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ABSTRACT

Differences in chemical and crystalline composition, fiber dimension, aerodynamic characteristics and
biodurability are among the critical factors that define the toxicological and pathological consequences
of asbestos exposure. Specifically, fiber dimension can impact whether the fiber is respired, whether
and how deeply it is deposited in the lung, and how efficiently and rapidly it may be cleared. This
paper provides a current, comprehensive evaluation of the weight of evidence regarding the relation-
ship between asbestos fiber length and disease potency (for malignant and nonmalignant endpoints).
In vitro studies, animal exposure studies and epidemiology data were reviewed. We found that the
data reported over the last several decades consistently support the conclusions that exposure to
fibers longer than 10 um and perhaps 20 um are required to significantly increase the risk of develop-
ing asbestos-related disease in humans and that there is very little, if any, risk associated with exposure
to fibers shorter than 5um. Fiber length as a predictor of potency has been evaluated by several fed-
eral agencies in the U.S. and could significantly influence future regulatory decisions for elongated min-
eral particles (EMPs) and high-aspect ratio nanoparticles (HARNs).
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Introduction

Asbestos has been utilized extensively since ancient times
because of a number of unique and valuable qualities,
including the high tensile strength and superior insulating
ability of this class of minerals. In addition to these desirable
physical and chemical characteristics, several different asbes-
tos minerals were readily available, inexpensive and easy to
process into end-products. Consequently, the commercial
applications of asbestos expanded dramatically during the
first half of the twentieth century.

A significant amount of research has been devoted to
understanding the characteristics of asbestos fibers that are
responsible for their disease-inducing potential. It has been
recognized for some time that not all asbestos fibers are the
same and that differences in chemical and crystalline com-
position, fiber dimension, aerodynamic characteristics, and
biodurability are among the critical factors that influence
the potential toxicity of an asbestos fiber. King et al. (1946)
were the first to document in the published literature fiber
length differences in the fibrogenic potential of asbestos.
Subsequent studies showed that the presence of longer, thin-
ner fibers regardless of the type of asbestos was more likely
to result in fibrosis and tumorigenesis than short fibers
(Berman et al., 1995; Ilgren & Chatfield, 1998a,b; Lippmann,
1988, 1994; Miller et al., 1999; Stanton, 1973; Stanton et al,,
1977, 1981; Vorwald et al., 1951).

It is only relatively recently, however, that weight of evi-
dence analyses have suggested that a threshold fiber length
may exist for many, if not all, asbestos fiber types; the risk
of disease would not be significantly increased even at very

high exposures below this fiber length. In 2002, the Agency
for Toxic Substances and Disease Registry (ATSDR) con-
vened a panel to discuss the degree to which fiber length
influences the onset of asbestos-related cancer (ATSDR,
2002). After reviewing various epidemiological, animal, and
in vitro studies, the ATSDR-sponsored panel concluded that
“asbestos ... shorter than 5pm are unlikely to cause cancer
in humans” (ERG, 2003a, p. vi). Similarly, a 2003 U.S.
Environmental Protection Agency (EPA) report commis-
sioned to examine this issue concluded that, based on math-
ematical modeling, “the optimum cutoff for increased
potency occurs at a length that is closer to 20 pm than
10 um” (Berman & Crump, 2003, p. 7.61). An EPA-spon-
sored expert panel convened to evaluate and comment on
the technical support document and agreed that the cancer
“risk for fibers less than 5um in length is very low and
could be zero” (ERG, 2003b, p. viii). Some researchers con-
tinue to maintain that, because short fibers (<5um) often
predominate (relative to longer fibers) in human lung tissue
samples, they must be associated with some degree, and pos-
sibly a substantial degree, of cancer risk (Dodson et al,
2003; Suzuki & Yuen, 2001; Suzuki et al., 2005).

The purpose of this paper is to provide a current state of
the science review regarding asbestos fiber length and dis-
ease potential. Malignant (lung cancer and pleural meso-
thelioma) and nonmalignant (fibrosis) endpoints are
evaluated. The current weight of evidence regarding in vitro
studies, animal studies and asbestos-exposed worker cohorts
is summarized and interpreted. This analysis is timely
because numerous relevant studies, particularly epidemiology
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studies of worker cohorts exposed primarily to short fiber
asbestos, have been published since the EPA and ATSDR
panels convened approximately 15years ago. In addition, it
appears that fiber length as a predictor of disease potential
could significantly influence future regulatory decisions for
elongated mineral particles (EMPs) and high-aspect ratio
nanoparticles (HARNs).

Methods

A comprehensive literature review was conducted of all pub-
lically available documents that expressly examined the effect
of fiber length on the development of asbestos-related dis-
ease, specifically asbestosis, lung cancer and mesothelioma.
Several database search engines (e.g. PubMed and ToxNet)
were used to identify relevant reports, literature or confer-
ence proceedings. The search was not restricted based on
asbestos fiber type, animal model or fiber delivery method.
Due to inter-laboratory variation, the discussion of studies
was limited to those that directly compared short versus
long asbestos fiber preparations. Although the focus of this
review is on fiber length in relation to asbestos exposure,
when appropriate, studies relating to EMP and HARN
exposure are discussed.

Fiber length and asbestos toxicity

Since humans can differ quite significantly from animals in
their reaction to toxic agents, most scientists prefer to base
risk estimates for humans on human data. This is because
in order to apply animal or tissue culture data to humans,
scientists must extrapolate from one species to another or
from simple cellular systems to the complexities of human
physiology. In terms of the respiratory system, the complex-
ities that dictate how a chemical or particle is absorbed or
deposited in the lungs and interacts with specific cells is
dependent on a multitude of different factors, including the
(1) physical and chemical nature of the agent, (2) respiration
patterns and lung function of the individual, (3) anatomy,
cellular population and metabolic makeup within different
regions of the lung and (4) intra- and extra-pulmonary cel-
lular and chemical signaling. These interactions are virtually
impossible to replicate in vitro. However, in some circum-
stances, where human data are limited, laboratory studies
including those on animals may provide the only basis from
which risk can be estimated; as such, numerous in vitro and
in vivo studies have been conducted to investigate asbestos
toxicity in relation to fiber length.

Fiber length and human studies

Few, if any, human asbestos cohorts are known in which
individuals were exposed only to short fibers in high expos-
ure scenarios (i.e. work with raw fiber). While mining and
milling involved exposure to raw fibers that encompassed a
very wide range of fiber lengths, the cement, friction and
textile manufacturing industries relied on processed fibers of
a relatively specific length distribution. Cement and friction

manufacturing industries primarily used short and medium
length chrysotile fibers (Grades 4-7), while the textile indus-
tries required the use of much longer fibers (Grades 1-3)
(Cossette & Delvaux, 1979; Mann, 1983; Pigg, 1994). Grades
1 and 2 consist of unprocessed or crude chrysotile asbestos,
while Grades 3 through 7 are milled chrysotile of decreasing
fiber lengths that are produced by mechanical techniques
such as crushing, screening and air separation.

Some researchers have suggested that occupational studies
usually provide little insight into questions of fiber length
and risk because workers were often exposed to a wide
range of fiber sizes (Doll & Peto, 1985; Meldrum, 1996).
While this may generally be true, it has been noted that the
differences in lung cancer risk associated with the chrysotile
textile industry and chrysotile mining and milling may be
the result of differences in fiber size distributions
(Huncharek, 1987; Meldrum, 1996). For example, in 1983,
McDonald et al. (1983a) performed a follow-up evaluation
on the South Carolina textile worker cohort previously eval-
uated by Dement et al. (1982) and observed a steep linear
exposure-response (mortality) that was approximately 50-
fold greater than in Canadian chrysotile mining and milling
cohorts. In a separate investigation, McDonald et al. (1983b)
investigated potential differences between mining and manu-
facturing with chrysotile and amphiboles among a group of
Pennsylvania textile workers with opportunities for exposure
to chrysotile, amosite and crocidolite. The authors reported
that the risk of lung cancer in textile processing was much
greater than in production. Hughes & Weill (1986) sug-
gested that the state and physical treatment of asbestos in
different industries created dust clouds with asbestos fibers
of differing physical dimensions, thereby resulting in differ-
ences in carcinogenic potential. They specifically noted that
textile manufacturing facilities are likely to offer opportuni-
ties for exposure to long, thin fibers relative to those experi-
enced in mining and milling settings. Similarly, Nicholson
(1991, 2001), Nicholson & Landrigan (1994, 1996) and
Nicholson & Raffn (1995) hypothesized that the percentage
of thin, uncounted, but highly carcinogenic fibers at textile
plants may be greater than in the mining and milling envi-
ronments, thereby allowing for a greater observed cancer
risk at the same measured cumulative fiber exposure.

In 1994, Dement et al. provided an update of the South
Carolina textile worker cohort originally discussed in their
1981 and 1983 publications (Dement et al., 1994). The
authors supported the conclusion that the difference in fiber
size distributions was the cause for differences in lung cancer
risk between chrysotile-exposed textile workers and chryso-
tile miners. Dement et al. (2008, 2009) later derived fiber size
specific exposure estimates for multiple exposure zones at
the North Carolina and South Carolina textile manufacturing
facilities. They concluded that the “vast majority” of fibers
inhaled by textile workers were shorter than 5um in length
(Dement et al., 2008, p. 583; Dement et al., 2009, p. 611).
Although some have suggested that the presence of more
short fibers means they are more potent, work from Dement
et al. suggest that lung cancer risk increased with increasing
fiber length. Using the previously published exposure esti-
mates stratified by fiber size, Loomis et al. (2012) analyzed



whether the risk of lung cancer varies with fiber length and
diameter in these cohorts and concluded that the occurrence
of lung cancer is associated most strongly with exposure to
long, thin asbestos fibers. It should be noted that the authors
only adjusted for age, sex, race and calendar year; smoking
status was not considered.

More recently, Pierce et al. (2016) examined chrysotile
asbestos no-observed adverse effect levels (NOAELs) for
lung cancer and mesothelioma. Like earlier studies, the
authors determined that there is likely an important role for
fiber length with respect to disease risk. They noted that
occupational cohorts of industries that historically used
shorter chrysotile fibers, including friction and cement prod-
uct manufacturing, did not demonstrate an increased risk of
either mesothelioma or lung cancer. Specifically, the authors
reported that no friction or cement product manufacturing
cohorts included in their analysis reported an increased dis-
ease risk at any exposure level. The absence of disease in the
short fiber manufacturing cohorts, such as friction and
cement manufacturing, is consistent with numerous epi-
demiology studies that reported no increased risk in workers
who handled the manufactured chrysotile products
(Garabrant et al., 2016; Laden et al., 2004). Conversely, all of
the studies of textile cohorts reported an increased risk of
disease at one or more exposure level. As pointed out by
Pierce et al. (2016), the degree to which any present short
fibers contributed to disease onset in the textile cohorts is
not clear due to the potential masking effect of the long
fibers. Similarly, Berman and Crump have indicated that
although exposure to longer fibers among textile cohorts
demonstrably increases the risk of asbestos-related disease,
the data “do not necessarily mean that shorter fibers are
nonpotent” (Berman & Crump, 2008a, p. 65).

Animal studies examining disease outcomes

Asbestos can be delivered experimentally via multiple routes,
including inhalation, intratracheal instillation, or intrapleural
and intraperitoneal injection. Inhalation studies have more
convincingly demonstrated the importance of fiber length in
mesothelioma, lung cancer and pulmonary fibrosis. There
are distinct differences in the distribution, clearance and
retention of materials when administered by instillation
compared to inhalation. Inhalation provides a natural route
of entry into the lungs, whereas instillation is a nonphysio-
logic and invasive route of entry. Although the actual dose
delivered to the lungs of each animal can be essentially
assured with injection/instillation, the distribution of mater-
ial within the respiratory tract differs since the upper
respiratory tract is bypassed (Brain et al., 1976; Driscoll,
2000; Mossman et al., 2011). As such, the emphasis for the
discussion below is on animal inhalation studies.

Fibrosis

The importance of fiber length in pulmonary fibrosis has
been shown in studies using asbestos. Table 1 summarizes
asbestos fiber type, length, exposure parameters and fibrotic
outcome after exposure to asbestos in multiple animal
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studies. Following the review of experimental studies in ani-
mals after injection or inhalation of asbestos fibers,
Lippmann (1988) concluded that asbestosis most closely
related to the surface area of retained fibers. To date, there
have been several animal inhalation studies that have exam-
ined the influence of the fiber length on the pathology of
asbestos.

In 1951, Vorwald et al. reported the results of extensive
investigations performed by Gardner at the Saranac
Laboratory over the course of the previous twenty years
(Vorwald et al., 1951). As part of this effort, Gardner eval-
uated several types of asbestos at a range of fiber lengths in
multiple animal species by a variety of exposure routes. In
the inhalation experiments, guinea pigs, rabbits, cats, rats
and/or mice were exposed to either asbestos dust collected
during the carding operation at a fabrication plant (~1%
>10 um), ball-milled chrysotile (0.6% >10 um), or chrysotile
asbestos up to 50 um in length (6.7% >10 pum). Guinea pigs
exposed to ball-milled chrysotile for 28 months demon-
strated slight peribronchiolar fibrosis, whereas those exposed
to long chrysotile reported definitive fibrosis at 16 months.
Fibrosis developed in both rats and mice exposed to long
chrysotile, but not ball-milled chrysotile. In a companion
evaluation, this group compared short and long fiber dusts
by intratracheal injection. While no fibrosis was observed
with short fiber chrysotile, amosite, crocidolite or tremolite,
distinct fibrosis was observed with long fiber preparations of
these same fiber types. Evidence of fibrosis was not observed
with either short or long fiber anthophyllite. Based on his
extensive research, Vorwald et al. concluded that peribron-
chiolar fibrosis is produced by asbestos fibers between 20
and 50 um in length, but not by fibers shorter than 20 pm.

Crapo et al. (1980) administered short and intermediate-
length National Institute of Environmental Health and
Sciences (NIEHS) chrysotile to rats by inhalation. After
three months, both fiber preparations caused similar
increases in the volume of alveolar epithelium, interstitium
and alveolar macrophages. However, after 12 months, greater
lung injury was observed in animals treated with the inter-
mediate fiber preparation. In a similar experiment published
in 1980, Wagner et al. exposed rats via inhalation to SFA
(super fine sample), grade 7, and UICC (Union
Internationale Contre Le Cancer) Canadian chrysotile and
reported a similar progression of early fibrosis for all three
chrysotiles (Wagner et al., 1980). Although the specific dis-
tribution was not reported, the authors reported that SFA
fibers were longer than grade 7 fibers, which were longer
than the UICC fibers. In 1990, Wagner reported differences
in the pleural reaction in rats after inhalation to unreported
concentrations of crocidolite and disc-milled crocidolite
(Wagner, 1990). Those animals exposed to UICC crocidolite
began showing signs of fibrosis after 12 months, whereas
those exposed to the shortened crocidolite only showed an
early interstitial reaction.

Davis et al. (1986b) exposed rats to short and long amos-
ite by inhalation. While there was no evidence of fibrosis in
animals exposed to short fiber amosite, rats exposed to long
fiber amosite showed progressive thickening of the alveolar
septa and accumulation of fibrous tissue. Fibrosis was
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observed in 11% of the long fiber group. In 1988, Davis and
Jones administered short and long UICC chrysotile by inhal-
ation to rats (Davis & Jones, 1988). Fibrosis was observed in
12.6% of animals treated with long fiber chrysotile and in
2.4% of animals in the short fiber group.

The potential fibrogenicity of Coalinga, UICC/B and
Jeffrey chrysotile was assessed in two inhalation animal stud-
ies; the first conducted by the NIEHS in 1978 and the other
at the Fraunhofer Institute in 1983. Ilgren (2002) and Ilgren
and Chatfield (1997) reexamined histopathological slides
from the above mentioned animal inhalation studies and
reported that the long fiber preparations (UICC/B and
Jeftrey) were fibrogenic at 12 months, while the short fiber
preparation (Coalinga) was not fibrogenic.

Asbestos related cancer:
mesothelioma

Classical studies by the Stanton and Pott laboratories have
indicated that the induction of mesothelioma by any asbes-
tos fiber is directly related to the presence of fibers >8 pum
in length and <0.25um in diameter (Pott, 1978; Pott et al,,
1972; Stanton & Wrench, 1972; Stanton et al., 1977, 1981).
Although some studies have suggested that short fiber asbes-
tos preparations may be carcinogenic after injection, these
preparations also contained a small percentage of long
fibers, making results difficult to interpret. Moreover, it is
apparent from a dose response study by Davis & Jones
(1988) that short fiber preparations elicit a response at
higher “overload” doses, but not at lower doses
(Oberdorster, 1995). Table 2 summarizes asbestos fiber type,
length, exposure parameters and disease outcome after
exposure to asbestos in multiple rodent studies.

In addition to describing the occurrence of asbestos-
induced fibrosis, Vorwald et al. (1951) did not observe evi-
dence of lung cancer or mesothelioma among the control or
treated animals following administration of varying lengths
of asbestos by inhalation, intrapleural, intratracheal or intra-
venous administration. Beginning in the early 1970s, a series
of animal inhalation studies were conducted indicating that
relatively short fibers (<8 um) are more easily inactivated by
cellular phagocytosis than longer fibers and thus are less
capable of inducing asbestos-related diseases, including
mesothelioma (Stanton, 1973; Stanton et al., 1977, 1981). In
1988, Lippmann reported that mesothelioma induction is
most closely associated with the number of fibers longer
than ~5pm and thinner than ~0.1 pm, whereas lung cancer
is most closely associated with fibers longer than ~10pm
and thicker than ~0.15pm (Lippmann, 1988). Following an
analysis of fiber length distribution data from rat inhalation
studies using amosite, brucite, chrysotile, crocidolite, erionite
and tremolite as test materials in 1994, Lippmann also con-
cluded that the concentration of fibers longer than either 10
or 20 um in length is a better predictor of tumor yield than
is the concentration of fibers longer than 5um (Lippmann,
1994).

Berman et al. (1995) and Berman & Crump (2003) eval-
uated data from 13 rat inhalation bioassays in which the
animals were exposed to nine different types of asbestos

lung cancer and pleural

dusts, including UICC crocidolite, Korean tremolite, four
types of chrysotile, and three types of amosite. Berman et al.
relied on a series of animal inhalation studies conducted by
Davis et al. (1986a, 1985, 1986b, 1978, 1980) and Davis &
Jones (1988). In these studies, male AF/HAN rats were
exposed to 2-10mg/m> asbestos by inhalation for sev-
en hours per day, five days per week for 224 days to over one
year. Berman et al. concluded that structures contributing to
lung tumor risk appeared to be long (>5pm) and thin
(0.4 um) fibers and further noted that potency appeared to
increase with increasing length, with structures longer than
40 pum being approximately 500 times more potent than
those between 5 and 40 um in length. These researchers sug-
gested that structures less than 5um in length did not con-
tribute to lung tumor risk.

In the above-mentioned reanalysis of the NIEHS animal
inhalation study with Coalinga, UICC/B and Jeffrey chryso-
tile, Ilgren & Chatfield (1998a) reported that the incidence
of pulmonary tumors in Coalinga exposed animals was the
same as the untreated control animals. In contrast, greater
than 20% of the animals exposed to both Jeffrey and UICC/
B chrysotile exhibited pulmonary tumors. There were no
mesotheliomas in these exposure groups. Perhaps most
importantly, Wagner (1990) reported no cases of mesotheli-
oma among the animals exposed by inhalation to shortened
erionite and almost a 100% incidence of mesothelioma
among the 27 animals exposed to longer-fiber erionite. This
finding is of particular interest because long erionite fibers
are thought to be one of the most, if not the most, potent
inducers of mesothelioma.

Contrary to the other inhalation studies with short asbes-
tos fibers, Wagner et al. (1980) reported that approximately
16, 11 and 25% of the animals exposed to SFA, grade 7 and
UICC chrysotile, respectively, developed lung tumors. There
was one reported mesothelioma in an SFA chrysotile expos-
ure animal. The airborne fiber concentrations [reported as
fibers longer than 5pm by phase contrast microscopy
(PCM)] measured in the exposure chamber “dust clouds”
during this study was 430, 1020 and 3750 f/cc, respectively.
The concentrations measured were well above fiber concen-
trations measured in even the dustiest asbestos industries
and likely overloaded the lung by compromising the clear-
ance mechanisms.

Summary

In general, results are difficult to evaluate because of differ-
ent experimental protocols (e.g. differing concentrations,
mode of delivery, and species). However, data from a num-
ber of experiments overwhelmingly support the concept that
the risks of lung cancer, mesothelioma, and fibrosis increase
with increasing fiber length. Short fibers in these studies
have shown much less fibrogenic and carcinogenic activity
than long fibers, regardless of the potency of longer fibers of
the same fiber type. Moreover, chronic inhalation of very
high doses of short chrysotile fibers (<5um in length) for
lifetime exposures (2years) in rats or 28 months in baboons
yielded no fibrosis or pulmonary tumors despite the
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presence of asbestos bodies (Platek et al., 1985; Stettler et al.,
2008).

In vitro cell culture studies

In vitro cell culture studies are useful when comparing the
effects of different mineral properties (e.g. chemical compos-
ition, size, morphology) with markers predictive of patho-
genicity, such as toxicity and proliferation. The major
limitation associated with in vitro studies is that these do
not mimic human exposure. In vitro cell systems are often
comprised of a monolayer of one type of immortalized cells
rather than the three-dimensional, multi-cellular and bio-
chemical interactive structure that exists in the human body.
Furthermore, many of the in vitro studies were conducted
with concentrations significantly higher than those that
occur at the target tissue following human occupational and
environmental exposure. Nevertheless, in vitro studies can
be powerful tools for understanding mechanisms of toxicity.
Table 3 presents a summary of in vitro studies that directly
compared short and long asbestos fiber preparations.
Collectively, the weight of evidence from mechanistic studies
on cells in culture suggests the toxicity, mutagenicity, and
proliferative potential of the fibers increase with increasing
length.

Deposition and retention in relation to fiber length
Human studies

Several groups have documented fiber concentration and
size retained in the lung tissue of those occupationally
exposed to asbestos (Churg & Wiggs, 1984, 1986, 1987;
Langer & Nolan, 1994; Suzuki & Yuen, 2002; Tossavainen
et al, 1994). These groups reported that shorter fibers were
more abundant in the human lung of those occupationally
exposed to asbestos than longer fibers, regardless of fiber
type. One group suggested, based on these data, that either
the carcinogenic size range is much broader than thought or
a small number of fibers in certain size ranges can induce
tumors in humans (Churg & Wiggs, 1984). Additionally, it
has been suggested that the choice of which sizes to measure
favored the selection and counting of shorter fibers, and
therefore may have underrepresented the longer fibers in the
counting process (Becklake & Case, 1994).

It is important to note the differences in biopersistence
between chrysotile and amphibole asbestos when assessing
lung fiber burden. Clearance and biopersistence contribute
to fiber burden such that failed clearance and durability of
the fiber can increase the retention time of the fiber.
Chrysotile fibers are readily depleted of critical components
of their structure (e.g. Mg) in the lung milieu, thereby weak-
ening the fibers resulting in either fragmentation of longer
fibers or dissolution (Jaurand et al., 1977). Amphibole fibers
are far more resistant to this type of leaching and fragmen-
tation (Hesterberg et al., 1998; Jaurand et al., 1977; Roggli &
Brody, 1984). Therefore, there is less accumulation of the
effective dose of long chrysotile fibers than for long amphi-
bole fibers.

Although lung burden analysis in humans is a good
marker for past exposure, it is a poor index of dose and
fiber characteristics. It represents only what remains follow-
ing the period from the last exposure, which can be decades.
As such, knowledge of the kinetics of fiber deposition and
clearance comes primarily from rodent studies, which are
discussed below.

Animal studies

Short fibers (<5 pum) may be less pathogenic because of their
decreased deposition or penetration into the airways, and
increased clearance by macrophages and other cell types
(reviewed in HEI-AR, 1991). Results from animal bioassays
conducted over the course of the last 40 years have demon-
strated that approximately 90% of inhaled asbestos fibers
deposited in the lung are between 5 and 10um in length
and that deposition decreases (at constant fiber diameter) as
fiber length increases (Hammad et al., 1982; Morgan et al,,
1978, 1980; Timbrell, 1965; Timbrell et al., 1970). Timbrell
(1965) was the first to investigate how fiber dimension
impacts fiber deposition when they demonstrated through
physical analyses that the falling speed of glass fibers was
dependent more on fiber diameter than length. The authors
suggested that these results provided an explanation for
observations made by others that asbestos fibers up to
200pm in length can be deposited. In 1995, Morgan
reviewed the literature relating to fiber length and depos-
ition and suggested that very long fibers can penetrate to
and be deposited in the alveolar region of the human lung,
provided that they are straight (Morgan, 1995). Morgan con-
cluded that total deposition increases with fiber length, but
both lower respiratory tract and alveolar deposition decline
with increasing fiber length.

The available data suggest that short asbestos fibers
(<5um) are cleared more efficiently than longer asbestos
fibers (>20 um), with a half-life of approximately 10 days
for fibers 0.4-4 pm in length and approximately 114 days for
fibers greater than 16pm in length (Coin et al, 1992;
Morgan et al.,, 1978). These observations in clearance half-
lives are strongly governed by the functionality of natural
defense mechanisms within the lung, such as phagocytosis,
which are easily overcome by longer length fibers (Snipes,
1995). Consequently, shorter fibers have a tendency to dis-
solve more rapidly than longer fibers, as shorter fibers have
a greater surface area and are effectively exposed to the low
pH environment of macrophage lysosomes (Coin et al,
1992; Searl et al., 1999; Snipes, 1995). Based on modeling
results, Berry found that the influence of solubility of fibers
on the mesothelioma rate is 17 times higher in the human
than in the rat principally because rats age and develop can-
cer at a much higher rate (Berry, 1999). Thus, the author
suggested that this implies that relatively soluble fibers that
do not produce disease in rats are even less likely to do so
in humans.

Recent research has shown that fiber length and bioper-
sistence can influence clearance of fibers through the pleural
stomata opening and prevent clearance via the lymphatic
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system (Donaldson et al., 2010; Murphy et al, 2011;
Osmond-McLeod et al., 2011). Recent studies by Donaldson
et al. have provided additional insights as to how biodurable,
biopersistent long asbestos fibers induce effects on the
pleura. As evidenced by “black spots” on the parietal pleural
wall at autopsy of urban dwellers, a fraction of all deposited
particles reach the pleura and through normal pathways of
clearance exit the pleura through stomata in the parietal
pleura. The stomatal openings on the parietal pleura drain
fluid from the pleural space into lung lymph nodes.
Donaldson et al. hypothesized that if particles are too large
or too elongated to navigate through the stomatal opening,
accumulation can occur leading to inflammation and pleural
pathology, including mesothelioma (Donaldson et al., 2010).
While the impetus for this original hypothesis and recent
research was to explore how HARN, such as carbon nano-
tubes, may fit into the classic fiber toxicology paradigm, the
emphasis of retention of biodurable long fibers on the par-
ietal pleura also has implications for understanding the ori-
gins of asbestos-related diseases (Donaldson et al., 2010).

Conclusions

Evidence demonstrating that fiber length is a key factor in
pathogenicity of fibers comes from a number of sources, but
the best data are from animal studies where it is possible to
segregate fiber populations by length and assess their effects,
unlike the mixed nature of human exposures. Ultimately,
the size of a fiber determines its residence time in the lung.
Longer fibers have been shown to be more harmful because
they cannot easily be engulfed by alveolar macrophages, the
cells responsible for breaking down asbestos fibers in the
terminal air spaces of the lungs. This results in a phenom-
enon known as incomplete phagocytosis, which prevents
efficient clearance of fibers from the lungs (Barlow et al.,
2013). Fibers retained in the lungs can cause injury to epi-
thelial or mesothelial cells, primarily through a process initi-
ated by the release of various pro-inflammatory factors and
reactive oxygen species released by activated macrophages
(Barlow et al., 2013).

Over the past 30 years, there have been numerous differ-
ing views on the degree to which chemical and crystalline
composition, fiber dimension, aerodynamic characteristics
and/or biodurability influence the potential toxicity of ser-
pentine asbestos relative to amphibole asbestos (ACGIH,
1980; Berman & Crump, 2003, 2008a, 2008b; Bernstein &
Hoskins, 2006; Bernstein et al., 2013; Gibbs & Berry, 2008;
Hodgson & Darnton, 2000; Hodgson et al., 2005). Although
one should take into account fiber length when considering
the potential toxicological properties of asbestos fibers, it is
apparent that it cannot be the only metric relied upon in
determining risk. Often, exposure to even significant doses
of chrysotile asbestos does not increase the incidence of can-
cer in a particular cohort (Pierce et al., 2016), while expos-
ure to lower concentrations of another form of asbestos (i.e.
amphibole) can significantly affect the cancer rate in
exposed cohorts (Berman & Crump, 2008b; Hodgson &
Darnton, 2000). Multiple factors including the tumor type,
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animal system examined, available toxicological data and
epidemiological data need to be considered when attempting
to predict whether a specific agent poses a significant hazard
to humans at doses to which they might reasonably be
exposed.
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