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There has been a longstanding debate about the potential contribution of chrysotile asbestos
fibers to mesothelioma risk. The failure to resolve this debate has hampered decisive risk com-
munication in the aftermath of the collapse of the World Trade Center towers and has influenced
judgments about bans on asbestos use. A firm understanding of any health risks associated with
natural chrysotile fibers is crucial for regulatory policy and future risk assessments of syn-
thesized nanomaterials. Although epidemiological studies have confirmed amphibole asbestos
fibers as a cause of mesothelioma, the link with chrysotile remains unsettled. An extensive re-
view of the epidemiological cohort studies was undertaken to evaluate the extent of the evidence
related to free chrysotile fibers, with particular attention to confounding by other fiber types,
job exposure concentrations, and consistency of findings. The review of 71 asbestos cohorts
exposed to free ashestos fibers does not support the hypothesis that chrysotile, uncontaminated
by amphibolic substances, causes mesothelioma. Today, decisions about risk of chrysotile for
mesothelioma in most regulatory contexts reflect public policies, not the application of the sci-
entific method as applied to epidemiological cohort studies.
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I. INTRODUCTION

Mesothelioma is a cancer arising from the peritoneal and
parietal pleural epithelium or subepithelium. Three main histo-
logical patterns are now recognized: epithelial, desmoplastic (a
variant is sarcomatoid), and biphasic (mixed). Although there
have been case reports with pathological descriptions consistent
with the diagnosis since 1870, mesothelioma was not generally
considered a distinct cancer entity until the 1960s (Jones, 2001).
Special staining of tissue samples in use since 1985 has helped
the clinical assessment of patients substantially by distinguish-
ing most of the differential diagnoses of malignant mesothe-
lioma, including “pseudomesothelioma” (Attanoos and Gibbs,
2003; Sporn and Roggli, 2004; Bueno et al., 2005). Mesothe-
liomas may develop spontaneously with no apparent link to any
exposure—the same applies for most cancers, such as colon and
breast malignancies (Doll and Peto, 1981; Spirtas et el., 1994;
Meldrum, 1996; Hubbard, 1997; Roggli et al., 1997; Speizer,
2001; Roggli and Sharma, 2004; Patel et al., 2004; Price and
Ware, 2004).

Address correspondence to Charles M. Yarborough, MD, Senior
Managing Scientist, Exponent, Inc.,420 Lexington Avenue, Suite 1740,
New York, NY 10170, USA. E-mail: cyarborough@exponent.com

There are some known and suspected causes of mesothe-
lioma (Peterson et al., 1984; Pelnar, 1988; Ilgren and Wagner,
1991; Hillerdal, 1999; Sato et al., 2000; Sporn and Roggli,
2004; Sterman, 2004; Lange, 2004). For example, epidemio-
logical evidence indicates that some geologic minerals (e.g.,
the fibrous silicates erionite—zeolite) and other fibrous minerals
such as “Libby amphibole” are associated with an elevated risk
of mesothelioma. In the aftermath of the World Trade Center
collapse on September 11, 2001, where widespread exposures
to mainly chrysotile asbestos are reported, the long-running de-
bate on the potency of chrysotile fibers of whatever physical
dimensions to cause mesothelioma (and other health outcomes,
which are beyond the scope of this review) hampers unambigu-
ous risk communications (Landrigan et al., 2004; Lange, 2004,
Greenberg, 2005; Nolan et al., 2005).

Asbestos is a commercial term used to describe minerals that
share certain physical properties and is categorized into two
families: serpentine (chrysotile) and amphiboles. Each asbestos
type has a distinct chemical formula. Asbestos occurs both as
asbestiform (fibrous) and nonasbestiform (massive) structures in
nature, and each type retains its chemical composition in either
form. Chrysotile is a sheet silicate that rolls into nano-sized
tubular structures possessing a hollow core, whereas amphiboles
are chain silicates.
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Chrysotile is distinct not only in its chemistry, shape, and
size distribution compared to the amphibole asbestos fibers, but
also in its biopersistence in the lungs once inhaled. Based on
multiple linear regression analyses of asbestos fiber content in
human lung tissues, fibers (i.e., aspect ratio >3:1) of chrysotile
longer than 10 um have a half-life of 7.9 years, compared to
150.0 years for tremolite (Finkelstein and Dufresne, 1999); how-
ever, all fibers accumulate if lengths are over 18 um in length
for chronic exposures of workers (Case et al., 2000). For fibers
longer than 20 um in animal studies, chrysotile asbestos from
Calidria and Canadian mines cleared the lungs with a half-life
of 7 hours and 11.5 days, respectively. By 2 days, all long
Calidria fibers had dissolved/disintegrated into shorter pieces,
and no long Canadian fibers were present after 1 year in the
lung (Bernstein et al., 2005a, 2005b).

Of the multiple clearance mechanisms, an important factor
for comparing biopersistence of fibers is dissolution rates. For
in vitro studies under conditions analogous to biological sys-
tems, the measured dissolution rate for crocidolite is 40 times
slower than for chrysotile. Dissolution of chrysotile fibers could
be accelerated because chrysotile undergoes rapid, longitudi-
nal splitting in the lung while amphiboles do not. Reportedly a
chrysotile fiber with a diameter of 1 um will dissolve in about
1 year, while a crocidolite fiber of the same diameter will take
60 years to dissolve. The distribution of the various asbestos
fibers seen in lung tissue after a long period of time is the result of
the dissolution and clearances of chrysotile asbestos fibers, com-
pared to the amphiboles, and the amount and size distribution
of the original aerosols such that the number of chrysotile fibers
over 5 um in length in the lung tends to be very small (Britton,
2002; Berman and Crump, 2003; Fattman et al., 2004; Bernstein
etal., 2003, 2005a). The final draft of the human risk assessment
method for the U.S. Environmental Protection Agency (EPA),
prepared by Berman and Crump and peer-reviewed by a panel
of experts, assigns zero risk to fibers thinner than 0.4 um and
less than 10 pum in length for its optimized exposure index for
mesothelioma (Berman and Crump, 2003, p. 7.49).

For purposes of research into its unique properties, the chan-
nels of chrysotile asbestos fibers have been filled under pressure
by molten Hg, Sn, Bi, In, Pd, Se, and Te. These ultrathin, par-
allel filaments are similar to quantum wires in many ways and
open the door to new microelectronic developments. Availabil-
ity of synthetic chrysotile nanotubes with constant morphol-
ogy and structure is crucial for nanotechnology because natu-
ral chrysotile has contamination with other minerals (Fe, Al,
Ca, Ni, Mn, Na), contains different proportions of polytypes
(ortho-para-clino-chrysotile), and is interspersed by its poly-
morphs lizardite and antigorite, whereas synthetic chrysotile
does not possess these characteristics (Kumzerov et al., 2003;
Falini, 2004). In view of these developments, elucidation of the
true mesotheliogenic potency of natural chrysotile fibers absent
of amphiboles has added importance in the rapidly emerging
nanoparticle field in terms of occupational, consumer, environ-
mental and medicinal exposures.
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1. EPIDEMIOLOGY FOR TESTING HYPOTHESES
ABOUT TOXIC EXPOSURES

Science can be defined as a methodical approach to the ac-
quisition of knowledge. The scientific method involves problem
identification, hypothesis generation, and a study designed to
test the initial hypothesis. Confirmation occurs when the results
supporting or refuting the hypothesis are seen in repeated ob-
servations (Cohen, 1950; Irani, 1971; Feyerabend, 1981). An
example of the application of scientific method is the investi-
gation of a causal association between amphibole asbestos and
mesothelioma. Wagner et al. (1960) wrote a preliminary publica-
tion describing 33 cases of diffuse pleural mesothelioma. Early
in the investigation, the authors suspected that asbestos might be
implicated, but this hypothesis was not supported at once from
the original histories from the patients. After obtaining detailed
occupational and residential histories, it was found that all but
one case had a probable exposure to crocidolite asbestos called
Cape blue. This landmark report opened a large area for epi-
demiological studies to test the initial hypothesis and replicate
the finding (Newhouse, 1969; Wagner, 1991; McDonald and
McDonald, 1998; Miller, 2004).

Epidemiology is the field of public health that studies the in-
cidence, distribution, and etiologies of disease in human popu-
lations. It focuses on evaluating associations between exposures
and disease in human populations. Well-performed epidemio-
logical studies are the best way to determine potential risks and
the effects of substances on humans. A U.S. Surgeon General’s
report describes the approach as a “direct measurement of as-
sociation” (Bayne-Jones et al., 1964). The staff of the Office
of Scientific Advisor writes, “EPA prefers high-quality human
studies over animal studies because they provide the most rele-
vant kind of information for human health identification” (U.S.
EPA, 2004). Epidemiology requires a comparison group as op-
posed to case reports or case series. Case series such as the one
by Wagner et al. (1960) are descriptions of selected patients and
as such are not analytical studies.

The aim of a body of epidemiological literature is to infer
whether an association is causal and to derive an estimate of
the magnitude of the excess risk, if one exists. An association is
defined as a statistical dependence between two or more events,
characteristics, or other variables. Association between two vari-
ables does not imply that one event causes the second. All as-
sociations reported in epidemiology studies can reflect varying
degrees of bias (i.e., systematic errors), chance, and the real-
ity of the situation under study. Errors may arise from biased
selection of study participants, misinformation concerning the
study or control groups, and confounding factors (Fraser, 1987;
Rothman and Greenland, 2001; Savitz, 2003; U.S. Preventive
Services Task Force, 2003). Confounding occurs whenever the
effect of an exposure is distorted because of the association of
the exposure with other factor(s) that influence the disease. Con-
founding can attenuate or exaggerate a relationship (Last, 2001)
and pose obstacles to the interpretation of any epidemiological
study (Savitz, 2003). Amphibole asbestos becomes a confounder
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when it is present in the air and/or tissues of study subjects when
the intention is to test the hypothesis that chrysotile exposure
causes a cancer risk.

Scientists use animal studies to study various toxicological
aspects of substances to help assess human health risks. Al-
though animal studies involve controlled exposures to well-
characterized agents, many uncertainties are introduced when
extrapolating the results of animal data to humans (Brent, 2004).
With regard to modeling asbestos risk specifically, attempts to
use animal data for human dose-response factors are not recom-
mended (Berman and Crump, 2003). “In the end, if a choice has
to be made between animal and human evidence as a basis for as-
sessing human risk, adequate human data must be given a prior-
ity” (Hodgson and Darnton, 2000). The question of whether hu-
mans develop mesothelioma as a result of exposure to chrysotile
asbestos fibers must be answered based on human experience
rather than on animal experimentation (Elmes, 1994).

In a speech at the Royal Society of Medicine to occupational
medicine physicians over 40 years ago, Sir Austin Bradford
Hill, Professor Emeritus of Medical Statistics at the Univer-
sity of London, proposed a list of “nine different viewpoints”
when interpreting observational and related studies as evidence
of causation. Researchers and policymakers are still using the
approach widely today. His decisive question was whether
the frequency of undesirable event B will be influenced by a
change in the environmental feature A. No formal tests of sig-
nificance can determine cause and effect (Hill, 1965). Using
the list as a “causation model” (see Lemen, 2004) without first
establishing an association was not the original intent of Pro-
fessor Hill. Discussed also in the section of the report called
“Establishment of Association” for the U.S. Surgeon General by
Bayne-Jones et al. (1964, pp. 179-182), this point was clearly
reiterated by Hill when he introduced the list in his speech:

Disregarding then any such problem in semantics we have this
situation. Our observations reveal an association between two vari-
ables, perfectly clear-cut and beyond what we would care to attribute
to chance. What aspects of that association should we especially
consider before deciding that the most likely interpretation of it is
causation? [italics added] (Hill, 1965)

If it be shown that an association exists, then the question is
asked, ‘Does the association have a causal significance?” . .. To judge
or evaluate the causal significance of the association between the
attribute or agent and the disease, or effect on health, a number of
criteria must be utilized. [italics added] (Bayne-Jones, 1964)

Because the list of considerations was meant for studying
positive associations “before we cry causation” according to
Hill, the need to consider the credibility of an observed absence
of association is not addressed (Savitz, 2003). Consideration of
the Hill aspects should not be initiated at the current time be-
cause of the lack of a well-documented, “clear-cut” association
with mesothelioma in the chrysotile epidemiological studies (as
discussed later).
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I11. BASIS FOR THIS REVIEW

The extensive epidemiological literature on this topic was
reviewed by following searches in the MEDLINE database
and bibliographies and citations in articles. Seventy-one peer-
reviewed cohort studies matched the inclusion criteria: cohort
design in settings of mainly occupational exposures to free (raw)
asbestos fibers; enumeration of mesothelioma cases; specific in-
formation on asbestos fiber types; and latest published reports
for cohorts. Cohort epidemiological studies can provide fiber
type information, which typically only exists within cohort data
sets rather than case control studies. Detailed exposure infor-
mation is usually obtained for industrial cohort studies. Listed
in Tables 1, 2, and 3 are cohort studies found to have sufficient
information on the asbestos fiber types. Classification for the
studies was based on this reported information unless there was
reasonable evidence to indicate that members of the cohort were
exposed to mixed fibers. Due to insufficient reports for rates of
mesothelioma in cohorts, a formal meta-analysis could not be
undertaken.

As seen in the tables, exposure data was provided by two
major risk assessment efforts of this decade and other published
papers, such as the number of subjects and cases, estimated
average exposure levels in short-term samples (fibers/milliliter,
milligrams/cubic meter of air, etc.), or cumulative exposures
(fibers/milliliter times years of exposure [f/ml-yr]), industries,
processes, and fiber types. The time frame for exposures in the
tables refers to the ascertained start date of operation of the plant
or study period until the end of follow-up of the cohort.

IV. RESULTS

A. Epidemiological Cohort Studies on Amphiboles
Causing Mesothelioma (Table 1)
1. Crocidolite

Many studies support the conclusion that there is a causal
association of exposures to crocidolite, a form of riebeckite,
with mesothelioma. The relationship between crocidolite as-
bestos exposures and mesothelioma was demonstrated by ap-
plying the scientific method to epidemiology studies designed
to formally examine the findings that Wagner and his colleagues
published in 1960 (Wagner et al., 1960). A cohort study of a
cigarette filter factory in Massachusetts consisted of 33 men ex-
posed during the manufacturing process using crocidolite; 5 died
of mesothelioma (Talcott et al., 1989). Two hundred thirty-one
mesotheliomas were diagnosed among a group of 6908 persons
(6493 men and 415 women) who had worked at a former cro-
cidolite mine and mill in Wittenoom, Australia, at some time
between 1943 and 1966. Nine percent of the known deaths in
this group were attributed to mesothelioma (Berry et al., 2004).
Among 3430 crocidolite miners in South Africa contributing
about 49,000 person-years of follow-up, mesotheliomas were
discovered in 20 men (Sluis-Cremer et al., 1992). These co-
horts had average cumulative exposures of 17—120 f/ml-yr for
crocidolite fibers (see Hodgson and Darnton, 2000). Gas mask
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TABLE 1
Characteristics of cohort studies for amphibole asbestos
Approx. Estimated
Fiber Number of number of exposure

Authors, year Study type # cases subjects level Process Time frame
Acheson et al., 1982 Leyland 0 5 852 — G 1939-1980
Berry et al., 2004 Wittenoom 0 231 6908 23 f/ml-yr M 1943-2000
Browne and Smither, Cape FactoryD a 0 1500 — I 1954-1980

1983 approx.
Finkelstein, 1989a Ontario a 2 133 640 f/ml; up to I 1956-1986

134 mppcf in
1958

Gaensler et al., 1988 Mass. Plant A 0 12 136 <5 mppft in 1953 G,0 1943-1988
Hilt et al., 1981 Saltpeter 0 2 21 — (0] 1943-1980
Jones 1976, 1996 Nottingham 0 67 1172 — G 1940-1995
Levin et al., 1998 Tyler TX a 6 1130 16-91 f/ml I 1954-1986
Luo et al., 2003 Da-yao I 0 3 5603 — O 1977-1983
Luo et al., 2003 Da-yao II (IIT) 0 7(5) 4598 (1610) — (0] 1987-1995
McDonald et al., 1978 S Dakota C 1 1321 — M 1905-1973
McDonald et al., 2004; Libby 1 12 406 162 f/ml-yr; 18 f/ml M 1963-1999

also see Amandus et al.,

1987
Meurman et al., 1994 Finnish mines n 4 903 — M 1918-1991
Seidman et al., 1986 Paterson a 17 820 65 f/ml-yr I 1941-1982
Sluis-Cremer et al., 1992 SA crocidolite o 20 3430 17 f/ml-yr M 19461980
Sluis-Cremer et al., 1992 SA amosite a 4 3212 24 f/ml-yr M 1946-1980
Sluis-Cremer et al., 1992 SA mixed oa 6 675 — M 19461980
Talcott et al., 1989 Massachusetts 0 5 33 120 f/ml-yr (0] 1951-1988
18 cohorts 404 Approx. 32,853

Note. See Table 5 for explanations of symbols.

production using crocidolite from Western Australia in plants
was associated with 67 mesothelioma cases among 1172 work-
ers in a plant in Nottingham, UK (Jones et al., 1976, 1996).
Twenty-one men were heavily exposed to crocidolite during the
construction of a saltpeter plant from 1928 to 1929, and two
mesothelioma cases were reported by 1980 in the group with
0.21 cases expected (Hilt et al., 1981). In a cohort of 136 fil-
ter paper makers using crocidolite for gas masks and cigarettes
working from 1943 to 1972 in Massachusetts (Plant A), 12
mesotheliomas were found, including another case in the wife
of a worker (Gaensler and Goff, 1988). A study of 435 workers
making gas masks in Leyland, UK, using primarily crocidolite,
found 5 mesothelioma cases in the records; 3 pleural mesothe-
lioma cases at Blackburn had amphiboles found in their lung
tissue (Acheson et al., 1982).

Many cases of mesothelioma and other asbestos diseases for
two cohorts and one subcohort are reported as associated with
environmental and occupational exposures to crocidolite in a
rural county in southwestern China. Not only were there ex-
posures from ambient air and during the common application
of crocidolite-containing clay as stucco, but also asbestos stoves

and stove pipes were made in family-style production for selling
locally and beyond the Da-yao area until this practice was offi-
cially banned in 1984. The annual mortality rate is 85-365 per
million in that region of China. In comparison, the current rates
in North America are about 15-20 cases per million in men and
much lower in women (Sporn and Roggli, 2004). Also, the more
highly exposed peasants in this Chinese study had a fivefold in-
creased risk of mesothelioma relative to the counterparts with
lower exposure (Luo et al., 2003).

2. Amosite (Insulation)

Exposure to another commercial amphibole, fibrous gruner-
ite (commonly called “amosite” from the acronym AMOS, rep-
resenting Asbestos Mines of South Africa), has resulted in an
excess risk of mesothelioma. It is unclear in some occupational
studies that the exposures are to asbestiform mineral. Among
3212 amosite miners in South Africa (51,000 person-years
with cumulative exposure of 24 f/ml-yr), 4 mesotheliomas were
found (Sluis-Cremer et al., 1992; Hodgson and Darnton, 2000).
Mesothelioma was diagnosed in 17 men among 820 workers
exposed to amosite in a factory located in Paterson, NJ. The
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incidence among those with short-term work exposures showed
a strong relationship with advancing time (Seidman et al., 1986).
The worker cohort in New Jersey had cumulative amosite ex-
posure of 65 f/ml-yr (Hodgson and Darnton, 2000). A study of
a cohort involved in amosite insulation manufacturing at Tyler,
TX, reported 6 mesotheliomas among 130 workers (Levin et al.,
1998). Two mesothelioma cases were found among 12 exposed
workers at an Ontario factory manufacturing amosite asbestos
insulation materials under poorly controlled environmental con-
ditions (up to 640 f/ml in 1973) (Finkelstein, 1989a). Another
cohort with exposure to cummingtonite-grunerite, a mineral that
is closely related to amosite, had one case of mesothelioma di-
agnosed by needle biopsy (McDonald and McDonald, 1978).
Workers at one factory of Cape Industries Ltd. (Factory D) pro-
ducing insulation boards containing amosite had no reported
mesotheliomas among approximately 1500 workers (Browne
and Smither, 1983).

3. Tremolite and Libby Amphibole

Fibers of the tremolite-actinolite series are a widespread
mineral that has little commercial value. Marked inflammatory
and fibrotic responses are seen after tremolite deposition in the
lungs of animals, in contrast to the lack of histopathology af-
ter Calidria chrysotile exposures (Bernstein et al., 2005b). Since
1978, the human health effects of vermiculite contaminated with
this asbestiform mineral have been studied (Amandus et al.,
1987; ASTDR, 2003). The U.S. EPA now calls the complex
tremolite-containing mineral “Libby asbestiform amphibole.” A
recent epidemiological study was published of 406 vermiculite
mineworkers in Libby, MT, who were employed before 1963
and followed until 1999 and had average exposure for 9 years of
18 f/ml-yr. Twelve deaths (4.2% of all deaths) were attributed
to mesothelioma. The overall proportional mortality is similar
to that of crocidolite miners in South Africa and in Australia
(McDonald et al., 2004). Locally widespread use of tremolite-
containing whitewash is reported to be the cause of the “Metsovo
mesothelioma epidemic” (Constantopoulos et al., 1987; Langer
et al., 1987; Sakellariou et al., 1996) and is strongly associated
with mesothelioma risk in New Caledonia (Luce et al., 1994,
2000) and Anatolia (Baris et al., 1988; Metintas et al., 1999).

4. Anthophyllite

Tossavainen et al. (1994), from Finland, where anthophyl-
lite was mined and used, reports the permanent persistence of
longer (>5 to 17 pum), thicker anthophyllite fibers in the lung
and the predominance of these fibers in some lung cancer and
mesothelioma cases. Hillerdal (2004) writes that anthophyllite’s
potential to cause mesothelioma seems to be low. On the other
hand, there is a mesothelioma case report that the authors link
to neighborhood environmental (i.e., low) exposure to antho-
phyllite asbestos, while relating this case to reports of asbestos-
associated disorders among workers exposed to anthophyllite
(Rom et al., 2001). A cohort of 736 men and 167 women work-
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ing in two Finnish mines was followed from 1953 until 1991.
There were 4 cases of mesothelioma among this group versus
0.1 expected, all in men with “heavy” exposure to this form of
asbestos for 13 to 31 years (Meurman et al., 1994).

B. In Workers Exposed to Both Chrysotile and
Amphibole, There Are Fewer mesothelioma Cases Than
in Studies of Amphiboles (Table 2)
1. South Carolina

One of the largest studies of asbestos exposures involved a
plant in Charleston, SC, using primarily chrysotile asbestos re-
ceived from Quebec and (then-called) Rhodesia. This facility be-
gan producing asbestos packing materials for steam engines and
pumps in 1896, then switched to textile manufacturing in 1909.
Reportedly less than 2000 Ib of crocidolite was used annually for
about 20 years to make tape or braided yarn. Amosite exposures
are believed to have occurred at the plant mostly before 1950
based on lung fiber results of workers; amosite was also acquired
in the late 1950s for experimental purposes (McDonald, 1998;
Berman and Crump, 2003, p. 6-4, footnote 2). Studied by two
separate investigative teams using slightly different inclusion
criteria (McDonald et al., 1983a; Dement et al., 1994), the latter
cohort had a total of 3022 subjects with estimated cumulative ex-
posures to asbestos of 26—28 f/ml-yr based on particle counts. No
mesothelioma cases were found for the 1229 women of this co-
hort group who were at risk of exposure for 52,000 person-years.
Among the white male workers of the plant, two mesothelioma
cases based on death certificates were observed in the study co-
hort of Dement et al. (1994). They were employed at the plant
for 25 and 32 years, primarily in the spinning operations. An ad-
ditional case (not included in the cohort) that occurred after the
study closure was observed in a white male employed mostly in
nontextile operations. McDonald et al. (1983b) found only one
of these cases using different criteria for subjects being stud-
ied resulting from different follow-up times. The notion that the
Carolina cohort was exposed almost exclusively to chrysotile
asbestos fibers is very questionable (Berman and Crump, 2003).
The lungs of deceased workers of this Carolina plant cohort con-
tained substantial amounts of amosite, crocidolite, anthophyllite,
tremolite, mullite, and other fibers (Case, 1994; Green et al.,
1997). Green et al. (1997) reported mineralogical findings for
lung samples taken from necropsies of employees during 1940 to
1965 at the Charleston plant who were in the Dement cohort and
matched cases from the same hospitals. They compared the re-
sults of 38 textile production workers to 31 controls who did not
have personnel file records at the Charleston plant. They found
that the geometric mean of the number of crocidolite and amosite
fibers was increased compared to controls (p < 0.05) and that
28% of asbestos workers and 13% of the controls had values of
crocidolite or amosite exceeding 1 x 10° fibers per gram of dry
lung, a cutoff level indicating a “substantially increased”” num-
ber of fibers at the authors’ laboratory. The results suggest that at
least some workers at the Carolina textile plant were significantly
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CHRYSOTILE ASBESTOS AND MESOTHELIOMA

exposed to amphiboles. Both mesothelioma cases reported by
Dement et al. (1994) worked in the spinning area of the plant and
possibly were exposed to amphiboles (Sebastien et al., 1989).
Although no corresponding published information was found
for the South Carolina facility, inhalable crocidolite fibers from
bushings in spinning machines were linked to a case of mesothe-
lioma in a worker at a nonasbestos textile factory in Korea. The
standard (B-style) bushings were used to protect against gear
abrasion in the spinning machines (Yu et al., 2002).

2. Quebec

A large cohort of nearly 11,000 chrysotile miners, millers,
and factory workers who worked in Asbestos and Thetford,
Quebec, has been intensively studied. Thirty-six mesotheliomas
were found for those first employed at the Asbestos mine/mill
(8 cases), Asbestos factory (5 cases), and two Thetford Mines
companies (23 cases), and there were two more cases that did not
meet inclusion criteria (Liddell et al., 1997; also see Nicholson
et al.,, 1979; McDonald et al., 1997). Exposures to fibers of
amosite, crocidolite, tremolite, and chrysotile in the Canadian as-
bestos districts are well documented (Case and Sebastien, 1987,
Churg, 1998; Berman and Crump, 2003, section 3), even though
tremolite was not detected in a chrysotile mixed sample from
eight mines (Frank et al., 1998). Airborne exposures are indi-
cated by lung tissue results of mesothelioma cases in Canada
(McDonald et al., 1989; Sebastien et al., 1989; Churg et al.,
1993; McDonald et al., 1997). Eleven mesotheliomas were ob-
served in a population-based study of women (over 220,000
person-years) residing in Asbestos (1 peritoneal mesothelioma)
and Thetford Mines (6 definite or probable and 4 possible pleu-
ral mesothelomas). Of the pleural cases, the mean cumulative
exposure to asbestos was 226.1 f/ml-yr, and 5 of them worked in
the asbestos industry. Ambient asbestos fibers were chrysotile
contaminated with tremolite ranging from 0.1 to 3 f/ml before
1970. The mesothelioma incidence rates were 67.5 per million
person-years in the Thetford area and 13.7 per million person-
years in the Asbestos area. The authors explained that the greater
risk in the Thetford district could have been due to the higher
level of contamination of the chrysotile with tremolite in some
of Thetford’s mines (Camus et al., 2002; Case et al., 2002a).

3. Asbestos Cement

Mixed exposures to chrysotile and amphiboles are reported in
asbestos cement manufacturing, and some mesothelioma cases
are found among the workers. In Lithuania, a study was done
of cancer incidence and cause-specific deaths among workers
in two asbestos cement factories. Accessing cancer registry
records, 1 case of pleural mesothelioma was observed with 0.3
expected, which was “noninformative concerning asbestos ex-
posure and mesothelioma risk,” according to the researchers.
One factory started operations in 1956 and the other in 1963,
and both factories have only used almost 600,000 tons of raw
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chrysotile asbestos that was imported from the Sverdlovsk re-
gion of Russia (Smailyte et al., 2004). A lung tissue study of
workers after occupational and environmental exposure to as-
bestos in the Russian chrysotile industry rebuts the assump-
tion that asbestos from Russia is only chrysotile, showing that
about 5% of all mineral fibers were amphiboles (Tossavainen
et al., 2000). A small group of Italian women who worked in
the asbestos-cement industry, mainly exposed to crocidolite, and
subsequently compensated for asbestosis, had 18 deaths report-
edly due to mesothelioma (Germani et al., 1999).

In Ontario, mortality was investigated among 535 asbestos-
exposed and 205 nonexposed employees of a factory manufac-
turing asbestos cement pipe, asbestos cement board, and rock-
wool insulation materials in separate sheds. Raw materials for
the pipe included cement, silica, and chrysotile and crocidolite
asbestos; in the board manufacturing operation only chrysotile
was used. Personal air sampling for production workers was
done after 1969, and the cohort exposure average was 60 f/ml-yr.
There were 21 deaths from mesothelioma in the cohort (19 con-
firmed pathologically), with 17 in production workers. The ex-
pected number of mesothelioma deaths for the cohort was 4. All
of the men dying of mesothelioma were exposed to both cro-
cidolite and chrysotile asbestos in the pipe plant (Finkelstein,
1984). A Swedish cohort of manufacturing workers was studied
for exposures to chrysotile primarily (>95%), but also smaller
amounts of amphiboles. Thirteen pleural mesothelioma cases
were observed among 2898 workers (22,000 person-years) hav-
ing a cumulative exposure of 13 f/ml-yr when followed for an
average of 62 years (Albin et al., 1990a). A cohort of workers
employed during 1950 to 1981 in Vocklabruck, Austria, the old-
est asbestos cement factory in the world, was exposed primarily
to chrysotile. Crocidolite was used in the pipe factory from 1920
to 1977. Five of 540 deaths were due to mesothelioma among
2816 workers (51,000 person-years) with 25 f/ml-yr cumula-
tive exposure, but all were associated with the use of crocidolite
in pipe production (Neuberger and Kundi, 1990). At a factory
in Belgium, a cohort study having over 29,000 person-years
of follow-up found one mesothelioma. Exposures were up to
3,200 f/ml-yrs during the timeframe of the study, but the au-
thors state that their estimates might be inaccurate by 10-fold.
Although 90% of the asbestos by weight used at this facility was
chrysotile, the remainde