upon cancer risk in
rodents appears to be modest at best. On the other hand, mineralogy appears to be an important
determinant for cancer risk in human epidemiology studies (Chapter 7), with chrysotile
appearing less potent than amphibole for inducing mesothelioma and (with lesser certainty) lung
cancer. Thisdifference may be dueto differencesin the life spans of rats and humans compared
to the differential biodurability of the different fiber types. It must aso be emphasized that, due
to confounding, the effects of fiber size and fiber mineralogy need to be addressed
simultaneoudly, if oneisinterested in drawing useful conclusions concerning fiber mineralogy.

Results from some (but not all) of the animal injection, implantation, and inhalation studies
previously reviewed (Sections 6.4.1 and 6.4.2) suggest that mineralogy plays an important role
in determining biological activity. However, the nature of the effects of mineralogy are not
easily separated from size effects, due to the methodological limitations of the studies cited.
Therefore, the evidence from these studies can be considered ambiguous. Formal hypothesis
testing during the re-analysis of rat inhalation studies (Section 6.4.3) indicates that, when size
effects are addressed, chrysotile and the amphiboles exhibit comparable potency toward the
induction of lung cancer. In contrast, amphiboles were estimated to be approximately 3 times
more potent than chrysotile toward the induction of mesothelioma, once fiber size effects are
addressed.

Several of the human pathology studies cited previously (Section 6.2.3) suggest that mineralogy
is an important factor in determining cancer risk, but these studies similarly suffer from
methodological difficulties that introduce ambiguity into the inferences drawn. However, itis
clear from the human epidemiology data (Chapter 7) that mineralogy plays a substantial rolein
the determination of risk for human cancer (primarily, mesothelioma).

The underlying cause(s) for the observed difference in potency between chrysotile and the
amphiboles may relate to differencesin fiber durability (Section 6.2), to size/shape related
differencesin fibers that are a function of mineralogy and that cause differences in deposition,
retention, or translocation (Sections 6.1 and 6.2), and/or to the dependence on mineralogy of the
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specific mechanisms underlying the biological responses of specific tissues (Section 6.3). The
relative magnitudes of such effects on animal and human pathology also need to be considered,
if the observed differencesin potency among animal and human studies, respectively, isto be
reconciled. Such considerations are addressed further in Chapter 8.

Importantly, whether the observed differencesin the role of mineralogy toward animal and
human pathology can be reconciled, the effects of mineralogy can be adequately addressed when
assessing asbestos-related cancer risk for humans by incorporating dose-response coefficients
explicitly derived from the human epidemiology data. Because thisis the approach proposed in
this document, effects due to mineralogy are properly addressed.

An Appropriate ExposureIndex for Risk Assessment. The optimum exposure index defined
based on the re-analysis of the animal inhalation studies conducted by Davis and coworkers
(Section 6.4.3) is aweighted sum of the concentrations of (1) structures between 5 and 40 pm in
length that are thinner than 0.4 um, and (2) structures longer than 40 um that are thinner than 0.4
um (Equation 6-11).

Thisindex was shown to adequately fit (predict) the tumor incidence data across the 13 separate
animal inhalation experiments evaluated (P=0.09). Whether the exposure index defined in
Equation 6-11is also optimal for capturing the relevant characteristics of fibers that contribute to
the induction of human cancer is an open question. Because it captures the major characteristics
(concerning length and diameter) identified above that are indicated to be important for human
exposures, it represents a promising candidate. Unfortunately, however, the data required to
match thisindex to a set of human-derived exposure-response coefficients does not currently
exist (Section 7.4). Therefore, compromises are required to apply the general conclusions of this
Chapter to the human data. These are addressed further in Section 7.4.1.
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7.0. EPIDEMIOLOGY STUDIES

The existing epidemiology studies provide the most appropriate data from which to determine
the relationship between asbestos exposure and response in humans. As previously indicated,
however, due to a variety of methodological limitations (Section 5.1), the ability to compare and
contrast results across studies needs to be evaluated to determine the confidence with which risk
may be predicted by extrapolating from the “reference” epidemiology studies to new
environments where risk needs to be assessed. Reliable extrapolation requires both that the
uncertainties contributed by such methodological limitations and that several ancillary issues
(identified in Chapter 2) be adequately addressed.

A detailed discussion of the methodological limitations inherent to the available epidemiol ogy
studies was provided in the Health Effects Assessment Update (U.S. EPA 1986) and additional
perspectives are provided in this document (Section 5.1). The manner in which the uncertainties
associated with these limitations are addressed in this document are described in Appendix A.
As previoudly indicated (Chapter 2), the ancillary issues that need to be addressed include:

Q) whether the models currently employed to assess asbestos-related risk adequately
predict the time and exposure dependence of disease;

2 whether different mineral types exhibit differential potency (and whether any
differences in potency relate to the relative in vivo durability of different asbestos
mineral types);

3 whether the set of mineralsincluded in the current definition for asbestos
adequately covers the range of minerals that potentially contribute to asbestos-
related diseases; and

4) whether the analytical techniques and methods used to characterize exposures in
the available epidemiology studies adequately capture the characteristics of
exposure that affect biological activity.

All but the third of the above issues are addressed in this chapter. Currently, the third issue can
best be addressed by evaluating inferences from the broader literature (see Chapter 6). The
remaining issues are addressed separately for lung cancer and mesothelioma following a brief
overview of the approach adopted for evaluating the epidemiology literature.

71  APPROACH FOR EVALUATING THE EPIDEMIOLOGY LITERATURE

To develop exposure-response relationships (and corresponding exposure-response coefficients)
for usein risk assessment from epidemiological data, two basic types of information are
necessary: information on the disease mortality experienced by each member of the study
population (cohort) and information on the asbestos exposure experienced by each member of
the cohort. So that disease mortality attributable to asbestos can be distinguished from other
(background) causes of death, it is also necessary to have knowledge of the rates of mortality
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that would be expected in the study population, absent exposure. Normally, such information
must be determined based on a “reference” or “control” population.

Ideally, one would like to have complete knowledge of exposure at any period of time for each
individual in the cohort and complete access to the data to fit different types of
exposure/response models to the data so that the approach for evaluating the relationship
between exposure and response can be optimized. In most instances, unfortunately, the data
suffer from multiple limitations (see Section 5.1 and Appendix A) and the analysisis further
constrained by less than complete access to the data.

Briefly, the major kinds of limitations that potentially contribute to uncertainty in the available
epidemiology studies (and the effect such limitations likely produce in estimates of exposure-
response coefficients) include:

1 limitations in the manner that exposure concentrations were estimated
(contributing to variation across studies);

limitations in the manner that the character of exposure (i.e., the mineralogical
types of fibers and the range and distribution of fiber dimensions) was delineated
(contributing to systematic variation between industry types and, potentially,
between fiber types);

limitations in the accuracy of mortality determinations or incompleteness in the
extent of tracing of cohort members (contributing to variation across studies);

limitations in the adequacy of the match between cohort subjects and the selected
control population (contributing to variation across studies and may have a
substantial effect on particular studies); and

inadequate characterization of confounding factors, such as smoking histories for
individual workers (contributing to variation across studies and may have a
substantial effect on particular studies).

More detailed discussion of the above limitationsis provided in Section 5.1. The manner in
which these limitations are being addressed in this evaluation are described briefly below and in
more detail in Appendix A.

The existing asbestos epidemiology database consists of approximately 150 studies of which
approximately 35 contain exposure data sufficient to derive quantitative exposure/response
relationships. A detailed evaluation of 20 of the most recent of these studies, which includes the
most recent follow-up for all of the cohorts evaluated in the 35 studies, based on the
considerations presented in this overview, is provided in Appendix A.

This new analysis of the epidemiology database differs from the evaluation conducted in the
1986 Health Effects Assessment Update (U.S. EPA 1986) in several ways. It incorporates new
studies not available in the 1986 update that contain information on exposure settings not
previously evaluated as well as more recently available follow-up for exposure settings
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previously evaluated. It also incorporates new features in the manner in which the analysis was
conducted. These new features include:

1 estimation of “uncertainty” bounds for the exposure-response coefficients
(potency factors) derived from each study; and

for the lung cancer model, introducing a parameter, o, which accounts for the
possibility that the background lung cancer mortality rate in the asbestos-exposed
cohort differs systematically from the rate in the control population.

The uncertainty bounds were developed to account for uncertainty contributed by the manner
that exposure was estimated, by the manner that work histories were assigned, by limitations
imposed by the manner in which results were reported in published papers, and by limitationsin
the accuracy of follow-up, in addition to accounting for the statistical uncertainty associated with
the observed incidence of disease mortality. A detailed description of how the uncertainty
bounds were constructed is provided in Appendix A.

Exposure-response coefficients were estimated for each cohort both by requiring that «=1 (the
approach followed in the 1986 Health Effects Assessment Update, U.S. EPA 1986) and by
allowing « to vary while fitting the lung cancer model to data. Allowing « to vary addresses
potential problems due to differences in background lung cancer rates between the cohort and the
control population due, for example, to differences in smoking habitsin the two populations. As
indicated in Appendix A, this adjustment has a substantial effect on the fit of the U.S. EPA

model to the data for several specific cohorts and a corresponding effect on the estimates of the
lung cancer exposure-response coefficients for those cohorts.

We were also able to obtain the original, raw datafor selected cohorts from alimited number of
the more important of the published epidemiology studies. This allowed usto more formally
evauate the appropriateness of the existing U.S. EPA models for lung cancer and mesothelioma
(Sections 7.2 and 7.3).

Exposure-response coefficients, and corresponding risk estimates derived therefrom, must be
based upon an “exposure index” that expresses the relative potency of asbestos fibers of different
dimensions. For example, the exposure index utilized in the 1986 Health Effects Assessment
Update (U.S. EPA 1986) assigns equal potency to all fiberslonger than 5 um that exhibit an
aspect ratio >3 and athickness >0.25 um, regardless of type of asbestos, and assigns zero
potency to shorter, squatter, or thinner fibers. In this update, we evaluated arange of such
exposure indices, both with respect to agreement with evidence from the literature on the relative
potency of asbestos structures of differing types and dimensions (Section 7.4) and with respect to
overall agreement across the exposure-response coefficients derived from the available
epidemiology studies and adjusted for exposure index. Thisanalysisled to proposed new
exposure indices that better reflect the evidence from the literature on the relative potency of
different structures and provide improved agreement among exposure-response coefficients
estimated from different environments. Such improvement in agreement across studies
correspondingly increases the confidence with which the exposure-response factors derived from
the existing studies can be applied to new environments.
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7.2  LUNG CANCER

The 1986 U.S. EPA lung cancer model (U.S. EPA 1986) assumes that the relative risk, (RR), of
mortality from lung cancer at any given ageisalinear function of cumulative asbestos exposure
in units of fiber-years/ml (f-y/ml) as measured by PCM, disregarding any exposure in the most
recent ten years. This exposure variable is denoted by CE,,, and its use embodies the assumption
that asbestos exposures during the most recent 10 years do not affect current lung cancer
mortality risk. The mathematical expression for thismodel is:

RR=1+K, % CEy (Eq. 7-1)

where the linear slope, K, istermed the “lung cancer exposure-response coefficient.” This
parameter is generally estimated by fitting the model to data from an occupational mortality
cohort study consisting of observed and expected numbers of cancer deaths categorized by
cumulative exposure, with the expected numbers determined from age- and calendar-year-
specific lung cancer mortality rates from an appropriate control population (e.g., U.S. males).
This model predicts that the mortality rate in an ashestos-exposed population is the product of
the mortality rate in an unexposed, but otherwise comparable, population, and the RR.
Consequently the excess mortality due to asbestos is the product of the background mortality rate
and the excess RR, K« CE,,. Since smokers have a higher background mortality from lung

cancer, the model predicts a higher excess asbestos-related lung cancer mortality in smokers than
in non-smokers.

To account for the possibility that an occupational cohort may have a different background
mortality rate of lung cancer than the control population (e.g., due to different smoking habits or
exposures to other lung carcinogens), in the present analysis Equation 7-1 is expanded to the
form,

RR=a+ (1+K_+ CE,) (Eq. 7-2)

where o isthe RR in the absence of asbestos exposure relative to the control population. This
form of the model contains two parameters, the background RR, «, and the lung cancer
exposure-response coefficient, K, .

7.21 The Adequacy of the Current U.S. EPA Model for Lung Cancer

Accessto the raw epidemiology data from two key studies allowed us to evaluate the adequacy
of the U.S. EPA model (Equation 7-2) for describing the time and exposure dependence for lung
cancer in asbestos-exposed cohorts. For thisanalysis, the raw data for the cohort of crocidolite
miners in Wittenoom, Australia was graciously provided by Dr. Nick de Klerk (de Klerk 2001)
and the raw data for the cohort of chrysotile textile workers (described by Dement et al. 1994)
was graciously provided by Terri Schnoor of NIOSH (Schnoor 2001). The Wittenoom cohort
was originally described by Armstrong et al. (1988), but the data provided by de Klerk includes
additional follow-up through 1999.
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7.2.1.1 Exposure Dependence

To evaluate the adequacy of the linear exposure response relationship assumed by the U.S. EPA
lung cancer model, the lung cancer model (Equation 7-2) wasfit to the raw data from both the
South Carolina and Wittenoom cohorts. In these analyses, each person-year of follow-up was
categorized by cumulative exposure defined using alag of 10 years. The data were then grouped
into aset of cumulative exposure categories and the observed and expected numbers of lung
cancers were computed for each category. For South Carolina, expected numbers were based on
sex-race-age- and calendar-year-specific U.S. rates. Separate analyses were conducted for white
males, black males, and white females, as well as for the combined group. For Wittenoom
expected rates were based on age- and calendar-year-specific rates for Australian men. The
categorized data and the resulting fit of the model to the data from Wittenoom and South
Carolina are presented in Tables 7-1 and 7-2, respectively.!

For the Wittenoom data (Table 7-1), the fit with a=1 is poor (p<0.0001), as the model
overpredicts the number of cancersin the highest exposure category and underpredicts at lower
exposures. By contrast the fit of the model with « variable is adequate (p=0.1). This model
predicts arelatively high background of lung cancer in this cohort relative to Australian menin
genera (x=2.1) and a correspondingly shallow slope, with the RR increasing only from 2.1 at
background to 3.6 in the highest exposure category. A test of the hypothesis that «=1 for this
cohort isrejected (p<0.01) and the model fit to the data (with « variable) predicts K, =0.0047
(f/ml-yr)™.

Thefit of the U.S. EPA modé to the South Carolina lung cancer data categorized by cumulative
exposure isshown in Table 7-2. The model with a=1 cannot be rejected both when the model is
applied to white males only (p=0.54) or with all data combined (p=0.92). Since the values « and
K, estimated from white males only are similar to those estimated using the complete cohort
(black and white males and white females), the fit to the complete datais emphasized in this
analysis. Thisfit predicts «=1.2 and K,;=0.021 (f-y/ml)™. A test of the hypothesis that «=1 for
this cohort cannot be rejected (p=0.21), and in thisfit K, =0.028 (f-y/ml)™*

Thefitti ng of the lung cancer model to the cohort data was carried out by assuming that the observed
numbers of cancersin different exposure categories were independent, with each having a Poisson distribution with
expectation equal to the expected number based on the control population times the relative risk predicted by
Equation 7-2. In the computation of the relative risk for a cumulative exposure category, the person-year-weighted
average cumulative exposure (lagged 10 years) for the category was used to represent the exposure in that category.
With these assumptions, « and K, were estimated by the method of maximum likelihood, confidence intervals were
constructed using the profile likelihood method, and likelihood ratio tests were used to test hypotheses (Cox and
Oakes 1984; Venson and Moolgavkar 1988).
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Table 7-1. Fit of EPA Lung Cancer Model to Observed Lung Cancer Mortality Among
Wittenoom, Australia Miners (Deklerk 2001) Categorized by Cumulative Exposure
Lagged 10 Years

Cumulative Exposure L agged Predicted Deaths
10 Years (f-y/ml) by Model
Observed Expected
Range Average Deaths Deaths (x=1) (@=2.1)
0 0 5 4.6 4.6 9.8
0-0.4 0.19 27 7.9 8.0 17.0
0.4-1.0 0.69 11 8.2 8.3 17.6
1.0-23 1.6 22 11.6 12.1 24.9
2.345 33 28 12.9 14.0 27.9
4585 6.2 38 14.3 16.7 314
8.5-16 11.8 31 13.2 17.4 29.8
16-28 215 21 9.2 145 21.6
28-60 41.1 25 11.6 245 29.6
60+ 142.0 43 11.6 56.5 41.6
Total 251 105.1 176.6 251.0
Goodness of Fit P-value <0.0001 0.1
Testof Hy: «=1
p<0.01
Estimates of K, (f-y/ml)*
(e=1) («=2.1 [MLE])
K. =0.027 K, =0.0047
90% CI: (0.020, 0.035) 90% CI: (0.0017, 0.0087)
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Table 7-2. Fit of EPA Lung Cancer Model to Observed Lung Cancer Mortality Among
South Carolina Textile Workers (Schnoor 2001) Categorized by Cumulative Exposure
Lagged 10 Years

Cumulative Exposur e L agged Predicted Deaths
10 Years (f-y/ml) by Model
Range Average ng;\rlgd Eéggf;id (x=1) (x=1.2)
0 0 0 0.9 0.9 11
0-0.5 0.35 4 2.6 2.7 3.2
0.5-1.0 0.75 7 55 5.6 6.8
1.0-25 1.7 10 9.7 10.1 12.1
2545 34 13 7.9 8.6 10.2
4585 6.2 11 7.7 9.1 10.5
8.5-16 11.8 11 7.2 9.6 10.9
16-28 21.3 8 53 8.4 9.2
2860 41.5 14 6.3 13.8 14.3
60-80 69.2 9 3.0 9.0 9.0
80-110 93.3 10 2.9 10.8 10.5
110+ 173 25 4.3 25.6 24.2
Tota 122 63.4 1141 122.0
Goodness of Fit P-value 0.92 0.96
Testof Hy: =1
p=0.21
Estimates of K, (f-y/ml)*
(«=1) («=1.2 [MLE])
K, =0.028 K, =0.021
90% CI: (0.021, 0.037) 90% CI: (0.012, 0.034)

Appendix A contains fits of the model to published exposure-response data from 18 studies (all,
with the exception of Wittenoom and South Carolina, obtained from the published literature). In
each of these 18 cases the linear model (Equation 7-2) provides an adequate description of the
exposure-response. However, o was estimated as >1.0 in 15 of these cases and statistically
significantly so in six cases, compared to only one case where o was found to be significantly
<1.0. If the true background lung cancer rates in these 15 cohorts with «>1.0 are equal to that in
the corresponding control population (i.e., so that afit with «=1.0 is appropriate), the exposure-
response would appear to be supra-linear. At the same time, the datain 11 of the 18 studies
(more than half) can be adequately fit with «=1.0 and the studies for which «=1.0 does not
provide an adequate fit do not appear to be related by mineral type, by industry, or by the size of
the study (Appendix A). Thus, while we completed our analysis using the current lung cancer
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model (Equation 7-2), further evaluation of the lung cancer exposure-response relationship
appears to be warranted.

7.2.1.2 Time Dependence

The lung cancer model (Equation 7-2) was next evaluated to determine whether it adequately
describes the time-dependence of the lung cancer mortality observed in the Wittenoom and
South Carolina cohorts. Of particular interest is whether the model accurately predicts lung
cancer mortality many years after exposure has ceased. The model predicts that RR increases
linearly with cumulative exposure lagged 10 years until 10 years following the end of exposure,
after which it remains constant from that time forward. However, it has been suggested (e.g.,
Walker 1984) that RRs for lung cancer eventually decline after cessation of exposure. Any
investigation of thisissue should control for exposure level, since exposures can also fall with
increasing time due to higher death rates in more heavily exposed subjects. The availability of
the raw data from the South Carolina and Wittenoom cohorts provides an opportunity to explore
thisissue in more depth.

To investigate the assumption inherent in the lung cancer model (Equation 7-2) that the RR
remains constant following the secession of exposure, bivariate tables were constructed from
both the Wittenoom and South Carolina data in which observed and expected numbers of lung
cancers were cross-classified by both cumulative exposure (using the same exposure categories
asin Tables 7-1 and 7-2) and time since last exposure categorized using 5-year intervals. The
lung cancer model (Equation 7-2) was then fit to these bivariate data. A formal statistical test
was conducted of whether the lung cancer RR changed following the end of exposure. Thistest
consisted of appending the multiplicative factor, exp(-K.TSLE), to the lung cancer model
(Equation 7-2), where TSLE istime since last exposure, and conducting a likelihood ratio test of
whether the estimated parameter, K, is statistically significantly different from zero. For
presentation the bivariate tables were collapsed into univariate tables (Tables 7-3 and 7-4)
categorized only by time since last exposure, by summing observed and expected cancers over
cumulative exposure categories and computing person-year-weighted averages of cumulative
exposure and times since last exposure.

Table 7-3 shows the resulting fit of the U.S. EPA lung cancer model to the Wittenoom lung
cancer data categorized by time since last exposure. The RRs rise to a maximum between 10
and 30 years from last exposure and then decline thereafter. However, avery similar pattern is
seen with cumulative exposure, which peaks between 10 and 15 years from last exposure, and
then declines due to higher mortality among more heavily exposed workers. The U.S. EPA lung
cancer model (which does not assume a decrease in RR with time, but does account for any
decrease in exposure with increasing time since last exposure) provides an adequate fit to these
data (p=0.13, o estimated), and there is no apparent tendency for the predicted deaths to fall
below observed at the longest times since last exposure. To the contrary, the model -predicted
number of lung cancer deaths more than 35 years since last exposure (53.3) is very close to, but
dlightly larger than, the observed number (51). Likewise, the parameter K was not significantly
different from zero (p=0.16). Thus, the lung cancer model (Equation 7-2) provides a good
description of the Wittenoom lung cancer data categorized by time since last exposure and there
isno indication of adrop in the RR up to 45 or more years after exposure has ended that cannot
be accounted for by reduced exposures in the longest time categories. It should also be noted
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that the values of « (2.1) and K, (0.0051 f/ml-y) estimated from this bivariate analysis are very
similar to those estimated from the univariate analysis summarized in Table 7-1.

Table 7-3. Fit of EPA Lung Cancer Model to Observed Lung Cancer Mortality Among
Wittenoom, Australia Miners (Deklerk 2001) Categorized by Years Since Last Exposure

Average
Years Since Last Exposure Exposure Predicted Deaths
Range Average Lagged 10 Years Observed Expected Relgtive by E/I odel
(f-y/ml) Deaths Deaths Risk (x=2.1)
0-1 0.27 1.2 0 0.6 0 15
1-5 3.0 1.2 1 1.6 0.6 3.9
5-10 75 7.7 8 3.9 2.0 10.3
10-15 12.5 24.8 19 7.0 2.7 19.2
15-20 175 24.1 26 114 2.3 29.1
20-25 225 22.8 42 16.4 2.6 39.8
25-30 27.4 22.0 54 20.1 2.7 47.2
30-35 32.3 21.7 50 20.3 25 46.6
3540 37.1 20.0 31 13.9 2.2 314
40-45 433 16.7 20 9.6 21 21.1
45+ 51.2 13.0 0 0.4 0 0.8
Total 251 105.1 250.9
Goodness of Fit P-value 0.19

Table 7-4 shows the corresponding fit of the U.S. EPA lung cancer model to the South Carolina
lung cancer data. Thistable indicates a marked decrease in RR with increasing time since last
exposure. However, there is a concomitant decrease in cumulative exposure. The U.S. EPA
lung cancer model provides an adequate fit to these data (p=0.31, « estimated), and the estimates
of o (1.3) and K, (0.20 (f-y/ml)™) are very similar to those obtained from the univariate analysis
(Table 7-2). Thereisno obvious tendency for the model to underestimate risk at the longest
times since last exposure, and the value of K estimated for this cohort is not significantly
different from zero (p=0.12).
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Table 7-4. Fit of EPA Lung Cancer Model to Observed Lung Cancer Mortality Among
South Carolina Textile Workers (Schnoor 2001) Categorized by Years
Since Last Exposure

Average
Years Since Last Exposure Exposure Predicted Deaths
Range Average Lagged 10 Years Observed Expected Re gtive by B/I odel
(f-y/ml) Deaths Deaths Risk (x=1.3)
01 0.06 21.8 15 4.1 3.7 134
1-5 3.0 13.1 7 2.2 3.2 7.3
5-10 7.5 16.5 14 35 3.9 115
1015 125 16.5 8 3.8 21 104
1520 175 115 3 3.6 0.8 7.0
20-25 225 9.9 15 51 2.9 8.8
25-30 275 9.2 13 7.1 18 11.7
30-35 325 8.5 11 9.5 12 15.0
3540 374 7.8 17 105 16 16.2
4045 43.5 7.1 19 13.8 14 20.8
45+ 50.4 31.6 0 0.0 0.0 0.0
Tota 122 63.4 122.0

Goodness of Fit P-value 0.31

Raw lung cancer data were not available from any additional studies, so that the corresponding
analysis could not be performed on any other cohort. However, the report by Seidman et al.
(1986) on workers at afactory in Patterson, New Jersey that utilized amosite as a raw material
contains datain aform that permit a similar analysis using time since onset of exposure rather
than time since last exposure. The result of this analysisis shown in Table 7-5, which
corresponds to Tables 7-3 and 7-4 except that Table 7-5 presents mortality by time since first
exposure rather than time since last exposure.? Since exposures in the Seidman study averaged

Table 7-5 was created in the followi ng manner. Table X1V of Seidman et al. (1986) contains expected
numbers of deaths from all causes cross-classified by cumulative exposure and time since onset of exposure.
Assuming that in each time-since-exposure-onset category the number of deaths from all causes is proportional to
the number of person-years, an average cumulative exposure was estimated for each time-since-exposure-onset
category. Similarly, using Table V in Seidman et al. (1986), which contains expected numbers of deaths from all
causes cross-classified by cumulative exposure and time since onset of exposure, an average duration of exposure
was estimated for each time-since-exposure-onset category. The ratio of the estimate of cumulative exposure and
duration of exposure provides an estimate of the exposure intensity (f/ml) in each time-since-exposure-onset
category. Using this estimate of exposure and the midpoint of the duration of exposure range for each cell, an
average cumulative exposure was estimated for each cell in Table X of Siedman et a., in which lung cancer data
were cross-classified using the same scheme aswas used in Table V for deaths from all causes. The EPA lung
cancer model (Equation 7-2) was then fit to the lung cancer mortality datain thistable. This bivariate table was then
collapsed by summing over cumulative exposure categories to produce Table 7-5, which categorizes the Seidman
et a. (1986) lung cancer data by time-since-exposure-onset.
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only 1.5 years, time since first exposure approximates time since last exposure. Because
Seidman et a. (1986) did not include alag in their exposure estimates, only data for times since
first exposure >10 years are included in our analysis, since (in this range) lagged and unlagged
exposures would be very similar.

Table 7-5. Fit of EPA Lung Cancer Model to Observed Lung Cancer Mortality Among
New Jersey Factory Workers (Siedman et al. 1986) Categorized by Years Since First

Exposure
Years Since Observed Expected RelativeRisk Predicted Deaths by Model

First Exposure Deaths Deaths (x=3.4)
10-14 13 8.1 1.6 16.2
1519 20 8.8 2.3 18.8
20-24 17 9.0 1.9 20.1
25-29 22 8.6 2.5 20.8
30-34 21 6.1 35 17.8
35+ 16 4.2 3.8 15.3

Total 109 44.7 109.0
Goodness of Fit P-value 0.55

The RR of lung cancer increases with time since the beginning of exposure in the Seidman
cohort. Nevertheless, the fit of the U.S. EPA model to these datawith « estimated is very good
(p=0.55) and the numbers of cancer deaths predicted by the model agree closely with the
observed numbers, even up through 35+ years from the beginning of exposure. Time since last
exposure (estimated in each cell astime since first exposure minus average duration of exposure)
isnot asignificant predictor of lung cancer mortality (K is not significantly different from zero,
p=0.33). Thevaluesof « (3.4) and K, (0.01 (f-y/ml)™) estimated from this analysis agree closely
with those estimated in Appendix A by adifferent approach (cf. Table A-13 in Appendix A).
The analysisin Appendix A was also repeated after eliminating workers who worked longer than
2 years (i.e., workers for whom time since first exposure was not a good approximation to time
since last exposure). Results obtained in this analysis are very similar to those shown in Table
7-5.

These analyses of the relationship between lung cancer mortality and time after exposure ends
are based on cohorts exposed to relatively pure asbestos fiber types: crocidolite (Wittenoom,
Table 7-3), chrysotile (South Carolinafactory, Table 7-4) and amosite (Patterson, New Jersey
factory, Table 7-5). All three of these were consistent with the assumption inherent in the U.S.
EPA lung cancer model (Equation 7-2) that RR of lung cancer mortality remains constant after
10 years past the end of exposure. Thus, the U.S. EPA model appears to adequately describe the
time-dependence of lung cancer mortality in asbestos exposed cohorts.
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7.21.3 Smoking-Asbestos | nteraction With Respect to Lung Cancer

The existence of an interaction between smoking and asbestos in causing lung cancer has been
known for many years. For example, Hammond et al. (1979), in astudy of U.S. insulation
workers, found a multiplicative relationship between smoking and asbestos exposure in causing
lung cancer. A multiplicative relationship for the interaction between smoking and asbestos is
also the relationship inherent in the U.S. EPA lung cancer model (Equations 7-1 and 7-2), by
virtue of the fact that increased risk from smoking in reflected in the background risk, which is
multiplied by the asbestos-induced RR. More recent work, however, suggests that the
interaction between smoking and asbestos exposure may be more complicated.

As described by Liddell (2001), many reviews of the interaction between smoking and asbestos
exposure have tended to conclude that the interaction is multiplicative due primarily to (1) the
conclusions of Hammond et al. (1979), which was the largest of the early studies and was thus
most heavily weighted, and (2) lack of viable aternatives among the options considered. As
Liddell (2001) explains, commonly, reviewers examined fits of a simple multiplicative model or
asimple additive model and found that (of these two) the multiplicative model tended to provide
a better fit, although the fits of either model were sometimes relatively poor. Moreover, only
limited sets of mortality data from asbestos exposed cohorts could be used to evaluate these
model fits because only limited smoking histories had been collected among such cohorts and,
among the data sets studied, the evaluation was typically limited to distinguishing effects among
dichotomous groups (i.e., non-smokers and smokers, the latter of which were treated asa single,
collective group).

In amore recent analysis of cigarette smoking among the cohort of Quebec miners and millers
exposed to chrysotile (which had been previously described in numerous studies, see Appendix
A), Liddell and Armstrong (2002) found that the interaction between smoking and asbestos
exposure was complex: certainly less than multiplicative, but not quite linear either.

To get some idea of the possible impact of a non-multiplicative asbestos-smoking interaction
upon our work to reconcile lung cancer exposure-response coefficients calculated from different
environments, consider the generalized model for RR,

RR=6+ps.S+pBs-A+vy.A.S (Eq. 7-3)
where Sis ameasure of the amount smoked, A isameasure of asbestos exposure, and 3, B, Ba
and y are parameters. If y=0, the model predicts an additive smoking/asbestos interaction, and if
v=Bs* Pa/ 6, the model becomes

RR=8*[1+ (Bs/0)- S * [1+(Ba/d) Al (Eq. 7-4)
which is a multiplicative smoking/asbestos interaction. Thus, this model generalizes both

additive and multiplicative interaction, and has been used by a number of researchers, including
Liddell and Armstrong (2002), to study smoking/asbestos interactions.
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Note that the generalized model Equation 7-4 can be written in the form
RR=(0+Ps-S*[1+A.(Pat Y- +Ps- )] (Eq. 7-5)

Further, note that Equation 7-5 is of the form: const, * (1+const,* [asbestos exposure]), which is
the same form as the U.S. EPA lung cancer model (Equation 7-2), except that in Equation 7-5
const; (=6+p4-S) and const, (=(B,+y-S)/(6+Bs-S)) depend upon the amount smoked, while in the
U.S. EPA lung cancer model (Equation 7-2) const, (=a) likewise depends upon the amount
smoked, but the const, (=K ) doesnot. Thus even with this generalized model, the U.S. EPA
model would still apply, athough the K, estimated would depend upon the smoking habits of the
underlying cohort. That the generalized model Equation 7-3 is at |east approximately correct is
supported by the fact that the U.S. EPA model (Equation 7-2), which we have noted is
comparable to Equation 7-3 except that the K| value may depend upon smoking, provided a
valid fit to data from all of the 20 studies to which it was applied.

This at least suggests that, even if the multiplicative interaction assumed by the U.S. EPA model
(Equation 7-2) is not correct, as long as the smoking habits in different cohorts don’t differ
extremely, the K, value from different cohorts will be estimates of nearly the same quantity. In
particular, the differencesin the estimated K, produced by differences in smoking habitsin
different cohortsislikely to be arelatively small component of the very large variation in the K
computed from different studies (see, e.g., Table A-1in Appendix A). In that case, K, computed
from different environments using the U.S. EPA model (Equation 7-2) would still be comparable
and it would be meaningful to search for measures of asbestos exposure (“exposure indices’)
that better rationalize K, values (calculated using Equation 7-2) from different studies.?

Although the above argument suggests that efforts to reconcile K, values from different cohorts
isstill avalid and useful exercise, even if the smoking/asbestos interaction is not multiplicative,
as assumed by the U.S. EPA model, further evaluation of the interaction between smoking and
asbestos exposure, including evaluation of different exposure-response models, is clearly
warranted. However, it must be recognized that the ability to conduct such evaluation will be
limited by the small number of asbestos-related epidemiology studies in which smoking data are
available, and possibly further limited by the ability to gain access to the raw data from these
studies. It should also be recognized that smoking data are not available for most of the studies
currently available (see, e.g., Table A-1in Appendix A), and, for most of those studies, the
published data are probably not sufficient to alow fitting of amodel that incorporates any
smoking/asbestos interaction other than multiplicative.

*However, if the interaction is not multiplicative as assumed by the EPA model, it could be problematic to
use aK, value estimated from the model to quantify absolute asbestos risk (e.g., from lifetime exposure) while
taking into account smoking habits.
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7214 Conclusions Concerning the Adequacy of the U.S. EPA Lung Cancer
Model

Three principle assumptions inherent to the U.S. EPA lung cancer model were considered in this
study to evaluate the overall adequacy of the model for describing the manner in which asbestos
exposure induces lung cancer. These are:

1 that lung cancer RR is proportional to cumulative exposure (lagged 10 years);
1 that risk remains constant following 10 years after the cessation of exposure; and
1 that the interaction between smoking and asbestos exposure is multiplicative.

The findings from this evaluation are summarized briefly below. For convenience, timed-
dependence is addressed first.

In Section 7.2.1.2, the time response predicted by the lung cancer model (Equation 7-2) was
evaluated using the Wittenoom and South Carolina data, along with the data from a New Jersey
amosite factory (Seidman et al. 1986). Follow-up in the Wittenoom and South Carolina was
sufficient to permit evaluation of the adequacy of the model 4045 years past the end of
exposure, and follow-up in the New Jersey factory permitted the model to be evaluated up
through 35+ years past the end of exposure.

The data from all three studies were consistent with the assumption inherent in the lung cancer
model that RR of lung cancer mortality remains constant after 10 years past the end of exposure.
That this result holds equally for a cohort exposed to chrysotile (South Carolina) as for cohorts
exposed to crocidolite (Wittenoom) and amosite (New Jersey factory) is particularly noteworthy,
because chrysotile fibers have been reported to be much less persistent than amphibole fibers

in vivo (see Section 6.2.4). The fact that the lung cancer risk in South Carolinaremained
elevated 4045 years following the cessation of exposure, along with the fact that the K, from
the South Carolina cohort is the largest K, value obtained from our review of 20 studies (see
Table A-1in Appendix A) suggests that carcinogenic potency of asbestosis not strongly related
to durability, at least for lung cancer (see Section 6.2).

Based on the resultsindicated in Section 7.2.1.1, the linear, RR exposure-response model for
lung cancer (Equation 7-2) provides an adequate description of the exposure-response
relationship from 20 studies. Thereislittle evidence that exposure-response is sub-linear or
“threshold-like”. However, in anumber of these cases the fitted model predicts a background
response that is higher than that in the control population. If the background rate in the control
population was actually appropriate in these studies, the exposure-response relationship in these
studies would appear in some cases to be supra-linear. These results further reinforce the
recommendation of the expert panel (Appendix B) that evaluation of a broader range of
exposure-response models (including those that incorporate smoking-asbestos interactions that
are other than multiplicative) for lung cancer is appropriate.
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Although further evaluation of alternate modelsis warranted, the specific studies for which
«=1.0 does not provide an adequate fit to the data do not appear to be related by mineral type,
industry, or size of study cohort and such studiestotal fewer than half of the studies eval uated.
Coupled with the additional evidence that the linear, RR model for lung cancer (Equation 7-2)
provides a good description of the time-dependence of disease mortality during and following
exposure and that it is not likely to grossly underestimate exposure despite limitation in the
manner that smoking is addressed (Section 7.2.1.3), this suggests that use of this model may be
adequate for estimating exposure-response factors for the existing studies, at least unless and
until amodel that provides a superior fit to the datais identified.

Further support for the U.S. EPA lung cancer model is also provided by Stayner et al. (1997).
Stayner et a. evaluated the relative fit of avariety of additive, multiplicative, and more complex,
empirical models to the same raw data from the South Carolina textile plant that we evaluated
and conclusions drawn by these researchers generally parallel and reinforce those reported here.

Stayner et a. (1997) found a highly significant exposure-response relationship for lung cancer
and that alinear, RR model (similar to that described by Equation 7-1, except that they initially
assumed alag of 15 years) provided the best overall fit to the data (among the additive and
multiplicative models evaluated). Moreover, the fit to the data was not significantly improved
by adding additional parameters, nor was there any indication of a significant interaction with
any of the covariates evaluated (age, race, sex, or year). These researchersdid find an
interaction with time such that by applying different slopes for different latencies (15-29 years,
30-39 years, and >40 years), they were able to obtain a significantly better fit. However,
Stayner et al. (1997) did not evaluate a RR model with a single slope using alag of 10 years.
Therefore, their analysis cannot be used to evaluate the effect of assuming different slopes for
different latencies with respect to the U.S. EPA model, which assumes alag of 10 years.

Because we found that mortality among the South Carolina cohort is adequately described with
«=1.0, the Stayner et a. (1997) study does not directly address questions concerning supra
linearity that have been suggested in our findings. Nevertheless, taken as awhole, the evidence
evaluated here suggests that the model described in Equation 7-2 may be adequate for evaluating
the relationship between asbestos exposure and lung cancer mortality among the existing
epidemiology studies. Certainly, no clearly superior model has yet been identified. Therefore,
the U.S. EPA lung cancer model was employed in this study for evaluating lung cancer risk
while we also recognize that further evaluation of alternate modelsiswarranted. The primary
obstacle to more fully evaluating alternate models has been and continues to be lack of accessto
the raw datafor a greater number of cohorts.

7.2.2 Estimating K, valuesfrom the Published Epidemiology Studies

The U.S. EPA model for lung cancer (Equation 7-2) was applied to each of the available
epidemiology data sets to obtain study-specific estimates for the lung cancer exposure-response
coefficient, K, . Based on the results presented in Section 7.2.1.4, while there is some evidence
that modelsin addition to the U.S. EPA lung cancer model should be explored, thereislittle
indication that the current model does not provide an adequate description of lung cancer
mortality that is sufficient to support general risk assessment. The set of K, values derived from
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available epidemiology studies are presented in Table 7-6, which is areproduction of Table A-1
in Appendix A.

In Table 7-6, Column 1 lists the fiber types for the various studies, Column 2 lists the exposure
settings (industry type), and Column 3 indicates the specific locations studied. Column 4
presents the best estimate of each K, value derived for studies, as reported in the original 1986
Health Effects Update and Column 5 presents the reference for each respective study. Columns
6, 7, and 8 present, respectively: the best-estimates for the K, values derived in our evaluation
for all of the studies currently available (including studies corresponding to those in the 1986
Health Effects Update); a statistical confidence interval for each K, value (derived as described
in Appendix A); and an uncertainty interval for each K, value (also derived as described in
Appendix A). Thereference for the respective study from which the data were derived for each
K, estimate is provided in the last column of the table. To assure comparability across studies,
valuesfor al studies (even those that have not been updated since their inclusion in the 1986
Health Effects Update) were re-derived using the modified procedures described in Appendix A.

Asexplained in Appendix A, the uncertainty intervals for K, values (and corresponding intervals
for K,, values, the exposure-response coefficients for mesothelioma) are intended to reflect, in
addition to statistical variation, other forms of uncertainty that are difficult to quantify, such as
model uncertainty and uncertainty in exposure estimates. We interpret these informally as
providing arange of K, values that are reasonable, based on the data available for a given study.
Accordingly, if uncertainty intervals for two K, values do not overlap, these two underlying sets
of data are considered to be incompatible. Potential reasons for such incompatibility include the
possibility that the K, values are based on an exposure measure that does not correlate well with
biological activity of asbestos. One of the goals of this report is to determine an exposure index
that correlates better with biological activity, and consequently brings the K, valuesinto closer
agreement. The degree of overlap of the corresponding uncertainty intervals provides an
indication of the extent to which agroups of K, values are in agreement.

The K, values derived in this study and the corresponding values derived in the original 1986
Health Effects Update generally agree at least to within afactor of 3; a couple vary by afactor of
4; one varies by afactor of 5; and one varies by afactor of about 15. However, in every case the
K, from the 1986 update lies within the uncertainty interval for the K, derived in the current
update.

Perhaps the most interesting of the changes between the 1986 K, value estimates and the current
K, value estimates involves the friction products plant in Connecticut (McDonald et al. 1984).
Although arelatively small, positive exposure-response was estimated from this study in the
1986 Health Effects Update, the best current estimate is that thisis essentially a negative study
(no excess risk attributable to asbestos). The difference derives primarily from allowing o to
vary in the current analysis. The exposure groups in this cohort do not exhibit a monotonically
increasing exposure-response relationship and, in fact, the highest response is observed among
the group with the lowest overall exposure. Asindicated in Appendix A, lack of a
monotonically increasing exposure-response relationship is a problem observed in several of the
studies evaluated.

7.16



Table7-6. Lung Cancer Exposure-Response Coefficients (K, ) Derived from Various Epidemiological Studies

90%
EPA (1986) ThisUpdate Confidence  Uncertainty
Fiber Type Operation Cohort K,*100 Reference K, *100 I nterval Interval® Reference
Chrysotile  Mining and Quebec mines 0.06 McDonald 0.029 (0.019, 0.041) (0.0085, Liddell et al.
Milling and mills et a. 1980b 0.091) 1997
0.17 Nicholson et al.
1979
Italian mine 0.081 Piolatto et al. 0.051 (0,0.57) (0,1.2) Piolatto et al.
and mill 1990 1990
Friction Connecticut 0.01 McDonald 0 (0,0.17) (0,0.62) McDonad
Products plant eta. 1984 et a. 1984
Cement New Orleans 0.25 (0, 0.66) (0,1.5) Hughes et al.
Manufacture plants 1987
Textiles South 2.8 Dement et al. 2.1 (1.2,3.4) (0.81,5.1) Dementetal.
Carolina plant 1983b 1994
2.5 McDonald 1 (0.44, 2.5) (0.22,4.9) McDonad
et a. 1983a 1983a
Crocidolile  Mining and Wittenoom 0.47 (0.17,0.87) (0.084,1.7) deKlerk et al.
Milling 1994°
Amosite Insulation Patterson, NJ 4.3 Seidman 1984 11 (0.58, 1.9) (0.17,6.6) Seidmanet al.
Manufacture factory 1986
Tyler, Texas 0.13 (0, 0.6) (0,1.8) Levinet al.
factory 1998
Tremolite  Vermiculite Libby, 0.51 (0.11, 2.0) (0.049,4.4) Amandusand
Mines and Mills Montana Wheeler 1987
0.39 (0.067, 1.2) (0.03,2.8) McDonad
et a. 1986
Mixed Friction British factory 0.058 Berry and 0.058 (0,0.8) (0,1.8) Berry and
Products Newhouse Newhouse
1983 1983
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Table 7-6. Lung Cancer Exposure-Response Coefficients (K, ) Derived from Various Epidemiological Studies (continued)

90%
EPA (1986) ThisUpdate Confidence  Uncertainty
Fiber Type Operation Cohort K,*100 Reference K, *100 I nterval Interval® Reference
Cement Ontario 4.8 Finkelstein 0.29 (0,3.7) (0, 22) Finkelstein
Manufacture factory 1983 1984
New Orleans 0.53 Weill 1979, 0.25 (0, 0.66) (0,15 Hughes et al.
plants 1994 1987
Swedish plant 0.067 (0, 3.6) (0, 14) Albinet al.
1990
Belgium 0.0068 (0,0.22) (0,0.84) Laquet et al.
factory 1980
Factory workers US. retirees 0.49 Henderson and 0.11 (0.041,0.28) (0.011,1.0) Enterlineetal.
Enterline 1979 1986
Insulation uU.s. 0.75 Seilkoff et a. 0.18 (0.065,0.38) (0.012,2.1) Seilkoff and
Application insulation 1979 Seidman 1991
workers
Textiles Pennsylvania 14 McDonald 18 (0.75, 4.5) (0.2, 16) McDonald
plant et al. 1983b et al. 1983b
Rochedale 11 Peto 1980a 0.41 (0.12, 0.87) (0.046,2.3) Petoetal.
plant 1985

aUncertainty Interval formed by combining 90% confidence interval with uncertainty factorsin Table A-3.
®With supplemental raw data from Terri Schnorr (NIOSH) and Dement
“With supplemental unpublished raw data with follow-up through 2001
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Among the K, values derived in the current study, the lowest and highest of the best-estimate
values differ by afactor of 300 (excluding the negative study of the Connecticut friction
products plant, which would make the spread even larger) and several pairs of uncertainty
intervals have no overlap. For example, the K| uncertainty interval for the chrysotile minersin
Quebec lies entirely below the corresponding intervals for chrysotile textile workers (in either of
the two studies for South Carolina, which are of highly redundant cohorts in the same plant), for
textile workers in the Pennsylvania plant, and for amosite insulation manufacturers (in the
Seidman study (1986).

The K values and the associated uncertainty intervals are plotted in Figure 7-1. Each exposure
environment is plotted along the X-axis of the figure and is labeled with a 4-digit code that
indicates fiber type (chrysotile, mixed, crocidolite, or tremolite), industry (mining, friction
products, asbestos-cement pipe, textiles, insulation manufacturing, or insulation application); and
a 2-digit code indicating the study from which the data were derived. A key isalso provided. In
Figure 7-1, the chrysotile studies are grouped on the left, amphibol e studies are grouped on the
right, and mixed studies are in the middle.

For studies conducted at the same facility (generally among highly overlapping cohorts), such as
the Dement et al. (1994) and the McDonald et al. (1983a) studies of the same South Carolina
textile facility, a single study was selected for presentation in Figure 7-1. Thus, for South
Carolina, the Dement et al. (1994) study is presented because we had access to the raw data for
thisstudy. Itisalso anewer study. Similarly, the Amandus and Wheeler (1987) study was
selected to represent the Libby Vermiculite site over the other study at this facility (McDonald et
al. 1986). The effects of such selection is expected to be small in any case because the K, values
estimated for the individual studiesin each pair vary only by afactor of 2.

Comparisons of K, values across the available studies are instructive. Within chrysotile studies
alone (and excluding the negative friction products study), lowest and highest K, values vary by
approximately afactor of 70. Moreover, as previously indicated, the uncertainty intervals for the
lowest (non-zero) value (for Quebec miners) and the highest value (textile workers) have no
overlap. Uncertainty intervals for the negative friction product study and the other estimates for
chrysotile do overlap, primarily due to the wide confidence interval associated with the negative
study.

Among the apparent variations, differencesin lung cancer potency observed among Quebec
miners versus that observed among South Carolina textile workers has been the subject of much
discussion and evaluation, which is worthy of review (Appendix D). Theinability to reconcile
these differences, appears to be among the biggest obstacles to reliably estimating an overall
chrysotile dose-response coefficient for lung cancer.

Asindicated in Appendix D, the leading hypothesis for the apparent differencesin lung cancer
risk per unit of exposure observed between chrysotile mining and textile manufacturing is the
relative distribution of fiber sizesfound in dusts in these industries. Evidence from several
studies indicates that textile workers were exposed to dusts containing substantially greater
concentrations of long structures than dusts to which miners were exposed. Thus, the effects of
fiber size is considered further in Section 7.4.
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Figure 7-1.
Plot of Estimated K| Values and Associated Uncertainty Intervals by Study Environment
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Key for Figures 7-1 through 7-6 Code

Fiber Types Study Environment

(First Digit of Code) (Second Digit of Code)

A = amosite A =insulation application

C = chrysotile F = friction products manufacturing
M = mixed fibers | = insulation manufacturing

R = crocidolite M = mining

T = tremolite (in vermiculite) P = ac pipe manufacturing

T = textile manufacturing
X = misc. products manufacturing

Study Cohorts
(Last 2 digits)

1 = Quebec miners (Liddell et al. 1997)

2 = Quebec miners (Liddell et a. 1997, raw data)

3 = Italian miners (Piolatto et al. 1990)

4 = Connecticut friction product workers (McDonald et al. 1984)

5 = New Orleans ac pipe manufacturers (Hughes et a. 1987)

6 = South Carolina textile manufacturers (Dement et a. 1994, raw data)
7 = British friction product manufacturers (Berry and Newhouse 1983)
8 = Ontario ac pipe manufacturers (Finkelstein 1984)

9 = New Orleans ac pipe manufacturers (Hughes et a. 1987)

10 = Swedish ac pipe manufacturers (Albin et al. 1990)

11 = Belgium ac pipe manufacturers (Laquet et al. 1980)

13 = Retired factory workers (Enterline et al. 1986)

14 = Factory workers (Liddell et a. 1997)

15 = Insulation appliers (Selikoff and Seidman 1991)

16 = Pennsylvaniatextile workers (Mcdonald et al. 1983b)

17 = British textile workers (Peto et al. 1985)

18 = Australian crocidolite miners (de Klerk, unpublished, raw data)
19 = New Jersey insulation manufacturers (Seidman et al. 1986)

20 = Texas insulation manufacturers (Levin et al. 1998)

21 = Libby vermiculite miners (Amandus and Wheeler 1987)
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Ignoring the negative Connecticut friction products study, the range of K, values observed
across chrysotile studies (70) appears to be substantially narrower than the range observed across
all studies (300). However, if the nearly negative study of the Belgium asbestos-cement pipe
manufacturersis also removed, the range observed for chrysotile studies is aimost identical to
the range observed across al studies. Thisisbecause the K, values for Quebec represents the
low extreme of both ranges and South Carolina represents the high extreme of both ranges.

Among “pure” amphibole studies, the lowest and highest of the best-estimate K, values vary by
afactor of approximately 9 and the two extremes both derive from within the same industry
(amositeinsulation). The two studiesin question are of amosite insulation manufacturing plants
(onein Patterson, New Jersey, and one in Tyler, Texas) that utilized the same equipment
(literally) and apparently had similar sources of asbestos (South Africa). Despite the 9-fold
difference in K, values, the uncertainty intervals for these two estimates have substantial
overlap. If the arithmetic mean of the values for the two amosite insulation studiesis used, K,
values estimated, respectively, for crocidolite mining, amosite insul ation manufacture, and
mining of vermiculite contaminated with tremolite vary by less than afactor of 2. However, this
is possibly fortuitous, given the magnitude of the associated uncertainty intervals (Figure 7-1).

Asindicated in Appendix D, for example, it is possible that mining studies tend to exhibit low
K, vauesrelative to studies of asbestos products industries. Thisis due to the presence of large
numbers of cleavage fragments in the dusts that may not contribute to biological activity
(because the majority of these may not exhibit the requisite size to be biologically active) but
which, nevertheless, are included in estimates of asbestos concentrationsin the original
epidemiology studies. If the K| estimatesfor Libby and Wittenoom could be adjusted for this
effect, they might be closer in value to that obtained from the Seidman study.

It is also instructive to compare variation within and between industries. Within industries
(especially for asingle fiber type), the data are limited. The studies from the two chrysotile
mines (Quebec and Italy) show remarkably close agreement, varying by less than afactor of 2.
The three studies involving mining of amphibole (Wittenoom and the two studies of Libby) also
vary by lessthan afactor of 2. However, the mean of the amphibole mining group is
approximately 10 times the mean of the chrysotile mining group. Moreover, based on inspection
of their respective uncertainty intervals, the K, values for chrysotile mining in Quebec and
Crocidolite mining in Wittenoom appear to be incompatible.

Across al asbestos types (including mixed), the asbestos-cement pipe industry shows the
greatest variation, including a nearly negative study (best estimate K, =0.000068) and four more
studies with K, values that range up to 0.0029 producing a variation within thisindustry of a
factor of 40. The friction products industry includes one negative and one positive study. Better
agreement is observed among textiles. The two mixed textile plants show K, valuesthat vary by
no more than a factor of 5 from each other and from the K, for the South Carolina chrysotile
textile plant.
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7.3 MESOTHELIOMA

The model proposed in the Airborne Health Assessment Update (U.S. EPA 1986) to describe the
mortality rate from mesotheliomain relation to asbestos exposure assumes that the mortality rate
from asbestos-induced mesotheliomais independent of age at first exposure and increases
according to a power of time from onset of exposure, as described in the following relationship:

ly =Ky f[(T-10)°3- (T -10-d)7 forT>10+d (Eq. 7-6)
=Ky (T - 10) for 10+d>T > 10
=0 for10>T
where:
" is the mesothelioma mortality rate at T years from onset of exposure to

asbestos for duration d and concentration f;

Ky  isthe proportionality constant between exposure and mesothelioma
response and represents the potency of asbestos,

A more general expression that holds for variable exposureis given by

fxt- 10 - x2dx (Eq. 7-7)

i = 3 Ky f

where f(x) is the concentration of fibers at time x following the beginning of exposure. This
expression reduces to Equation 7-6 when exposure is constant (see Appendix A).

7.3.1 The Adequacy of the Current U.S. EPA Model for Mesothelioma

Access to the raw epidemiology datafrom afew key studies allowed us to evaluate the adequacy
of the U.S. EPA model (Equation 7-6) for describing the time-dependence for mesotheliomain
asbestos-exposed cohorts. For this analysis, the raw datafrom a cohort of chrysotile minersin
Quebec was graciously provided by Drs. Douglass Liddell and Corbett McDonald (described in
Liddell et a. 1997), the raw data for the cohort of crocidolite minersin Whittenoom, Australia
was graciously provided by Dr. Nick de Klerk (unpublished) and the raw data for the cohort of
chrysotile textile workers (described by Dement et al. 1994) was graciously provided by Ms.
Terri Schnoor of NIOSH and Dr. John Dement of Duke University. The Whittenoom cohort was
originally described by Armstrong et al. (1988), but the data provided by Dr. de Klerk included
additional follow-up through 1999.

To identify potential effects due to varying statistical procedures, different methods for fitting

the U.S. EPA mesothelioma model to epidemiological data were evaluated. In thisevaluation,
three methods were used to fit the U.S. EPA mesothelioma modd to data from Wittenoom.
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In the first approach the data were categorized in a manner often available in published form, so
this method mimics the method generally used when raw data are not available. The observed
mesotheliomas and person-years of observation were categorized by time since first exposure,
and the mean exposure level and duration of exposure were calculated for each such category.
The U.S. EPA model was then applied to such data using the approach for the typical situation
(as described in Appendix A) and results for the Wittenoom cohort are presented in Table 7-7.
TheK,, value estimated for Wittenoom using this approach is 7.15x10® (90% ClI: 6.27x107%,
8.11x10®). Thefit of this model to data categorized by time since first exposure is good
(p=0.65).

For most of the published epidemiology data sets, the average level and duration of exposure for
individual time-since-first-exposure categories are not provided and have to be estimated from
cruder data representing cohort-wide averages. Thus for most of the epidemiology data sets, the
calculation of K, is based on cruder information than the calculation presented in Table 7-7.

Table 7-7. Fit of EPA Mesothelioma M odel to Observed M esothelioma Mortality Among
Wittenoom, Australia Miners (Deklerk 2001) Categorized by Y ears Since First Exposure

Y ears Since First Exposure Average Average Observed Predicted Deaths
Duration Concentration ~ Deaths by Model
Range Average (years) (f/ml)

0-5 0 0.643 30.2 0 0.0
5-10 0.19 0.91 30.2 0 0.0
10-15 0.69 0.958 30.0 1 0.6
15-20 1.6 0.970 29.7 5 6.6
20-25 3.3 0.953 29.5 20 17.6
25-30 6.2 0.957 29.3 25 30.1
3040 11.8 1.05 29.0 90 78.1

40-100 215 1.13 28.1 23 311
Tota 164 164.0
Goodness of Fit P-value 0.65
Estimates of K,,
Ky=7.15x107

90% Cl: (6.27x10%, 8.11x10°®)

A second approach to fitting the U.S. EPA model to epidemiology data exploits the fact that the
mesothelioma model (Equation 7-7) expresses the mesothelioma mortality rate as the product of
K, and an integral involving the exposure pattern, the time of observation, and the 10-year time
lag, but not any parameters that require estimation.

The value of thisintegral was calculated for each year of follow-up of each subject. Person-
years of follow-up and mesothelioma deaths were then categorized according to the values of the
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integral, and the average value of the integral determined for each category. Results are
presented in Table 7-8.

Table 7-8. Fit of EPA Mesothelioma M odel to Observed M esothelioma Mortality Among
Wittenoom, Australia Miners (Deklerk 2001) Categorized by Average Value of Integral
(Equation 6-12)

Average Value of Integral Observed Deaths Predicted Deaths by M odel
0 0 0.0
28.4 0 0.0
206.3 1 0.3
732.3 4 1.0
2,038.1 10 29
5,153.7 23 6.8
12,385.8 32 13.8
30,639.7 27 25.8
144,801 67 113.3
Total 164 164.0
Goodness of Fit P-value <0.0001
Estimates of K,,
K=9.00x1078

90% Cl: (7.89x10%, 10.2x10°®)

Ky was estimated by maximum likelihood from Table 7-8 assuming that the observed numbers
of cancer deathsin the different categories of the integral were independently Poisson distributed
with a mean equal to the mean value of the integral for that category timesK,,. The value of K,,
obtained in this fashion was K,,=9.00x10® (90% Cl: 7.89x107%, 10.2x10®). Thisegtimateis
about 25% larger than obtained with the data categorized by time since first exposure, although
confidence intervals obtained from the two procedures overlap. Thefit of the model to data
categorized by the integral is poor (p<0.00001), as the model predicts too few mesotheliomas for
small values of the integral and too many mesotheliomas for large values of the integral.

A third method of estimating K,, (termed the “exact method”) employs a likelihood that does not
involve any categorization of data. With this method, the hazard function, h(t)=lI,,(t) and the
corresponding survival function (probability of surviving to aget without death from
mesothelioma in the absence of competing causes of death), S(t)=exp(-[, h(s)ds), are computed
for time at the end of follow-up. The contribution to the likelihood of a subject who died of
mesotheliomat years after beginning of follow-up is h(t)* S(t), and the contribution of a subject
whose follow-up was not terminated by death from mesotheliomais S(t). The complete
likelihood is the product of such terms over al members of the cohort. The estimate of K,,
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obtained by maximizing the logarithm of this likelihood was 7.95x10® (90% CI: 7.0x10%,
9.0x10°%).

We consider the exact method of computing K,, to be the most accurate and results from this
method are reported in the summary table for mesothelioma (Table 7-9, which is a reproduction
of Table A-2). The Quebec and South Carolina data sets were thus evaluated using the exact
method. However, it is noteworthy that the two other methods described above, one of whichis
often applied to published data, give similar estimates of K,,, at least for this data set.

The Quebec cohort was subdivided into three subcohorts, believed to correspond to differing
amounts of amphibole exposure due to tremolite contamination of the ore at different mining
locations, and to use of some imported commercial amphibole at one factory location (Liddell et
al. 1997). Location | consisted of workers at the mine at Asbestos where the ore reportedly had
less tremolite contamination. Locations 3 and 4 consisted of workers at the large central mine
and at smaller mines, respectively, near Thetford, where the ore was more heavily contaminated
with tremolite. Location 2 consisted of workers at an asbestos products factory at Asbestos,
which processed some commercial amphibole fibersin addition to chrysotile. The exact method
of calculating K,, produced the following estimates: Location 1 (8 cases): K,,=1.3x10™ (90%
Cl: 0.3x10™, 4.9x10™); Location 2 (5 cases): K,,=9.2x10™, (90% Cl: 2.0x10°, 35x10™);
Locations 3 and 4 (22 cases): K,,=2.1x10™° (95% Cl: 0.65x10™, 6.5x10™).

The relative magnitudes of these estimates track with the relative amounts of amphibole
exposure estimated for these locations (Liddell et al. 1997), which is consistent with the
hypothesis that the mesotheliomarisk in this cohort is due, at least in large measure, to exposure
to amphiboles.

There were only two confirmed mesothelioma deaths in the South Carolina cohort and four
additional suspected deaths. These were too few to permit detailed analysis. Based on both
confirmed and suspected mesothelioma deaths, the exact method of analysis gave an estimate of
Ky=0.43x107%, 90% ClI: (0.20x10®, 0.79x10®). Using only the two confirmed mesotheliomas,
the same analysis yielded K,,=0.14x10®, 90% ClI: (0.034x107%, 0.38x10®). Very similar
estimates were obtained by estimating K,, from data categorized by time since first exposure and
fitting alinear model to the categorized value of the integral in the definition of the U.S. EPA
model. Thus, for this cohort comparable K,, values are estimated no matter which of the three
methods described above are used for fitting the U.S. EPA mesothelioma model to the
epidemiology data.
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Table 7-9. Mesothelimoa Exposure-Response Coefficients (K ,,) Derived from Various Epidemiological Studies

EPA This 90%
(1986) Update Confidence Uncertainty
Fiber Type Operation Cohort Ky*100 Reference K *100 Interval Interval® Reference
Chrysotile Mining and Milling Asbestos, Quebec 0.013 (0.0068,0.022)  (0.003,0.049) Liddell et al. 1997°
Thedford Mines 0.021 (0.014,0.029)  (0.0065, 0.065) Liddell et al. 1997
Friction Products  Connecticut plant 0 (0,0.12) (0, 0.65) McDonald et al. 1984
Cement New Orleans 0.2 - (0.033,1.2) Hughesetal. 1987
Manufacture plant
Textiles South Carolina 0.25 (0.034, 0.79) (0.023,1.2) Dement et al. 1994°
plant
0.088 (0.0093, 0.32) (0.0025,1.2) McDonald et al.
1983a
Crocidolile  Mining and Milling Wittenoom 79 (7,9 (3.5, 18) deKlerk et al. 1994
Amosite Insulation Patterson, NJ 3.2 Seidman 1984 39 (2.6,5.7) (0.74, 20) Seidman et al. 1986
Manufacture factory
Mixed Cement Ontario factory 12 Finkelstein 1983 18 (13, 24) (2, 160) Finkelstein 1984
Manufacture
New Orleans 0.3 - (0.089, 1) Hughes et al. 1987
plant
Factory Workers ~ Asbestos, Quebec 0.092 (0.04,0.18) (0.018,0.39) Liddell et al. 1997
Insulation U.S. insulation 15 Seilkoff et al. 13 (1.2,1.4) (0.25,6.5) Seilkoff and Seidman
Application workers 1979 1991
Textiles Pennsylvania 11 (0.76, 1.5) (0.17, 6.6) McDonald et a.
plant 1983b
Rochedale plant 1 Peto 1980; Peto 13 (0.74,2.1) (0.28,5.6) Peto et al. 1985
et al. 1982

aUncertainty Interval formed by combining 90% confidence interval with uncertainty factorsin Table A-3.
®\With supplemental raw data from Liddell
‘With supplemental raw data from Terri Schnorr (NIOSH) with Dement
dwith supplemental unpublished raw data with follow-up through 2001
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7311 Time Dependence

The U.S. EPA mesothelioma model (Equation 7-6 or 7-7) was next evaluated to determine
whether it adequately describes the time-dependence of mesothelioma mortality following
cessation of exposure in the Wittenoom and Quebec cohorts. The small number of
mesotheliomas observed among the South Carolina cohort precluded a meaningful evaluation of
thisissue for that cohort.

For times since first exposure longer than 10 years past the end of exposure the mesothelioma
model (Equation 7-6) can be rewritten as

I, =3*% KM * f* d* (t- 10)2* {1-3*[d/(t- 10)] +[d/ (t- 102}  (Eq. 7-8)

From this expression we see that, when time since first exposure lagged 10 years, (t-10), islarge
compared to duration of exposure, (d), the model predicts that the mesothelioma mortality rate is
approximately proportional to the product of cumulative exposure (the exposure level, f, (f/ml)
times the duration of exposure, (d) and the square of time since first exposure lagged 10 years.
Thus, the model predicts that the mesothelioma mortality will increase indefinitely with age as
the square of time since first exposure lagged 10 years. The availability of raw datafrom the
Wittenoom and Quebec cohorts provides an opportunity to evaluate this assumption.

Table 7-10 shows the fit of the U.S. EPA mesothelioma model to Wittenoom data characterized
by time since last exposure, based on the K, estimated from the exact analysis. Thereisno
indication from this table that the mesothelioma mortality rate declines after the cessation of
exposure, or that the model over-predicts the mesotheliomarisk at long times after the cessation
of exposure. In fact, the model under-predicts the number of deaths at the longest times, as it
predicts 76.8 deaths after 30 years from the end of exposure, whereas 96 were observed.

Table 7-11 shows the observed number of mesothelioma deaths in the three separate |ocations at
Quebec, categorized by time since last exposure, and compared with the predicted numbers
obtained using the K, values obtained using the exact fitting method. From all three locations
combined the model predicts 10.6 deaths from mesothelioma after more than 30 years following
the cessation of exposure, whereas 10 were observed. Although the small numbers of
mesotheliomas make it difficult to draw definite conclusions about the adequacy of the model,
thereislittle evidence that the model under or over-predicts the numbers of mesotheliomas at
long periods after the end of exposure.

7.3.1.2 Exposure Dependence

The lack of fit of the mesothelioma model (Equations 7-7 and 7-8) to the Wittenoom data
categorized by the value of the integral in Equation 7-8 (Table 7-8) suggests that the Wittenoom
data may not be consistent with the assumption that the mortality rateis linear in the intensity of
exposure (f/ml). Specificaly, the mesothelioma model predicts that for fixed time since first
exposure and duration of exposure the mesothelioma mortality rate varies linearly with f, the
asbestos air concentration. To test this prediction, expected numbers of mesothelioma deaths
were calculated for each of four categories of asbestos air concentrations while controlling for
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both time since first exposure and duration of exposure.* Person-yearsin the first 10 years
following the beginning of exposure were ignored since no mesothelioma deaths occurred in this
time interval, as predicted by the model. The relatively few workers who were employed for
longer than 5 years were also excluded from this analysis (exposure durations were generally
quite short in this cohort, with the average employment duration being <1 year), which means
that all follow-up in this analysis occurred after exposure had ended. Results of thisanalysisare
shownin Table 7-12.

Table 7-10. Fit of EPA Mesothelioma Model to Observed M esothelioma M ortality
Among Wittenoom, Australia Miners (Deklerk 2001) Categorized by Years Since L ast

Exposure
Years Since Last Exposure Average Predicted
Value Observed Deaths Observed/
Range Average of Integral Deaths by Model Predicted
0-1 0.3 35 0 0 0
1-5 3 72 0 0.1 0
5-10 7.5 327 0 0.6 0
10-20 14.9 4025 10 14.4 0.7
20-30 24.7 18058 58 52.9 11
3040 34 39802 79 61.3 1.3
40+ 43.6 57952 17 155 11
30+ 96 76.8 13
Tota 164 144.9

Goodness of Fit P-value 0.21

“In this analysis the Wittenoom data were categorized by time since first exposure (10-20, 20-30, 3040,
and 40+ years), exposure intensity (0-15, 15-30, 30-60, and 60+ f/ml), and duration of exposure (0-1 and 1+ years).
This categorization was facilitated by the facts that in the subcohort being analyzed, exposure had ended prior to the
beginning of follow-up, and in the Wittenoom data base exposure intensity was assumed to be constant throughout
employment. Within each of the eight [time since first exposure] x [duration of exposure] categories the total
number of mesothelioma deaths were allocated to the various exposure intensity sub-categories in proportion to the
product of the average exposure intensity times the person-years of observation in each sub-category, thereby
producing the expected number of deaths in each sub-category under the assumption that the response was linear in
exposure intensity within each [time since first exposure] x [duration of exposure] category, as predicted by the
mesothelioma model. These expected deaths and the corresponding numbers of observed deaths were summed
across time-since-first-exposure and duration categories to yield observed and expected deaths categorized only by
exposure intensity
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Table7-11. Fit of EPA Mesothelioma Model to Observed M esothelioma M ortality
Among Quebec Miners (Liddell 2001) in Each of Three Mining Areas, Categorized by
Years Since Last Exposure

Years Average Predicted
Since L ast Value Observed Deaths
Exposure of Integral Person-Years Deaths by Model Ku
Location 1
0-10 94,267.5 77,008 3 31 1.34x10™%°
10-20 119,190 27,225 2 14
20-30 119,971 22,831 0 12
3040 181,470 18,321 1 14
40-50 278,118 11,846 2 14
50+ 339,160 6,673 0 1.0
30+ 3 3.7
Total 8 9.3
L ocation 2
0-10 56,377.5 15,065 0 25 9.55x10™"°
10-20 56,445.7 4,835 2 0.8
20-30 58,307.7 3,991 0 0.7
3040 78,685.8 3,129 2 0.7
40-50 88,541.2 1,844 0 0.5
50+ 59,590.4 795 1 0.1
30+ 3 14
Total 5 54
Locations3 and 4
0-10 194,913 95,299 13 12.7 2.18x10™
10-20 262,898 23,885 5 4.3
20-30 179,052 18,777 0 2.3
3040 251,766 14,311 0 25
40-50 348,264 8,800 1 2.1
50+ 298,743 4,451 3 0.9
30+ 4 55
Tota 22 24.8

7.30



Table 7.12. Comparison of Wittenoom, Australia (DeKlerk 2001) M esothelioma Deaths
to Predicted Deaths Assuming Risk VariesLinearly with Exposure Intensity After
Controlling for Years Since First Exposure and Duration of Exposure

Intensity (f/ml) M esothelioma Deaths
Range Average Person-Years Observed Predicted
0-15 9.7 50,736 32 19.5
15-30 17.0 23,881 51 22.4
30-60 50.3 18,166 27 41.9
>60 100.2 13,353 40 66.3
Total 150 150.0
Goodness of Fit P-value <0.0001

Table 7-12 shows that the assumption that the mesotheliomarisk varies linearly with exposure
intensity leads to a 2-fold under-prediction of risks for exposure intensities below 60 f/ml (83
deaths compared to only 41.8 predicted) and a corresponding over-prediction for exposure
intensities above 60 f/ml (only 67 deaths compared to 108.2 predicted). Thus, instead of risk
varying linearly with exposure intensity, Table 7-12 indicates that the exposure responseis
supra-linear, with lower fiber intensities being more potent per f/ml.

7.3.1.3 Discussion of Adequacy of Mesothelioma Model

The mesothelioma model (Equations 7-6 and 7-7) provides adequate fits to each of the three data
sets evaluated (Wittenoom, Quebec and South Carolina) when the data are categorized by time
sincefirst exposure. The value of K,, estimated from the cohort of crocidolite miners
(Wittenoom) was largest and was about 60-fold larger than the K, estimated from the South
Carolina chrysotile textile workers (based only on confirmed mesotheliomas in South Carolina)
and more than 100-fold larger than the estimates obtained from the Quebec chrysotile miners
who did not work in the factory that utilized crocidolite. Thisis consistent with numerous
indications from the literature that crocidolite is more potent than chrysotile in causing
mesothelioma. The relative magnitudes of the K,, for the Quebec data estimated from three
locations track with the relative amounts of amphibole exposure estimated for these locations,
which is also consistent with the hypothesis that the mesotheliomarisk is greater from amphibole
exposure than from chrysotile exposure. Despite the very few mesotheliomas in the South
Carolina cohort, the K,, estimated from these datais larger than those from Quebec, although the
discrepancy is not as large as estimated for lung cancer.

The Wittenoom and Quebec data were evaluated further to see if they were consistent with the
prediction of the mesothelioma model that risk continues to increase indefinitely after exposure
has ceased. By comparing the observed number of mesothelioma deaths to the number predicted
by the mesothelioma model at various times since the cessation of exposure, no evidence was
found that mesotheliomarisk dropped off below that predicted by the model, at least up to 40 to
50 years after the cessation of exposure. To the contrary, in Wittenoom there was some evidence
that the model under-predicted at the longest times since the end of exposure, as past 30 years
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from the cessation of exposure there were 96 observed mesothelioma deaths compared to only
76.8 predicted by the model.

Chrysotile is much more soluble than crocidolite and consequently a chrysotile fiber exhibits a
much shorter residence time in the body than a comparable-sized crocidolite fiber. Based on

in vitro studies a chrysotile fiber with adiameter of 1 pm will dissolve in body fluid in
approximately 1 year whereas a 1-um crocidolite fiber will take 60 years to dissolve (see Section
6.2.4). Itisnoteworthy that despite the short residence time of chrysotile fibers, mesotheliomas
deaths have occurred in the Quebec cohort more than 50 years following the cessation of
exposure. This suggests that either these mesotheliomas are the result of amphibole
contamination of the ore, or else long residence times for inhaled fibers are not necessary for the
production of mesotheliomas.

The mesothelioma model predicts that risk is proportional to the intensity of exposure (Equation
7-6) and, at long times past the end of exposure, to cumulative exposure (Equation 7-8). Two
analyses of the Wittenoom mesothelioma data suggest that the assumption of alinear exposure-
response may not be valid. First, whereasthe model islinear in the value of the integral in
Equation 7-7, avery poor fit was obtained when the data were categorized according to the value
of the integral (Table 7-8). Second, an analysis that categorized the data by intensity of
exposure, while controlling for both duration of exposure and time since last exposure, also
provided a poor fit (Table 7-12). Both of these analyses exhibit a supra-linear exposure-response
in which lessintense lower exposures are more potent per f/ml than more intense ones.

In light of these findings, it isinteresting that supra-linearity in the exposure-response
relationship for lung cancer has also been suggested by fits of datain several studies (see Section
7.2.1.1). Although the effects for lung cancer are difficult to separate from the confounding
effects from smoking, common suggestions of supralinearity for both disease endpoints
certainly indicate a need to evaluate the nature of the exposure-response models for asbestosin
greater detail. Thisis consistent with the recommendations of the expert panel (Appendix B)
that evaluation of a broader range of exposure-response models for mesotheliomais appropriate.

Thisanalysis of the Wittenoom data appear to be one of very few that provide information on the
shape of the exposure-response relationship for mesothelioma. It is possible that systematic
errors in the exposure data for Wittenoom could have resulted in an apparent supra-linear
exposure response. Like most asbestos-exposed cohorts, the estimated exposures for Wittenoom
are uncertain. If higher estimated intensities are overestimates, a linear exposure response would
appear to be supra-linear, and alinear fit to such data would underestimate the true K,,.

In addition, errorsin exposure measurement even if unbiased, can tend to make a linear dose-
response appear supra-linear (Crump 2003). Even if the supra-linear exposure response in the
Wittenoom dataisreal, the exposure-response at lower dosesis likely to be linear, but with a
larger K, value than was obtained in the fit to the complete data set. If thisisthe case, our
analysis (Table 7-12) suggests that the K,, for the lower exposures is about afactor of two larger
than the value estimated from the complete cohort. A factor of 2 is not extremely large
compared to the other sources of uncertainty in the analysis. Provisionally, the value of K,
estimated from the complete Witthoom cohort will be applied in our analysis. In revisionsto this
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document, it will be important to attempt to evaluate the exposure-response for mesothelioma
using data from additional other cohorts.

Given the importance of these two issues: (1) the relative potencies of chrysotile and the
amphiboles and (2) the adequacy of U.S. EPA models for predicting the time and exposure
dependence of disease, limited analysis of raw data from a small number of additional cohortsis
warranted. Recommendations for further research along these lines are discussed in the
conclusions to this Chapter (Section 7.6) and parallel the recommendations of the expert panel
(Appendix B).

7.3.2 Estimating K,, Values from Published Epidemiology Studies

At the time that the Health Effects Update was published (U.S. EPA 1986), four studies were
found to provide suitable quantitative data for estimating avalue for K,, and six additional
studies provided corroborative support for the mesothelioma model applied. Currently, there are
14 published studies with adequate data for deriving an estimate of K,, (including updatesto all
four of the quantitative studies evaluated in 1986).

The U.S. EPA mesothelioma model (Equations 7-6 and 7-7) was applied to each of these data
sets to obtain study-specific estimates for the mesothelioma dose-response coefficient, K,,. The
resulting set of K,, values are presented in Table 7-9. The format for thistable isidentical to that
described in Section 7.2.2 for Table 7-6. Aswiththe K, valuesin Table 7-6, the K,, values for
all studies presented in Table 7-9 (including those studies that have not been updated since their
inclusion in the 1986 Health Effects Update) were re-derived using the modified procedures
described in Appendix A. Uncertainty intervalsin Table 7-9 for each estimated K,, were derived
using the method described in Appendix A.

AsTable 7-9 indicates, the K,, values derived in this study and the corresponding values derived
in the original 1986 Health Effects Update are in close agreement, none vary by more than a
factor of 1.5. Among the K,, values derived in the current study, the lowest and highest of the
best-estimate values differ by a factor of approximately 1,400 (excluding the one negative study
of Connecticut friction product manufacturers) and many of the pair-wise sets of uncertainty
intervals do not overlap. For example, none of the uncertainty intervals for the K,, values
derived for any of the environments involving exposure to chrysotile overlap the uncertainty
intervals associated with the K, values derived for either crocidolite mining or asbestos-cement
manufacture using mixed fibers at the Ontario plant (Finkelstein 1984). Furthermore, neither of
the uncertainty intervals for the K,, values derived for chrysotile mines in Quebec (Asbestos and
Thetford) overlap the intervals around K, values for any of the amphibole environments or any
of the mixed environments, except the Quebec factory that is associated with the Asbestos mine
(Liddell et al. 1997).

The K,, values and the associated uncertainty bounds derived in the current study are plotted in
Figure 7-2. Each exposure environment is plotted along the X-axis of the figure and is labeled
with a4-digit code that indicates fiber type (chrysotile, mixed, crocidolite, or tremolite), industry
(mining, friction products, asbestos-cement pipe, textiles, insulation manufacturing, or insulation
application); and a 2-digit numeric code indicating the study from which the data were derived.
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The key for Figure 7-1 also appliesto thisfigure. In Figure 7-2, the chrysotile studies are
grouped on the | eft, amphibole studies are grouped on the right, and mixed studies are in the
middle. Asin Figure 7-1, datafrom the Dement et al. (1994) study are used to represent the
South Carolinatextile cohort and data from the Amandus and Wheeler (1987) are used to
represent the Libby mine cohort in Figure 7-2. Also, the estimated K, values for the Quebec
miners (Liddell raw data) from Asbestos and Thetford Mines, respectively, are averaged in this
figure.

Figure 7-2:
Plot of Estimated K|, Values and Associated Uncertainty Intervals by Study Environment
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Figure 7-2 indicates that, within chrysotile studies alone, lowest and highest K,, values vary by
approximately afactor of 15 (excluding the negative friction products study), which is minimal
variation relative to the spread across the values from all of the studiesin thetable. Also, the
corresponding uncertainty intervals have considerable overlap.

The K,, values for the two “pure” amphibole studies (crocidolite mining and amosite
manufacturing) agree to within afactor of 2 and, with the exception of the value from the
Ontario asbestos-cement plant (MP8 in Figure 7-2 and the ninth study listed in Table 7-9) and
the factory plant associated with the Asbestos, Quebec mines (MF14 in Figure 7-2 and the 11™
study listed in Table 7-9), the mixed exposure K,, values lie between the high values for the
“pure” amphibole exposures and the lower values reported for al of the chrysotile sites.
Although the K, value for the asbestos-cement plant (MP8) appears high, its corresponding
uncertainty interval overlaps those of the other “pure” amphibole studies as well as those of a
number of the other mixed exposures. The K,, value reported for the factory associated with the
Asbestos, Quebec mine (MF14) isthe lowest of those reported for mixed exposures, but its
uncertainty interval overlaps those for several of the other mixed exposures, as well as all of
those involving only chrysotile exposures.

Aswith K, values, the asbestos-cement pipe industry shows the greatest variation in K,, values
across all asbestos types, with arange of more than afactor of 90. Moreover, the uncertainty
intervals for the largest and smallest valuesin thisindustry do not overlap. Within the textile
industry, the K, value for the South Carolina chrysotile plant is only an eighth of the values
reported for the two textile plants using mixed fibers, although there is considerable overlap in
their uncertainty intervals. The potential sources of variation across al of the K,, values are
likely attributable to the same sources of variation identified for the K, values and previously
described in detail (Section 7.22).

74 EVALUATION OF ASBESTOSEXPOSURE INDICES

Asindicated in Chapter 3, for exposure-response coefficients derived from one environment to
be applicable in a different environment requires that both of the following two conditions be
satisfied:

1 that ashestos be measured in both environments in an identical manner; and

1 that such measurements reflect (or at least remain proportional to) the
characteristics of asbestos exposure that determine biological activity.

When these two conditions are met, it is possible to define an “exposure index” that accurately
reflects biological activity, and consequently an exposure-response coefficient based upon such
an exposure index derived in one environment can confidently be applied in adifferent
environment. Such an index can be defined as a weighted sum of concentrations of categories of
structures of different asbestos types and sizes, where the weights reflect the relative
carcinogenic potencies of the different type and size categories. For example, as described in
Section 6.4.3, Berman et al. (1995) derived an optimal exposure index from an analysis of rat
inhalation studies involving exposures to different types of asbestos and fibrous structures of
differing dimensions. The optimum index (defined in Equation 6-11) consists of aweighted sum
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of the air concentrations of structures between 5 and 40 um in length and >40 pm in length (all
thinner than 0.4 pm).

There is considerable evidence that the manner in which asbestos is quantified in the available
epidemiology studies (i.e., PCM) may not adequately reflect the characteristics that relate to
biological activity (Sections 6.4 and 6.5). Therefore, the second of the above two criteria may
not be satisfied when exposure-response coefficients (i.e., K, and K,, values) derived from these
studies are used to predict risk in new environments. We therefore investigated the possibility of
adjusting the K| and K, values so as to apply to a measure of exposure that better reflects
biological activity. Such an adjustment requires both (1) datafrom each studied environment on
fiber size and asbestos type needed to adjust the corresponding K, and K,, and (2) evidence
regarding what measure of exposure better reflects biological activity.

7.4.1 Fiber Type and Size Distribution Data Available for Deriving Exposure I ndices

Since the range of possible adjustments to the K, and K,, valuesis constrained by the data on
fiber size and type available from each studied environment, we first consider the characteristics
of the data currently available for making such adjustments. The data considered to be pertinent
consisted of TEM analyses of samples conducted in the same environment in which an
epidemiological study was conducted or from an environment involving a similar operation (e.g.,
mining, textile manufacture, etc.). Table 7-13 lists available fiber size distributions obtained
from a search of the literature and categorized by fiber type and type of operation. The
epidemiologica studies from which K, or K,, have been calculated are categorized accordingly.

Assuming that the available TEM size distributions are representative of dust characteristics for
the exposure settings (industries) studied, these were paired with corresponding epidemiology
studies. The TEM size distributions were then used to convert the exposure measurements used
in the epidemiology studies to the new exposure index that potentially better reflects biological
activity. Studieswere paired asindicated in Table 7-13.

Only asubset of the TEM size distributions listed in Table 7-13 were actually employed in the
effort to normalize K, and K,, values. To minimize variability resulting from differencesin
TEM analysis methodology employed by different authors, it was decided to employ
distributions from common studies conducted by common groups of researchers, to the extent
that this could be accomplished without reducing the number of “size-distribution-
epidemiological study” pairs available for inclusion in the analysis. Also, studies containing the
best documented procedures were favored. Ultimately, with one exception the size distributions
selected for use came from only two studies, which were reported in three publications: Dement
and Harris (1979), Gibbs and Hwang (1980), and Hwang and Gibbs (1981). In the case of the
one exception, size distributions for Libby (tremolite asbestos in vermiculite) were derived from
unpublished TEM data recently acquired directly from the site.
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Table 7-13. Correlation Between Published Quantitative Epidemiology Studies and
Available Tem Fiber Size Distributions

Fiber Type Exposure Setting

Distribution Reference

Epidemiology Reference

Chrysotile

Chrysatile
and
Crocidolite

Crocidolite

Amosite

Tremolite

Textiles

Friction Products

Mining and Milling

Asbestos Cement
Manufacturing

Asbestos Cement
Manufacturing

Mining and Milling

Dement and Harris 1979
Cherrieet a. 1979

Dement and Harris 1979
Marconi et al. 1984

Winer and Cossett 1979
Raoberts and Zumwalde 1982
Rood and Scott 1989

Gibbs and Hwang 1980
Winer and Cossett 1979

Dement and Harris 1979

Snyder et al. 1987
Winer and Cossett 1979
Hwang and Gibbs 1981

Gibbs and Hwang 1980
Hwang and Gibbs 1981

Insulation Manufacturing Dement and Harris 1979

Insulation Application
Insulation Clearance

Vermiculite Mining

Snyder et al. 1987
Cherrieet a. 1979
U.S. EPA, unpublished

Dement et al. 1994, 1983b
McDonald et al. 1983a,b
Peto 1980a; Peto et a. 1985
Berry and Newhouse 1983
McDonald et al. 1984

Liddell et al. 1997
McDonald et al. 1980b
Nicholson et al. 1979
Piolatto et al. 1990
Hughs et al. 1987

Finkelstein 1984

Finkelstein 1983
Hughs et al. 1987
Weill et al. 1979
Welll et al. 1994
Albinetal. 1990
Armstrong et al. 1988
de Klerk, unpublished data
Levinet al. 1998
Seidman et a. 1986
Seidman 1984
Selikoff et al. 1979

McDonald et al. 1986
Amandus and Wheeler 1987
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Table 7-14 presents the resulting bivariate fiber size distributions derived from the published
TEM datathat are paired with representative K, and K,, values from the corresponding
epidemiology studies. Thistable shows 17 K, values and 11 K,, values matched with afiber size
distribution from the literature. In this table some length and width categories from some
published distributions have been combined, so that, for the most part, only those categories
available for al of the epidemiological studies are presented. The column labeled “PCME”
(“PCM-equivalent”) provides the relative concentrations of asbestos fibers that would have been
identified by PCM (=5 umin length and >0.2 pm in width).

The fiber size distributionsin Table 7-14 are not all of equal relevance to the respective
epidemiological studiesto which they were paired. Asindicated in Table 7-15, some of the
distributions are based on data collected at the same facility, others are based on data collected at
asimilar facility, still others are based on a combination of data from similar facilities, etc. The
uncertainty factors listed in Table 7-15 were developed to quantify the relevance of each fiber
size distribution to its paired epidemiological study, where larger factorsindicate aless certain
relevance. How these factors were used is explained below. It should also be kept in mind that,
whereas these fiber distributions were based on air samples collected over afairly narrow time
range, they are used to represent the fiber size distributions throughout the exposure period,
which in most of the epidemiological studies covers many years.

Asindicated in Tables 7-14 and 7-15, for the two environments for which multiple studies were
available (i.e., the South Carolina textile plant and the Libby, Montana vermiculite mine), a
single study was selected to represent each environment. For the South Carolina textile plant the
Dement et al. (1994) study was selected and for Libby, the Amandus and Wheeler (1987) study
was selected.

7.4.2 Modification of Existing K, and K,, to Conform to a New Exposure I ndex

The fiber size distribution datain Table 7-14 are used to transform the existing K, and K,, values
(which are defined in terms of PCM measurements) so they conform to a different exposure
index based on TEM. To see how thisis accomplished, consider aK, value pertaining to a
specific environment, let Co,, be an air concentration from that environment measured by PCM,
let C., be the concentration in the same air measured by a new exposure index using TEM (e.g.,
perhaps defined as aweighted sum of TEM concentrations in various length, width and asbestos
type categories), and let K, * be the adjusted exposure-response coefficient corresponding to the
new exposure index. Itisclear that for the U.S. EPA lung cancer model (Equation 7-1 or 7-2) to
estimate the same risk from the given air concentration using either exposure index, it is
necessary that

(Kp) (Coem) = (KL*) (Cyew) (Eg. 7-9)

Using Cpeye (the air concentration of PCM-equivalent fibers - fibers measured by TEM that
would be identified by PCM) as a replacement for Cpy,, We get

K* =KL (Coeme ! Cuew) (Eg. 7-10)
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Table 7-14. Representative KL and KM Values Paired with Averaged TEM Fiber Size Distributions From Published Papers

Size Distributions Total
Size Adjusted
Refer-
Study K, Ky w<0.2 w<0.3 w<0.4 w>0.3 L w>04L ence
Environment Code (x100) (x108) PCME L<5  5<L<10 10<L L<5 5<L.<10 10<L L<5 5<L<10 10<L <5 5<L<10 10<L <5 5<L<10 10<L L<5 5<L<10 10<L ( };60) (Klgs)
X X
Quebec mines and CM1  0.029 - 00.14 093545 0.00955 0.0023 0.954 0.0113 0.0031 - 0.01322 0.00372 0.0189 0.00915 0.0023 (0.4 Notavailableindist) 0.9729 0.02045 0.0054 G&H 0.11 -
mills 1980
Quebec mines CM2 — 00165 0014 093545 0.00955 0.0023 0.954 0.0113 0.0031 - 0.01322 0.00372 0.0189 0.00915 0.0023 (0.4 NotAvailableindist) 0.9729 0.02045 0.0054 G&H - 0.1
1980
Italian mine and mill CM3  0.051 - 0.014 093545 0.00955 0.0023 0.954 0.0113 0.0031 - 0.01322 0.00372 0.0189 0.00915 0.0023 (0.4 Notavallableindist) 0.9729 0.02045 0.0054 G&H 0.19 -
1980
Connecticut plant CF4 0 0 0.07235 0.76359 0.02613 0.01874 0.82804 0.03428 0.02706 0.84938 0.03902 0.03123 0.05473 0.02021 0.03569 0.03339 0.01546 0.03152 0.8877 0.05448 0.06275 D&H 0 0
1979
New Orleans plants CP5 0.25 0.2 0.05071 0.77469 0.02283 0.01574 0.85992 0.03069 0.02043 0.88663 0.03676 0.02343 0.05080 0.01767 0.02049 0.02408 0.0116 0.01749 0.91072 0.04836 0.04092 D&H 054 043
1979
South Carolina plant CT6 16 0.17 0.12963 0.65629 0.03024 0.0271 0.74047 0.04333 0.03983 0.7671 0.04959 0.0488 0.07256 0.03921 0.06461 0.04593 0.03294 0.05564 0.81303 0.08253 0.10443 D&H 43 045
1979
Wittenoom, RM18 047 7.9 0.01167 0.89017 0.02657 0.00503 0.93773 0.03303 0.00617 0.95043 0.0351 0.0063 0.01893 0.00357 0.0005 0.00623 0.0015 0.00037 0.95667 0.0366 0.00667 H&G 083 15
Australia 1981
Patterson, NJ factory Al19 11 39 0.35198 0.17109 0.02872 0.00717 0.30052 0.06018 0.03099 0.37736 0.09111 0.0526 0.31161 0.13463 0.16207 0.23477 0.1037 0.14046 0.61213 0.19481 0.19306 D&H 7 26
1979
Tyler, Texas factory Al20 0.13 - 0.35198 0.17109 0.02872 0.00717 0.30052 0.06018 0.03099 0.37736 0.09111 0.0526 0.31161 0.13463 0.16207 0.23477 0.1037 0.14046 0.61213 0.19481 0.19306 D&H 0.87 -
1979
Libby, Montana T™M21 045 - 4 1 1 2001 18 -
Not available in distribution Not available in distribution Libby
sampling
British factory MF7  0.058 - 0.07235 0.76359 0.02613 0.01874 0.82804 0.03428 0.02706 0.84938 0.03902 0.03123 0.05473 0.02021 0.03569 0.03339 0.01546 0.03152 0.88277 0.05448 0.06275 D&H 0.13
1979
Ontario factory MP8 0.29 18 0.00755 0.93345 0.01125 0.00155 0.95403 0.01378 0.00215 0.9746 0.0163 0.00275 0.02573 0.00298 0.00145 0.00515 0.00045 0.00085 0.97975 0.01675 0.0036 H&G 0.8 49
1981
New Orleans plants MP9 0.25 0.3 0.00755 0.93345 0.01125 0.00155 0.95403 0.01378 0.00215 0.9746 0.0163 0.00275 0.02573 0.00298 0.00145 0.00515 0.00045 0.00085 0.97975 0.01675 0.0036 H&G 0.7 082
1981
Swedish plant MP10  0.067 0.00755 0.93345 0.01125 0.00155 0.95403 0.01378 0.00215 0.9746 0.0163 0.00275 0.02573 0.00298 0.00145 0.00515 0.00045 0.00085 0.97975 0.01675 0.0036 H&G 0.18
1981
Belgium factory MP11  0.01 0.00755 0.93345 0.01125 0.00155 0.95403 0.01378 0.00215 0.9746 0.0163 0.00275 0.02573 0.00298 0.00145 0.00515 0.00045 0.00085 0.97975 0.01675 0.0036 H&G 0.02
1981
U.S. retirees MX13 011
Asbestos, Quebec MX14 0.092
U.S. insulation MI15 018 13 032751 01179 0.02183 0 0.27074 0.06114 0.00437 0.34498 0.08734 0.01747 0.37991 0.1441 0.13974 0.30568 0.1179 0.12664 0.65066 0.20524 0.1441 D&H 3375 24
workers 1979
Pennsylvania plant MT16 18 11 0.12963 0.65629 0.03024 0.0271 0.74047 0.04333 0.03983 0.7671 0.04959 0.0488 0.07256 0.03921 0.06461 0.04593 0.03294 0.05564 0.81303 0.08253 0.10443 D&H 438 29
1979
Rochedale, England MT17 041 131 0.12963 0.65629 0.03024 0.0271 0.74047 0.04333 0.03983 0.7671 0.04959 0.0488 0.07256 0.03921 0.06461 0.04593 0.03294 0.05564 0.81303 0.08253 0.10443 D&H 11 35
plant 1979
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Table 7-15. Estimated Uncertainty Assigned to Adjustment for Fiber Size

Estimated
Study Uncertainty
Study L ocation Code Factor Explanation KL Reference KM Reference
Quebec minesand CM1 1 L ocation common to epidemiology Liddell et a. 1997
mills study and size study
Quebec mines CM2 1 L ocation common to epidemiology Liddell et al. 1997 (raw data
study and size study Loc. 1,3,4)
Italian mine and CM3 175 Same industry, separate locations  Piolatto et al. 1990
mill for epidemiology and size studies
Connecticut plant  CF4 1.25 Epidemiology location one of McDonald et al. 1984 McDonald et al. 1984
several combined for size study
New Orleans plants CP5 1.25 Epidemiology location one of Hughes et al. 1987 Hughes et al. 1987
several combined for size study
South Carolina CT6 125 Epidemiology location one of Dement et al. 1994 (raw data) Dement 2001 (personal
plant several combined for size study communication)
British factory MF7 15 Same industry, separate locations  Berry and Newhouse 1983
for epidemiology and size studies
Ontario factory MP8 15 Epidemiology location probably ~ Finkelstein 1984 Finkelstein 1984
one of several combined for size
study
New Orleans plants MP9 2 Same industry, separate locations, Hughes et al. 1987 Hughes et a. 1987
mixed exposures
Swedish plant MP10 2 Same industry, separate locations, Albin et a. 1990
mixed exposures
Belgium factory MP11 2 Same industry, separate locations, Laguet et al. 1980

mixed exposures
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Table 7-15. Estimated Uncertainty Assigned to Adjustment for Fiber Size (continued)

Estimated
Study Uncertainty

Study L ocation Code Factor Explanation KL Reference KM Reference
U.S. retirees MX13 Enterline et al. 1986
Asbestos, Quebec MX14 Liddell et al. 1997 (raw data)
U.S. insulation MI15 2 Generaly similar industries Selikoff and Seidman 1991 Selikoff and Seidman 1991
workers studied for epidemiology and size
Pennsylvaniaplant MT16 2 Same industry, separate locations, McDonald et al. 1983b McDonald et al. 1983b

mixed exposures

Rochedale, MT17 2 Same industry, separate locations, Peto et al. 1985 Peto et al. 1985
England plant mixed exposures
Whitenoom, RM18 175 Sameindustry, separate locations  DeKlerk, unpublished data DeKlerk, unpublished data
Australia for epidemiology and size studies
Patterson, NJ Al19 125 Epidemiology location one of Seidman et a. 1986 Seidman et al. 1986
factory several combined for size study
Tyler, Texas Al20 125 Epidemiology location one of Levinet a. 1998
factory several combined for size study
Libby, Montana TM21 1.75 Extrapolated from limited, Amandus and Wheeler 1987

marginally associated air data
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In the actual calculation of K, *, this equation is applied with the ratio of air concentrations
appearing on the right side of this expression replaced by the equivalent ratio of fiber proportions
from Table 7-14.

As an example of the calculation of aK *, an earlier draft of this report proposed use of an
exposure index defined as the weighted sum,

0.997 C_.10w<04 t 0.003 Co cyow<04 (Eq. 7-11)

where C_ . 5w<04 1S the air concentration of fibers longer than 10 pm and thinner than 0.4 pm, etc.
Thisindex is the same as the optimal index derived from animal data (Berman et a. 1995)
except the cutoff for the longest length category is 10 um, rather than 40 um. To modify, for
example, the K, =0.0029 value from the Quebec mines and mills environment to conform to the
exposure index defined by Equation 7-11, we proceed as follows (using the appropriate data
from Table 7-14):

K * =0.0029[0.014/ (0.003 . 0.013221 + 0.997 . 0.00372)] = 0.0108.
Ky * values are derived from K, values using an identical procedure.
7.4.3 Derivation of an Improved Exposure Index for Asbestos

Based on an evaluation of the broader literature and the results from a series of supplemental
studies (Chapter 6), it appears that the asbestos structures that correlate best with biological
activity are amost certainly longer and likely thinner than those measured by PCM. As noted
above, Berman et al. (1995) found that an exposure index involving only fibers thinner than 0.4
um, and giving high weight to fibers longer than 40 um and no weight to fibers shorter than 5
um, best reconciled data from a collection of studiesin rats. Unfortunately, fiber-size
distributions available for adjusting epidemiology data (Table 7-14) cover only afairly limited
number of discrete length and width categories. In particular, the largest cut point for fiber
length isonly 10 um. This places a severe restriction upon the extent to which the relative
potency of fibers of different lengths can be accommodated in an exposure index designed to
reflect biological activity.

Although there is evidence that fiber width plays arole in determining potency, the literature
suggests that fiber type and length are more important. An earlier draft of this report, which was
reviewed by an expert panel (Appendix B), proposed using the exposure index defined by
Equation 7-11 for ng asbestos risk. Panelists agreed that there is a considerably greater
lung cancer and mesotheliomarisk attributable to fibers longer than 10 um. However, the panel
was uncertain as to an exact cut size for length and the magnitude of the relative potency. They
were also uncertain whether the optimal indices for lung cancer and mesotheliomawould
precisely conform. Some of the panelists recommended determining the specific weighting (i.e.,
between longer and shorter fibers) that would optimize the fit of the recommended index
(Equation 7-11) to the epidemiological studies. That recommendation was followed in this
revised document. To address the previously stated concern, the index was optimized separately
for lung cancer and for mesothelioma.
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In view of the limitations of the fiber distribution data, it was decided, as an interim measure, to
adopt a maximum fiber width of 0.4 pm in the proposed exposure index for both lung cancer and
mesothelioma. Thisisthe width indicated by the animal data (Berman et al. 1995). Subject to
that decision, we then derived separate exposure index indices for lung cancer and
mesothelioma, respectively, that are each optimal (as defined below) with respect to fiber type
(chrysotile and amphibole) and fiber length (5-10 pm and >10 pm). Based on results of Berman
et a. (1995) and lack of compelling evidence elsewhere in the literature (assuming that size
effects are adequately addressed, see Chapter 6), it was assumed that all similarly-sized
amphibole fibers are equipotent.

To develop separate potency estimates for chrysotile and amphibole fibers (adjusted for fiber
size) it was necessary to estimate the relative amounts of chrysotile and amphibole in each
environment. Table 7-16 presents our estimates of the fraction of exposure in each study
environment contributed by amphibole asbestos, based on information on each environment
available in the literature. The source of the information used to develop each estimate as well
as abrief description of how the estimate was developed is also provided.

74.3.1 Optimizing the Exposure Index for Lung Cancer

A statistical model was fit to the K, valuesin Table 7-14 and results from the fitting were used to
estimate separate potencies for amphibole and chrysotile, to estimate relative potencies of fibers
of different sizes, and to test certain hypotheses. Inthismodel Ln(K,) (the log transform of aK
valuein Table 7-14) was assumed to be normally distributed with mean equal to

L{ KL« [Fampn + 1PC« (1 - Fanpn)] [A+ Cogo + (1 - ) « Cogol / Coomet (Eq. 7-12)

In this expression C ,,, and C,,, are the fractions of fibers among those thinner than 0.4 um that
are between 5 and 10 um in length or longer than 10 pm, respectively (from Table 7-14), Coopye
isthe fraction of PCME fibers (also from Table 7-14), and f,,,,, is the fraction of amphiboles
estimated for each environment (from Table 7-16). In addition there are four parameters that are
estimated by fitting the model to the K, values:

g — the relative potency of fibers thinner than 0.4 um and between 5 and 10 um in length,
relative to fibers thinner than 0.4 pm and >10 um in length;

K .* —the potency (K, value) of pure amphibole (based upon the exposure index defined by q);
rpc — the relative potency of chrysotile, relative to amphibole

The fourth parameter, o, is described below.

Note that the part of Equation 7-12 that isinside the curly bracketsis like Equation 7-9 solved

for K, but with an additional term to account for the relative amounts of chrysotile and
amphibole.
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Table 7-16. Estimated Fraction of Amphibolesin Asbestos Dusts

Fraction of Amphiboles

Study Best Estimated

Study L ocation Code Estimate(%) Range(%) Sour ce of Estimate KL Reference KM reference

Quebec minesand CM1 1 04 Sebastien et al. 1986, Liddell et al. 1997

mills extrapolated from air data

Quebec mines CM2 1 04 Sebastien et al. 1986, Liddell et al. 1997 (aw
extrapolated from air data dataloc. 1,3,4)

Italian mine and CM3 0.3 0.1-05 Piolatto et a. 1990

mill

Connecticut plant  CF4 0.5 0-2 McDonald et al. 1984, McDonald et al. 1984 McDonad et al. 1984
extrapolated from plant history

New Orleans CP5 1 0-2 Hughs et al. 1987, Hughes et al. 1987 Hughes et al. 1987

plants extrapolated from plant
history.

South Carolina CT6 0.5 0-2 Sebastien et al. 1989 (based Dement et al. 1994 Dement 2001 (personal

plant on), extrapolated from Quebec (raw data) communication)
source material

British factory MF7 05 0-2 Berry and Newhouse 1983, Berry and Newhouse
extrapolated from plant history 1983

Ontario factory MP8 30 10-50 Finkelstein 1984, extrapolated Finkelstein 1984 Finkelstein 1984
from plant history

New Orleans MP9 5 2-15 Hughes et al. 1987, Hughes et al. 1987 Hughes et al. 1987

plants extrapolated from plant history

Swedish plant MP10 3 0-6 Albin et al. 1990, extrapolated Albin et al. 1990

from plant history
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Table 7-16. Estimated Fraction of Amphibolesin Asbestos Dusts (continued)

Fraction of Amphiboles

Study Best Estimated

Study L ocation Code Estimate(%) Range(%) Sour ce of Estimate KL Reference KM reference

Belgium factory MF11 Laquet et al. 1980

U.S. retirees MX13 Enterline et al. 1986

Asbestos, Quebec MX14 Liddell et al. 1997 (raw
data)

U.S. insulation MI115 50 25-75 Guess estimate for broad Selikoff and Seidman  Selikoff and Seidman

workers industry 1991 1991

Pennsylvaniaplant MT16 8 3-15 McDonald et al. 1983b, McDonald et al. 1983b McDonald et al. 1983b

extrapolated from plant history

Rochedale, MT17 5 2.5-15 Peto et al. 1985, extrapolated  Peto et al. 1985 Peto et al. 1985

England plant from plant history

Whitenoom, RM18 97 95-100 General estimate® DeKlerk, unpublished  DeKlerk, unpublished

Australia data data

Patterson, NJ Al19 97 95-100 Genera estimate? Seidman et a. 1986 Seidman et a. 1986

factory

Tyler, Texas Al20 97 95-100 General estimate? Levin et al. 1998

factory

Libby, Montana ™21 95 90-100 General estimate? Amandus and Wheeler

1987

@Allows for the possibility of some foreign material. Practical effect for the analysisis nil. Might just aswell assume 100%.
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With this formalism, the potency, K, .*, of pure chrysotile is defined by the product, rpc . K *.
Thus rpc=1 corresponds to equal potency of amphibole and chrysotile and rpc=0 corresponds to
chrysotile being non-potent for causing lung cancer. Similarly, g=1 correspondsto fibers
between 5 and 10 um in length having the same potency as fiberslonger than 10 um and g=0
corresponds to such fibers being non-potent for causing lung cancer.

The variance of Ln(K,) was assumed to be composed of two components. The first component,
o;, was calculated so as to reflect the uncertainty in the K, values as reflected by both the
uncertainty intervals reported in Table 7-6 and the uncertainty in the relevance of the size
distributions applied to each environment, as reported in Table 7-15. Specifically, the upper
bound of the uncertainty interval for K, in Table 7-6 was modified by multiplying it by the
uncertainty factor in Table 7-15. This modified upper bound was then divided by the best
estimate of K, from Table 7-6, and then divided by 2.0. Thelog transform of the result was
defined as 0;. A second component, o, of the standard deviation, assumed to be constant for all
studies, was also estimated. This component may be thought of as representing the uncertainty
inthe K, estimate resulting from random variation that is not represented in the ;. The overall
standard deviation of the Ln(K,) from the study was assumed to be (o,*+0%)"

Using the model described by Equation 7-12, parameters (g, K, .*, rpc, and o) were estimated by
maximum likelihood and likelihood tests were used to test the hypotheses that chrysotile was
non-potent (rpc=0) or equally potent (rpc=1) with amphibole (Wilks 1963). Results from the
analysis are summarized in Table 7-17. Shaded values in the table indicate parameter val ues that
were fixed rather than estimated for each particular model run. By holding certain parameters
fixed, we evaluated the fit of arange of exposure indices, defined asindicated. Thistable also
contains results from a similar analysis of mesothelioma dose-response coefficients (K,,), which
are discussed in Section 7.4.3.2.

The results of fitting the model defined by Equation 7-12 to the K, valuesin Table 7-14 are
shown in the columns of Table 7-17 labeled “Equation 7-12". The first column, labeled
“optimized values’ contains the resulting parameter estimates and log-likelihood with all four
parameters estimated. Note that the estimate of qisg=0. Since q represents the potency of
fibers between 5 and 10 um in length, relative to fibers >10 um in length (considering only fibers
thinner than 0.4 um), the model predicts that fibers between 5 and 10 um are non-potent in
causing lung cancer.

The estimate of rpc for the optimized model run of Equation 7-12 is rpc=0.266, which predicts
that chrysotile is about 25% as potent as amphibole in causing lung cancer (after adjusting for
fiber size). The fourth and fifth columns of Table 7-17 contain results of fitting the model with
rpc fixed at either rpc=0 or rpc=1 (both with q fixed at g=0). These results are used to conduct
likelihood ratio tests of the hypotheses that rpc=0 and rpc=1. The resulting test for rpc=0is
highly significant (p=0.007). Thus, with this formulation the hypothesis that chrysotile is non-
potent in causing lung cancer can be rejected. Thetest for rpc=1 is non-significant
(p=0.54),indicating that even though the best estimate is that chrysotile is only one-fourth as
potent in causing lung cancer as amphibole, the hypothesis that chrysotile and amphibole are
equally potent cannot be rejected.
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Table 7-17. Resultsfrom Fitting Exposure I ndices Defined by Equation 7.12 and Pcmeto
Lung Cancer and Mesothelioma Exposur e-response Coefficients Estimated from

Different Environments

Index
Defined Equation 7.12 PCME
- by. Optimize Optimize
Variable Eq;‘_ aon P RPC=1  RPC=0 RPC=1 RPC=0
Values Values
Lung Cancer (N=16)
RPC 0.267 0.266 1 0 0.469 1 0
100* (K ) 2.3 2.34 0.953 15.80 0.48 0.29 4.42
) 1.007 1.004 1.092 1.730 1.050 1.070 1.915
Log- -17.1022 -17.0833 -17.2659 -20.6989 -17.3451 -17.6271 -21.8543
likelihood
q 0.003 0 0 0 NA NA NA
Hypothesi Ho: Ho: Ho: Ho:
stests RPC=1 RPC=0 RPC=1 RPC=0
p=0.20  p=0.001 p=0.54  p=0.007
100* (K o) 0.61 0.61 0.953 0 0.23 0.29 0
M esothelioma (N=11)
RPC 0.0013 0.0013 1 0 0.0033 1 0
10%*(K,,)  26.78 26.99 2.54 28.8 7.69 0.737 8.87
s 0.6062 0.6038 1.903 0.6099 0.7605 1.805 0.7782
Log- -9.33248 -9.31812 -16.7403 -9.35267 -10.4599 -16.16  -10.5931
likelihood
q 0.003 0 0 0 NA NA NA
Hypothes Ho: Ho: Ho: Ho:
stests RPC=1 RPC=0 RPC=1 RPC=0
p=0.0007 p=0.61 p=0.0001 p=0.79
10%*K,,c) 0.035 0.035 2.54 0 0.025 0.74 0

Notes: Shaded areas indicate values that were fixed in advance of the analyses.

“NA” means not applicable.

Also shown in Table 7-17 are the results of applying the exposure index proposed in the earlier
draft of thisreport (Equation 7-11). Thisindex assigns asmall relative potency of 0.003 to
fibers between 5 and 10 um in length, compared to the fully optimized model, which, as noted
above, assigns zero potency to these fibers. Table 7-17 indicates that both the quality of fit (by
comparison of likelihoods) and the resulting parameter estimates are virtually identical.
Accordingly, unless the ratio of fibers between 5 and 10 pm in length to those longer than 10 pm
(among those thinner than 0.4 um) in an environment is extremely large (e.g., >300-fold), the

two indices will provide practically equivalent results.
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As previoudy indicated, the current approach for estimating asbestos-related risk (U.S. EPA
1986) uses (effectively) PCME as the exposure index. To allow comparison with this approach,
analyses were also conducted using PCME as the exposure index, rather than the size range of
fibers considered heretofore (i.e., Equation 7-12 was simplified to Ln{ K * . [fn + rpc. (1 -
fampn)])- Results of this analysis are shown on the right side of Table 7-17. With this exposure
index, the best estimate is that chrysotile is about one-half as potent as amphibole, the hypothesis
that chrysotile is non-potent can be rejected (p=0.001), and the hypothesis that chrysotile and
amphibole are equally potent cannot be rejected (p=0.20).

Based upon a comparison of either the residual variance, o, or the likelihood, it appears that the
exposure index defined by fibers longer than 10 um and thinner than 0.4 um (corresponding to
g=0in Table 7-17) provides at most a very margina improvement in fit over use of PCME as the
exposure index for lung cancer when rpcisheld at 1. Similarly, adjusting for fiber type but not
size (i.e., optimizing rpc to reflect separate potencies for chrysotile and the amphiboles) also
provides at best amargina improvement over the current approach (PCME with rpc=1).
However, when the exposure index is adjusted for both fiber size and type, (comparing the
optimized values for Equation 7-12 to PCME with rpc=1), asmall improvement is apparent. The
log-likelihood increases by half a unit and the spread in the estimated K, values (represented by
o) decreases by about 7%. Moreover, as discussed in the following section, the improvement for
mesotheliomais substantial ..

In addition to the analyses reported in Table 7-17, other analyses were conducted in which an
additional term was added to the linear combination of fiber lengths appearing in Equation 7-12
to represent fibers shorter than 5 um (still considering only fibers thinner than 0.4 um). In this
analysis, the best estimate of both the potencies of fibers shorter than 5 pm, and between 5 and
10 um in length, was zero.

Discussion of the results from the analysis of the mesothelioma values (also presented in Table
7-17) is provided in Section 7.4.3.2. Based on this analysis and the rest of the evaluation
described in this chapter, arecommended set of lung cancer and mesothelioma exposure-
response coefficientsis presented in Section 7.5.

7.4.3.2 Optimizing the Exposure Index for Mesothelioma

Concomitant with the analysis reported in Section 7.4.3.1 regarding development and evaluation
of an improved exposure index for lung cancer exposure-response coefficients (K, values) that
correlates better with biological activity, a parallel analysis was performed for the mesothelioma
exposure-response coefficients (K,, values) presented in Table 7-14. Thistable presents data
from 11 environments in which K,, values are paired with fiber size distribution data. The
corresponding uncertainty intervals for these 11 K, values are provided in Table 7-9. The same
relationship defined by Equation 7-9 was used to adjust these K, values to a different exposure
index and the same statistical model (Equation 7-12) was applied both to evaluate different
adjustments and to develop an adjustment that was optimal for the available data. The results of
thisanalysis of K,, values are presented in the bottom half of Table 7-17, which also contains the
results of the comparable analysis of K, values.
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The results of fitting the model defined by Equation 7-12 to the K, valuesin Table 7-14 are
shown in the columns of Table 7-17 labeled “Equation 7-12". The first of these columns, labeled
“optimized values’ contains the resulting parameter estimates and log-likelihood with all four
parameters estimated. Just as was the case with the analysis of K, values, the best estimate of g
iIsg=0. Since g represents the potency of fibers between 5 and 10 pm in length, relative to fibers
>10 pm in length (considering only fibers thinner than 0.4 pm), just as was the case for lung
cancer, the model predicts that fibers between 5 and 10 pm are non-potent in causing
mesothelioma.

For mesothelioma, the best estimate of rpc is rpc=0.0013, which predicts that chrysotileis only
0.13% as potent as amphibole in causing mesothelioma (after adjusting for fiber size). This
small estimate for rpc is not significantly different from rpc=0 (p=0.79). Consequently, in this
anaysis, the data are consistent with the hypothesis that all of the mesotheliomas occurring in
cohorts exposed primarily to chrysotile are due to small amounts of amphibole contamination
within the chrysotile. Moreover, the hypothesis that chrysotile and amphibole are equally potent
in causing mesothelioma (the assumption inherent in the U.S. EPA (1986) asbestos health effect
document) is clearly rejected (p=0.0001).

Results using PCME as the exposure index for mesothelioma (the bottom right side of Table
7-17) are similar. The best estimate is that chrysotile is only 0.0033 as potent as amphibole, the
hypothesis that chrysotile is hon-potent cannot be rejected (p=0.61), and the hypothesis that
chrysotile and amphibole are equally potent is definitely rejected (p=0.0007).

Based upon a comparison of either the residual variance, o, or the likelihood, it appears that the
exposure index defined by fiberslonger than 10 um and thinner than 0.4 um (corresponding to
g=0in Table 7-17) provides an improvement in fit over use of PCME as the exposure index for
mesothelioma. Even after adjusting for the effects of fiber type (i.e., comparing the o values
estimated for the optimized values with PCME and Equation 7-12 as the exposure index,
respectively), the variation across K,, values appears to decrease by more than 20% when values
are adjusted to the index of fibersthat are longer than 10 um and thinner than 0.4 um.

Moreover, comparing o values between the index in current use (PCME with rpc=1) (U.S. EPA
1986) and the optimized index of longer and thinner fibers (with rpc=0.0013), use of the latter
exposure index resultsin a 67% reduction in variation across K, values.

Aswas also the case for the lung cancer analysis, the fit based on the exposure index defined by
Equation 7-11, which was proposed in an earlier version of this report (with g, the relative
potency of fibers between 5 and 10 um compared to fibers longer than 10 pm fixed at g=0.003),
isvirtually identical to the fully optimized fit (which predicts g=0).

In addition to the analyses reported in Table 7-17, another analysis for mesothelioma were
conducted in which an additional term was added to the linear combination of fiber lengths
appearing in Equation 7-12 to represent fibers shorter than 5 pm (still considering only fibers
thinner than 0.4 um). In thisanalysis, the best estimate of the potency of fibers shorter than 5
um was also zero.
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Based on results in this section and the corresponding evaluation of lung cancer (Section 6.4.3.1)
arecommended set of lung cancer (and mesothelioma) exposure-response coefficients are
developed and presented in Section 7.5.

7.5 THEOPTIMAL EXPOSURE INDEX
7.5.1 Definition of the Optimal Index and the Corresponding Exposur e-Response Factor s

Table 7-17 presents the results of fitting a statistical model to asbestos exposure-response
coefficients to estimate the relative potencies for fibers of various sizes and types that define an
optimized exposure index for asbestos. Although the coefficients for lung cancer (the K, values)
and mesothelioma (the K, values) were separately evaluated, the optimal index for each
incorporates the same size range of fibers (at least based on the limited range of options
evaluated). These are fiberslonger than 10 um and thinner than 0.4 pm.

Resultsin Table 7-17 also differentiate between the potency of chrysotile and amphibole for both
lung cancer and mesothelioma. Amphibole is estimated as being about four times as potent as
chrysotile for lung cancer (although the difference is not significant) and about 800 times as
potent as chrysotile for mesothelioma (a highly significant difference). Moreover, the dataare
consistent with the hypothesis that chrysotile has zero potency toward the induction of
mesothelioma.

The optimized dose-response coefficients (rounded up) from Table 7-17 for pure fiber types
(chrysotile or amphibole) are summarized in Table 7-18. These coefficients apply to exposures
guantified in terms of concentrations (in f/ml) of fiberslonger than 10 um and thinner than

0.4 um.

Table 7-18. Optimized Dose-Response
Coefficientsfor Pure Fiber Types

Fiber Type K- x 100 Ky X 108
Chrysotile 0.6 0.04
Amphiboles 3 30

7.5.2 Evaluation of the Optimal Exposure I ndex

The optimal coefficients presented in Table 7-18, result from adjustments for both fiber type and
fiber sizeto the K, and K,, values obtained directly from the literature (Tables 7-6 and 7-9),
which are linked to PCM measurements. To get some idea of the relative effects of adjustments
for fiber size (from PCM to fiberslonger than 10 pm and thinner than 0.4 um) and fiber type
toward the goal of rationalizing the K, and K, values obtained from different environments, the
effect of the two adjustments are considered sequentially—first the effect of adjusting for fiber
sizeis considered and next the added effect of adjusting for fiber type is evaluated.
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To compare the effects of adjusting K, and K,, valuesfor fiber size, the K. and K,,. values,
which are adjusted to the optimal exposure index (using Equation 7-9) are plotted (along with
their associated uncertainty intervals) in Figure 7-3, and 7-4. Thesefigures are in aformat
identical to that of Figures 7-1 and 7-2 of the untransformed values. The “key” provided for
Figure 7-1 isaso directly transferable to Figures 7-2, 7-3, and 7-4.

Note that one of the points plotted in Figures 7-1 and 7-2 was omitted from Figures 7-3 and 7-4
(for the Enterline study [1986] of retired factory workers. study MX13) because it was felt that
none of the available size distributions were suitably applicable for this study site, so no
conversions were possible. Also, the confidence intervals are larger in Figures 7-3 and 7-4
because, as previously indicated, we have attempted throughout our analysis of the epidemiology
data to account for major sources of uncertainty. Thus, the confidence intervals depicted in
Figure 7-3 and 7-4 are modified from those depicted in Figures 7-1 and 7-2 to account for the
uncertainty of making the adjustment for fiber size using paired data from published size
distributions. Theintervals were adjusted by multiplying the upper bound and dividing the
lower bound by a factor thought to represent the relative contribution to uncertainty contributed
by the need to match data from separate studies to perform the conversions. The factors
employed (along with the rationale for selecting the value of each factor) are provided in

Table 7-15.

The visual impressions from a comparison between Figures 7-1 and 7-3 for lung cancer and
between Figures 7-2 and 7-4 for mesothelioma are that the changes resulting from adjusting for
fiber size are subtle. Thisvisual impression isreinforced by the relative similarity of the fits
(based on comparison of o and log-likelihoods) reported in Table 7-17 for PCME and the
optimal exposure index, particularly for lung cancer.

Figures 7-5 and 7-6 show the effects of adjusting exposure-response coefficients for both fiber
size and type. To develop Figure 7-5 for lung cancer, asize-adjusted K, as plotted in Figure
7-3, was further adjusted to correspond to pure amphibole by dividing it by the factor [f,,,;, + rpc
« (1 - Tyl Wheref,,, isthe proportion of amphibole fibers estimated for a given environment
(aslisted in Table 7-16) and rpc=0.267, the optimal value from Table 7-17. The corresponding
adjusted factors corresponding to pure chrysotile can be calculated simply by multiplying the
amphibole value by rpc=0.267. Since the study-specific values for pure amphibole al differ
from the corresponding value for pure chrysotile by a multiplicative constant, values for both
types of asbestos are plotted simultaneously in Figure 7-5 by using adifferent scale for
amphibole and chrysotile. The same method was used to develop Figure 7-6 for mesothelioma
exposure-response coefficients, from the size-adjusted K, values plotted in Figure 7-4, the only
difference being that the mesothelioma rpc=0.0013 (Table 7-17) was used for this latter
conversion. Comparing Figure 7-5 to 7-1 suggests that the adjustments for size and type resulted
in as somewhat better reconciliation of the dose-response coefficients for lung cancer, although
the improvement is still somewhat subtle. However, a comparison of Figures 7-6 to 7-2
indicates a much more dramatic improvement in the case of mesothelioma. Comparisons of
Figures 7-2, 7-4, and 7-6 indicate thisis primarily due to the adjustment for fiber type, athough
the subsequent adjustment for fiber size provides further, noticeable improvement.
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Figure 7-3:
Plot of Estimated (Adjusted) K « Values and Associated Uncertainty Intervals by Study Environment
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Fgure 7-4:

Plot of Estimated (Adjusted) K, Values and Associated Uncertainty Intervals by Study Environment
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FHgue7-5:

Plot of Estimeted K, , and K| . Values and Associated Uncertainty Intenvals by Study Ervironmernt
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Fgure 7-6:

Plot of Estimated K| ,, and K - Values and Associated Uncertainty Intervals by Study Ervironmert
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In addition to the graphical comparisons, it is also instructive to consider numerical comparisons.
Table 7-19 reproduces values for al of the origina (study-specific) K, and K,, (from Tables 7-6
and 7-9, respectively) along with all the corresponding values for the adjusted K, . and K.
Study-specific estimates for the all the corresponding K, », K, ¢, Kya, @and K, are also presented.

Table 7-20 presents the magnitude of the spread in the range of original and adjusted K, and K,
values estimated as the quotient of the maximum and minimum values of each range. Note that,
of necessity, such an analysis requires that the zero values obtained for the Connecticut friction
products plant (CF4) be omitted. Note further that the data sets evaluated in Table 7-20 for the
origina and adjusted values are identical (i.e., the one study for which no suitable fiber size
distribution could be found was excluded).

In Table 7-20, for mesothelioma, the spread in unadjusted values among “pure” fiber types (i.e.,
chrysotile only or amphibole only) are both substantially smaller than those for mixed data sets
(containing both fiber types). This provides further evidence of differences in the potencies of
each fiber type toward mesothelioma. It is also apparent that adjusting for fiber size decreases
the range within pure fiber types. Moreover, by simultaneously adjusting for both fiber size and
type (asillustrated by the column labeled, “K.,”), the range of variability across the entire data
set of 10 mesothelioma studiesis reduced from amost 1,100 to afactor of 30, which isaclear
and substantial improvement.

For lung cancer, the results presented in Table 7-20 are a bit more complicated. Whilethereisa
substantial reduction in the spread of unadjusted values among “pure” amphibole environments
when mixed environments are excluded, the spread among “pure” chrysotile environmentsis no
different than that observed for the entire data set. Thisis because, as previously described
(Section 7.2.2) the difference between the K, values observed among chrysotile minersin
Quebec and chrysotile textile workers in South Carolina represent the extremes of the entire
range of reported K, values. Adjusting these exposure-response coefficients for size provides
some improvement in agreement across these two environments. This reinforces the finding
from Appendix D that, if size adjustments incorporating cutoffs for longer fibers could be
incorporated into a new exposure index for asbestos, the apparent discrepancy between the
exposure-response observed among Quebec miners and South Carolinatextile workers (and,
thus, among K, values as awhole) islikely to be further reconciled. The impressions from the
figures discussed above and from Table 7-20 confirm the conclusions concerning the
guantitative improvement in agreement across exposure-response coefficients highlighted in
Sections 7.4.3.1 and 7.4.3.2 and reinforce the conclusion that, especialy with regard to
mesothelioma, adjusting exposure-response coefficients for fiber size and type leadsto
substantially improved agreement across studies.
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Table 7-19. Study SpecificK |, K,,, K\, Ki, Koy Kinas Kiew @nd K. Values

Amphiboles Chrysotile
Study Ki Kw K Kw' Kia Kwa Kic Kwe
Environment Code K, Reference K,, Reference (x100) (x10°)  (x100) (x10°) (x100)  (x100) (x10°) (x10°)
Quebec mines CM1 Liddell et al. 0.029 0.108 0.399 0.106
and mills 1997
Quebec mines CM?2 Liddell et al. 0.0165 0.062 551 0.00716
1997 (raw data)

[talian mine CM3 Piolatto et al. 0.051 0.131 0.716 0.190
and mill 1990
Connecticut CF4 McDonadet  McDonald et al. 0 0 0 0
plant al. 1984 1984
New Orleans  CP5 Hugheseta.  Hughesetal. 0.25 0.2 0.864 0.432 1.979 38.3 0.526 0.0498
plants 1987 1987
South CT6 Dementeta. Dement 2001 2.1 0.25 6.38 0.660 20.7 106 5.50 0.137
Carolina plant 1994 (raw data) (person. comm.)
Wittenoom, RM18 DeKlerk, DeKlerk, 0.47 7.9 0.87 14.43 0.9 15.08 0.24 0.02
Australia unpublished unpublished

data data
Patterson, NJ  Al19 Seidmaneta. Seidmaneta. 11 39 17.36074 26.04111 7.526804 26.9044 2.00213 0.034976
factory 1986 1986
Tyler, Texas  Al20 Levinetal. 0.13 0.868037 0.889531 0.236615
factory 1998
Libby, TM21 Amandus and 0.45 2.44 1.868577 0.497041
Montana Wheeler 1987
British factory MF7 Berry and 0.058 0.134276 0.498301 0.132548

Newhouse

1983
Ontario MP8 Finkelstein Finkelstein 1984  0.29 18  3.246555 48.69833 1.63756 164.2291 0.435591 0.213498
factory 1984
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Table 7-19. Study SpecificK,, K,,, K\, K, K Kinas Ko @nd K. Values (continued)

Amphiboles Chrysotile
Study KL KM KL’ KM’ Kia Kwa Kic Kwue

Environment Code KL Reference KM Reference (x100) (x10%)  (x100) (x10°) (x100)  (x100) (x10°) (x10°)
New Orleans  MP9 Hugheseta. Hughesetal. 0.25 0.3 1.082185 0.811639 2.267472 16.07566 0.603147 0.020898
plants 1987 1987
Swedishplant MP10 Albinet al. 0.067 0.189382 0.638655 0.169882

1990
Belgium MP11 Laquet et al. 0.0068
factory 1980
U.S. retirees  MX13 Enterlineet a. 0.11

1986
Asbestos, MX14 Liddell et al. 0.092
Quebec 1997 (raw data

loc 2)

U.S.insulation MI15 Selikoff and Selikoff and 0.18 1.3 7.411067 24.08597 5.331754 48.68671 1.418246 0.063293
workers Seidman 1991  Seidman 1991
Pennsylvania MT16 McDonadet  McDonald et al. 18 1.1 4781501 2922028 14.72572 35.9891 3.917041 0.046786
plant al. 1983b 1983b
Rochedale, MT17 Petoetal. 1985 Petoeta.1985 041 131 239075 3.47987 3.598193 67.9231 0.957119 0.0883
England plant
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Table 7-20. Comparison of Spread in Range of Original and Adjusted K, and K, Values

for Specific Fiber Types

Fiber Type Ranges of Values
Number in K, Number in
K K x Sets K, K, Kix  Ku KysKux Ku Kus  Kux
Sets

All fiber types 15 72 67 52 10 1,089 795 30
combined
Chrysotile only 4 72 51 52 3 15 11 19
(excluding
mixed)
Chrysotile only 3 86 50 5.0 2 12 7.0 7.0
(also excluiding
textiles)
Chrysotile and 11 72 51 52 8 1,089 794 30
mixed settings
Textilesonly 3 51 51 5.7 3 52 52 29
Amphibole and 11 31 55 30 7 60 60 11
mixed settings
Amphiboles 4 85 85 85 2 2.0 1.7 1.7
only (excluding
mixed)

7.6 GENERAL CONCLUSIONSFROM QUANTITATIVE ANALYSISOFHUMAN
EPIDEMIOLOGY STUDIES

The following conclusions result from our evaluation of the avail able epidemiology studies.

(1) To study the characteristics of asbestos that relate to risk, it is necessary to combine results
(i.e., inametaanalysis) from studies of environments having asbestos dusts of differing
characteristics. More robust conclusions regarding risk can be drawn from an analysis of

the set of epidemiology studies taken as a whol e than results derived from individual

studies.

(2) By adjusting for fiber size and fiber type, the existing database of studies can be reconciled

adequately to reasonably support risk assessment.

(3) The U.S. EPA modelsfor lung cancer and mesothelioma both appear to track the time-

dependence of disease at long times following cessation of exposure, however, the

relationship between exposure concentration and response may not be adequately

described by the current models for either disease. There is some evidence that these
relationships are supra-linear.
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(4)
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(6)

(")

(8)

(9)

Whereas the U.S. EPA model for lung cancer assumes a multiplicative relationship
between smoking and asbestos, the current evidence suggests that the relationship is less
than multiplicative, but possibly more complex than additive. However, even if the
smoking-asbestos interaction is not multiplicative as predicted by the U.S. EPA model,
exposure-response coefficients estimated from the model are still likely to relate to risk
approximately proportionally and, consequently, may be used to determine an exposure
index that reconciles asbestos potencies in different environments. However, adjustments
to the coefficients may be required in order to use them to estimate absolute lung cancer
risk for differing amounts of smoking. Thisissue needsto be investigated further in the
next draft of this document.

The optimal adjustment found for fiber size and type that best reconciles the published
literature assigns equal potency to fiberslonger than 10 um and thinner than 0.4 um and
assigns no potency to fibers of other dimensions. Different exposure-response coefficients
for chrysotile and amphibole are assigned both for lung cancer and mesothelioma. For
lung cancer the best estimate of the coefficient (potency) for chrysotile is 0.27 times that
for amphibole, and for mesothelioma the best estimate of the coefficient (potency) for
chrysotileis only 0.0013 times that for amphibole.

Without adjustments, the lung cancer exposure-response coefficients (K, values) estimated
from 15 studies vary by afactor of 72 and these values are mutually inconsistent (based on
non-overlap of uncertainty intervals). By simultaneously adjusting these values for fiber
size and type, the overall variation in K, values across these studiesis reduced to afactor
of 50.

Without adjustments, the mesothelioma exposure-response coefficients (K,, values)
estimated from 10 studies vary by afactor of 1,089, and these values are likewise mutually
inconsistent. By simultaneously adjusting these values for fiber size and type, the overall
variation in K, values across these studies is reduced to a factor of 30.

The exposure index and exposure-response coefficients embodied in the risk assessment
approach developed in this report are more consistent with the literature than the current
U.S. EPA approach. In particular, the current approach appears highly likely to seriously
underestimate risk from amphiboles, while possibly overstating risk from chrysotile.
Furthermore, most the remaining uncertainties regarding the new proposed approach also
apply to the current approach. Consequently, we recommend that the proposed approach
begin to be applied in assessment of asbestos risk on an interim basis, while further work,
as recommended below, is being conducted to further refine the approach.

Theresidual inconsistency in both the lung cancer and mesothelioma potency valuesis
primarily driven by those cal culated from Quebec chrysotile miners and from South
Carolina chrysotile textile workers. The difference in the lung cancer potency estimated
between these studies has long been the subject of much attention. A detailed evaluation
of the studies addressing thisissue, the results of our analysis of the overall epidemiology
literature, and implications from the broader literature, indicate that the most likely cause
of the difference between these studies is the relative distribution of fiber sizesin the two
environments. It istherefore likely that the variation between these studies can be further
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reduced by developing improved characterizations of the dusts that were present in each of
these environments (relying on either archived samples, or newly generated samples using
technologies similar to those used originally).

Recommendationsfor Limited, Further Study
The two major objectives identified above for further study are:

(1) to evauate abroader range of exposure-response models in fitting the observed
relationship between asbestos exposure and lung cancer or mesothelioma, respectively.
For lung cancer models, this would also include an attempt to better account for the
interaction between asbestos exposure and smoking; and

(2) to develop the supporting data needed to define adjustments for exposure-response
coefficients that will allow them to be used with an exposure index that more closely
captures the criteria that determine biological activity (see Section 6.5). Among other
things, this work should focus on obtaining data that would permit more complete
reconciliation of the exposure-response coefficients derived for Quebec miners and South
Carolinatextile workers.

Thefirst of the above objectives requires access to raw data from a small number of selected,
additional epidemiology studies. The best candidate studies include: (for chrysotile) the lung
cancer data from Quebec (best) or, potentialy, from the New Orleans asbestos-cement pipe plant
studied by Hughes et al. For amphiboles, the best candidate studies include: the lung cancer and
newest mesothelioma data from Libby, or, potentially the lung cancer and mesothelioma data
from the Paterson, New Jersey insulation manufacturing plant studied by Seidman et al. (1986).
The possibility of obtaining some or al of these data sets needs to be further explored.

The second of the above objectives requires more detailed size characterization data for the
environments of interest. Although archived air samples do not appear to be available from any
of the study locations of interest (except South Carolina), we believe that suitable data can be
developed from appropriate bulk samples. Thus, for example, it would be useful to obtain
samples of the raw ore from Libby, Wittenoom, and Quebec and the textile, asbestos-cement
pipe, and friction-product grade products from Quebec.

Results from our review of the supporting literature suggest that the optimum cutoff for
increased potency occurs at alength that is closer to 20 um than 10 pm, (the latter of whichis
the cutoff in the exposure index provided in this study). Data do not currently exist to improve
on this latter cutoff. However, provided that study-specific size distribution data could be
obtained as indicated above, with the appropriate analyses, it will be possible to develop the size
distributions necessary to evaluate arange of considerations including:

(1) delineation of size fractions among individual length categories out to lengths aslong as
30 or 40 pm;

(2) determination of the relative presence and importance of cleavage fragments (of non-
biologically relevant sizes) in mine ores vs. finished fibers; and
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(3) therelative fraction of fibrous material vs. non-fibrous particlesin the various exposure
dusts of interest.

7.62



8.0 DISCUSSION, CONCLUSIONS, AND
RECOMMENDATIONS

Although gaps in knowledge remain, areview of the literature addressing the health-rel ated
effects of asbestos (and related materials) provides a generally consistent picture of the
relationship between asbestos exposure and the induction of disease (lung cancer and
mesothelioma). Therefore, the general characteristics of asbestos exposure that drive the
induction of cancer can be inferred from the existing studies and can be applied to define
appropriate procedures for evaluating asbestos-related risk. Moreover, such procedures provide
substantial improvement in the confidence that can be placed in predicting risks in exposure
environments of interest compared to risk predictions based on procedures in current use.

Following a genera discussions of the findings of this study, specific recommendations for
finalizing a protocol for assessing asbestos-related risks using the procedures identified in this
document are provided in Section 8.2. Recommendations are described in Section 8.3 for
limited, focused, additional studies to:

Q) settle a small number of outstanding issues (concerning whether better models
exist than the current U.S. EPA models for tracking the time and concentration
dependence of the exposure-response relationships for asbestos-induced lung
cancer and mesothelioma);

2 improve the manner in which smoking is addressed in the modeling of asbestos-
induced lung cancer; and

3 provide the data required to fully optimize the approach recommended in this
document (i.e., reconciling the published epidemiology studies by addressing the
effects of fiber size and type).

Moreover, these recommendations parallel those of the expert panel convened to peer-review the
previous version of this report (Appendix B).

8.1 DISCUSSION AND CONCLUSIONS
8.1.1 Addressing Issues

Theissues identified in the introduction (Chapter 2) as part of the focus of this study can now be
addressed. These are:

1 adequacy of existing models: whether the exposure-response models currently in
use by the U.S. EPA for describing the incidence of asbestos-related diseases
adequately reflect the time- and exposure-dependence for the development of
these diseases,
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relative potency for different mineral types: whether different potencies need to
be assigned to the different asbestos mineral types to adequately predict risk for
the disease endpoints of interest;

biodurability: to the extent that different asbestos mineral types are assigned
distinct potencies, whether the relative in vivo durability of different asbestos
mineral types determines their relative potency;

minerals of concern: whether the set of minerals included in the current definition
of asbestos adequately covers the range of minerals that potentially contribute to
asbestos-related diseases;

anaytical methods. whether the analytical techniques and methods currently used
for determining asbestos concentrations adequately capture the biologically-
relevant characteristics of asbestos (particularly with regard to structure sizes), so
that they can be used to support risk assessment; and

extrapolation of risk coefficients: whether reasonable confidence can be placed in
the cross-study extrapolation of exposure-response relationships that are required
to assess asbestos-related risks in new environments of interest.

The Adequacy of Existing Models. Regarding the first of the above-listed issues, both the U.S.
EPA lung cancer model and mesothelioma model appear to adequately reflect the time-
development of asbestos-induced lung cancer. For lung cancer, the assumption in the model that
risk remains constant with time following the end of exposure was confirmed for cohorts
exposed, respectively, to chrysotile, to crocidolite, and to amosite (Section 7.2.1). A similar
analysis for mesothelioma suggests that, as that model predicts, risk for mesothelioma continues
to increase with the square of time since the end of exposure (Section 7.3.1).

Regarding exposure concentration, we did find some evidence suggesting that, for both lung
cancer and mesothelioma, the relationship between exposure concentration and risk may not be
linear, but rather supra-linear (Sections 7.2.1.1 and 7.3.1.2). If confirmed, this would contradict
the assumed strictly linear relationship in both the current lung cancer and mesothelioma models.

For 15 of the 18 studies that were fit using the lung cancer model (Equation 7-2) in our anaysis
(Appendix A and Section 7.2.2), the parameter, «, (which indicates differences in background
lung cancer incidence between cohorts and controls) was greater than 1.0 and significantly so in
six cases. Inthese cases, if it isassumed instead that the background lung cancer mortality rate
applied to the cohort is appropriate, the correct fitting would be with «#=1.0, in which case the
exposure-response would appear supra-linear. Similarly, an analysis conducted using the raw
data from Wittenoom (Section 7.3.1.2) in which exposure is categorized by intensity while
controlling for both time since the end of exposure and duration of exposure suggests a supra-
linear relationship between exposure concentration and mesothelioma as well.

Due to these observations and additional concerns about the rel ationship between smoking and
asbestos exposure toward the induction of lung cancer (Section 7.2.1.3), evaluation of the fit of a
broader range of models to the available lung cancer and mesothelioma data is recommended.
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Importantly, because any such evaluation would be greatly enhanced by broadening the number
of data sets utilized, it is further recommended that all means be explored for acquiring raw data
setsfor cohorts from additional epidemiology studies.

At the same time, although there are suggestions from our analysis that models other than the
current models might better describe the relationship between exposure and risk for both
mesothelioma and lung cancer any limitation associated with use of the current models for lung
cancer and mesothelioma would be common to the procedures recommended in this report and
the existing U.S. EPA approach for assessing asbestos-related risks. Therefore, given the degree
of improvement demonstrated for the proposed approach over the current U.S. EPA approach,
there appears to be little reason not to adopt the proposed approach as an interim measure, while
further research is conducted to address the remaining outstanding issues highlighted by the
expert panel (Appendix B) and highlighted in this report.

Relative Potency for Different Mineral Types. Asindicated in Sections 7.4.3.2 and 7.5.2, our
analysisindicates a substantial difference in the relative potency of amphiboles and chrysotile
toward the induction of mesothelioma, with amphiboles estimated as almost 1,000 times more
potent than chrysotile (fiber-for-fiber). Moreover, this difference was shown to be highly
statistically significant. When fiber size and type are simultaneous addressed, variation across
the 10 published epidemiology studiesincluded in our analysis drops from afactor of more than
1,000 to afactor of 30 (Table 7-19). This, coupled with the growing evidencein the literature
supporting this difference in potency among fiber types, provides strong support for defining
distinct risk coefficients for chrysotile and the amphiboles to assess the risk of mesothelioma.

The situation with lung cancer isless clear. Although our analysis suggests that the best estimate
isthat (fiber-for-fiber) amphiboles are about 4 times more potent than chrysotile toward the
induction of lung cancer, this difference was not found to be statistically significant (Sections
7.4.3.1and 7.5.2). Thisissue aso remains unresolved in the wider literature. It isalso possible
that the confounding effects of smoking, coupled with the lack of adequate data for properly
assessing the effects of smoking may be limiting our ability to address this question. Thus, this
isone of the issues that would likely benefit from additional research.

At the same time, when a small difference in potenciesisincorporated into our meta analysis of
the epidemiology studies we evaluated, variation across the data set is reduced by about 30%
(Table 7-20). This suggests that incorporating a small difference in lung cancer risk coefficients
for chrysotile and the amphiboles is reasonable.

Biodurability. Because thein vitro dissolution rate for chrysotile in biological fluidsis
substantially greater than for crocidolite and, likely, other amphiboles (Section 6.2.4), effects
potentially attributable to differencesin the relative biodurability of these asbestos types are
addressed in several sections of this document. It is possible that such differential biodurability
at least partially explains the clear difference in potency between chrysotile and the amphiboles
toward mesothelioma (along with the possible, albeit smaller, difference toward lung cancer).
However, that no difference was observed in the time-development of either lung cancer or
mesothelioma following exposure to chrysotile or amphibole asbestos (respectively) suggests
that any relationship that exists between potency and biodurability must be more subtle and
complicated than the obvious effect on internal dose. At the same time, there isample literature
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evidence that some kind of relationship in fact exists (Section 6.2.4). While more research into
this relationship may prove interesting (and may be useful for assessing effects of less durable
fibers), it isunlikely to have a direct impact on procedures for assessing asbestos-related risk.

Minerals of Concern. Regarding the range of fibrous minerals that potentially contribute to
lung cancer and mesothelioma, available evidence (Sections 6.2 and 6.4) suggests that:

1 several minerals and the most biodurable among synthetic fibers (such as erionite
or refractory ceramic fibers) in addition to those included strictly within the
definition for asbestos have been shown capable of inducing lung cancer and/or
mesothelioma (as long as the corresponding fibers fall within the appropriate size
range);

fibrous minerals that differ radically in chemical composition or crystal structure
(such as erionite, chrysotile, and the amphibol e asbestos types) appear to exhibit
substantially different potencies (even after adjusting for size); and

fibrous minerals that exhibit closely related chemical compositions and crystal
structures (such as the family of amphibole asbestos types) appear to exhibit
relatively similar potencies (once effects are adjusted for size). To illustrate this
point for mesothelioma, consider that the range of variation in estimated K,,’s
over 10 studies (which include studies of exposures to tremolite, amosite, and
crocidolite in addition to chrysotile) is reduced to afactor of 30 (from almost
1,100), once the effects of size and differences between the amphiboles and
chrysotile are accounted for (Table 7-20). Moreover, among the 7 of these
studies reflecting exposure exclusively to amphiboles (which still includes
exposures to tremolite', crocidolite, and amosite), the range of variation is
reduced to afactor of 11 (Table 7-20). Regarding lung cancer, the four studies of
“pure” amphibole environments (which includes exposures to tremolite,
crocidolite, and amosite) vary by only afactor of 8.5 (Table 7-20) and thisrange
is bounded by studies of the same mineral: amosite, which certainly suggests that
mineralogical differences do not drive the observed variation (Section 7.2.2).

Given the above-described observations, it is clear that fibrous minerals beyond those included
in the definition for asbestos can contribute to lung cancer and mesothelioma. Itisalso likely
that potencies for minerals that exhibit similar chemistry and crystal structure (and which
therefore likely exhibit similar physical-chemical properties) also exhibit corresponding potency
(for similarly sized fibers). However, the carcinogenicity of fibers exhibiting radically different
chemical compositions and crystal structures than those already identified as carcinogenic should
be evaluated on a case-by-case basis.

Two additional considerations may be useful for focusing such evaluations. First, the size
distribution for fibers composed of the mineral of concern should be shown to include substantial

'Formal ly, the exposures at Libby are to the amphibole minera richterite. However, thisminera is closely
related to tremolite and has sometimes been called “ sodium tremolite” because it contains a greater fraction of
sodium than the composition range that is commonly termed tremolite.
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numbers within the range of structures that potentially contribute to biological activity (e.g., that
fall within the size range defined by the improved index recommended in this study, i.e.,
structures longer than 10 um and thinner than 0.4 pm, see Section 7.5). Second, such fibers
should also be shown to be relatively biodurable (i.e., that they exhibit dissolution rates less than
approximately 100 ng/cm?-hour, Lippmann 1999).

Analytical Methods. Given the need to detect the thinnest fibers and the need for reliable
measurements in outdoor settings, the only analytical technique that appears to be capable of
providing quantitative data useful for supporting risk assessment is TEM (Sections 4.3 and 7.6).
Further, given the specific size range of structures that need to be evaluated and the specific
manner in which they need to be counted (to assure both cross-study comparability and
compatibility with the recommended dose-response coefficients), analyses should be performed
using the specific analytical methods recommended in this document. These are |SO 10312
(modified to focus on interim index structures) for air and the Modified Elutriator method
(Berman and Kolk 2000) for soils or bulk materials. However, on a study-specific basis, other
methods may be shown to provide comparable results so that they can also be used as part of a
properly integrated investigation.

8.1.2 Comparison with Other, Recent Risk Reviews

Although several other reviews have also recently been published that nominally address risk-
related issues for asbestos (including questions concerning the identification of an appropriate
exposure index and the relative potency of varying fiber types), these studies are either
gualitative or involve analysis of datain a manner that does not allow formal evaluation of the
nature of specific exposure-response relationships for the various diseases. Therefore, they are
not well suited to support development of a protocol for conducting formal assessment of
asbestos-related risks. Nevertheless, the genera conclusions from these reviews are not
inconsistent with our findings.

Hodgson and Darnton (2000). Hodgson and Darnton (2000) conducted a comprehensive
guantitative review of potency of asbestos for causing lung cancer and mesotheliomain relation
to fiber type. They concluded that amosite and crocidolite were, respectively, on the order of
100 and 500 times more potent for causing mesotheliomathan chrysotile. They regarded the
evidence for lung cancer to be less clear cut, but concluded nevertheless that amphiboles
(amosite and crocidolite) were between 10 and 50 times more potent for causing lung cancer
than chrysotile. In reaching this latter conclusion they discounted the high estimate of chrysotile
potency obtained from the South Carolina cohort. Hodgson and Darnton concluded that inter-
study comparisons for amphibol e fibers suggested non-linear exposure-response relationships for
lung cancer and mesothelioma, although a linear relationship was possible for pleural
mesothelioma and lung tumors, but not for peritoneal mesothelioma.

The Hodgson and Darnton study was based on 17 cohorts, 14 of which were among the 20
included in the present evaluation. This study had different goals from the present evaluation
and used different methods of analysis. Hodgson and Darnton did not use the exposure-response
information within a study. Instead, lung cancer potency was expressed as a cohort-wide excess
mortality divided by the cohort mean exposure. Likewise, mesothelioma potency was expressed
as the number of mesothelioma deaths divided by the expected total number of deaths,
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normalized to an age of first exposure of 30, and by the mean exposure for the cohort. These
measures have the advantage of being generally calculatable from the summarized data available
from astudy. However, since they are not model-based, it is not clear how they could be used to
assess lifetime risk from a specified exposure pattern, which is an important goal of the current
project. Use of average cohort exposure could cause biases in the estimates, if, e.g., alarge
number of subjects were minimally exposed. Also, the recognized differences between studies
in factors, in addition to level of exposure, that may affect risk will also affect the reliability of
conclusions concerning the dose response shape based on comparisons of results across studies.

Lippmann (1994, 1999). In the most recent of these reviews, Lippmann (1999) reinforces our
general findings that it islonger fibers (those longer than a minimum of approximately 5 pm)
that contribute to lung cancer and mesothelioma. He further indicates that, based primarily on
the limits observed for fibers that can be phagocytized, fibers that contribute most to lung cancer
are likely longer than a minimum of 10 um. In hisreview, based on a series of comparisons of
mean and median dimensions reported for the relevant exposures across a broad range of studies,
Lippmann draws several fairly specific conclusions on the ranges of fiber sizes that may
contribute to various diseases (i.e., that the minimum length fibers that contribute to asbestosis,
lung cancer, and mesothelioma are 2, 5, and 10 um, respectively). He also suggests that fibers
that contribute to mesothelioma may need to be thinner than 0.1 um while those that contribute
to lung cancer may need to be thicker than 0.15 pm. While it isnot clear that drawing such
specific conclusions can be firmly supported by the kinds of qualitative comparisons across
reported mean and median dimensions for exposures in various studies that are described in this
paper, the author indicates that further, more formal study of the dose-response relationships that
he positsis warranted. It is noted that many of the studies reviewed by Lippmann (1999) are
also incorporated in our analysis.

In the earlier review, Lippmann (1994) plots lung tumor incidence as a function of inhaled
animal dose for data from a series of broadly varying studies based, respectively, on fibers
longer than 5, 10, and 20 pm (no widths considered) and suggests that the quality of the fits are
comparable. The author further suggests, based on this evaluation, that PCM seems to provide a
reasonable index of exposure. However, no formal goodness-of-fit tests were performed in this
analysis and, based on visual inspection, none of the plots would likely show an adequate fit.
Moreover, the plot of the tumor response vs. dose as a function of fiberslonger than 5 pm
appears to be substantially worse than the other two plots; if one removes the single highest point
inthisplot, it appears that any correlation will largely disappear.

Stayner et al. 1996. In the context of evaluating the “amphibole hypothesis’, Stayner et al.
(1996) computed the excess relative risk of lung cancer per fiber/ml/year from 10 studies
categorized by the fiber types to which the cohort was exposed. Each of these studies was also
included in the present evaluation. Both the lowest and highest excess relative risks came from
cohorts exposed exclusively to chrysotile. Based on their evaluation, they concluded that the
epidemiologic evidence did not support the hypothesis that chrysotile asbestos is less potent than
amphibole for inducing lung cancer. However, based on areview of the percentage of deathsin
various cohorts from mesothelioma, they concluded that amphiboles were likely to be more
potent than chrysotile in the induction of mesothelioma. They also noted that comparison of the
potency of different forms of asbestos are severely limited by uncontrolled differencesin fiber
sizes. None of these conclusions are inconsistent with our general findings.
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82 RECOMMENDATIONSFOR ASSESSING ASBESTOS-RELATED RISKS

The optimum values for the risk coefficients for lung cancer and mesothelioma (the adjusted K,
and K,, values) derived in our analysis are provided in Table 7-18. Although these values are
optimized (within the constraints of the current analysis) and use of these values reduces the
apparent variation across published studies substantially (Section 7.5.2), the need to manage and
minimize risk when developing a general approach for assessing risk, is also recognized. Thus,
to reduce the chance of under-estimating risks, a conservative set of potency estimates were
developed (Table 8-1) by adjusting upward the best-estimate potency coefficientslisted in
Table 7-18 to provide additional health protectiveness. The manner in which thiswas
accomplished is described in the following paragraphs.

Table 8-1. Conservative Risk Coefficientsfor
PureFiber Types

Fiber Type K. x 100 Ky X 108
Chrysotile 55 0.15
Amphiboles 20 100

Reviewing the K . and K , dose response coefficients values listed in Table 7-19, it is apparent
that the maximum values for lung cancer derive from the Dement et al. (1994) study of the South
Carolinatextile plant. Asindicated in Appendix A, the South Carolina study is a high quality
study. Moreover, we were able to obtain the raw data from this study and have analyzed these
datain detail. We found, among other things, a well-behaved (i.e., monotonic) exposure-
response trend in this study for lung cancer. Therefore, because this study is of high quality and
provides the largest values of K . and K ,, the values from this study were selected for our
conservative estimates of the corresponding potency coefficients.

Reviewing the K,,, and K,,. valueslisted in Table 7-19, it is apparent that the maximum values
derive from the Finkelstein study (1984) of the Ontario asbestos-cement factory. Asindicatedin
Appendix A, the data from this study appear problematic. Among other things, the exposure-
response relationships observed in this study are not well-behaved (i.e., not monotonic).
Moreover, the value for « estimated for this study is the highest of any study we evaluated.
Possible reasons for such alarge « include large discrepancies between the background
incidence of lung cancer between cohort and controlsin this study and/or serious errorsin
exposure estimates. Given the potential problems associated with this study, (which suggests
that the potency coefficients estimated from this study may be less reliable than for many of the
other available studies), we decided to bypass this study and select the next highest valuesin
Table 7-19 for K,,, and K, as the conservative estimates to be recommended in this study.
Interestingly, these also turn out to be from the South Carolinatextile study. Note that the
difference in the estimates from these two studies vary by less than a factor of two in any case.

Based on the above evaluation, conservative estimates for the various potency coefficients
recommended in this report are presented in Table 8-1.
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Importantly, a measure of the degree of reconciliation among the results of the published
epidemiology studies that has been accomplished by the analysis presented in thisreport is
indicated by the ratios of the values presented in Tables 7-18 and 8-1, respectively. Theratios
between the corresponding coefficientsin Tables 7-18 and 8-1 are no more than 10 for the lung
cancer potency coefficients and no more than 4 for the mesothelioma potency coefficients.
Moreover, the bounding study for the values presented in Table 8-1 is once again the South
Carolinatextile study, which further reinforces earlier discussions identifying the particular need
to reconcile this study with the other chrysotile studies (particularly the Quebec mining study).

To assess risk, depending on the specific application, either the best-estimate risk coefficients
presented in Table 7-18 or the conservative estimates presented in Table 8-1 can be incorporated
into procedures described below for assessing asbestos-related risks.

Tables 8-2 and 8-3 present estimates of the additional risk of death from lung cancer, from
mesothelioma, and from the two diseases combined that are attributable to lifetime, continuous
exposure at an asbestos concentration of 0.0001 f/cm?®.(for fibrous structures longer than 10 um
and thinner than 0.4 um) as determined using TEM methods recommended herein. Table 8-2
was developed using the best-estimate values for risk coefficients defined in Table 7-18, and
Table 8-3 was devel oped using the conservative estimates defined in Table 8-1. Separate risk
estimates are provided for males and females and for smokers and non-smokers. The method
used to construct these tablesis described in detail in Appendix E.

Separate estimates are presented for smokers and nonsmokers because the lifetime asbestos-
induced risk of both lung cancer and mesothelioma differ between smokers and non-smokers.
The asbestos-induced risk of lung cancer is higher among smokers because the lung cancer
model (Equation 7-2) assumes that the increased mortality rate from lung cancer risk due to
asbestos exposure is proportional to background lung cancer mortality, which is higher among
smokers. Note that, while thisis consistent with a multiplicative effect between smoking and
asbestos exposure that has been reported by several researchers (see, for example, Hammond et
al. 1979), some of the latest studies of the interaction between smoking and asbestos exposure
suggest a more complicated relationship (Section 7.2.1.3). Thisissue needs to be addressed
more fully in future analyses of these data. However, we believe the effects of such
considerations on the overall accuracy of asbestos-related risk estimatesis likely to be small
relative to other sources of error.
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Table 8-2. Estimated Additional Deaths from Lung Cancer or M esothelioma per
100,000 Per sons from Constant L ifetime Exposureto 0.0001 TEM f/cc Longer than 10
um and Thinner than 0.4 um —Based on Optimum Risk Coefficients (Table 7-18)

Chrysotile
NonSmokers

Males Females Males Females
Lung Cancer 0.185 0.207 16 15
Mesothelioma 0.0836 0.096 0.0482 0.0702
Combined 0.269 0.303 1.65 157
Amphibole
Lung Cancer 0.2 0.286 2.22 247
Mesothelioma 62.7 72.3 36.1 52.7
Combined 62.9 72.5 38.3 55.1

Table 8-3. Estimated Additional Deaths from Lung Cancer or Mesothelioma per
100,000 per sons from Constant Lifetime Exposureto 0.0001 TEM f/cc Longer than 10
um and Thinner than 0.4 um - Based on Conservative Risk Coefficients (Table 8-1)

Chrysotile
Non-Smokers

Males Females Males Females
Lung Cancer 17 1.9 14.7 13.8
Mesothelioma 0.314 0.361 0.181 0.263
Combined 2.02 2.26 14.9 14
Amphibole
Lung Cancer 3.77 441 34.1 33.2
Mesothelioma 209 241 120 175
Combined 213 245 154 209
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If thereis a desire to generate population averaged risks, this can also be accomplished using the
datain Tables 8-2 or 8-3. For such acase, ssmply choose the appropriate row (for lung cancer,
mesothelioma, or combined risk) from either Table 8-2 or 8-3 and substitute the four values
given in the row into the following equation to derive a single, population averaged risk:

Rug = 0.5°[0.214* (MS + FS) + 0.786*(MNS + FNS) (Eq. 8-1)

Where:
Rag  Isthe population averaged risk for the chosen disease endpoint;
MS isthe corresponding risk for male smokers;
FS  isthecorresponding risk for female smokers;
MNS isthe corresponding risk for male non-smokers; and
FNS isthe corresponding risk for female non-smokers.

Note that Equation 8-1 is derived based on the assumption that 21.4% of the general population
smokes (see Appendix E).

The asbestos-induced risk of mesotheliomais smaller among smokers because the mesothelioma
model (Equation 7-6) assumes that risk from constant exposure increases rapidly with age, with
the result that the predicted mortality rate is highest among the elderly. Thus, since smokers
have a shorter life span than non-smokers, their risk of dying from mesotheliomais also
predicted to be smaller.

Risks from lifetime exposures to asbestos levels other than 0.0001 may be estimated from the
appropriate entry in Tables 8-2 or 8-3 by multiplying the value in the selected cell from the table
by the airborne asbestos concentration of interest and dividing by 0.0001 (i.e., by assuming that
the additional risk is proportional to the asbestos exposure level). Airborne asbestos
concentrations to be used in this manner must be estimates of lifetime average exposure and must
be expressed as structures longer than 10 um and thinner than 0.4 um derived as described
below.

Importantly, the risks provided in Tables 8-2 and 8-3 relate to exposure estimates expressed in
terms of the interim exposure index (i.e., estimates including only asbestos structures longer than
10 um and thinner than 0.4 pm). Only exposures expressed in terms of the same exposure index
can be used to adjust the risk estimates to other levels of exposure (in the manner described
above). Use of exposures expressed in terms of any other index of exposure (such as the PCME
index in current use) will result in invalid estimates of risk.

The procedure described above for estimating risks using Tables 8-2 or 8-3 should provide good
approximations as long as the projected risk is no greater than 1,000 per 100,000. Risks greater
than 1,000 per 100,000 (i.e., 1 in 100) that are derived from the tables are likely to be over-
estimated. However, for risks associated with short-duration exposures or exposures that differ
radically over time, it may be better to use alifetable analysis or amodified version of Tables
8-2 or 8-3 that reflect the differences in exposure duration and frequency. Thisisto avoid
substantially under- or over-estimating risk (depending on how the table might otherwise be
applied).

Tables 8-2 and 8-3 were derived using the approach described in Appendix E by incorporating
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the age-, sex-, and smoking-specific death rates reported for the general U.S. population and
assuming that exposure is constant and continuous at the level indicated in the table. The
underlying models are provided in Chapter 7 for cases in which exposure is not constant
throughout life and for which sufficient data exist to characterize the time-dependence of such
exposure. If available, there may aso be casesin which it is advantageous to employ mortality
data from a control population that better matches the exposed population of interest than the
U.S. population as awhole.

For the interim, it is recommended that asbestos-related risks from constant low-level exposures
be estimated using Tables 8-2 and 8-3. Although it is possible aso to use the tables to estimate
risk from short-term exposures by applying the corresponding long-term average exposure
(derived from appropriate measurements, as described below), this method can result in
significant errorsin some cases. It isanticipated that aflexible and user-friendly software
package for evaluating risk will eventually be developed to supplement this document. Such a
package will be capable of accurately implementing the cal culation method presented in
Appendix E to calculate risks from general exposure patterns, rather than from constant
exposures only.

Requirementsfor Asbestos M easurements. One additional advantage of the approach for
evaluating asbestos-related risks recommended in this document (in comparison to the current
approach) is that the procedure for assessing risksis tied unambiguously to a specific index for
measuring and expressing exposure (i.e., the index of all fibrous structures longer than 10 um
and thinner than 0.4 um, as defined in Section 7.5) and this, in turn, is tied unambiguously to
requirements for analyzing asbestos sampl es.

Estimates of airborne asbestos concentrations that are required to support risk assessment can be
derived either by extrapolation from airborne measurements or by modeling release and
dispersion of asbestos from sources (soils or other bulk materials). In either case, exposure
estimates must be representative of actual (time-dependent) exposure and must provide
measurements that include only fibrous structures satisfying the dimensional criterialisted in the
last paragraph. Additional considerations that need to be addressed to assure the validity of risk
estimates derived using this protocol include:

1 the array of samples collected for estimating airborne asbestos concentrations
must be representative of the exposure environment;

the time variation of airborne asbestos concentrations must be properly addressed;

airborne samples must be collected on membrane filters that are suitable for
preparation for analysis by transmission electron microscopy (TEM).
Appropriate rocedures for sample collection are described in Chatfield and
Berman (1990) or the SO Method (1SO 10312);

“Note that the SO Method (1SO 10312) is a refinement of the method originally published as the Interim
Superfund Method (Chatfield and Berman 1990). It incorporates improved rules for evaluating fiber morphology.
Both methods derive from a common development effort headed by Eric Chatfield.
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sample filters must be prepared for analysis using a direct transfer procedure (e.g.,
SO 10312). Should indirect preparation be required (due, for example, to
problems with overloading of sample filters), a sufficient number of paired
samples will need to be collected and analyzed to establish a site-specific
correlation between directly and indirectly prepared samples,

samples must be analyzed by TEM;

samples must be analyzed using the counting and characterization rules defined in
SO 10312 and the structures used to determine exposure concentrations for use
with this protocol need to satisfy the dimensional criteria defined in Section 7.5
(i.e., structures longer than 10 pm and thinner than 0.4 pm). Importantly, 1SO
Method rules require separate enumeration and characterization of component
fibers and bundles that are observed within more complex clusters and matrices.
Such components, if they meet the dimensional criteria defined above must be
included in the structure count;

when risks are estimated using the risk tables (Tables 8-2 or 8-3) the risk values

selected from the tables must be appropriate for the fiber type (i.e., chrysotile or

amphibole) and the disease endpoint (i.e., lung cancer or mesothelioma) relevant
to the situation of interest; and

to use Tables 8-2 or 8-3, the concentration of total asbestos structures longer than
10 um and thinner than 0.4 pm must be derived, divided by 0.0001, and
multiplied by the risk estimate listed in the appropriate cell of the selected table to
generate the risk estimate of interest.

Considerations that need to be addressed to assure the validity of risk estimates derived from soil
or bulk measurements combined with release and transport modeling include:

the array of samples collected for estimating source concentrations must be
representative of the surface area or volume of source material from which
asbestos is expected to be released and contribute to exposure;

samples must be prepared and analyzed using the Modified Elutriator Method for
soils and bulk materials (Berman and Kolk 1997, 2000), which is the only method
capable of providing bulk measurements that can be related to risk;

membrane filter samples prepared using the tumbler and vertical elutriator per the
Superfund method must themselves be prepared for TEM analysis using a direct
transfer procedure;

TEM analysis must be conducted using the counting and characterization rules
defined in the 1ISO Method (1SO 10312) in precisely the same manner that is
described above for air measurements. Also, the same size categories need to be
evaluated (in the same manner described above) to estimate exposures for use
with this protocol to assess risk; and
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release and dispersion models that are selected for assessing risks must be
appropriate to the exposure scenario and environmental conditions of interest.
Such models must also be adapted properly so that they accept input estimates
expressed in terms of fiber number concentrations. Procedures suggested for
adapting such models areillustrated in a recent publication (Berman 2000).

Note, if new analytical procedures can be designed to focus on long structures, risks can be
evaluated more cost-effectively. The alternate approach of spending alarge proportion of
available resources counting many (potentially non-potent or marginally potent) short structures,
while not characterizing longer structures with adequate sensitivity or precision, leaves open the
possibility of missing potentially serious hazards because a small population of extremely potent,
long fibers were missed in a particular environment. Moreover, any potential contribution to risk
by shorter structures will be incorporated to some extent by default, i.e., to the extent that similar
proportions of such structures were also present in the environments from which the exposure-
response coefficients were derived and such structures are known to have been ubiquitousin
these environments (see, for example, Dement and Harris 1979; Gibbs and Hwang 1980; Hwang
and Gibbs 1981).

83 RECOMMENDATIONSFOR FURTHER STUDY

A small number of limited and focused studies (described previously) are recommended in this
document because they are likely to provide very cost-effective improvements to the quality of
this document and may support substantial improvement to the recommended procedures for
assessing asbestos-related risks. The recommended studies are:

Q) afocused study to expand our evaluation of the current U.S. EPA modelsto
include other candidate models that might better track the exposure dependence
of asbestos-related disease (Sections 7.2.2 and 7.3.2). Such models should also
be used to explore and better represent the relationship between smoking and
asbestos exposure (to the extent that data suitable for supporting such an analysis
can be acquired); and

2 afocused study to devel op the supporting data needed to define adjustments for
potency factors that will allow them to be used with an exposure index that even
more closely captures asbestos characteristics that determine biological activity
than the currently proposed index (Section 7.5).

Note that, by properly designing the second of the above-listed studies, it may also be possible to
further address another outstanding issue that was previously identified: the question of whether
exposure-response coefficients derived from mining studies are under-estimated relative to
studies involving asbestos products because exposures in the mining studies may contain large
numbers of non-asbestos particles contributed by the disturbance of host rock (Appendix D).
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