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Chrysotile as a Cause of Mesothelioma: An Assessment
Based on Epidemiology
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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 asbestos 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).
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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 μm 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 μm in length
for chronic exposures of workers (Case et al., 2000). For fibers
longer than 20 μm 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 μm 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 μm in length in the lung tends to be very small (Britton,
2002; Berman and Crump, 2003; Fattman et al., 2004; Bernstein
et al., 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 μm and
less than 10 μm 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.

II. 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).

III. 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 o 5 852 — G 1939–1980
Berry et al., 2004 Wittenoom o 231 6908 23 f/ml-yr M 1943–2000
Browne and Smither, Cape Factory D 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 o 12 136 <5 mppft in 1953 G,O 1943–1988
Hilt et al., 1981 Saltpeter o 2 21 — O 1943–1980
Jones 1976, 1996 Nottingham o 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 o 3 5603 — O 1977–1983
Luo et al., 2003 Da-yao II (III) o 7 (5) 4598 (1610) — O 1987–1995
McDonald et al., 1978 S Dakota c 1 1321 — M 1905–1973
McDonald et al., 2004; Libby l 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 1946–1980
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 1946–1980
Talcott et al., 1989 Massachusetts o 5 33 120 f/ml-yr O 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 μm), 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-

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 lb 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 × 106 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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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

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 remainder was crocidolite and amosite (Lacquet
et al., 1980).

Asbestos cement manufacturing plants in New Orleans that
predominately used chrysotile asbestos have been studied, and
asbestos content in most products ranged from 15% to 28%.
Plant 1 added amosite (1% of product) and infrequently used
crocidolite in the manufacture of corrugated bulkhead, and fa-
cilities in Plant 2 used crocidolite steadily, which constituted 3%
of the pipe material (Weill et al., 1979). Among 6931 workers
exposed to mixed fibers, 9 mesotheliomas in Plants 1 and 2 were
found (Hughes et al., 1987; Hodgson and Darnton, 2001). In a
study of asbestos cement factory in Wales, two mesotheliomas
were reported, but both were exposed to crocidolite (Thomas



172 C. M. YARBOROUGH

et al., 1982). Eighteen mesothelioma cases were found among
541 workers in the asbestos cement industry in Norway, where
8% amphiboles were added to the chrysotile used (Ulvestad
et al., 2002). For Danish workers in the asbestos cement in-
dustry between 1928 and 1984, 13 cases of mesothelioma were
observed. For pleural cancer among the male workers, the ob-
served/expected rate was statistically elevated at 5.46, but am-
phiboles were used starting in 1946 (Raffn et al., 1989). From
Poland there is a report of 5 mesotheliomas among 3563 male
workers (Szeszenia-Dabrowska et al., 1997), and 21 mesothe-
liomas were found among Israeli workers using 90% chrysotile
and 10% crocidolite mixture to produce asbestos cement prod-
ucts (Tulchinsky et al., 1999). The mortality study of 1506 work-
ers of a French asbestos cement factory at Paray-Le-Monial who
were employed at least 5 years (providing nearly 34,000 person-
years) observed 4 mesotheliomas, 1 of which was a peritoneal
case with a latency period of 13.5 years. The 3 deaths from pleu-
ral mesothelioma had an average latency of less than 25 years,
resulting in a mean of 22.4 years. Founded in 1940, this factory
used not only chrysotile but also crocidolite (Alies-Patin and
Valleron, 1985).

4. Insulators (Laggers)
Workers who applied asbestos insulation (called lagging) typ-

ically had heavy exposures to loose fibers of chrysotile, amosite,
and crocidolite. Among 17,800 American and Canadian in-
sulators, 458 mesothelioma deaths (285 peritoneal) were de-
termined by “best evidence” method for the 1967–1986 time
period. This cohort had 301,000 person-years of average expo-
sure at a cumulative level of 500 f/ml-yr (Seidman and Selikoff,
1990; Hodgson and Darnton, 2000, Table 2). The cancer mor-
bidity study of 3787 workers of a shipyard that was abandoned
in 1972 found 4 cases of mesothelioma (Sanden and Jarvholm,
1987). Seven cases of peritoneal mesothelioma, none pleural,
were observed among 248 insulation workers (Jarvholm and
Sanden, 1998). Dr. Selikoff and colleagues reported 8 mesothe-
lioma deaths among 440 U.S. shipyard insulation workers, and
all had over 20 years since onset of employment to diagnosis.
Chrysotile and amosite (starting just before World War II) were
the fiber types for exposures noted in the article (Selikoff et al.,
1979). A retrospective study of cancer among 7971 shipyard
workers with 5191 of them exposed to asbestos based on job ti-
tle, including those in the pipecoverer/insulator trade, is included
in Table 2, although asbestos measurements are not documented.
The authors thought amosite and chrysotile were the major types
of asbestos used at the Pearl Harbor Naval Shipyard in terms of
this study. Of 9 observed mesothelioma cases, 1 was in the major
job category of insulator (Kolonel et al., 1980, 1985). Mortal-
ity of 41 insulation workers was also studied for a shipyard in
Genoa, Italy, but the authors did not provide the asbestos fiber
types (Puntoni et al., 1979), and therefore the study is not in a
table of this review. No mesotheliomas were reported for these
Genoan insulators.

5. Insulation Manufacture
Almost 5000 men who manufactured insulation board in

London used a mixture of chrysotile and amosite, but not croci-
dolite. In some areas, 30 f/ml of asbestos in air were found in the
plant during the late 1960s, but higher levels were probably en-
countered prior to 1964. Five mesothelioma and nine asbestosis
deaths were certified (Cape Factory C in Browne and Smither,
1983; Acheson et al., 1984). In another Cape Industries factory
(Cape Factory B), 13 mesotheliomas were observed among ap-
proximately 2000 workers (Browne and Smither, 1983). Mortal-
ity studies of 162 Belfast insulation workers and 6292 dockyard
workers are included in Table 2 because the types of asbestos
fibers are reported as mixed, although the composition and ex-
posure levels are unknown (Elmes and Simpson, 1977; Rossiter
and Cole, 1980; see Smith and Wright, 1996).

6. Factories
The mortality experience is published of 1074 Johns Manville

retirees. Eight deaths from mesothelioma were observed among
workers in the textile, maintenance, cement shingle and sheets,
insulation, and cement pipe departments experiencing direct and
indirect exposures to mixed types of asbestos fibers (Henderson
and Enterline, 1979; Enterline et al., 1987). The members of this
cohort are estimated to have 750 f/ml-yr cumulative exposure,
the highest average level reported in the literature (Hodgson and
Darnton, 2000). At a textile plant in Pennsylvania, chrysotile
with some amosite and crocidolite were used. Exposure for each
man was estimated. Fourteen deaths were recorded of 5135 sub-
jects, though undercounting of mesothelioma cases was a pos-
sibility. The risk of mesothelioma was higher for those exposed
to processes when even small quantities of amphiboles were
used (McDonald et al., 1983b). In addition to the asbestos ce-
ment plant workers reported in the same article, a small group
of Italian women who worked in the textile industry, mainly
exposed to chrysotile, and compensated for asbestosis had six
deaths due to mesothelioma (Germani et al., 1999). Chrysotile
asbestos was the primary form used in a factory in Rochdale,
UK, between 1932 and 1968, though some crocidolite was used
(total 2.6%). Exposure data were largely derived from static par-
ticle counts, not fiber determinations, but the risk of mesothe-
lioma appeared to be increased from the observation of 10 cases
(Peto et al., 1985). A mortality study of workers employed at a
factory producing friction products was completed from 1941
to 1986. Other than two short periods before 1944 when croci-
dolite was used on one particular contract, only chrysotile had
been used. Asbestos exposures were high (>20 f/ml) especially
before the 1931 Asbestos Regulations, but since 1970, levels
had been less than 1 f/ml. Thirteen deaths due to mesothelioma
were found, 11 in those with known contact to crocidolite. For
the other two cases, the diagnosis was uncertain in 1 person, and
the occupational history is unclear in the other cases (Berry and
Newhouse, 1983; Newhouse and Sullivan, 1989). Of approxi-
mately 10,000 subjects of Factory A covering over 6 decades,
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an estimated 120 mesothelioma cases were found (Browne and
Smither, 1983; Newhouse et al., 1985). In a mortality study for
1940–1975 among 3276 workers of a plant using chrysotile and
amphiboles, 17 cases of mesothelioma were observed (Robinson
et al., 1979). A cohort of 889 men and 1077 women employed
at a factory in Grugliasco, Italy, worked with various types of
asbestos, including crocidolite, and “exposure in this factory al-
most approached experimental conditions.” Thirty-seven pleu-
ral and peritoneal mesothelioma cases and many deaths from
asbestosis are reported (Pira et al., 2005).

7. Italian Mine
Operating from 1917 until 1990, the Balangero strip mine

was Italy’s only chrysotile mine. Silvestri et al. (2001) updated
the mortality experience for the cohort that had been earlier in-
vestigated by Piolatto et al. (1990) rather than using a similar
cohort of Rubino et al. (1979). Piolatto et al. (1990) had observed
an excess of mortality of all causes, asbestosis and several can-
cers. Two observed cases of mesothelioma were reported and
0.3 cases expected based on the death rates in Italy, resulting
in a standardized mortality rate (SMR) of 667. Silvestri et al.
give the 95th percentile confidence interval (CI) as 81–241, but
the upper bound is obviously a typographical error, and the cor-
rect value should be 2410 (calculated by Stata version 7.0, Stata
Corp.). Nevertheless, this increase of the SMR was not statisti-
cally significant for the 1990 study. For the two deaths attributed
to “pleural cancer” (mesothelioma), the diagnosis was based on
clinical, radiographic, and pleural fluid findings in one case, and
by a surgical tissue biopsy for the other one. In the 2001 update,
3 additional pleural mesotheliomas were identified in workers
having asbestos fiber exposures of 319, 340, and 1064 f/ml-yr
and 8 community cases were observed. The authors made some
assumptions to determine that 5 deaths from pleural mesothe-
lioma among the cohort’s members should be compared to 0.45
expected cases, but no SMR is reported. A fibrous contaminant
with morphology and fiber dimensions similar to amphiboles,
called balangeroite, accounts for 0.2–0.5% of the total mass of
commercialized chrysotile samples from the mine. Piolatto et al.
(1990) state that they could not rule out its contribution to in-
ducing the two cases of mesothelioma in their study. Recent
laboratory studies indicate that balangeroite fibers act toxico-
logically like amphibole asbestos fibers (Groppo et al., 2005;
Turci et al., 2005; Grazzano et al., 2005). Likely balangeroite
would confound epidemiological associations for chrysotile as-
bestos. In addition, some crocidolite was processed at Balangero
(Browne, 2001).

8. Other Cohort Studies
A cohort of 199 workers at 3 plants who were exposed pre-

dominately to crocidolite (especially at the Ottawa plant) and
chrysotile during the manufacture of gas masks for the Canadian
army between 1939 and 1942 indicated that 9 of the deaths were
probably due to mesothelioma. Two additional pleural mesothe-

lioma cases in men who had worked for decades at one of the
plants were found in a national survey, but they are not included
in the study’s tables because their names were not on the ros-
ter from the plant foreman who had been responsible for pro-
duction of gas mask filters (McDonald and McDonald, 1978).
An epidemiological study of mesothelioma was published of
181 railroad machinists involved with steam engines hired be-
tween 1920 and 1929 followed through 1986 whose exposure
was “almost exclusively, if not solely” to chrysotile. Of 41 can-
cer deaths, 14 mesotheliomas were identified (Mancuso, 1988,
1989a, 1989b). It appears that amphibole exposures were likely
involved in this cohort (Ohlson, 1989). In a cohort study (734
subjects) of cancer risk associated with asbestos exposure in rail-
way carriage construction and repair in Italy, 7 mesotheliomas
were observed. Starting in the 1950s, crocidolite–chrysotile mix-
tures were sprayed on the entire internal surface of the carriage
by workers in the facility (Battista et al., 1999). In a study of
locomotive engineers who undertook a 2-year training program
where exposures to anthophyllite asbestos with chrysotile were
documented, 8 of 8391 subjects were subsequently diagnosed
as having mesothelioma (Nokso-Koivista and Pukkala, 1994).

C. Cases of Mesothelioma in Cohorts Where No
Amphibole Exposure Was Identified Do Not
Demonstrate Chrysotile Is The Cause (Table 3)

The number of mesothelioma cases is very low or zero in all
cohorts exposed to chrysotile asbestos that is not known to be
contaminated by amphibole fibers. There are 14 identified co-
hort studies describing exposures solely to chrysotile asbestos.
Of approximately 32,000 subjects, only 7 mesothelioma cases
are reported, and each case probably had exposure to amphi-
boles, inaccurate diagnosis, and/or insufficient latency periods
(Table 4). The levels of exposures in the studies do not differ
substantially from those listed in Tables 1 and 2, given the lim-
itations and heterogeneity of this data.

1. Asbestos Cement Materials
Asbestos cement workers have been exposed to chrysotile

during the manufacturing process. One case of mesothelioma
was found among 2363 chrysotile-only workers having 20 or
more years of latency at a particular building (within Plant 2)
in the New Orleans area. From 1927 until 1970, this man was
continuously assigned to work in the shingle production area
(chrysotile) only, according to his job record. However, the pipe
production building was in the same plant where 7 cases of
mesothelioma were diagnosed among 1231 subjects using cro-
cidolite additionally (Hughes et al., 1987) and the locale was
contaminated with plant asbestos waste (U.S. EPA Region 6
news release, 6/25/1998). At the Tamworth plant in England hav-
ing 2167 workers in the cohort, 1 mesothelioma was reported,
but the authors indicated that it was unlikely to be related to
chrysotile because of the short latency in this case (Gardner et al.,
1986) From Sweden, a cohort of 1176 workers having 27,000
person-years of follow-up did not have any mesothelioma cases.
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TABLE 3
Characteristics of Cohort Studies Where No Amphibole Exposure Was Identifieda

Authors, year Study
Number of

mesotheliomas
Number of

subjects
Person-yrs

(k)
Estimated Exposure

Level Process Timeframe

Acheson et al., 1982 Blackburn 1 628 >14 — G 1939–1980
Browne and Smither,

1983
Cape Factory E 0 15,000 approx. — — T,F 1902–1980

Cheng et al., 1992 Tianjin 0 1172 17.6 12–167 mg/m3 in
1964

F,C,T 1949–1985

Finkelstein, 1989b Ontario 1 324 — — F 1929–1974
Gaensler et al., 1988 Mass. Plant B 0 67 — <2 f/ml after 1971 O 1961–1988
Gardner et al., 1986 Tamworth 1 2167 — <1f/ml after 1970 C 1931–1984
Hughes et al., 1987 New Orleans 1 2363 — 22 f/ml-yr; 7.5 mppft O 1927–1982
Kogan et al., 1993 USSR 0 299 — 18.3 mg/m3 dust

max.
F 1949–1988

McDonald et al., 1984 Connecticut 0 3641 — 46 f/ml-yr; up to
13.4 mppft

F 1905–1977

Ohlson et al., 1985 Swedish ACM 0 1176 27 15 f/ml-yr (subcohort
18 f/ml-yr); 2 f/ml

C 1943–1982

Szeszenia-Dabrowska
et al., 1988a;
Wilczynska et al.,
1996

Lodz, Poland 0 2175 men 19.3 8 f/ml ave. max. in
1990

F,C,T 1945–1985

Szeszenia-Dabrowska
et al., 1988b

Lodz, Poland 1 1190 women 10.5 8 f/ml ave. max. in
1990

F,C,T 1945–1985

Weiss, 1977 Weiss 0 264 7 <2 f/ml after 1972 O 1896–1974
Yano et al., 2001a Chongqin 2 515 11.5 5-58 f/ml in 1999 T,C,F 1939–1996
14 cohorts 7 Approx. 32,039

Note. See Table 5 for explanations of symbols.
aAmphibole contamination possible for this cohort.

TABLE 4
Mesothelioma cases in cohort studies where no amphibole exposure was identified

Number of
Authors, year mesotheliomas Discussion

Acheson et al., 1982 1 Individual had also worked in crocidolite gas mask plant.
Finkelstein, 1989b 1 A beater operator whose death in 1958 was attributed to pleural

mesothelioma, but the latency was 13 years and “it was not possible to
confirm the diagnosis.”

Gardner et al., 1986 1 Worker died within 7 years of hiring date and “death . . . is unlikely to be
related to this employment.”

Hughes et al., 1987 1 Case was long-term worker (43 yrs) in same plant where crocidolite was
used.

Szeszenia-Dabrowska
et al., 1988b

1 Peritoneal mesothelioma reported on death certificate is unconfirmed by
tissue examination, and no job history, exposure or latency data are
provided. Pleural mesotheliomas are lacking in plant’s cohorts.

Yano et al., 2001 2 Short latencies (13.8 and 21.8 yrs) noted for these cases, and literature
review indicates amphibole contaminants in Chinese chrysotile.
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Although they represent less than 1% of all asbestos, 400 tons
of crocidolite and 630 tons of amosite were used in 1962 and
between 1949 and 1951, respectively. A subcohort of 125 work-
ers had average cumulative exposure of 18 f/ml-yr (Ohlson and
Hogstedt, 1985).

2. Factories
A study of several factories of Cape Industries Ltd. was pub-

lished in 1983. No mesothelioma cases were found among ap-
proximately 15,000 subjects of one large factory (Factory E) that
started operations in 1902 and used chrysotile solely for pro-
ducing textiles, insulation and friction materials (Browne and
Smither, 1983). A cohort of 3641 men in a Connecticut pack-
ings plant is considered as exposed only to chrysotile asbestos.
Chrysotile was the only type of asbestos used until 1957, when
anthophyllite was added to some product lines, and approxi-
mately 400 pounds of crocidolite was used experimentally in
the laboratory between 1964 and 1972. The cumulative expo-
sure level for chrysotile was relatively high for this cohort at
46 f/ml-yr. No mesothelioma related to work at this plant was

TABLE 5
Notes and legend for Tables 1–3, which are based in part on

Hodgson and Darnton (2000) and Smailyte et al. (2004)

Fiber types
o: crocidolite
a: amosite
y: chrysotile
l: Libby amphibole
c: cummingtonite-grunerite
n: anthophyllite
b: balangeroite

Exposure metrics and settings
Person-yrs (K): person-years (in thousands)
f/ml-yr: fibers per milliliter-years
mppft: million particles per cubic foot of air
mg/m3: milligrams per cubic meter
M: mining and milling
I: insulation manufacturing
T: textile
C: asbestos cement
F: factory (various products, or inadequately specified)
G: gas-mask manufacturing
L: laggers and other work with insulation
S: shipyard
O: other

Notes
approx.: approximate
ave.: average
max.: maximum
est.: estimate
SA: South African
—: not reported

found on the death certificates collected for the study (McDonald
et al., 1984; Hodgson and Darnton, 2000). Two mesothelioma
cases were nevertheless identified for this cohort by reviewing
the state’s tumor registry and city directories. Both cases were
women who were clerical workers but had confirmed peritoneal
and possible pleural mesothelioma, respectively (Teta et al.,
1986; McDonald, 1986; Berman and Crump, 2003, pp. 3–13, 3–
14). No cases of mesothelioma were reported in a retrospective
mortality cohort study of 1172 chrysotile asbestos product work-
ers (17,600 person-years) in Tianjin, China, from 1972 to 1987
(Cheng and Kong, 1992). Researchers followed a cohort of 2175
male workers at an asbestos factory in Lodz, Poland, producing
packings, gaskets, needled cloth, yarn, cords, asbestos-rubber
cardboards, and friction products, but no cases of mesothelioma
were reported in the 1988 update, although one case was sub-
sequently found in a man who had insignificant exposure at the
plant. For the cohort of 1190 women who were employed at this
Lodz plant, one peritoneal mesothelioma case is reported on a
death certificate, but no details on her job history, estimated ex-
posures, or latency period are provided (Szeszenia-Dabrowska
et al., 1988a, 1988b; Wilcznska at al., 1996). Raw asbestos was
imported by Poland after World War II mainly from the for-
mer Soviet Union (chrysotile) and Africa (crocidolite, amosite)
(Foltyn, 2000). The maximum average asbestos dust level in
Poland in 1990 was reported as 8 f/ml (Dobrovolsky, 1998).
Differential diagnosis between this tumor and both serous papil-
lary carcinoma of the peritoneum and ovary can be problematic,
and the results of a panel of antibodies (which were unavail-
able for most of the Polish study’s timeframe) should be inter-
preted to set the diagnosis, especially since peritoneal mesothe-
liomas have not been convincingly related to chrysotile exposure
(National Academy of Sciences, 1984; Doll and Peto, 1985;
Smith and Wright, 1996; Roggli et al., 1997; Sporn and Roggli,
2004; Markaki et al., 2005). A 20-year study in a shop in the
Ural Mountains (USSR) where chrysotile dust predominated in
the making of friction products observed no mesothelioma cases
(Kogan et al., 1993), yet regional workers’ lung samples revealed
amphiboles (Kashansky et al., 2001). A study of a partial cohort
of workers of a plant in Cornwall, Ontario, that manufactured
fiber conduit from 1929 until 1982 identified one mesothelioma.
Exposures to chrysotile asbestos (and coal tar pitch) until 1974
are reported, but no air sampling or dust measurement was ever
done at the plant (Finkelstein, 1989b).

3. Chongqin and Other Chinese Plants
A study evaluated lung cancer and mesothelioma in a co-

hort of workers in an asbestos plant in Chongqin, China. Dust
analysis indicated that a “virtually pure form of chrysotile as-
bestos” (i.e., the concentration of amphiboles was reportedly
below the limit of detection at that particular laboratory) was
used extensively throughout the plant obtained from two mines
in the Sichuan province (Yano et al., 2001; Tossavainen et al.,
2001). However, the authors’ conclusion that there was no
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detectable amphibole contamination rests solely on an unpub-
lished analysis performed by a colleague in Japan in 2000 of
four commercial samples from those mines and referenced in
the paper as a personal communication. The plant in Chongqin
opened in 1939 and expanded operations in 1958. The geomet-
ric mean of asbestos fiber exposures was reported in 1999 to
be 12.6 f/ml, and the authors presumed that they were higher
in the past as handling practices have improved over time. Two
cases of pathologically confirmed mesothelioma, 1 pleural and
the other peritoneal, were diagnosed among this cohort. The la-
tencies were 13.8 and 21.8 years, respectively, which would be
unusually short time periods for the induction of mesothelioma
(Weill et al., 2004). Amphibole contamination of chrysotile
particularly with tremolite and anthophyllite is known to ex-
ist throughout China, including in Sichuan province, which is
where the plant studied by Yano et al. (2001) exclusively ob-
tained chrysotile asbestos. Reviews of studies on asbestos in
China point out the diagnostic problems as well as the pres-
ence of amphiboles in that country (Tossavainen et al., 2001;
Cai et al., 2001; Berman and Crump, 2003, p. 3–3). A mortality
study for a plant in Qingdao of 530 workers using Chinese and
Canadian chrysotile (and thus tremolite contamination presum-
ably) does not report any mesotheliomas without specifically
stating an absence of cases (Pang et al., 1997). Conclusions of
the studies from China are difficult to draw not only due to the
low number of cases (some with short latency), probable am-
phibole contamination of asbestos exposures, lack of complete
occupational histories for the cases, incomplete or unconfirmed
outcomes data, and lack of lung fiber analyses, but also due to
written language barriers such as lack of translations from Chi-
nese to English, mismatching and misnumbering of references,
lack of peer-review publication, and limited data in summary
tables (Cai et al., 2001; Li et al., 2004).

4. Italy
In the Piedmont region of Italy, a historical cohort in

Grugliasco (just outside of Turin) comprised of 1653 workers
of an asbestos textile plant operating from 1900 until 1986 was
reportedly exposed heavily “to pure chrysotile asbestos alone,
with negligible amphibole contamination.” Statistically signif-
icant excesses in overall mortality, asbestosis, cardiovascular
diseases, and multiple cancers including mesothelioma in men
and women are reported in a preconference abstract without
giving the actual number of cases (Mamo and Costa, 2004),
but PubMed had not cited the publication of this work at press
time.

5. Other Cohorts
Among 306 workers in a chrysotile paper manufacturing

plant that participated in a study, no cases of mesothelioma,
asbestosis, or lung cancer were found among the 67 work-
ers who were followed for 15 to 27 years after asbestos was

first used in the plant (Gaensler and Goff, 1988). A 30-year
historical cohort mortality study was made of 264 men hired
during 1935–1945 providing 7000 person-years of follow-up.
They worked in a chrysotile asbestos products factory. Two
men died of asbestosis, but no case of mesothelioma was re-
ported (Weiss, 1977). Mesothelioma has not been found in South
African chrysotile miners and millers despite decades of produc-
ing about 100,000 tons of the mineral per year. The contention of
the study’s authors was that South African chrysotile is not heav-
ily contaminated by tremolite or other amphiboles (Rees et al.,
2001). Of 570 Blackburn workers making chrysotile gas masks,
one case of mesothelioma was observed. However, the authors
state that this employee worked also at another Blackburn plant
that used crocidolite (Acheson et al., 1982).

6. Comments on Cases
Some published reports of mesothelioma cases have dis-

cussed potential exposures to chrysotile. In a multicentered case-
control study of 123 mesothelioma patients in South Africa, no
case with a history of chrysotile mining was identified, and there
was no case involving exclusively environmental exposure to
chrysotile (Rees et al., 1999). A case series from Zimbabwe de-
scribes 3 mesothelioma cases among 51 workers who worked
for some time in an asbestos mining or manufacturing facil-
ity and certified subsequently for compensation for lung dis-
orders. Twenty-seven claimants had suspected asbestos-related
illnesses. Three cases were noted to have mesothelioma based
on “best evidence.” One died in 1987 having a pleural mass
but no tissue to examine; for another, vital status was unknown
but the person had a biopsy; and the third was a manager who
had a postmortem examination in 1954 but worked in an as-
bestos plant from 1951 to 1952. Due to the extent of asbestos-
related disease, the authors expressed a concern of the haz-
ard of locally mined chrysotile asbestos (Cullen and Baloyi,
1991). Excluded from consideration was that standard chrysotile
from Zimbabwe contains 2% fibrous anthophyllite, a regulated
amphibole, as an impurity (Kohyama et al., 1996). Six cases
of asbestos-related disease, including two mesothelioma cases,
were reported in railway men in Rhodesia (now Zimbabwe), a
chrysotile mining region that coincidentally supplied the South
Carolina textile plant. However, a careful review indicates that
they were exposed also to nonlocally mined amphibole (Mostert
and Meintjes, 1979). A case series report comes from the former
East Germany in which the authors state that 67 cases of 812
mesothelioma patients (8.25%) were due to exposure only to
Russian chrysotile (Sturm et al., 1994). Countering the notion
that asbestos from Russia was only chrysotile as suggested by
airborne dust analyses (Kashansky et al., 2001), a lung tissue
study of workers in the Russian chrysotile industry located in
the area of the world’s largest asbestos mine, at Asbest in the
Ural Mountains, was published 6 years later. This pathology
study showed that about 5% of all mineral fibers were amphi-
boles, ranging from 2% in chrysotile millers and users, to 9%
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in miners. No mesothelioma cases had been observed in Russia
(Dobrovolsky, 1998). The pattern of lung chrysotile fibers in
workers of the mine in Asbest, Russia, was about the same as
reported earlier from the Canadian mining and milling industry
(Tossavainen et al., 2000). Their results are similar to those for
Brazilian chrysotile workers (Case et al., 2002b).

V. DISCUSSION

A. Epidemiological Findings of Cohorts
Chrysotile exposures without identified amphibole fibers do

not appear to increase the risk of being diagnosed with mesothe-
lioma based on the results of epidemiological cohort studies
of over 220,000 individuals. The 7 cases of mesothelioma re-
ported in the 71 cohort studies (i.e., from baseline, well-defined
populations) where no amphibole exposures were identified are
summarized in Table 4. However, careful review of these few
cases illustrate that their exposures were likely mixed, the di-
agnosis questionable, and/or the latency period inadequate or
unstated. This analysis has not identified a case of mesothe-
lioma from the cohort studies that is definitely documented as
solely exposed to raw chrysotile fibers uncontaminated by am-
phiboles. Morphological and recent toxicological evidence im-
plicates balangeroite as an amphibole-acting contaminant; there-
fore the five cases reported from the Balangero asbestos mine
are in Table 2.

Simply for illustrative purposes, among approximately
32,853 subjects exposed to amphiboles, 404 cases of mesothe-
lioma (1.23%) were reported (Table 1), whereas only 7 cases (at
most) were observed for 32,039 subjects exposed to chrysotile,
or 0.04% (Table 3). Mixed fiber exposures resulted in an interme-
diate percentage of 0.67% for cases (994/147,384) (see Table 2).
Clearly the trend is greatly slanted towards amphiboles, as found
by other reviewers (Hodgson and Darnton, 2000; Berman and
Crump, 2003). These latter two sets of cohort studies do not
differ greatly when compared to those summarized in Table 1
in terms of time of follow-up, exposures levels, time frames of
exposures, and diagnostic methods, so these factors cannot ac-
count for the paucity of mesothelioma cases in asbestos cohort
studies where amphibole exposures were not identified.

As described earlier, a confounder is a factor or exposure
associated with the disease and the exposure of interest. In or-
der for confounding to substantially affect estimates of risk, the
association of the potential confounder with disease must be
stronger than the observed association between the exposure of
interest and the disease. The relative potency of amphiboles in
causing mesothelioma is very great relative to chrysotile, as-
suming chrysotile has any mesotheliogenic potency (ATSDR,
2003, pp. 94–95). From the data in Tables 1 and 2 herein, one
can arrive at the same conclusion: The risk of mesothelioma is
primarily if not solely from exposure to amphiboles.

Replication by well-designed, relevant studies for confirma-
tion of hypotheses is absolutely necessary to establish an as-
sociation. Consistency of results in different studies testing the

same hypothesis was a guiding principle of the U.S. Surgeon
General’s report on smoking and health (Bayne-Jones, 1964).
Replication is one of the bulwarks of the scientific method that
helps distinguish true from false claims. Under its “criteria for
causality” the World Health Organization (WHO) states that as-
sociations that are replicated are more likely to imply causality.
To quote a criterion used by the WHO and International Agency
for Cancer Research (IARC) for basing their opinions, “When
several epidemiological studies show little or no indication be-
tween an exposure and cancer, the judgment may be made that,
in the aggregate, they show evidence of lack of carcinogenicity”
(IARC, 2000).

B. Tissue Fiber Studies as Indicators of Exposure
The analysis of human tissue for asbestos fibers is another

area of continuing investigation, although there are many uncer-
tainties associated with this approach of measuring bodily in-
dicators of exposure (Pooley, 1976; Rogers, 1984; Gibbs et al.,
1990; Srebro et al., 1995; De Vuyst et al., 1998; Roggli and
Sharma, 2004). Quantification of exposure based on the retained
fiber number is a relative index of (a) the fibers’ ability to pene-
trate the alveoli of the lungs, and (b) the extent to which they are
retained (Howard, 1984; Langer and Nolan, 1998). The analysis
of tissues for asbestos focuses on the residual fiber population
because the long, durable fibers are preferentially retained and
chrysotile in the tissues has much less biopersistence. The long
latency period for mesothelioma and new growth means that
chrysotile fibers visible in pathological tissue specimens can-
not be relevant to the induction of the malignancy. The range
of tissue masses examined, the lack of information in terms of
anatomical site, the possibility of contamination of specimens
during necropsy and preparation, the lack of valid reference lab-
oratory values for population groups rather than convenience
case material (autopsies and lung cancer surgical samples), the
lack of interlaboratory standardization for comparability pur-
poses, and problems related to the number of fibers counted
(e.g., short-fiber elimination bias and analytical sensitivity) are
formidable laboratory challenges (Morgan and Holmes, 1983;
Lee et al., 1995; De Vuyst et al., 1998). In general, asbestos fiber
biomarkers in tissues can be used to confirm exposure to am-
phiboles (persistent fibers in the body) and chrysotile (probably
more recent exposures for shorter fibers particularly).

In view of the many uncertainties, tissue fiber studies cannot
be used in isolation to reach conclusions regarding causation. For
example, asbestos fiber counts determined in the lung tissue and
samples of tumor tissue and pleural plaques for mesothelioma
cases at one institution suggested to the authors that chrysotile
has a major causal role in mesothelioma, even if the fibers were
short and very thin (Suzuki and Yuen, 2002; Suzuki et al., 2005).
These short fibers are actually fine dust with no pathogenic ef-
fect, and their presence in malignant tissue is unexplained. Along
with the lack of a comparison group for the case series, use
of a nonstandard technique without controls, and possible as-
bestos fiber contamination of laboratory substances contacting
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the samples, their contention that very short asbestos fibers (par-
ticles) cause mesothelioma is not supported by comprehensive
analyses, such as that performed as part of the proposed method-
ology for a quantitative human risk assessment based on epi-
demiological studies by Berman and Crump (2003) and by an
expert panel for the Agency for Toxic Substances and Disease
Registry (ATSDR, 2003). In a video-thoracoscopic study of the
“black spots” of the pleura, normal appearing pleura and lung tis-
sue of 14 patients with various pulmonary diagnoses, including
3 patients with mesothelioma and 6 without a history of asbestos
exposures, amphiboles outnumbered chrysotile fibers in all sam-
ples. These results contradict those of Suzuki and Yuen (Boutin
et al., 1996). Based on a series of 1445 cases having analyses of
lung asbestos fibers, other investigators concluded that commer-
cial amphiboles are responsible for most of the mesothelioma in
the United States (Roggli et al., 2002).

Estimating a risk of mesothelioma based on tissue fiber
analyses has been attempted (McDonald et al., 1989; Rogers
et al., 1991, 1994; McDonald, 1994; Dufresne et al., 1996;
Rodelsperger et al., 1999). A study examined lung tissues from
78 Canadian men and women who died of mesothelioma, as
well as 78 lung tissues from age-, sex-, and hospital-matched
controls. The lung samples were from the pathologists’ stock
without information on what parts of the lung the samples were
collected. Relative risks for developing mesothelioma are re-
ported for different fiber types and lengths. The study found that
the risk of mesothelioma was significantly related to concentra-
tions of amphibole fibers longer than 8 μm and that fibers shorter
than 8 μm accounted for none of the cancer risk (McDonald et al.
1989). Rogers et al. (1991) indicated that fibers less than 10 μm
in length increased risk, but with reanalysis the authors corrected
that earlier conclusion (Rogers et al., 1994).

The lung tissue was studied in Sweden for 76 deceased as-
bestos cement workers (7 with mesothelioma) who were ex-
posed to chrysotile and small amounts of amphiboles and of 96
control subjects. While chrysotile was the main fiber found, the
difference between the groups was most pronounced for amphi-
boles, and strong correlations were found between duration of
exposure and with the content of amphiboles in the lungs. The
percentage of chrysotile fibers was similar for cases, exposed
control subjects, and nonexposed subjects (Albin et al., 1990b).
As noted earlier, these researchers published an analytic epi-
demiology study to test the hypothesis about mesothelioma and
asbestos exposures, which showed an increased risk of expo-
sures of mixed asbestos fibers among the workers (Albin et al.,
1990a).

C. Review Articles on Chrysotile as a Cause
of Mesothelioma

Although the association of amphibole asbestos and mesothe-
lioma is clear, the risk from chrysotile exposure has been
studied and debated for many years (Browne, 1983; Howard,
1984; Huncharek, 1987; Mancuso, 1989a, 1989b; Churg and
Green, 1990; Stayner et al., 1996; Smith and Wright, 1996;

Cullen, 1998; Landrigan, 1998; Camus and Siemiatycki, 1998;
Osinubi et al., 2000; ATSDR, 2001; Hodgson and Darnton, 2001;
Liddell, 2001, Berman and Crump, 2001, 2003; Britton, 2002;
Marchevsky et al., 2003; Egilman et al., 2003; Sporn et al.,
2004). Several pertinent reviews are discussed here.

In the final draft to the U.S. EPA of the proposed new
method for risk analysis of airborne asbestos fibers, chrysotile
is predicted to be 0.13% as potent as amphibole in causing
mesothelioma (after adjusting for fiber size). The calculated
potency factors are consistent with chrysotile not being asso-
ciated with mesothelioma. Invited peer reviewers agreed unan-
imously that the epidemiology literature provides compelling
evidence that amphibole fibers have far greater mesothelioma
potency than do chrysotile fibers and that short fibers have lit-
tle or no potency. The authors write on pages 7.49 and 7.50
of the report, “The data are consistent with the hypothesis that
chrysotile has zero potency toward the induction of mesothe-
lioma. . . . Moreover, the hypothesis that chrysotile and amphi-
bole are equally potent in causing mesothelioma, the assump-
tion inherent in the U.S. EPA (1986) asbestos document, is
clearly rejected (p = 0.0007)” (Berman and Crump, 2003).
Recent trend estimates for mesothelioma reinforce the con-
cept that amphiboles pose for a greater risk of mesothelioma
compared to chrysotile, if chrysotile has any risk (Weill et al.,
2004).

Nicholson relied upon the U.S. EPA 1986 risk assessment
to conclude that chrysotile is a potent cause of mesothelioma,
having a risk that is similar to amosite on a per fiber basis, and
that crocidolite has 4 to 10 times higher potency than the other
two types (Nicholson, 2001). The final draft of the risk assess-
ment done for the U.S. EPA by Berman and Crump (described
earlier) derives more refined and updated results compared to
the 1986 U.S. EPA model, one that had its most recent study
being published in 1984. Berman and Crump calculated risk
coefficients for chrysotile using five cohort studies with expo-
sure quantification that Nicholson did not have in his paper.
For chrysotile, Nicholson used the Rochdale cohort studied by
Peto et al. (1985) for comparison, but Berman and Crump con-
sidered this study to be a mixed fiber cohort. The risk coef-
ficient of Rochdale is approximately 100 times more than the
risk coefficients calculated for chrysotile cohorts (see Tables 7–
9 of Berman and Crump, 2003). Therefore Nicholson’s direct
calculation of mesothelioma risk is highly skewed toward that
of amphiboles. In another quantified risk assessment, Hodgson
and Darnton included 17 studies for mesothelioma exposure-
specific risk estimates as opposed to 5 of Nicholson (Hodgson
and Darnton, 2000). The new risk assessment model indicates
that amphiboles have an optimized dose-response coefficient
that is 750-fold higher compared to chrysotile (see Tables 7–18
and page 7.60 of Berman and Crump, 2003). In an effort to ar-
rive at the potency of asbestos fiber types, Hodgson and Darnton
(2000) performed a risk assessment focused on cohort studies
having adequately quantified exposure data. They determined
that the potency rankings for asbestos linked to mesothelioma
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were in order of magnitude as follows: crocidolite > amosite >

contaminated chrysotile.
Smith and Wright (1996) argued that calculations derived

from asbestos cohort studies show that the carcinogenic potency
of chrysotile is not less than that of crocidolite. They ranked 25
cohort studies having mesotheliomas by the number of pleural
mesothelioma cases per 1000 deaths from any cause observed
in each cohort. Proportions may generate hypotheses but are not
a direct measure of association (Bayne-Jones, 1964). The low
numbers of cases and deaths in most of the listed cohort studies
result in much uncertainty of the values. For instance, if the fore-
man had recalled the two other workers’ names of many years
earlier who were also diagnosed with mesothelioma as having
worked on the gas mask line of the plant, then the crude rate
would substantially increase (3 cases becomes 5 of 56 members),
and the cohort of McDonald and McDonald (1978) would have
been ranked first rather than seventh. More important is using up-
to-date results from cohort studies. Jones et al. (1996) updated
the Nottingham cohort study of crocidolite gas mask workers
in the paper of Smith and Wright 14 years later, the same year
as their publication. There were 67 rather than 17 mesothelioma
cases reported in the update. Of approximately 500 deaths noted
in the updated report, 53 pleural mesotheliomas were observed
resulting in 106.0 per 1,000 deaths, so this cohort would be at
the top of their list. Similarly, use of figures of Berry et al. (2004)
rather than Armstrong et al. (1988) results in top ranking for cro-
cidolite miners and millers. Also, a cohort of workers making
gas mask filters is not included (i.e., Gaensler and Goff, 1988).
It is not clear why all deaths rather than cancer deaths are used
for the calculations. Smith and Wright (1996) did not consider
any quantification of exposures but concluded that chrysotile
is similar in potency to amphiboles. Their approach is seriously
flawed because a conclusion about relative risk of mesothelioma
cannot be drawn from a simple ranking unless exposures have
been measured, and they ignored small quantities of contami-
nating fiber types in some cohorts according to Hodgson and
Darnton (2000).

Amphibole exposures occurred in America earlier than some
authors surmise, which is important is judging potencies of
asbestos fiber types. Nicholson analyzed the time course of
mesothelioma risk using the 1986 U.S. EPA equation. His hy-
pothesis that pure chrysotile exposure causes mesothelioma is
based in part on presumptions about the amount of chrysotile
asbestos consumed by the United States from the 1890s to
1930s. In analyses of U.S. insulators who were exposed to as-
bestos before 1935, several investigators reported that amosite
was not used before that year. More specifically, some authors
state that U.S. insulation workers were exposed to mixtures of
chrysotile and amosite after 1940, but prior to 1937 their expo-
sures was only to chrysotile, and until 1940, only occasionally to
amosite (Nicholson and Landrigan, 1996; Stayner et al., 1996;
Nicholson, 2001). Nicholson and Landrigan estimate the ex-
posures to U.S. insulators have been 60% chrysotile and 40%
amosite based on published product compositions. However,

the supposition that crocidolite exposure did not occur earlier
for U.S. workers, especially among insulators, has been rejected
based on fiber studies of lung tissue (Langer and Nolan, 1998).

Approval dates of the U.S. Navy do not mark the earliest onset
of commercial amphibole exposures to any American workers.
Asbestos insulation products date from 1866 and had been used
and perfected for 8 decades by the close of World War II. The
development of amosite felt started in 1934, and the U.S. Navy
approved the type made by a specific manufacturer in Septem-
ber 1934 for turbine insulation only. Amosite was the Navy’s
predominant asbestos fiber. The Navy approved amosite pipe
covering from 1937 until about 1971 (Fleischer et al., 1946;
Rushworth, 2005). Actually, crocidolite and amosite were used
in the United States through the 1920s, according to monthly is-
sues of a trade journal during that time period (see Hodgson and
Darnton, 2000). Both crocidolite and amosite were imported for
manufacture of thermal insulation products from 1924 or earlier.
After 1930, (at least) some of the 81 workers were exposed to
crocidolite and all were exposed to amosite based on lung tissue
results (Langer and Nolan, 1998), and similar results were seen
in a cohort of chrysotile workers (Case et al., 2000).

D. Regulatory Decisions Concerning Chrysotile
and Mesothelioma

Regulatory agencies look to research data to formulate rules,
procedures, and regulations to support policy decisions. It is not
always the case, however, that decisions by various organiza-
tions reflect the best or the latest assessment of the data or are
based on the scientific method. The regulation of toxic and other
substances is customarily divided into two discrete aspects: risk
assessment and risk management. Risk assessment is a scien-
tific activity, whereas risk management is always a sociopolit-
ical one, and they are not necessarily separate. The process of
risk assessment has been accepted as a necessary base on which
to build rational policy decision making, and at the same time
it provides an opportunity for improved dialogue for scientists
to have an important role in shaping public policy that is scien-
tifically defensible (Hughes and Weill, 1986; Mossman et al.,
1990; Camus, 2001a; Savitz, 2003; U.S. EPA, 2004). In a spe-
cial treatise for the Geological Society of America, calling for
asbestos regulations based more on science, the authors state:

The scientific and medical information available does not jus-
tify the claim that exposure to any amount of any fiber presents an
unacceptable health risk. (Ross and Nolan, 2003)

In any regulatory context, the integration of administrative
policies with risk assessment is a key concept used now by
decision makers for the purpose of protecting health. Modern
standard setting serves to minimize the exposure of workers,
but also addresses technical and societal choices and decisions
(Corn, 1992). The U.S. Occupational Safety and Health Admin-
istration (OSHA) must make a determination if a “significant”
health risk exists and that a new standard will reduce or elimi-
nate that risk (Fed. Reg. 51:22646, June 20, 1986). For its latest
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standard setting, OSHA made no distinction for “asbestos”
among the asbestos types and defined a “fiber” as one that pos-
sesses an aspect ratio of equal to or greater than 3:1. The basis
for the OSHA permissible exposure limit (PEL) included epi-
demiological studies involving mixed-type asbestos exposures.
Future uses of asbestos were thought likely to be mixed, so there
was no practical need at that time to distinquish fiber types.
OSHA requires fiber counts to be made using a phase-contrast
microscope. Although the method is quick, easy, inexpensive,
and detects low concentrations, it does not enable identification
of fiber type. According to OSHA, assigning a higher PEL to
chrysotile would present OSHA and employers with analytical
difficulties in separately monitoring exposures to different fiber
types (OSHA, 1994). Thus the presumption that all exposures
would be to mixed fiber types and the use of phase-contrast mi-
croscopy to detect exposures prevented important distinctions
to be made in the assessment of potential risk of different fiber
types.

Referring to the U.S. Supreme Court’s ruling in Industrial
Union Department, AFL-CIO v. American Petroleum Institute,
the following explanation of precautionary health regulations
was provided in the OSHA asbestos standard. The U.S. Supreme
Court indicated that a significant risk determination for federal
health regulations is “not a mathematical straitjacket,” and that
“OSHA is not required to support its finding that a significant
risk exists with anything approaching scientific certainty.” The
Court ruled that “a reviewing court [is] to give OSHA some lee-
way where its findings must be made on the frontiers of scientific
knowledge [and that] . . . the Agency is free to use conservative
assumptions in interpreting the data with respect to carcino-
gens, risking error on the side of over protection rather than
under protection.” The Court also stated that “while the Agency
must support its finding that a certain level of risk exists with
substantial evidence, we recognize that its determination that a
particular level of risk is ‘significant’ will be based largely on
policy considerations” (Fed. Reg. 51:22615, June 20, 1986).

Precaution provides a means of guiding decisions under con-
ditions of uncertainty: “The precautionary principle encourages
policy makers and public health officials to consider, in their
approach to public health, how to account for growing complex-
icity and uncertainty” (WHO, 2004). Called conservatism in a
recent staff paper of the U.S. EPA Office of the Science Advisor,
the agency “seeks to adequately protect public and environmen-
tal health by ensuring that risk is not likely to be underestimated”
[italics as in document] (U.S. EPA, 2004). The effect of the ap-
proach on the science of asbestos risk assessment is illustrated
by an example from the U.S. EPA in 1986 when the risk as-
sessors’ choices tended to overestimate the final exposure risk
gradient (Camus, 2001b). Precautionary-based measures should
be maintained “as long as scientific data are inadequate, or in-
clusive, and as long as the risk is considered too high to be
imposed on society” (Jordan and O’Riordan, 2004). Accord-
ing to Siemiatycki et al. (2004), lists of identified carcinogens
have been limited by “unclear criteria” and “by inconsistent and

incomplete information” and provide no basis for strength of
the effect. Determination of carcinogenic status can change as
new data emerge. This review suggests that the application of
the precautionary principle is no longer supported by the co-
hort epidemiological data for chrysotile absent amphiboles and
mesothelioma (see Tables 3 and 4).

VI. CONCLUSIONS
The extensive scientific literature related to asbestos fiber

types relevant to industry and mesothelioma was reviewed. Hu-
man exposures to various amphibole fiber types have been linked
to mesothelioma, but this article concerns the hypothesis of the
existence of a causal association of mesothelioma with exposure
to chrysotile fibers without contamination with amphiboles. The
following points are addressed:

1. The use of scientific method requires the development and
testing of hypotheses.

2. Epidemiology tests hypotheses about exposures potentially
toxic to humans. The results of these tests to date indicate:
a. Epidemiological studies show amphiboles cause mesothe-

lioma in humans.
b. In workers exposed to both chrysotile and amphibole,

there are fewer mesothelioma cases than in studies of am-
phiboles alone.

c. Cases of mesothelioma in cohorts where no amphibole
exposure was identified do not demonstrate chrysotile is
the cause of mesothelioma.

3. Epidemiological review of cohorts does not support the hy-
pothesis that exposures to chrysotile fibers, uncontaminated
by amphiboles, cause mesothelioma.

4. As indicators of exposure to asbestos, fiber burden studies of
mesothelioma cases can generate hypotheses. They cannot
replace analytical epidemiology, which is required to assess
better exposure–outcome associations and infer causation.

5. Patient reports, case series, and ecological surveys do not
provide independent scientific evidence for chrysotile caus-
ing mesothelioma.

6. Regulatory decisions about chrysotile reflect policy and are
based not only on scientific results and conclusions concern-
ing mesothelioma.

Conclusions regarding causation of mesothelioma from
chrysotile uncontaminated by identified amphiboles must be
based on the application of the scientific method. Observations,
hypothesis generation, hypothesis testing, and replication of re-
sults (i.e., the scientific method) are the accepted process steps
for deriving conclusions about a theory. The basis for deter-
mining whether chrysotile asbestos causes mesothelioma should
rest primarily on the results of analytic epidemiological studies.
Most cohort studies that have been published have the poten-
tial for concomitant amphibole fiber exposures. Epidemiologi-
cal studies investigating mesothelioma risk from exposures of
cohort members to chrysotile asbestos fibers not known to be
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contaminated with amphiboles do not justify a conclusion of
causality at this time. Whenever mesothelioma cases have been
observed in cohort studies, the presence of amphiboles has not
been ruled out. Although the causal hypothesis has been stud-
ied intensively for cohorts primarily exposed to chrysotile, the
number of mesotheliomas observed has been far fewer than
those where amphibole exposures occurred, and the possibil-
ity of unidentified amphibole exposures remains in these few
individual cases where only exposure to chrysotile asbestos was
identified for the entire cohort. Hopefully, risk communications
and public policy can be improved by thorough medical review
of the literature of human studies spanning most of the last cen-
tury.
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