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Summary

INTRODUCTION

The use of asbestos in many products surged during the 20th century,
and asbestos exposure continues despite a sharp reduction in production
since the 1980s. Asbestos is an established cause of mesothelioma, an un-
common cancer that arises in the mesothelial cells lining the chest and ab-
dominal cavities, and of lung cancer. It also causes nonmalignant respira-
tory diseases, including asbestosis, a fibrotic disorder of the lung. In
addition, the findings of some epidemiologic studies of asbestos-exposed
workers have suggested that exposure to asbestos may increase risk of other
cancers. This Institute of Medicine committee was charged with evaluating
the evidence relevant to the causation of cancers of the pharynx, larynx,
esophagus, stomach, colon, and rectum by asbestos and with judging
whether the evidence is sufficient to infer a causal association. The specific
charge follows:

The Institute of Medicine’s (IOM) Board on Population Health and Public
Health Practices will oversee a study that will comprehensively review, evalu-
ate, and summarize the peer-reviewed scientific and medical literature regard-
ing the association between asbestos and colorectal, laryngeal, esophageal, pha-
ryngeal, and stomach cancers. Based on its examination and evaluation of the
extant literature and other information it may obtain in the course of the study,
the committee will determine if there is a causal association between asbestos
and colorectal, laryngeal, esophageal, pharyngeal, or stomach cancers.

The committee’s charge was drawn directly from Senate Bill 852, the Fair-
ness in Asbestos Injury Resolution (FAIR) Act.
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COMMITTEE APPROACH

To address the charge, a multidisciplinary committee was appointed by
IOM that included experts in biostatistics, epidemiology, mineralogy, on-
cology, toxicology, and cancer biology. The committee interpreted its charge
as requiring a comprehensive and systematic review of evidence on the can-
cer risk posed by asbestos at the specified sites in humans and in experimen-
tal animals. The committee also identified a need to review evidence related
to the biologic plausibility of a causal association between asbestos and
cancer at the designated sites. Relevant issues included the doses of asbestos
fibers reaching the organs, persistence of fibers at the sites, potential inter-
actions with target cells, and plausible mechanisms of carcinogenesis by
asbestos fibers at the sites.

The committee was aware that fiber type may be a determinant of
risk of developing mesothelioma (and possibly lung cancer) following as-
bestos exposure. The committee considered whether it should evaluate
asbestos-associated risk for the designated cancers in terms of exposure to
specific fiber types. In light of the almost universally mixed nature of ac-
tual occupational exposure, however, there was not sufficient evidence to
have carried out such a review for the selected cancer sites. Consequently,
the committee’s report describes the level of causal inference in relation to
asbestos, without specifying the type.

Accordingly, the committee undertook a systematic review of the avail-
able human and toxicologic evidence, setting up a uniform approach for
reviewing the full body of relevant epidemiological literature and for ab-
stracting and synthesizing study results. The epidemiologic evidence comes
from cohort (follow-up) studies of occupationally exposed persons and from
case-control studies of the cancers that assessed occupational exposures as
risk factors. The cohort studies generally addressed cancer mortality, and
the case-control studies mostly considered incident cases. The studies were
further classified by the method of exposure assessment. The results of the
studies were then abstracted into a database for descriptive analysis and
summary with the technique of quantitative meta-analysis. The units of
input for the meta-analysis on each selected cancer site were the most com-
prehensive risk estimates available on discrete study populations, so a single
citation might generate more than one datum (such as separate results for
men and women), whereas only the final follow-up results would be used
for a series of publications on the same occupational cohort. The meta-
analysis on each dataset yielded a summary estimate of cancer risk at the
anatomical site associated with asbestos exposure with a confidence inter-
val that accounts for sampling variation within each study and for variation
in relative risk among studies. The committee also reviewed the toxicologic
literature and the extensive experimental literature on carcinogenesis by
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asbestos fibers. It addressed the mineralogic and chemical characteristics of
asbestos for their relevance to carcinogenicity in the organs of interest. The
committee consulted experts on those topics through presentations at its
meetings.

Because the committee’s charge requires a determination of whether
asbestos causes cancer at the specific sites, the committee considered vari-
ous guidelines for causal inference and terminology for classifying the
strength of evidence in support of causation. Its review of approaches led to
the uniform application of guidelines for causal inference based on the
widely applied criteria or guidelines proposed by Austin Bradford Hill and
the similar criteria long used in the reports of the US surgeon general on
smoking and health. The criteria for causal inference include consistency,
strength of association, temporality, and the coherence or plausibility of the
association. The committee selected a four-level classification of the strength
of evidence for causal inference, classifying the evidence as sufficient, sug-
gestive, or inadequate to infer causality or suggestive of #0 causal associa-
tion. For the purpose of its charge, designating an association of asbestos
with cancers of the designated sites as causal, the committee required the
evidence to reach the level of sufficient.

The topic of asbestos and cancer has many facets, including the influ-
ence of fiber type on risk and the interactions of asbestos with other factors
that produce cancer at the same sites, such as tobacco-smoking for cancer
of the larynx. The committee did not consider the issue of fiber type, which
was not included in its charge; it did consider information on the combined
effect of asbestos with other risk factors when such information was avail-
able. The committee also did not attempt to quantify the risk of cancers at
the selected sites in relation to magnitude of exposure—a potentially exten-
sive effort that was also beyond its charge.

COMMITTEE FINDINGS

The committee reviewed the evidence from epidemiologic studies and
from toxicologic investigations, both animal and in vitro, specifically for
each cancer site. The reviews of the evidence related to mineralogy of asbes-
tos and to its carcinogenicity were considered to be generally relevant for all
sites, particularly in regard to the causal criterion of coherence or biologic
plausibility.

There has been ongoing discussion as to whether there is an absolute
difference in the toxicity of the major fiber types, serpentine and amphi-
bole, and whether only amphibole fibers have carcinogenic potential, par-
ticularly for mesothelioma, the neoplasm for which the evidence is most
suggestive of a difference in risk by fiber type. Recent reviews suggest that,
rather than having no carcinogenic activity, chrysotile has a generally lesser
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degree of potency than amphibole fiber and that the various types of am-
phibole fiber have differing potency in the extent of their biological activity.
With regard to fiber characteristics, the committee noted that several physi-
cal and chemical factors may contribute to a mineral particle’s potential to
induce a pathogenic response. These characteristics differ for serpentine (or
chrysotile) and amphibole fibers and may be relevant to their relative carci-
nogenicity. Many of the properties would be expected to influence how a
mineral interacts with biologic fluids under the conditions in the various
organs under consideration. Although these properties have been investi-
gated in simplified systems and their potential relevance in processes in
natural environments is clear, their roles in mineral-induced pathogenesis
of cancer or other diseases have not been extensively studied in the inte-
grated context of whole animals. Size and shape are relevant because they
determine site of deposition and also influence interactions with cells. Dis-
solution may also be relevant because it removes the fibers, but introduces
the materials in the fibers, such as metals, into the surrounding fluid with
the potential for interaction with target cells. Surface-induced oxidation-
reduction is another catalytic pathway that may contribute to carcinogen-
esis. Ion exchange between the surfaces of the fibers and the surrounding
liquid may affect neighboring cells. How these factors play out in terms of
producing disease in humans under conditions of real occupational expo-
sure, however, has not been fully studied.

Although there has been little systematic investigation of dispersion of
asbestos fibers to extrapulmonary tissues, they do reach the organs covered
by the charge. Inhaled materials deposit throughout the respiratory tract,
which extends from the nose and mouth to the alveoli, the lung’s air sacs.
The sites of deposition vary by fiber size; inhaled fibers pass through the
pharynx and larynx with the possibility of deposition there. Fibers depos-
ited in the lung are cleared by the mucociliary apparatus, and swallowing of
asbestos-containing mucus causes it to pass through the gastrointestinal
tract and can lead to potential exposure of the esophagus, stomach, colon,
and rectum to asbestos fibers. Encapsulated fibers, known as asbestos bod-
ies, are routinely found in the respiratory tissues of asbestos-exposed indi-
viduals; although they have not been systematically sought in other organs,
there have been some reports of finding asbestos bodies in extrapulmonary
tissues, including the portions of the gastrointestinal tract addressed in this
report.

The biologic effects of asbestos fibers depend on their physicochemical
properties, dimensions, and deposition and persistence at target sites. On
the basis of rodent models of lung cancer and malignant mesothelioma,
fiber carcinogenicity is correlated with increased cell proliferation, inflam-
mation, and fibrosis in the lungs and pleura. Several mechanisms have been
proposed for the biologic activity of asbestos fibers observed in vitro and in
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animal models. Long asbestos fibers that are incompletely phagocytized
stimulate production of reactive oxygen species that induce DNA damage,
oxidant stress, and activation of cell-signaling pathways and lead to cell
proliferation. Long asbestos fibers have been shown to interfere physically
with the mitotic apparatus and produce chromosomal damage, especially
deletions. Asbestos fibers may also directly produce physical injury of tar-
get cells and tissues that is repaired by compensatory hyperplasia. There is
strong epidemiologic and experimental evidence that asbestos fibers and
cigarette smoke are cofactors in the development of lung cancer. Other
potential cofactors in malignant mesothelioma are chronic inflammation
and viruses (such as SV40). The applicability of these direct and indirect
mechanisms of asbestos carcinogenesis to cancers that develop at extra-
pulmonary sites considered in this report is uncertain.

The committee considered animal-bioassay studies in which animals
were administered asbestos by inhalation and the occurrence of cancer was
measured. Many studies of that general design have been carried out, but
they were directed largely at investigating cancer of the lung and mesothe-
lioma, so only those with comprehensive histopathologic examinations were
considered relevant. Among the more limited number of studies with oral
administration, the committee found several involving exposure of animals
to asbestos fibers mixed into their food particularly relevant. However, the
utility of these models for the sites of concern is uncertain.

In addressing its charge, the committee considered both general evi-
dence related to carcinogenicity and site-specific epidemiologic evidence.
The committee’s reviews and conclusions by site are summarized below. In
the following, the relative risk (RR) quantifies the risk of cancer among
those exposed to asbestos relative to those not exposed. An RR greater than
1.0 indicates that estimated risk was higher among people who have been
exposed, and an RR less than 1.0 indicates that estimated risk was lower
among those exposed. An RR of 1.0, sometimes referred to as the null
value, corresponds to equal risk in the two groups. The confidence interval
(CI) at a given “level of significance” provides an indication of statistical
uncertainty.

Pharyngeal Cancer

The committee reviewed six case-control studies of pharyngeal cancer,
four of which had exposure assessments of high quality or adjusted for
confounding, and the findings on 16 cohort populations. Although the in-
formation from the case-control studies was very sparse, the aggregated
risk estimate for any asbestos exposure was modest and similar to that for
the more numerous cohort studies. The available data did not suggest the
presence of a dose-response relationship. In considering the plausibility of a
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causal association between asbestos exposure and pharyngeal cancer, the
committee noted that the epithelium of the oropharynx and hypopharynx
differs from that of the respiratory epithelium, although squamous-cell can-
cers predominate among tumors of the pharynx. The combination of asbes-
tos exposure and tobacco-smoking is an established risk factor for lung
cancer, but for pharyngeal cancer only a single case-control study has ad-
dressed asbestos exposure as a cofactor with tobacco-smoking. No increase
in pharyngeal tumors has been observed in animals exposed chronically to
asbestos either by inhalation or by oral feeding.

Although several cohort studies and the larger, better-designed case-
control studies suggest an association between asbestos exposure and pha-
ryngeal cancer and asbestos, overall the epidemiologic evidence is limited
and biological plausibility has some uncertainty for this site. Consequently,
the committee concluded that the evidence is suggestive but not sufficient
to infer a causal relationship between asbestos exposure and pharyngeal
cancer.

Laryngeal Cancer

The evidence base for asbestos exposure and laryngeal cancer included
more case-control studies (18) than were available for other cancer sites
considered by the committee, and the number of cohort populations (35)
was similar to the number informative for stomach or colorectal cancer.
Subjects in the studies had been exposed to asbestos in a wide array of
industries and occupations in North America, South America, Europe, and
Japan. Many of the case-control studies collected data that permitted con-
founding by tobacco-smoking and alcohol consumption to be addressed.
Several case-control studies examined the association between asbestos ex-
posure and laryngeal cancer, stratifying on tobacco use, which might poten-
tially interact with or modify the association of asbestos exposure with risk
of laryngeal cancer. The committee also reviewed four experimental studies
in which rodents were exposed over much of their lifetime to high concen-
trations of asbestos through inhalation.

The committee found consistency of findings among the epidemiologic
studies. Asbestos exposure was associated with increased risk of laryngeal
cancer in the nine larger cohort studies and in meta-analyses of the cohort
and case-control data. Some evidence of a dose-response relationship was
seen in both the cohort and case-control studies. There was no consistent
evidence of confounding in case-control studies that reported both age-
and multivariate-adjusted RR estimates, and the two studies stratified on
asbestos exposure and smoking status suggest synergism between the two
factors.

The committee found several bases for considering that asbestos could
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plausibly cause laryngeal cancer. The larynx, like the lung, is anatomically
in the direct path of inhaled asbestos fibers. Inflammation or damage to the
vocal cords could disrupt laminar airflow and predispose to the deposition
and accumulation of asbestos fibers in the larynx. Squamous-cell carcino-
mas of the lung and larynx exhibit certain histologic and clinical similari-
ties; cancers at both sites arise from the respiratory epithelium in regions of
squamous metaplasia and dysplasia. Tobacco-smoking is the most impor-
tant risk factor for both sites, and asbestos exposure is an established cause
of lung cancer. Tobacco-smoking may lead to laryngeal damage and in-
creased potential for asbestos fibers to deposit in the trachea. Alcohol con-
sumption is also a recognized risk factor for laryngeal cancer, with heavy
consumption synergizing markedly with smoking. Together with smoking
and drinking, accumulation of asbestos fibers could produce chronic irrita-
tion or inflammation, accelerating the progression of neoplasia. However,
no clinical data document the accumulation and persistence of asbestos
fibers in the larynx, and there is a lack of experimental support from animal
studies.

Considering all the evidence, the committee placed greater weight on
the consistency of the epidemiologic studies and the biologic plausibility of
the hypothesis than on the lack of confirmatory evidence from animal stud-
ies or documentation of fiber persistence in the larynx. The committee con-
cluded that the evidence is sufficient to infer a causal relationship between
asbestos exposure and laryngeal cancer.

Esophageal Cancer

Both case-control and cohort studies of esophageal cancer were re-
viewed, but the available body of evidence was limited. Only three case-
control studies met the criteria for inclusion, so there were too few for
meta-analysis. There were more cohort populations with relevant results,
although the number of cases was often small. The mortality studies did
not distinguish between histologic subtypes; if there were specific asbestos-
subtype associations, the overall grouping of esophageal cancers would
tend to obscure them. In assessing biologic plausibility, the histologic type
of cancer, potential dose to the target tissues, and possible mechanisms
were considered.

The three case-control studies did not have consistent results, and the
number of exposed cases was generally small. Two incorporated adjust-
ment for tobacco-smoking and alcohol consumption. One observed a small
excess risk but did not find evidence of a dose-response relationship, and
the other found no evidence of an excess. A third, older study found an
excess, but it was based on a single case, and so was difficult to interpret.
Few cohort studies presented data explicitly on esophageal cancer, because
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of the rarity of the disease, and their statistical precision was often low. The
results for the 25 cohort populations with information on esophageal can-
cer were mixed. The summary RR computed from the cohort studies was
0.99 (95% CI 0.78-1.27). Although some studies did observe excess risks,
overall there was little consistency in the epidemiologic data. Six animal-
feeding studies did not find an association with esophageal cancer, and
there is no other experimental evidence that asbestos fibers act as a direct or
indirect carcinogen specifically in the esophagus.

Some studies have found an association between asbestos exposure and
esophageal cancer, but the overall results of epidemiologic studies are mixed.
In addition, what little evidence there is from animal experiments about
asbestos’s carcinogenic potential specifically on esophageal tissues does not
support biological activity at this site. The committee concluded that the
evidence is inadequate to infer the presence or absence of a causal relation-
ship between asbestos exposure and esophageal cancer.

Stomach Cancer

In its final dataset, the committee considered 42 occupational cohorts
and five population-based case-control studies that provided data on stom-
ach cancer risk. Overall, the occupational cohorts consistently, although
not uniformly, suggested risks increased above risks in the general popula-
tion (RR = 1.17, 95% CI 1.07-1.28). The results of case-control studies
were less consistent (RR = 1.11, 95% CI 0.76-1.64), and suggested neither
increased nor lower-than-expected risks associated with asbestos. Consid-
ering just the cohort studies, the committee noted that observed risk in-
creases were modest. There were also somewhat consistent patterns sup-
portive of dose-response relations, although trends were not especially
strong. Six lifetime feeding studies of asbestos in rodents provided no
evidence that asbestos fibers act as a direct or indirect carcinogen in the
stomach.

The most frequent histologic type of stomach cancer in western coun-
tries is adenocarcinoma, which is most commonly associated with Hel-
icobacter pylori infection and inflammation. Tobacco-smoking is also a risk
factor for stomach adenocarcinoma. The potential role of asbestos fibers as
a cofactor with established risk factors has not been investigated experi-
mentally or epidemiologically. Asbestos bodies have been identified in the
stomach and in other sites in the gastrointestinal tract and in other organs.
The possibility that asbestos fibers could accumulate at sites of mucosal
injury and ulceration has not been explored. There is no experimental evi-
dence from animal toxicology studies that asbestos fibers act as a direct or
indirect carcinogen in the stomach.

Overall, the epidemiologic studies revealed fairly modest risk increases
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and somewhat fragmentary evidence of a dose-response relationship. Ani-
mal experimentation has not provided supportive evidence of causation,
although the potential for asbestos fibers to accumulate at sites of stomach
mucosal injury lends some mechanistic support to potential carcinogenesis.
The committee concluded that the evidence is suggestive but not sufficient
to infer a causal relationship between asbestos exposure and stomach
cancer.

Colorectal Cancer

The committee evaluated the overall evidence on colorectal cancer be-
cause its charge addressed cancers of the colon and rectum together. The
evidence thus included studies providing information on the two sites sepa-
rately and studies reporting on colorectal cancer overall. Case-control stud-
ies of colon or rectal cancers included four studies in which the two out-
comes were considered in a single category of colorectal cancer, six studies
of only colon cancer, and one of only rectal cancer. In addition, 41 occupa-
tional cohorts were reviewed, almost all of which had the necessary infor-
mation to derive a combined risk estimate for colon and rectal cancers.

There was some inconsistency among the 13 RRs reported from the
case-control studies (aggregate RR = 1.16, 95% CI 0.90-1.49), and findings
from many of the studies were inconclusive. Although most of the esti-
mated RRs were greater than 1, two of the studies had lower estimated
risks for those exposed to asbestos. The case-control study with the most
detailed assessment and analysis of asbestos exposure did not find an asso-
ciation between exposure to asbestos and the risk of colorectal cancer. In
contrast, the occupational-cohort studies more consistently, although not
uniformly, suggested increased risks of colorectal cancer in exposed people
than in the general population (RR = 1.15, 95% CI 1.01-1.31).

The summary estimate of association from the case-control studies was
similar to that from the cohort studies, but the CI was wider, and evidence
of a dose-response relationship in the case-control studies was lacking. The
overall observed risk estimate from cohort studies was modestly increased,
although it had 95% CI that just excluded 1.0 and some evidence of a dose-
response relationship.

There was only limited information available relevant to biologic plau-
sibility. Colorectal tumors in humans are most commonly adenocarcino-
mas that arise in polyps. Multiple risk factors are associated with colon
cancer, including familial predisposition, age, obesity, physical inactivity,
and inflammatory bowel disease. The potential role of asbestos fibers as a
cofactor has not been investigated in epidemiologic or experimental studies.
Asbestos bodies and asbestos fibers have been identified in the colon, in-
cluding for a small cohort of asbestos workers who had colon cancer. Ani-
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mal models have failed to produce colon or colorectal cancer, even in stud-
ies that involved high-dose feeding of asbestos to rodents. However, studies
employing high-dose feeding of chrysotile asbestos to rats did produce be-
nign adenomatous colonic polyps, a precursor to the most common form of
colon cancer in humans.

The committee concluded that the evidence is suggestive but not suffi-
cient to infer a causal relationship between asbestos exposure and colorectal
cancer.

CLOSING COMMENTS

The committee was charged with reviewing evidence on a widely used
material that is known to cause respiratory malignancy. Asbestos has been
extensively investigated, epidemiologically and experimentally, as a cause
of mesothelioma and lung cancer. However, its potential to cause malig-
nancy at other sites that may also receive a substantial dose of asbestos
fibers has not been as extensively investigated.

The committee considered the existing evidence from in vitro and ani-
mal experimentation to gain an understanding of mechanisms of carcino-
genesis that might plausibly apply to the tissues in question and to deter-
mine the extent of toxicologic support for the development of cancers at the
specified sites following asbestos exposure. Much of the information re-
viewed by the committee came from cohort studies of workers that focused
on investigating respiratory effects and that reported information on risks
of other diseases, including the cancers covered by this committee’s charge,
only incidentally. Other evidence came from case-control studies that were
directed at the causes of the cancers of interest but that were not specifically
designed to address asbestos exposure, and their exposure assessments were
of varied quality.

Table S.1 provides a distillation of the committee’s findings about
whether asbestos is a causal factor for cancers at the five sites indicated for
evaluation in the committee’s charge and the FAIR legislation.

TABLE S.1 Causal Association Between Specified Cancer and Asbestos

Cancer Evidence for Presence or Absence of Causal Relationship to Asbestos
Laryngeal Sufficient

Pharyngeal Suggestive but not sufficient

Stomach Suggestive but not sufficient

Colorectal Suggestive but not sufficient

Esophageal Inadequate
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The committee’s review identified limitations of the available evidence
and the resulting uncertainty in its conclusions. Although the committee
was not charged with developing a research agenda to address the informa-
tion gaps, its review indicated many research needs. Studies directed at doses
of fibers received by organs other than the lung are needed; mechanistic
studies directed at these organs could be a useful complement to work on
respiratory carcinogenesis by asbestos fibers. Studies involving animal mod-
els with high risk of cancer at the designated sites might also be considered.
Consideration should be given to approaches to strengthen the epidemio-
logic information on asbestos exposure and risk of cancer at the sites in the
committee’s charge. Information might be gained from further follow-up of
some of the cohorts of asbestos-exposed workers; however, the committee
is concerned that further study of these cohorts may be impossible because
most were initiated decades ago and their records may not have been main-
tained. Some effort might be made to determine whether key cohorts could
be followed up or new studies on potentially informative populations
started.






Introduction

STATEMENT OF CHARGE

As contracted through the National Institutes of Health, the commit-
tee’s charge reads:

The Institute of Medicine (IOM) Board on Population Health and Public Health
Practices will oversee a study that will comprehensively review, evaluate, and
summarize the peer-reviewed scientific and medical literature regarding the as-
sociation between asbestos and colorectal, laryngeal, esophageal, pharyngeal,
and stomach cancers. Based on its examination and evaluation of the extant
literature and other information it may obtain in the course of the study, the
committee will determine if there is a causal association between asbestos and
colorectal, laryngeal, esophageal, pharyngeal, or stomach cancers.

CURRENT LEGISLATION

The committee’s charge to determine whether asbestos may play a
causal role in the occurrence of cancer at the five specified sites was drawn
directly from Senate Bill 852, the Fairness in Asbestos Injury Resolution
(FAIR) Act. The bill would establish an industry-underwritten $140 billion
trust fund for orderly compensation of people suffering health consequences
of working with asbestos or of living in Libby, Montana. The legislation as
reported out of the Senate Committee on the Judiciary (April 19, 2005)
defines asbestos to include:

(A) chrysotile; (B) amosite; (C) crocidolite; (D) tremolite asbestos; (E) winchite
asbestos; (F) richterite asbestos; (G) anthophyllite asbestos; (H) actinolite as-

13
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bestos; (I) asbestiform amphibole minerals; (J) any of the minerals listed un-
der subparagraphs (A) through (I) that has been chemically treated or altered,
and any asbestiform variety, type, or component thereof; and (K) asbestos-
containing material, such as asbestos-containing products, automotive or in-
dustrial parts or components, equipment, improvements to real property, and
any other material that contains asbestos in any physical or chemical form.

People who have a diagnosis of asbestosis, lung cancer, or mesothelioma
will be eligible to file a claim documenting their asbestos exposure. Eligibil-
ity may also be extended to any additional cancers that are found to be
causally associated with asbestos by the report of the present IOM expert
committee delineated as item (e) under Subtitle C, Section 121—Medical
criteria. The IOM report will be binding on the administrator and the
physicians’ panel that processes claims against the trust fund. The pending
legislation was reported out of the Committee on the Judiciary on June 16,
2005, and was expected to be voted on early in 2006.

Asbestos fibers are known to be carcinogenic. The uniqueness and com-
pleteness of the carcinogenic activity of asbestos in mesothelial tissues is
clear and undisputed. Most cases of mesothelioma are attributable to asbes-
tos exposure. The role of asbestos in producing lung cancer, particularly in
smokers, is also clear. Cancers at the sites included in the charge are largely
of epithelial origin, so the underlying causal mechanism would be expected
to be similar to that of lung cancer. Inasmuch as the determination of asbes-
tos (in its various forms) as a human carcinogen is long established on the
basis of findings of epidemiologic investigations and supportive animal and
in vitro studies, this committee viewed its charge to be a more focused
evaluation of whether asbestos causes cancer in particular organs. “Bio-
logic plausibility” has been shown for asbestos’ carcinogenic potential in
general, so this committee’s criteria for site-specific causality will differ
somewhat from the determinations of whether an agent is a generic human
carcinogen, as conducted by the International Agency for Research on Can-
cer and the US Environmental Protection Agency, for example.

OVERVIEW OF PATTERNS OF ASBESTOS USE AND
RECOGNITION OF ITS HEALTH CONSEQUENCES

The physical and chemical properties of minerals classified as asbestos
(see Chapter 3) have led to widespread applications of these fibrous sub-
stances beginning as long as 2,000 years ago. Those properties include heat
stability and fire resistance, thermal and electric insulation, resistance to
wear and friction, tensile strength and weavability, and resistance to chemi-
cal and biologic degradation (HHS 2004). Uses of asbestos burgeoned as
the modern industrial era gained momentum in the 1880s, and industrial
consumption peaked in the United States in 1973 (Virta 2002). The gradual
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recognition that this useful substance was associated with the occurrence of
serious health consequences led to increasingly strict curtailment of
asbestos’s industrial use, but the epidemic of asbestos-caused disease is far
from over. Because of the sustained period over which millions of workers
were exposed to asbestos in mining, production, and construction and the
decades-long latent period of development of asbestos-caused diseases, new
cases of these debilitating and often fatal consequences of exposure will
continue to be diagnosed for many years to come.

A number of adverse health outcomes are now causally associated with
exposure to asbestos. An approximate timeline for recognition of the ad-
verse consequences is provided in this section, as drawn from published
sources. The first to be recognized was asbestosis, a pneumoconiosis char-
acterized by fibrosis of the lung and reduction of lung function (Table 1.1),
first reported as early as 1907 (Hamilton and Hardy 1974, as cited in
Becklake 1976). Iron-coated fibers, called asbestos bodies, are typically
found in the tissues of affected lungs. Mesothelioma, an uncommon tumor
of the pleural and peritoneal mesothelium (tissues lining the thoracic and
abdominal cavities and the organs in them), was linked to asbestos in the
early 1960s in clinical case reports, and the increased risk was then further
shown in cohort studies of asbestos workers. In the 1950s, epidemiologic
studies documented the association of lung cancer with asbestos exposure,
and the risk was found to be particularly increased in exposed workers who
smoked. As worker cohorts were followed and their cancer risks were
tracked, concern arose that asbestos might cause other types of cancers.
Complementary information on these cancer sites was reported from stud-
ies that assessed site-specific cancer risk in relation to occupational expo-
sures in general; asbestos exposure was specifically addressed in many of
these case-control studies. The epidemiologic information is further comple-
mented by an extensive toxicologic literature that includes animal bioassays
and investigation of mechanisms of disease production. Since the first rec-

TABLE 1.1 Timeframe for Recognition of Various
Health Effects Associated with Asbestos Exposure

Health Effect Suspected Probable Established
Asbestosis ~ 1900 ~ 1915 ~ 1930
Lung cancer ~ 1930 ~ 1945 ~ 1955
Mesothelioma ~ 1940 ~ 1955 ~ 1965
Other cancers ~ 1955 ~ 1970 ?

SOURCE: Becklake (1976), Liddell (1997), Ross and Nolan
(2003).
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ognition that asbestos can cause cancer in humans, experimental studies
have revealed multiple mechanisms that may contribute to asbestos-related
diseases.

COMMITTEE’S APPROACH TO ITS CHARGE

The extensive literature related to the carcinogenic potential of asbes-
tos, including a substantial body of epidemiologic studies plus numerous
toxicologic and mechanistic studies, had to be considered in defining the
portion relevant to the committee’s charge. The committee interpreted its
charge as requiring a comprehensive and systematic review of existing evi-
dence on asbestos-related cancer risk at the specified sites in humans and in
experimental animals. Accordingly, the committee undertook a systematic
review of the available evidence, setting up a uniform approach for re-
viewing the literature and for abstracting and synthesizing study results.
Because the committee’s charge requires a determination of whether asbes-
tos “causes” cancer at the specific sites, the committee considered various
guidelines for causal inference and the terminology for classifying the
strength of evidence in support of causation. That review led to the applica-
tion of guidelines for causal inference based on the widely applied criteria
proposed by Hill (1965) and similar criteria used in the reports of the US
surgeon general on smoking and health (HEW 1964, HHS 2004). The com-
mittee selected a four-level classification of the strength of evidence for
causal inference: sufficient, suggestive but not sufficient, inadequate, and
suggestive of no relationship. In addition to searching the published litera-
ture systematically, the committee invited experts in several relevant fields
to make presentations and provide background information, as indicated in
the agendas for open sessions presented in Appendix A.

The topic of asbestos and cancer has many facets, including the influ-
ence of fiber type on risk and the interactions of asbestos with other factors
that produce cancer at the same sites, such as tobacco-smoking as a cause of
cancer of the larynx. The committee did not consider the issue of fiber type,
which was not included in its charge; it did consider information on the
combined effect of asbestos with other risk factors when such information
was available. The committee did not attempt to quantify the risk of can-
cers at the selected sites; that potentially extensive effort was also beyond
the charge.

The committee took into account the limitations of the available epide-
miologic information, a key component of the evidence reviewed. The epi-
demiologic characteristics of the cancers to be investigated (pharyngeal, la-
ryngeal, esophageal, stomach, and colorectal) were considered, including
incidence and mortality, survival, and risk factors that might potentially
confound or modify the associations of asbestos with risks of cancers at
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these sites. In any systematic review, another concern is publication bias
that may arise from potentially slanted decisions, ranging from researchers’
choices of what to study and report, to the tendency of the publication
process itself to select for positive findings.
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Committee’s Approach to Its Charge and
Methods Used in Evaluation

GENERAL APPROACH TO EVIDENCE REVIEW

The committee was charged with assessing the evidence concerning the
causation of selected cancers, other than lung cancer and mesothelioma, by
exposure to asbestos fibers. The charge required that the committee com-
pile and review the available evidence, attempting to identify all relevant
epidemiologic studies, and then evaluate whether the evidence was suffi-
cient to infer the existence of a causal relationship. There are now well-
established models for meeting the charge, dating as far back as the land-
mark 1964 report of the US surgeon general on smoking and health (HEW
1964), which reached the conclusion that smoking causes lung cancer and
other diseases. That report assembled the full body of relevant scientific
evidence and evaluated it according to formal guidelines. Abundant, com-
prehensive reviews of various other agents have since been conducted to
gauge whether the sets of evidence associating them with particular health
outcomes warrant causal conclusions.

Established templates for reviewing scientific evidence set out ap-
proaches for gathering evidence and assessing its sufficiency to infer causal-
ity of association. With regard to obtaining evidence for review, the ap-
proach needs to involve clearly specified search criteria that facilitate
collection of all potentially relevant studies for evaluation. For some pur-
poses, there may also be an attempt to capture relevant reports in the “gray
literature” (non-peer-reviewed or unpublished findings) to obtain the full
set of relevant data and to ensure that publication bias does not skew the
evidence evaluated, as may occur when datasets are gathered exclusively

18
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from peer-reviewed publications. In the case of an as intensively studied
agent as asbestos, however, the committee considered that the findings of
most studies would be published. It is possible that only statistically signifi-
cant or particularly notable results on nonrespiratory endpoints would be
included in the published reports on the cohort studies, and this could lead
to reporting bias for cancers at the designated sites.

Once germane studies have been identified, they may undergo evalua-
tion so that they can be classified according to the quality of the evidence
that they provide. They may be evaluated systematically according to a
standardized protocol and placed into tiers on the basis of their quality. In
a systematic review, results of studies may be qualitatively evaluated and
subjected to an overall judgment; additionally, data may be combined to
derive a quantitative summary and to explore variation in results among
studies. Analyzing aggregated summaries of studies is often referred to as
meta-analysis; on occasion, data from studies are obtained at the level of
individual participants and jointly analyzed, an approach sometimes re-
ferred to as pooled analysis. Statistical approaches for quantitative meta-
analysis have been developed (Petitti 2000), as well as methods for detect-
ing publication bias in meta-analyses (Peters et al. 2006).

Guidelines for causal inference have long been used; perhaps the best-
known are those offered in the first report of the US surgeon general on
smoking and health (HEW 1964):

The consistency of the association.

The strength of the association.

The specificity of the association.

The temporal relationship of the association.
The coherence of the association.

The guidelines provide principles for interpreting epidemiologic evidence in
a context set by biologic plausibility and the coherence of different lines of
evidence. This committee has used such criteria in meeting its charge.

Specificity refers to a unique exposure-disease relationship, which is
characteristic of diseases caused by infectious organisms. The concept has
also been applied for investigating the contribution of physical and chemi-
cal agents to disease (Weiss 2002). The association of asbestos with me-
sothelioma constitutes one of the few examples of a high degree of specific-
ity for a toxic agent and cancer risk, but the committee gave minimal weight
to the criterion of specificity because the cancer sites under consideration
have multiple causes and more will likely be identified.

From the outset, the committee recognized that asbestos fibers are
known to be carcinogenic and that its conclusions with regard to the can-
cers specified in its charge would rest heavily on the epidemiologic evi-



20 ASBESTOS

dence. The committee also believed that information on fiber dose to the
target organs would be relevant, because the risk of cancer associated with
asbestos fibers is known to be dose-dependent. The committee also gath-
ered information on mechanisms by which asbestos fibers are carcinogenic.

That broad array of evidence was reviewed and synthesized by the com-
mittee to make its final determination as to the strength of evidence in
support of an inference of causality. A variety of descriptors have been used
by committees of the Institute of Medicine (IOM), the National Research
Council, and other entities in characterizing the strength of evidence (see
NRC 2004 for a review). The classification schemes generally include a
category for circumstances in which the data are inadequate for making a
judgment and a category for evidence of 7o association. Most schemes in-
clude several categories of evidence indicative of a possible causal associa-
tion ranging from uncertain to fully certain; two or three categories gener-
ally serve for this purpose. The IOM approach has also distinguished
between association and causality.

For this report, the committee selected a classification scheme similar to
that used in the 2004 report of the US surgeon general on smoking and
health (HHS 2004). That report used two categories in reference to evi-
dence in support of a causal determination: sufficient and suggestive. Be-
cause the legislation mandating this committee’s review requested only a
determination of whether asbestos played a causal role in inducing these
additional types of cancer, it was the committee’s judgment that insertion
of an additional category for evidence more weakly supportive of causation
would unnecessarily generate another, most probably arbitrary distinction
in classifying the evidence below the threshold for causal inference. There-
fore, the committee adopted the four-category scheme of the recent US sur-
geon general’s report on smoking and health (HHS 2004) as adequate to
meet its charge:

¢ Evidence sufficient to infer a causal relationship.

¢ Evidence suggestive but not sufficient to infer a causal relationship.

¢ Evidence inadequate to infer the presence or absence of a causal rela-
tionship, which encompasses evidence that is sparse, of poor quality,
or conflicting.

¢ Evidence suggestive of no causal relationship.

For the purpose of addressing the charge and the designation of “cause,”
the committee required that the evidence be judged sufficient. The category
of suggestive “but not sufficient” potentially comprises a range of evidence
and uncertainty that does not rise to the level of certainty needed for the
designation of causality.

For the cancer sites specified in its charge, the committee also needed to
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consider how asbestos fibers could jointly act with other causal agents to
affect risk. For cancers of the larynx and esophagus, tobacco and alcohol
are well-established carcinogens, and most cases are attributable to their
independent and joint actions. Smoking is also a cause of stomach cancer.
Various risk factors for cancers of the colon and rectum are under investi-
gation, including diet and physical activity.

Epidemiologists use the terms effect modification and interaction in
referring to the joint consequences of several agents in causing disease. Ef-
fect modification in a positive direction, called synergism, increases risk in
those exposed to two or more risk factors beyond expectation based on
their independent effects. Negative effect modification is called antagonism.
To assess the presence of effect modification, stratified and multivariate
analytic approaches can be used. The presence of synergism implies that
those exposed to one risk factor are at heightened risk when exposed to the
additional, interacting factors.

Effect modification by tobacco-smoking has been considered in studies
of the association between asbestos exposure and lung cancer. For investi-
gating such effect modification, information is needed on both asbestos
exposure and smoking; this requirement is met by some studies, most often
of a case-control design. A recent evaluation of the evidence concerning
effect modification by smoking on the risk of lung cancer associated with
asbestos exposure by the International Agency for Research on Cancer
(IARC 2004) concluded that there is synergism; the pattern has not been
precisely characterized, however, in part because of methodologic issues.

A related issue is whether asbestos fibers alone can cause cancers at the
designated sites. Epidemiologists have conceptually classified causal agents
as necessary (presence is required), sufficient (presence is not required, but
the agent can cause the disease by itself), and neither necessary nor suffi-
cient (Goodman and Samet 2006, Rothman and Greenland 1998). That
classification has proved useful in classifying the span of causation from
diseases linked to specific agents to diseases with multiple causes, such as
coronary heart disease. For example, causal microbial agents are necessary
for infectious diseases and tobacco-smoking alone appears sufficient for
lung cancer although there may be genetic and other nontoxicologic fac-
tors that lead one smoker but not another to develop lung cancer. Simi-
larly, asbestos fibers are considered sufficient for mesothelioma. Goodman
and Samet (2006) stress that for multifactorial diseases, such as cancer,
most risk factors are to be regarded as being in the neither-necessary-nor-
sufficient category. Agents that behave as synergens, amplifying the effect
of another carcinogen, whether or not they appear to function as carcino-
gens by themselves, would be regarded as causal factors. Ultimately, a con-
vincing demonstration that the presence compared with absence of asbes-
tos exposure, all else being equal, would increase the population risk of
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cancer at one of the sites under review would establish a causal role for
asbestos for that type of cancer.

Finally, although it considered the precision of measures of association
reported by the researchers when interpreting the weight of evidence pro-
vided by various epidemiologic studies, the committee does not regard sta-
tistical significance as a rigid basis for determining causality. A full evalua-
tion needs to consider all types of relevant evidence and take into account
uncertainties beyond those of a solely statistical nature.

EVIDENCE CONSIDERED

Assembly of Literature Database

The biomedical literature concerning asbestos is vast (about 25,000
citations in the searchable reference databases MEDLINE and EMBASE),
but much of it exclusively addresses asbestos’s role in causing asbestosis,
lung cancer, and mesothelioma. Given the committee’s circumscribed task
of answering the question of whether this known carcinogen plays a causal
role in producing pharyngeal, laryngeal, esophageal, stomach, or colorectal
cancer (“selected cancers”), the committee saw no need to revisit the entire
body of information on asbestos’s biologic activity or even to review the
entire epidemiologic literature on asbestos exhaustively. The subset of epi-
demiologic literature referring to the selected cancer sites, however, did need
to be identified comprehensively, retrieved when possibly pertinent to the
task, and thoroughly reviewed when found to be relevant.

MEDLINE and EMBASE are biomedical databases of bibliographic ci-
tations and abstracts drawn from biomedical journals (more than 4,600
and 6,500, respectively) published in over 70 countries. Their broad inter-
national coverage can be regarded as exhaustive for the developed coun-
tries. To ensure the necessary completeness of the desired subset of asbestos
literature, those databases were searched by using detailed expansions of
synonyms and CAS numbers for asbestos in combination with global search
terms for the selected cancers. Before secondary documents and repeated
publication of the same material in an English journal and a non-English
native language publication were culled, these searches retrieved about 450
English citations and about 100 foreign-language citations.

The secondary literature (e.g., ATSDR 2001; Becklake 1979; EPA 1986;
IARC 1977, 1987, Kleinfeld 1973; Landrigan et al. 1999; Li et al. 2004;
OSHA 1986) was used to identify articles about the cohorts that have served
as the basis of conclusions concerning asbestos’s involvement in asbestosis,
mesothelioma, and lung cancer. In addition, the reference lists of previous
reviews and meta-analyses of asbestos’s possible role in the etiology of the
“selected cancers” were also searched to identify the primary citations
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considered. Although the committee would not necessarily accept every
study given weight in earlier assessments, the members wanted to be aware
of all literature that had been considered. Site-specific reviews were screened
for citations on digestive system cancers (Hallenbeck and Hesse 1977,
Schneiderman 1974), gastrointestinal cancers (Edelman 1988, Frumkin and
Berlin 1988, Goldsmith 1982, Goodman et al. 1999, Kanarek 1989, Miller
1978, Morgan et al. 1985), stomach cancer (Smith 1973), colorectal cancer
(Homa et al. 1994, Weiss 1995), colon cancer (Gamble 1994), and laryn-
geal cancer (Browne and Gee 2000; Chan and Gee 1988; Edelman 1989;
Goodman et al. 1999; Griffiths and Molony 2003; Guidotti et al. 1975;
Kraus et al. 1995; Libshitz et al. 1974; Liddell 1990; Parnes 1996, 1998;
Smith et al. 1990). The primary publications identified in this manner con-
sisted largely of site-specific case-control studies.

“Asbestos cohorts” were defined as those having asbestos as a major
exposure and as a primary research focus. That excluded studies of cohorts
for which asbestos was merely a component of a poorly characterized, com-
plex exposure; was a confounder of the exposure of real interest to the
researchers; or was mentioned as a hypothesized explanation of an observed
excess risk. We sought to gather a comprehensive set of citations concern-
ing the asbestos cohorts, but to limit procurement of hard copies to articles
most relevant to our mission—the most recent or comprehensive publica-
tions on a given cohort and articles specifically addressing the five selected
cancers, asbestos exposure, or distribution of asbestos fibers to tissues. All
citations related to a given study population were grouped on a spreadsheet
to characterize the cohort and how it had been researched over the years.
For the cohorts that ultimately provided information on the selected can-
cers, information from this spreadsheet is tabled in Appendix B. That pro-
cedure facilitated recognition of whether any additional publications per-
tained to a pre-existing study cohort and thereby avoided double-counting
of evidence. It also aided in identification of which articles should be ob-
tained as hard copies.

Other search operations were performed manually in PubMed to aug-
ment the citations downloaded from MEDLINE and EMBASE into ProCite
(2003). PubMed, which contains all MEDLINE citations and an additional
5%, mostly from less prominent foreign journals, is readily accessible for
on-line queries and for recovery of citations for importation into ProCite.

To capture any other publications related to the cohorts that might
contain information about the “selected cancers” (which might have been
deemed peripheral to demonstrating the “known health outcomes”), the
names of researchers identified in their author lists were manually searched
in PubMed for other asbestos-related publications. Special attention was
paid to seeking updates of the identified cohorts that superseded those con-
sidered for the evaluations of lung cancer and mesothelioma.
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Unless it is found to be associated with the cancer in question, an occu-
pational exposure addressed in a case-control study often is not mentioned
in the title, abstract, or keyword field scanned during database searches.
Therefore, to avoid bias toward positive results and to ensure full retrieval
of case-control studies that considered asbestos and that were published
through August 2005, PubMed was screened for cancer, occupation, and
case-control (and variants) in combination with synonyms for the selected
cancer sites without stipulation of an asbestos-related keyword.

The final ProCite database contains about 2,500 citations. For some-
what more than a fourth of them (754), hard copies were obtained and
more closely evaluated for pertinence. Ultimately, about 300 publications
directly contributed evidence to our evaluation. Results were abstracted
from 36 citations on case-control studies and from about 80 citations on
the 40 informative cohort populations for the meta-analyses conducted on
epidemiologic findings. Nearly 200 citations contributed asbestos-specific
information from animal and in vitro studies, exposure investigations, and
mineralogic characterizations.

Selection of Studies for Inclusion

The citations identified by the search procedure described in the previ-
ous section were screened for further consideration on the basis of their
abstracts. Copies of reviews, meta-analyses, and other secondary sources
were obtained for use in searching as described above and for background
information, but the cancer-site-specific content was not considered by the
committee members before they conducted their own evaluation. For its
evidentiary database, however, the committee was interested only in re-
ports of primary investigations. A comprehensive dataset on all asbestos’s
potential health effects was not being sought, but a wide net was cast by
retrieving copies of reports involving the selected cancer sites that might
address asbestos exposure specifically and of asbestos-exposed cohorts that
might present information on the selected sites of this review along with
data on the health outcomes that are now accepted to be asbestos related.

The committee limited the epidemiologic results in its evidentiary data-
base to findings of appropriately designed cohort and case-control studies.
Cross-sectional studies, ecologic studies, and case series could at most pro-
vide supportive evidence. Furthermore, the committee decided that studies
of asbestos in drinking water, primarily ecologic in design, did not provide
information that was directly pertinent to the charge.

Although the committee wanted to be as comprehensive as possible,
constraints of time and accessibility prevented securing original articles for
a large portion of the foreign-language citations and arranging for their
translation. When English abstracts were available, they usually stated ma-
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jor findings and conclusions, but the committee’s consensus was that study
methods needed to be addressed in detail if the reliability of a citation’s
results were to be evaluated. Therefore, all foreign-language articles were
set aside. Consideration of available abstracts and tables did not suggest
that the findings reported in those documents differed systematically from
findings reported in their English-language counterparts.

Articles that were eligible for inclusion in the evidentiary database were
evaluated from several perspectives, as set forth below to determine the
overall quality of studies and the consequent reliability of estimates of rela-
tive risk (RR) derived from them. As discussed in more detail in the follow-
ing sections, the design of each study was assessed in terms of how the study
sample (cohort members or cases) and comparison group were selected,
how the health outcome was determined, how exposure was characterized,
and how adequately possible biases and confounders had been addressed.
For some of the committee’s analyses, subgroups of studies were selected on
the basis of design characteristics.

CRITERIA FOR EVIDENCE EVALUATION

Fiber Type

The committee recognized that there is evidence suggesting that the risk
associated with asbestos exposure for development of mesothelioma (and
possibly of lung cancer) may vary by fiber type. Controversy continues (for
example, Hessel et al. 2004, Rice and Heineman 2003) as to whether there
is an absolute difference in the toxicity of amphibole and serpentine (chryso-
tile only) forms of asbestos and whether only amphibole fibers have carci-
nogenic potential, particularly for mesothelioma, the neoplasm for which a
difference seems most apparent. Recent reviews suggest that rather than
having no carcinogenic activity, chrysotile has a generally lesser degree of
potency than amphibole fibers, and that the various types of amphibole
fibera differ in the extent of their biological activity (Britton 2002, IPCS
1998, Roggli 2006, Roggli et al. 1997, Suzuki et al. 2005). In its initial
assessment of its charge, the committee evaluated whether its report could
address whether associations of asbestos exposure with risk for the desig-
nated cancers either depended on the presence of specific type of fibers or
varied with type of fiber. With the sole exception of the Montreal study
(Dumas et al. 2000; Parent et al. 1998, 2000), the case-control studies did
not provide information on fiber type, as self-reported work histories were
generally the basis for exposure estimation and the resulting exposure esti-
mates were not specific to fiber type. Consequently, the potentially relevant
evidence on fiber type came almost exclusively from the cohort studies of
asbestos-exposed populations, and specifically from those that have had
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relatively pure exposures to a specific fiber type, such as the crocidolite
mining and milling workers in Western Australia. In considering the body
of evidence from cohort studies for the designated cancer sites, the commit-
tee found only limited literature that was specific as to fiber type. The com-
mittee considered the physical and chemical characteristics that distinguish
the major fiber types and the potential relevance of these characteristics to
relative carcinogenicity of the fiber types. The implications of these physical
and chemical differences among fiber types for human carcinogenesis have
not been extensively studied, specifically under circumstances of occupa-
tional exposure. Current evaluations favor the hypothesis that carcinoge-
nicity is not limited to asbestos fibers of the amphibole type (Britton 2002,
IPCS 1998, Roggli 2006, Roggli et al. 1997, Suzuki et al. 2005). Conse-
quently, the committee’s report describes the level of causal inference in
relation to asbestos, without specifying the type.

Grouping of Evidence by Cancer Site

The cancers that this committee was asked to consider are a diverse
group of tumors that develop from the upper portions of the respiratory
and digestive tracts to the colon and rectum. Even cancers that occur in
tissues contiguous to the mouth and pharynx, and that are conventionally
grouped together as “head and neck” cancers, differ markedly in their risk
factors and descriptive epidemiology. In many epidemiologic studies that
have examined the association of asbestos with the cancers of interest in
this report, sites have been grouped into various categories to allow statisti-
cal analyses of rather sparse data, even when cancers at the subsites have
very different etiologies. Optimally, one would consider the evidence con-
cerning these cancers in groupings that reflect generally similar etiology,
but extracting what information is available from epidemiologic studies
conducted over the last half century under circumstances of evolving under-
standing of biologic mechanisms and epidemiologic analysis make this ob-
jective unattainable.

Given the committee’s intention of considering the available data in a
comprehensive and inclusive fashion, however, results were first abstracted
with notations as to exactly which anatomic sites the researchers were re-
porting on, according to specific International Classification of Disease
(ICD) codes for causes of death (ICD-9; although now superseded, version
9 was in effect at the time of most of the deaths recorded in the studies
reviewed) or the comparable oncology codes for cancer type (ICD-O-3).
Table 2.1 indicates the equivalence between those coding systems for the
cancers under consideration, with some of the common phrases used by
researchers to report findings on grouped sets of sites, which often are not
accompanied by precise designations.
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TABLE 2.1 Standard Codes and Nonstandard Groupings Used to
Characterize “Accepted” and “Selected”

Cancers

27

1ICD-9
(for mortality)

ICD-0-3
(for incidence)

“Aerodigestive”

“Head and Neck”
Lip, oral cavity, and pharynx

Pharynx
Oro-

Naso-
Hypo-

Ill-defined sites within lip, oral cavity,
and pharyx

Pharynx, unspecified

Digestive organs and peritoneum
“Gastrointestinal” (GI)

Esophagus
Stomach

Small intestine, including duodenum

Colorectal
Colon
Rectum, rectosigmoid junction,
and anus

“Other digestive”
Liver and intrahepatic bile ducts
Gall bladder and extrrahepatic bile ducts
Pancreas
Retroperitoneum and peritoneum

Tll-defined

Respiratory and intrathoracic organs

Nasal cavities, middle ear, and sinuses
(often classified with “Head and Neck”)

Larynx
Glottic
Supraglottic
Subglottic

(140-149)

146

147
148

149

149.0
(150-159)

150
151

152

153

154

155
156
157
158
159

(160-165)
160

161
161.0
161.1
161.2

(C00-C14)

C09.0, C 09.1,

C09.8,

C09.9, C10.0, C10.1,
C10.2, C10.3, C10.4,

C10.8, C10.9
C11.0-C11.9
C12.9-C13.9

C14.0, C14.1, C14.2,

C14.8

C15.0-C15.9
C16.0-C16.9

C17.0-C17.9
C18.0-C20.9
C18.0-C18.9

C19.9, C20.9,
C21.0-C21.8

C48.0-C48.8

C30.0-C30.1,
C31.0-C31.9

C32.0-C32.9
C32.0
C32.1
C32.2

continues
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TABLE 2.1 Continued

ICD-9 1ICD-0O-3
(for mortality) (for incidence)

o

C33.9, C34.0-C34.9
C38.4

Trachea, bronchus, and lung 162
Pleura

—
(O8]

Mesothelioma [applies to tissues otherwise
coded as 158 or 163]

Asbestosis 523.2 or 501

NOTE: “Selected cancers” for consideration as specified by legislation (italicized bold face).
“Accepted health outcomes” generally regarded as causally related to asbestos exposure
(underlined).

The committee did attempt to note whether effects might be associated
with more specific classifications that would be more meaningful from an
etiologic perspective. The committee also noted that ICD codes do not cap-
ture changes in the subsites involved or their histopathologic classification,
which was of particular relevance for esophageal and stomach cancers.
When the available data were assembled, the committee considered group-
ings no broader than “pharynx with oral or buccal cavity,” “larynx with
epilarynx” (larynx plus portions of the oropharynx specified as ICD codes
146.4, 146.5, and 148.2), and “rectum with colon or intestines” to be
meaningful.

Because of the committee’s requirement for relatively specific group-
ings of sites, a considerable number of cohorts were judged uninformative
for the “selected cancers.” Those cohorts may have been studied intensively
with repeated follow-up of vital status, but in most cases the researchers’
primary interest was respiratory disease, both malignant and nonmalignant,
and information on the cancers of concern in this review was not reported
or analyzed.

Study Designs

Epidemiologic designs applied in investigations of environmental and
occupational risk factors for cancer are primarily of three types: cohort
studies of defined groups (such as worker populations), case-control stud-
ies, and “ecologic” studies that compare rates in geographic regions defined
by exposure characteristics. Epidemiologic studies can also be classified as
exposure-based or general-population-based depending on whether the
source population is defined as an exposed group (such as workers in a



COMMITTEE’S APPROACH AND METHODS USED 29

particular industry or residents of a contaminated community) or the popu-
lation at large.

Occupational and Environmental Cohort Studies

In general, exposure-based cohort and nested case-control studies (in
which cases and controls are selected from a well-defined cohort) provide
the most direct observational evidence of associations with occupational
carcinogens and industry-related chemicals that may reach the general envi-
ronment. Their primary advantage is the possibility of linking clearly speci-
fied exposures to health outcomes. Limitations of most exposure-based stud-
ies are the low frequency of some health outcomes (such as site-specific
cancers) and the absence or sparseness of data on lifestyle or constitutional
disease risk factors (such as tobacco-smoking and diet) that may confound
observed associations with risk.

Population-Based Case-Control Studies

In contrast, population-based case-control studies have the distinct ad-
vantages, compared with exposure-based studies, of accruing relatively large
case groups and providing an opportunity to obtain data on important po-
tential confounding factors. The weakest aspect of most population-based
case-control studies is the poor quality of the exposure characterization,
which often lacks agent specificity or quantification.

Ecologic Studies

Although ecologic studies may yield etiologic clues, causal inference is
constrained because exposures and health outcomes are correlated at an
aggregate level (geographic or population) rather than for individual study
subjects. They tend to be most suitable for suggesting exposure-disease rela-
tions that may lead to more-focused cohort or case-control studies. Conse-
quently, ecologic studies were not included in the database of epidemiologic
studies evaluated and integrated by this committee.

The committee does not view either the case-control or cohort design as
being intrinsically preferable or stronger than the other, and does not be-
lieve one type should be weighted more heavily than the other. Consider-
ation of the results from both types of design permits viewing the real-
world outcomes available for observation by epidemiologists from two
different perspectives, with studies of samples defined on the basis of expo-
sure (cohort studies) and with studies of samples defined on the basis of
health outcome (case-control studies). Having information from both these
types of studies, along with the incorporation of findings from controlled
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experimentation (as discussed in the coherence criterion section of the causal
integration for each cancer site), helps to ensure that the vulnerabilities of
one type of evidence are countered by the strengths of the other.

Measurement of Exposure and Outcome

Exposure

The accuracy of exposure assessment is a major determinant of the
informativeness of a study for causal inference and of the validity and reli-
ability of risk estimates that can be drawn from study data. Inaccurate ex-
posure assignment can bias study findings with the consequences depending
on whether it is nondifferential or differential. Generally, although not al-
ways, nondifferential or random exposure misclassification will diminish
the likelihood of detecting a true association between an exposure and dis-
ease. For asbestos, exposure intensity, timing, and duration are the most
relevant considerations for exposure assessment. Sources of exposure
misclassification include missing or incomplete data on concentrations or
work time, erroneous measurements, and poor sources of data (such as
statement of usual occupation on death certificates), but the use of crude
exposure classifications (such as “ever exposed” vs “never exposed”) is
often necessitated by the lack of documentation on actual exposure. Self-
reporting of exposure in response to lists of agents can also be a source of
misclassification in population-based case-control studies. Because expo-
sures that occurred far in the past are relevant to cancer, the absence of
quantitative data and even the lack of a basis for assigning qualitative expo-
sure rankings are common limitations in assessing exposures.

The method used to estimate the exposures of study subjects is crucial
in determining the quality of case-control studies. In contrast with cohort
studies, it is not feasible to assess asbestos exposure quantitatively in case-
control studies using actual measurement data. The most useful case-
control studies are those that assign a magnitude or probability of exposure
(on an ordinal basis) by using a lifetime work history with details of work
activities. That technique was pioneered by researchers in Montreal who
used it in several publications included in this review (Dumas et al. 2000;
Goldberg et al. 2001; Parent et al. 1998, 2000). In some studies, levels of
exposure have been assigned on the basis of occupation or industry using a
job-exposure matrix (JEM), occasionally even taking the era when expo-
sure occurred into consideration. Studies that assess exposure with direct
questions (for example, “Were you ever exposed to asbestos?”) are prone
to recall bias and may also suffer from widely varied interpretations among
participants of what constitutes exposure. Nonetheless, data derived in such
a crude fashion may still yield useful information.
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This committee’s review did not include hypothesis-generating studies
that assessed cancer risks only in association with a large number of occu-
pations or industries and then interpreted the results a posteriori on the
basis of exposures assumed to occur in the jobs or industrial sectors found
to have increased risks. Some studies used the “usual” occupations and
industries entered on death certificates as a source of exposure information,
but the committee did not consider them to be adequately reliable for inclu-
sion in this review (Andrews and Savitz 1999; Selikoff 1992), even when
interpreted with a JEM. Death certificates may be completed by medical
personnel who know little about the work histories of the deceased, they
list only a single job, and they do not include dates of employment. Al-
though useful for surveillance, death certificates are a crude source of data
for etiologic investigations, particularly for manufacturing workers who
may have held many jobs.

The metrics of exposure derived across studies were so diverse that a
hierarchy by potential quality could not be applied. The committee adopted
a pragmatic approach in order to assess whether classifying a given study
population along even a crude exposure gradient would yield evidence for a
dose-response relationship between asbestos exposure and risk. The com-
mittee recognized limitations of the data available for this purpose and was
not seeking accurate quantitative estimates. Initially, the committee defined
three levels of exposure-assessment method (EAM) quality for each of the
two design types and graded the informative studies accordingly. In prac-
tice, it turned out for both designs that the two higher quality grades (now
subsumed in EAM = 1) corresponded to the capability to do analyses on
dose-gradients (although for the selected cancer sites, the needed data were
not necessarily presented in the articles). The committee did consider that
evidence of a dose-response relationship is a strong supporting element for
inferring causality. Given the limitations of the data available, failure to
find an indication of a dose-response relationship was not viewed as evi-
dence against a causal relationship.

Outcome

The primary outcomes for cancer etiology studies are typically cancer
mortality and cancer incidence (diagnosis). Cancer mortality is usually as-
certained from the underlying cause of death indicated on a death certifi-
cate. The National Death Index is an electronic nationwide resource for
specific causes of death in the United States; some other countries maintain
similar data. The validity of a recording of cancer on a death certificate has
been examined and found to be fairly reliable for epidemiologic studies for
rapidly fatal cancers (such as lung cancer) (D’Amico et al. 1999, Percy et al.
1981, Sathiakumar et al. 1998). Cancers that metastasize, however, may be
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listed incorrectly on death certificates, and diagnosed cancers that do not
result in death may be missed (as is likely to be the case for laryngeal cancer
for which the survival rate is relatively high). Selikoff and Seidman (1992)
found death certificate information on primary and contributing causes of
death to be problematic for asbestos-related diseases in general, while in-
vestigations tracking patients known to have oral and oropharyngeal can-
cers (Leitner et al. 2001) or colorectal cancers (Ederer et al. 1999) found
death certificate information did not reflect the earlier diagnosis with any
certainty. In addition, information on death certificates often lacks specific-
ity regarding primary site or histology (for example, simply “pharynx,”
rather than “oropharynx”). There is no reason to expect the frequency of
such errors to be linked to asbestos exposure, but they do decrease the
sensitivity of results to any real effect.

Cancer incidence is typically ascertained from a cancer registry—
corporation-, state-, or county-based in the United States or national in
some countries. The validity of a cancer diagnosis from a statewide cancer
registry is generally high because state registries require medical-record
validation.

The cohort studies considered by the committee were carried out in
multiple locations, and their findings were reported from the 1950s on. In
most of the studies, cause-specific mortality was the principal outcome mea-
sure. Mortality is a useful indicator of disease occurrence (incidence) for
diseases with poor survival, such as lung cancer. The validity of mortality as
an indicator of cancer incidence also depends on the accuracy of both iden-
tification of cause of death and its coding. Undoubtedly, there was some
degree of misclassification in the assignment of cause of death in the cohort
studies considered. If random, the result would have been a reduction in
sensitivity to detect an effect. As clinicians became aware of the associations
of asbestos with various diseases, there may have been a bias toward diag-
nosing diseases such as lung cancer at higher rates among workers in known
asbestos-related industries than in the population at large.

All the case-control studies considered in this review reported results in
terms of cancer incidence rather than mortality and identified cases from
hospital listings or regional government tumor registries, which are popula-
tion-based. Aside from nested case-control investigations conducted in the
asbestos cohorts under consideration, the committee did not consider nested
case-control studies of occupational cohorts that did not have asbestos as a
major exposure. Case status may have been determined histologically or
from death certificate information, but studies that used histologic confir-
mation were accorded greater weight in the selection process. In most stud-
ies, randomly selected population controls were used. In the studies pub-
lished by Siemiatycki’s group in Montreal (Dumas et al. 2000; Goldberg et
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al. 2001; Parent et al. 1998, 2000), the controls consisted of a mix of popu-
lation controls and other controls with other types of cancer.

Validity

Thorough and valid ascertainment of exposures and health outcomes is
critical if epidemiologic research is to be informative. Validity is determined
by the extent to which the investigators can minimize bias that may result
from improper selection of index or comparison groups (exposed and non-
exposed subjects in a cohort study, cases and controls in a case-control
study), misclassification of health outcome or exposure variables, or failure
to minimize confounding by disease risk factors that are also related to the
exposure under study.

Precision

Precision of exposure estimates reflects the magnitude of measurement
error due to the analytic sampling instrument or the number of measure-
ments made (such as air samples of asbestos fibers). Studies with more sub-
jects tend to be more informative than smaller studies, provided that study
size is not achieved at the cost of reduced reliability and validity of the
exposure-assessment approach. Sample size is reflected in the precision of
estimates of effect as measured by the width of the confidence interval (CI)
of an observed RR. Although large studies are desirable, relatively small
studies with a high degree of validity are preferable to large studies with
questionable validity.

Bias

Detailed discussions of consequences and methods to reduce the three
forms of bias—confounding, selection, and information—are provided in
standard epidemiologic texts (Rothman and Greenland 1998). The healthy-
worker effect (and the related healthy-worker survivor effect) is a source of
bias that is both peculiar to occupational epidemiology and ubiquitous, so
it warrants further elaboration. As described below, the healthy-worker
effect can include elements of both confounding bias and selection bias.

Confounding Bias

Many occupational cohort studies compare disease rates between a
worker cohort and the general population. Although comparisons of this
type give some indication of overall patterns of relative disease occurrence
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in the worker cohort, they may also be affected by confounding bias.
Specifically, workers in a particular trade may differ from the general pop-
ulation in lifestyle characteristics and health status. For example, tobacco-
smoking and alcohol-consumption patterns, known risk factors for laryn-
geal cancer, may be quite different between blue-collar industrial workers
who are exposed to asbestos and the general population, which includes
people from all socioeconomic classes. Contrasts in laryngeal-cancer inci-
dence between a worker cohort and the general population might thus be
confounded if smoking is not taken into account. The committee could only
gauge the potential for confounding to have increased risk estimates from
the case-control studies. For comparisons within a specific worker cohort,
confounding by smoking and alcohol may be less problematic than in stud-
ies in more diverse populations (Kriebel et al. 2004).

Health status also commonly differs between worker and general-
population groups because healthy people are selectively hired into the
workforce and the general population includes people who are too sick to
work; workers may also benefit from the health advantages of higher in-
comes and employee health plans. Differential employment rates by health
status leads to what is known as the healthy-worker effect; it often results in
mortality risk estimates that spuriously suggest a health-protective effect in
association with occupational exposures. The healthier workers also tend
to stay employed longer, resulting in a confounding bias when workers
with low cumulative exposure are compared with more highly exposed
workers. Thus, the healthy-worker survivor effect may cause bias even in a
study based on internal comparisons.

The case-control studies considered by the committee varied a great
deal with respect to control for confounding. Nearly all controlled for age
and sex either by virtue of original matching criteria for control selection,
by statistical adjustment, or by simply reporting on men and women sepa-
rately. They vary, however, in whether they controlled for smoking, alcohol
use, birthplace, region, diet, obesity, physical activity, and educational sta-
tus. Studies that controlled for smoking and alcohol were given greater
weight for pharyngeal and laryngeal cancers.

Selection Bias

The healthy-worker effect and the healthy-worker survivor effect can
be viewed as a result of selective hiring of healthy people or of keeping less
healthy workers away from exposure in the workplace. The healthy-worker
survivor effect is most pronounced for cardiovascular and obstructive lung
diseases, but it may also bias research findings for various cancers. Case-
control studies are subject to selection bias if controls are poorly chosen in
a manner related to the probability of exposure.
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Information Bias (Misclassification of Exposure or Outcome)

It is possible for differential misclassification, a classification error as-
sociated with the value of other variables, to result in bias toward either
overestimation or underestimation of an effect. For instance, the tendency
of people who have a disease to search for explanations of their condition
may make them more likely to report an exposure of interest, so the possi-
bility of recall bias needs to be anticipated in case-control studies. Indepen-
dent assessments of documented work histories by occupational hygienists
are often applied in an effort to remedy some of the error associated with
self-reported exposures in population-based case-control studies. The prob-
lem also provides a motivation for using hospital- or registry-identified
controls.

In most circumstances, nondifferential misclassification of exposure or
health outcome will obscure detection of a real effect by producing an esti-
mated risk closer to the null (RR = 1.0). Of necessity, epidemiologic studies
incorporate surrogate exposure indicators for the relevant biologic dose.
Exposure and dosimetric modeling may be applied to estimate this dose
more precisely, but improper modeling assumptions may introduce mis-
classification. Similarly, the lower sensitivity of cancer-mortality studies,
than of cancer-incidence studies, for cancers with high survival could be
regarded as the result of misclassifying deceased people if cancer incidence
is the investigation’s objective, because the presence of an earlier, nonfatal
cancer is unlikely to be recognized.

Statistical Analysis

The validity of a study requires application of appropriate methods for
statistical analysis of the data.

Precision

The size of the study population will contribute directly to the precision
with which the target effect is estimated; precision is reflected in the stan-
dard error or CI associated with the estimated effect. For cohort studies,
precision of the estimated effects (and therefore power to test hypotheses) is
driven primarily by the expected number of events, which is a function of
person-years of follow-up and incidence. For example, two studies with
equal numbers of person-years of follow-up will have estimated effects with
different precision if one deals with a more common cancer than the other.
For case-control studies, precision of estimated effects depends primarily on
the size of the sample of cases and controls but also can be affected by
adjustment for confounders or method of sampling (matched vs unmatched
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pairs). Precision thus depends on sample size but may be affected by other
characteristics of a study design or method of analysis.

Statistical Modeling

RRs adjusted for confounding can be derived by stratification, by
matching on confounders, or by including potential confounders in mul-
tiple regression models in which the exposure of interest is the primary
independent variable. Models are sometimes preferred over stratified con-
tingency tables because data become sparse in stratified analyses when mul-
tiple confounders are present. The most common risk models in environ-
mental and occupational epidemiology are logistic regression, Poisson
regression, and Cox proportional hazards models. Parameters estimated
from these models can be conveniently interpreted as adjusted odds ratios,
mortality or incidence-rate ratios, and hazard-rate ratios, respectively. It is
important to keep in mind that all the advantages of modeling can be un-
dermined if the underlying assumptions about the distribution of the out-
come or form of the exposure-response relationship are mis-specified. These
assumptions are generally known to epidemiologists and biostatisticians
working in the field, but are rarely laid out and examined in published
papers.

Summary

Ultimately, judgments about the role of any environmental agent in the
causation of disease must be based on the critical evaluation of observa-
tional studies of exposed subjects. Unlike subjects in clinical trials, epide-
miologic studies of environmental or occupational causes of disease cannot
randomize subjects into exposed and unexposed groups. Thus, results of
even the best observational study may be biased. Recognizing that limita-
tion, the challenge is to assess the collective weight of the evidence across
multiple studies of each disease endpoint, with particular attention to the
validity of exposure ascertainment.

METHODS USED FOR QUANTITATIVE META-ANALYSIS

The units of input for the meta-analysis on each selected cancer site
were the most complete risk estimates available on discrete study popula-
tions. A single citation could therefore generate more than one datum (such
as separate results for men and for women), whereas only the most recent
follow-up giving information on one of the selected cancer sites was used
from among a series of publications on the same occupational cohort.

For each cancer site, plots were generated depicting all contributing
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risk estimates with their respective 95% ClIs, plus a summary estimated RR
with its associated 95% CI. For each cancer site, plots were constructed
separately by study type (case-control vs cohort). The summaries were de-
signed to capture an overall characterization of any exposure vs no expo-
sure, and to capture the available evidence of a dose-related effect by sum-
marizing the available information on the effect for the most extreme
exposure category vs no exposure.

The committee carefully considered whether to quantitatively summa-
rize the findings from the diverse body of cohort and case-control studies.
The studies were carried out in various worker and general-population
samples, and their methods differ to varying extents. In this circumstance,
the heterogeneity of the evidence can be statistically considered, as was
done by the committee in its aggregating approach. The confidence inter-
vals, however, do not fully reflect the range of uncertainty around the pooled
estimates, as differences in exposure and outcome ascertainment and differ-
ent patterns of potential confounding are not taken into account. The plots
provide a graphic display of the range of estimates from the cohort and
case-control studies.

Given the heterogeneity of the observational evidence considered, the
committee gave weight to the consistency of the findings and to the degree
of increase in estimated risk, along with whether there was an indication of
a dose-response relationship. The committee proceeded despite concerns
that the summary estimates generated by its meta-analyses might convey an
unfounded degree of precision or certainty. The committee did not consider
indicators of statistical significance arising from the meta-analyses as criti-
cal determinants in its decision-making. The summary estimates were use-
ful in considering the extent to which methodologic explanations offered an
alternative to causation for observed associations.

The first set of plots for each study type summarizes the distribution of
estimated RRs associated with any exposure to asbestos (vs none). A second
set of plots presents available evidence of a dose-response relationship. In
both the case-control and cohort studies, a subset of studies reported RRs
across a gradient of exposure; these were used to summarize the effects of
“high” exposure to asbestos. Because the definition of high exposure dif-
fered by study, we knowingly summarized RRs over an array of definitions.

For case-control studies, we also summarized the distribution of RRs
stratified by exposure-assessment method (EAM). For laryngeal and pha-
ryngeal cancers, we stratified the summaries by whether the reported RRs
were adjusted for smoking and alcohol use; similar stratification by con-
founder adjustment was not possible for cancers at other sites because of
small numbers of studies in potential strata.

Summary RRs and associated 95% Cls were computed for the set of
RRs overall and for each subgroup by EAMs or with and without con-
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founding adjustment. For cohort studies, this was accomplished by using
Poisson regression; for case-control studies, the method of DerSimonian
and Laird (1986) was applied. Details of how these aggregate estimates
were calculated are provided below.

Summary Plots for Cohort Studies

Organization of Summary Plots

Two plots were constructed for each cancer site. The first summarizes
the effect of any exposure to asbestos (vs none), and the second summa-
rizes the effect of high exposure vs none. Each summary plot includes the
RR and 95% CI for each cohort listed, and a summary RR with an associ-
ated 95% CI. The template for summaries of cohort studies of cancer at
each site is given in Table 2.2.

Most of the cohort studies reported results for cancer mortality, but
some also, or only, reported on cancer incidence. Incidence is a more com-
prehensive statistic because it considers all people in whom cancer was di-
agnosed, not just those who ultimately died from it. Therefore, when there
was a choice, incidence findings were reported. A study’s caption on a plot
indicates when a standardized incidence ratio was reported rather than a
standardized mortality ratio.

Plot 1 includes every cohort with a reported finding for any exposure vs
none without reference to study characteristics (such as exposure quality
and confounder adjustment). The committee decided that the reliability of
an estimate of risk for a given cancer type from simply being in an occupa-
tional cohort in comparison with a standard population (that is, being cat-
egorized as having had “any exposure”) would not be affected by a study’s
thoroughness in determining exposure gradients. Therefore, unlike what
was done for case-control results, the cohort results for “any exposure”
were not stratified on how exposure quality was measured in the overall
study (in which detailed exposure characterization was most often derived

TABLE 2.2 Organization of Summary Plots Used for Cohort Studies
Informative for Cancer at Each Site

Plot Type of RR Studies Included
1 Any vs none All
2 Most extreme vs none (If more than one Studies reporting RR on a gradient

gradient reported, aggregates calculated with
smallest and with largest reported RRs)
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for application to respiratory health outcomes). Most cohort studies did
not report explicit confounder adjustment, so stratification on this charac-
teristic was not part of the analysis.

Plot 2 presents RRs for the most extreme category of an exposure gra-
dient vs no exposure. We endeavored to capture the estimated effect in the
highest reported categories of exposure (vs none) as a means of detecting
dose-response relationships; a positive shift of the summary RR on plot 2
relative to plot 1 is viewed as an indicator of a dose-response relationship.
One difficulty in capturing a qualitative sense of that phenomenon is the
considerable heterogeneity in how “high exposure” was characterized across
studies. Several studies reported RRs on multiple exposure gradients (such
as cumulative exposure, duration of exposure, and intensity of exposure).
To handle the heterogeneity of reporting scales and metrics, we applied the
following procedure to generate plot 2 for each selected cancer site:

e Only studies that reported RRs over an exposure gradient were in-
cluded on plot 2.

e The RR and CI corresponding to the most extreme category of each
reported gradient were abstracted. For example, if a study reported RRs
across both probability of exposure and duration of exposure, RRs corre-
sponding to those for whom exposure was most probable and to those with
the longest exposure were both abstracted.

e For studies reporting RRs across several metrics reflecting an expo-
sure gradient, both the highest and lowest reported RRs were presented on
plot 2. A pair of summary RRs and 95% CIs was computed, first by includ-
ing the lowest RRs and then the highest RRs. We view the resulting sum-
mary as being robust to variability in the metrics and scales used to report
exposure gradients.

Computational Conventions Used for Plot Summaries of Cohort Studies

The RR for a cohort study is the ratio of observed to expected events
(for example, observed deaths divided by expected deaths). Information
needed to compute estimated RRs and 95% Cls was abstracted directly
from the published papers. In many cases, an estimated RR and its CI were
reported directly. In other cases, Cls were omitted and needed to be com-
puted from available information; we used the following conventions:

e In several studies, the authors supplied incomplete information (for
example, RR and observed cases but not expected cases). Whenever two
pieces of information were supplied, we calculated the third.

¢ In many other studies, an RR was given but no CI. However, the CI
could be readily obtained from observed and expected counts by using
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Byar’s approximation, which has been shown by Breslow and Day (1987,
page 69) to be very accurate.

¢ In the uncommon situation in which the RR was given with only a p-
value (without observed or expected cases and without a CI), we used the
following procedures to recover the CI:

—When only the point estimate and a p-value were given, the CI was
computed by inverting the hypothesis test, as follows. Suppose p de-
notes the p-value from a two-sided hypothesis test. Let Z , denote the
ordinate that cuts off probability p/2 in the right tail of a standard
normal distribution. Then se[log(RR)] = log(RR)/Zp/z, and the associ-
ated 95% CI for the RR can be computed by exponentiation of log(RR)
+ 1.96%se[log(RR)].

—When an upper bound for a p-value was given (such as p < 0.05),
we made the conservative assumption that the p-value was equal to its
upper limit (such as p = 0.05) and computed the standard error (se) as
above. (The true CI is narrower than the one derived here.)

—When a lower bound for a p-value was given (such as p > 0.05),
we plotted the RR but did not calculate a CIL.
¢ In some cases, RR was zero (the number of expected cases was posi-

tive, but the number observed was zero). These cases were entered on the
plot with an arrow indicating that the lower confidence bound is at nega-
tive infinity; confidence limits were not calculated. These cases were in-
cluded in the summary RR derived via Poisson regression.

Summary Plots for Case-Control Studies

Organization of Summary Plot

Odds ratios (ORs) were abstracted from the case-control studies as the
estimate of cancer risk. Given the relative rarity of the cancers under con-
sideration, those estimates of risk may be considered equivalent to RRs
(Koepsell and Weiss 2003, Rothman and Greenland 1998), and so a dis-
tinction will not be made between ORs and RRs in the remainder of this
report.

Two sets of plots were constructed for each cancer site. Table 2.3 sum-
marizes the organization of plots for the case-control studies at each cancer
site. As with the cohort studies, for each of the plots described here, a 95%
CI for the weighted average of the RRs is given below the individual study
values. For plots with stratification, the aggregate RR and CI are included
for each stratum. All the case-control studies that met the committee’s crite-
ria for inclusion in the quantitative evidentiary database reported findings
exclusively for cancer incidence.

The first set of plots characterizes the effects of any exposure vs none.
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TABLE 2.3 Organization of Summary Plots for Case-Control Studies
Informative for Cancer at Each Site

Plot Type of RR Studies Included Stratification
la Any vs none All
1b Any vs none All e EAM =1
e EAM =2
1c (larynx Any vs none EAM =1 e Adjusted for alcohol use
and pharynx and smoking
only) ¢ Not adjusted for alcohol
use and smoking

2 Most extreme vs none  Those reporting RR

(If more than one on an exposure

gradient reported, gradient (EAM = 1)

aggregates calculated
with smallest and with
largest reported RRs)

Plot 1a includes every study, without reference to study characteristics (ex-
posure ascertainment method and confounder adjustment). Plot 1b is strati-
fied by EAM, where “EAM = 1” indicates higher quality exposure assess-
ment as described previously and “EAM = 2” indicates a lesser quality of
exposure assessment. For studies of laryngeal and pharyngeal cancers, we
included a third plot (1c¢) stratified on whether adjustment was made for
smoking and alcohol consumption. For other sites, the small number of
studies did not permit similar stratification.

The second set of plots characterizes extreme exposure vs none with
data from those studies that reported exposure effects on a gradient; we
used the same approach applied to cohort studies.

Computational Conventions Used for Plot Summaries
of Case-Control Studies

For each study population represented in the plots, its estimated RR
and its 95% CI or standard error were abstracted as available from the
manuscripts. In most cases, the estimated RR and its CI were obtained
directly. In cases in which CIs were not presented in the articles, they were
computed if possible from available information:

¢ In the uncommon situation in which the RR was given with only a
p-value, we used the procedures described for cohort studies to recover
the CIL
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e In the small number of cases in which the estimated RR was zero and
no CI was given, we used the standard method of adding 0.5 to each cell in
the two-by-two table of case status vs exposure status and calculated the CI
by using formulas supplied by Agresti (2002).

e A small number of studies reported an adjusted RR, but neither a p-
value nor a CI. For those cases, we compared the crude RR (computed from
information usually available in a table giving the total number of cases and
the number of cases exposed to asbestos) with the adjusted RR. If the crude
RR was within 1 standard error of the adjusted RR, we calculated and used
the CI for the crude RR.

Computation of Summary RRs

For each plot (and within each stratum for stratified plots), an esti-
mated aggregate or summary RR and its associated 95% CI are given. An
outline of the calculation of those values for cohort and case-control studies
follows.

Cobort Studies

In a cohort study, the number of observed events (such as observed
deaths) can be assumed to follow a Poisson distribution with the mean
equal to the expected number of events in the absence of an exposure effect
(such as, expected number of deaths), inflated by the true RR (Armitage et
al. 2002). This suggests the model:

Y; ~ Poisson|E; exp(0)],

where for study j, Y; denotes observed number of cases, E; denotes expected
number, and exp(0) is the average RR across studies.
To estimate 6 and its confidence interval, we fit the Poisson regression:
logw =log E; +6

to the observed event counts across studies, treating 6 as an offset term. The
standard error calculation took into account extra Poisson variation by
using the estimated deviance. The resulting summary RR and its CI for each
plot are given by:

exp [é * 1.9656(@)] .

Case-Control Studies

The summary RR and CI for case-control studies was computed with
the method of DerSimonian and Laird (1986). That approach assumes that
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the distribution of true log RRs across studies follows a normal distribution
with mean 0 and variance 02. The average log RR is computed as a weighted
average over studies, where the weights are inversely proportional to the
standard error for each estimated log RR (therefore, larger studies contrib-
ute more information).

Let 6, represent the estimated log RR reported from study j, and let s;
denote its standard error. The logarithm of the summary RR is computed
by using a weighted average:

é=2,“xliei/2,“xli‘

The weights are given by:

1
W = ~
"5+ ’
where 7 is an estimator of the between-study variation in the true log RRs

across studies. (The DerSimonian and Laird estimator uses a moment-based

procedure to compute G%.) The standard error of 6 is:

(EJ‘W/)_W'

Therefore, the lower and upper 95% confidence limits for the summary RR
are given by:

1.96

exp fx— 1

INTEGRATION OF DATA

Previous evaluations of specific agents or exposures as contributing to
an increased risk of cancer have been conducted by expert panels convened
by national and international agencies. The expert panels review, evaluate,
and integrate the scientific evidence based on three sources of information:
epidemiologic studies of cancer in humans, studies of cancer in experimen-
tal animals, and biologic mechanistic data. The present committee critically
reviewed and summarized the strengths and weaknesses of the scientific
evidence of those three types, guided by the newly revised principles and
procedures described in the preamble to the JARC monographs (IARC
2006).

Such guidelines for causal inference are not rigid criteria that can be
implemented in a formulaic fashion, so the committee endeavored to achieve
comparability across the cancer sites in the application of the criteria it had
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adopted by following a uniform format for the critical, final sections of
Chapters 7 through 11. The concluding section for each site documents the
extent of the epidemiologic evidence from the comprehensive search that
proved informative for that site, the consistency of that evidence, and
the strength of association conveyed by it. The epidemiological evidence
was integrated with the complementary evidence on dose, mechanisms, and
toxicologic research. All conclusions were made in accord with the pre-
specified classification for causal inference.

Exposure Data and Epidemiologic Evidence

The committee considered the geographic distribution, commercial ap-
plications of asbestos fibers, and exposure data from occupational and en-
vironmental sources. The quality of exposure data and the demonstration
of dose-response relationships in human epidemiologic studies were major
considerations in evaluating the studies. Other considerations used to assess
quality included bias and confounding, as discussed above. In addition to
case-control studies and cohort analyses, the committee considered a small
number of human case reports that examined biomarkers of potential ad-
verse effects of asbestos fibers and dose deposited at target organs that may
be relevant for development of cancer at the sites under consideration. The
strength of the epidemiologic evidence for a casual relationship between
asbestos exposure and development of cancer at each site was distilled, as
described above.

Studies in Experimental Animals

The committee reviewed all animal studies published in the peer-
reviewed literature related to asbestos exposure and development of cancer
at the sites under consideration. Those studies were evaluated qualitatively
and quantitatively according to the criteria outlined in the preamble to the
IARC monographs, as summarized in Table 2.4.

Biologic Mechanistic Data

The committee reviewed the current mechanistic hypotheses regarding
asbestos-related diseases of the lung and pleura. From the information on
pulmonary diseases, the following properties of asbestos fibers were consid-
ered to be most relevant for pathogenicity: fiber length and diameter, sur-
face reactivity, cytotoxicity, genotoxicity, and persistence at the target site,
in that they might contribute to chronic inflammation and cell prolifera-
tion. The evidence for fiber deposition, persistence, and induction of mor-
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TABLE 2.4 Evaluation of Animal Studies

Qualitative considerations:

1. Adequacy of experimental design

2. Exposure information-route, dose, and duration

3. Animal survival, duration of follow-up, and description of pathologic lesions
4. Consistency of published results across species, sexes, and target organs

Quantitative considerations:
1. Dose-response and time relationships
2. Statistical analysis

SOURCE: IARC 2006.

phologic, cellular, or molecular changes relevant to carcinogenicity at the
sites under consideration was evaluated.

The committee evaluated the overall strengths and weaknesses of the
scientific evidence based on human epidemiologic studies, animal studies,
and biologic mechanistic studies. It then integrated all this information be-
fore reaching a conclusion regarding the strength of the evidence for a causal
association between asbestos exposure and an increased risk of cancer at
each site under consideration. Integration of this evidence—reflecting the
consensus reached by the committee—is summarized at the end of each site-
specific review.
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Background Information on Asbestos

INTRODUCTION

Asbestos is a term applied to several mineral species when they occur in
a fibrous form (asbestiform). When the mineral species are asbestiform,
they have the physical characteristics associated with asbestos, such as large
aspect ratio of fibers, flexibility, separability and weavability of fibers, and
chemical and physical durability. However, in addition to those common
properties, each asbestos mineral species has unique chemical and physical
properties that make it distinct from the others. Details about the nature
and limitations of techniques used to identify and characterize asbestos fi-
bers will not be discussed here, but can be found in reference sources such
as Spurny (1994) and Roggli et al. (1992).

This chapter provides an overview of asbestos mineralogy, focusing on
characteristics of asbestos fibers that are potentially relevant to carcinoge-
nicity. In particular, the various asbestos mineral species are described, with
an emphasis on the characteristics and properties related to their unique
biologic properties. Minerals are known to interact dynamically with their
environment particularly when they are in contact with a fluid. Such inter-
actions often occur at the interface between the mineral and its environ-
ment, in other words, at the mineral’s surface. These interactions are criti-
cally important in many natural environments and include such phenomena
as dissolution and precipitation (which alter the fluid’s composition), oxi-
dation and reduction of species in the fluid, sorption, and ion exchange.
Each of those phenomena has a potential role in mineral-induced pathogen-
esis, including carcinogenesis and fibrosis, although understanding of the

49



50 ASBESTOS

relationship between mineralogic properties and pathogenesis remains in-
complete.

The concept of mineral species is fundamental to mineralogy. A min-
eral species is a crystalline solid with a specific atomic structure and a spe-
cific chemical composition (or compositional range). The specific crystal
structure and chemical composition of each mineral species imparts a unique
set of properties, including how the species interacts physically and chemi-
cally with its environment. In a system paralleling that for the plant and
animal kingdoms, mineral species are classified hierarchically. A mineral
group is roughly equivalent to the family classification and consists of min-
erals with similar compositions or structures. Minerals may also exhibit
variability within a species with respect to a particular property. For ex-
ample, some mineral species may occur with an asbestiform habit (physical
form) or a non-asbestiform habit. Those are typically not given distinct
mineral-species names but instead are referred to as varieties of the same
species; sometimes, they are given varietal names, as in the case of crocido-
lite, which is the asbestiform variety of the mineral species riebeckite.

Other mineral groups may have species with occasional asbestiform
varieties, but the primary mineral groups for asbestos are amphibole and
serpentine. Each species of these groups has a distinct crystal structure, but
chemical compositions vary between species within the group. The princi-
pal mineral species constituting asbestos are detailed below; they include
asbestiform serpentine (chrysotile) and asbestiform varieties of amphibole,
such as tremolite, actinolite, anthophyllite, grunerite, riebeckite (also known
as crocidolite), winchite, and richterite. Table 3.1 lists the mineral species,
varietal names, and mineral groups associated with the common asbestos
minerals. Although the three chrysotile mineral species all have the same
ideal chemical formula, these polymorphs (or polytypes) differ in the nature
of the stacking relationship between successive layers, with clinochrysotile
being the most abundant type (Gaines et al. 1997).

“FIBROUS” AND “ASBESTIFORM”

Many minerals may occur as small particles, including particles in the
respirable size range, which is less than about 10 wm in aerodynamic diam-
eter. Of these, some may include particles with aspect ratios (length:
diameter) of 5:1 or more, usually reflecting a characteristic of the underly-
ing crystal structure. For example, asbestiform amphiboles have fibers that
are elongate parallel to the underlying silicate chains in the structure.

Fibrous is a term applied to minerals that consist of fibers, that is, ex-
hibit a large aspect ratio. Although the minimal aspect ratio of a mineral
fiber may be debated, for the purpose of definition observed aspect ratios in
general are very large (for example, over 5:1 and sometimes over 100:1).
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TABLE 3.1 Asbestos Minerals

Mineral

Group Mineral Species Asbestiform Variety Ideal Chemical Formula?
Serpentine  Clinochrysotile Chrysotile Mg;Si,O5(OH),

Serpentine  Orthochrysotile Chrysotile Mg;Si,05(OH),

Serpentine Parachrysotile Chrysotile Mg,Si,04(OH),

Amphibole Riebeckite Crocidolite Na,Fe;SigO,,(OH),
Amphibole Grunerite Amosite (FeMg)-Siz0,,(OH),
Amphibole Cummingtonite Amosite (MgFe),Sig0O,,(OH),
Amphibole Gedrite Amosite (MgFe);Al,(SicAl,)O,,(OH),
Amphibole Anthophyllite Asbestiform anthophyllite  (MgFe),(Si);O,,(OH),
Amphibole Tremolite Asbestiform tremolite Ca,Mg;Si O,,(OH),
Amphibole Actinolite Asbestiform actinolite Ca,(MgFe);Si50,,(OH),
Amphibole Richterite Asbestiform richterite Na,Ca(MgFe);SigO,,(OH),
Amphibole (Alumino)winchite Asbestiform winchite CaNa(MgFe),AlSi O,,(OH),
Amphibole Ferriwinchite Asbestiform winchite CaNa(FeMg),Fe3+Sig0,,(OH),

aSimplified representation of the overall stoichiometry of a mineral species. Mineral species
typically have chemical modifications, such as substitutions of similar cations and sometimes
anions (common examples are Mg?*<->Fe2* and Si**<->Al3*). Substitutions may cause sub-
stantiated deviations from the ideal chemical formula. Limits of chemical variation are defined
for each mineral species in Table 3.2.

SOURCE: Gaines et al. (1997).

Asbestiform refers to a subset of fibrous minerals. Among fibrous min-
erals, some exhibit the additional qualities of flexibility and separability
(which contribute to weavability). Such minerals are referred to as asbes-
tiform. Typically, asbestiform minerals also have relatively small fiber di-
ameters (usually under 1 um) and large fiber lengths (such as 5-10 um). The
asbestiform characteristics are related to properties of the underlying crys-
tal structures, with the specific relationship according to the mineral group.
For example, it has been suggested that flexibility is related to defects in the
crystal structure of the asbestiform varieties of amphibole (Veblen and Wylie
1993), whereas flexibility in asbestiform serpentine (the various forms of
chrysotile) may be related to the hydrogen bonding between concentric
sheets of 1:1 layers, as described below.

Some mineral species have both asbestiform and non-asbestiform vari-
eties, and these varieties may have properties beyond just their flexibility
that differ. For example, consider the grain boundaries in asbestiform am-
phibole. Asbestos fibers typically occur as parallel bundles of fibrils (fila-
ments consisting of individual crystals) that are bound together along grain
boundaries. The material along the grain boundaries typically is not am-
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phibole but rather a layer silicate, such as talc or mica. When the material is
processed, fibers are produced by the breaking apart of packets of fibrils by
separation along the structurally weaker grain boundaries, which allows
the layer-silicate material to become the surface of the fiber. It is this crys-
talline material that interacts with the biologic system after inhalation or
ingestion. In contrast, the surface of a non-asbestiform variety of amphib-
ole (either an acicular crystal or a cleavage fragment) is often amphibole
(and not layer silicate) because the particles are formed either by growth of
the original amphibole crystal in the case of acicular fibers or by fracture
along weaker atomic planes in the amphibole structure. Hence, asbestiform
amphibole is likely to have a different surface structure and composition
from non-asbestiform amphibole. Those differences in surface material re-
sult in different surface properties between asbestiform and non-asbestiform
minerals of the same species, which may in turn result in different biologic
responses.

Some fibrous but non-asbestiform minerals also pose potential concern
with respect to human exposure. For example, the fibrous zeolite erionite
has been associated with human cases of mesothelioma after environmental
exposure (Baris et al. 1987).

SERPENTINE ASBESTOS (CHRYSOTILE) MINERALOGY

Chrysotile—sometimes called white asbestos—is the most common
type of asbestos to be used commercially, accounting for about 85% of
world asbestos production in 1977 (Liddell 1997, Schreier 1989). At
present, chrysotile is the only type of asbestos used in manufacturing in the
United States (ATSDR 2001). In addition, chrysotile and other serpentine
minerals are common naturally, particularly in hydrothermally altered,
magnesium-rich rocks, such as altered basalt, peridotite, and dunite. Many
such rocks have been almost completely altered to serpentine and are re-
ferred to as serpentinites. Although lizardite is the most common form of
serpentine in these rocks, chrysotile can also be present, typically having
formed as a late-stage mineral filling veins and sometimes replacing the
bulk rock. Chrysotile has been commercially exploited in Canada (Quebec
and Ontario), the United States (Vermont and California), Zimbabwe, Rus-
sia, South Africa, Australia, and elsewhere (Ross 1981), and it has been
used in various products, including insulation, friction materials (such as
brake pads), and fiber-reinforced composites (such as concrete) (Harrison
et al. 1999, Ross and Virta 2001). In addition to synthetic chrysotile-
bearing materials, natural deposits are possible sources of exposure to
chrysotile, either by direct exposure to chrysotile-bearing rocks and soils
or by redistribution of chrysotile fibers from large natural deposits, such as
occurs at Coalinga, California (Klein 1993). It has been argued that atmo-
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spheric processes have redistributed Coalinga chrysotile over the entire
Northern Hemisphere from its occurrence in soils in a $0-mi2 area (Klein
1993).

Serpentine minerals belong to a family of 1:1 layer silicates, which are
composed of a sheet of polymerized SiO,* tetrahedra (with silicon at the
center of each tetrahedron and oxygen at each apex) that is bonded to a
sheet of polymerized Mg(OH)*- octahedra (with magnesium at the center
of each octahedron and oxygen at each apex) (Figure 3.1). This ratio of
tetrahedral to octahedral sheets gives the 1:1 layer silicates their name. The

FIGURE 3.1 Lizardite structure viewed down the a-axis. Polymerized silica
tetrahedra form a sheet at the bottom of each 1:1 unit (two units are shown stacked
vertically), and magnesium hydroxide octahedra form a sheet drawn as ball-and-stick.
In chrysotile, the 1:1 units curl with the slightly smaller tetrahedral sheets to the inside,
exposing an octahedral sheet to the outside of the particle.

SOURCE: Mellini (1982).
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tetrahedral:octahedral (1:1) polymerized layers are stacked one atop an-
other to form the chrysotile structure.

The serpentine group is based on a metal hydroxide sheet containing
Mg?* cations, giving rise to a composition of Mg;Si,O,(OH),.

Chrysotile exhibits a smaller variation in chemical composition than
other (non-asbestiform) serpentine minerals, but substitutions do occur. The
most common substitutions are Si**—Al3*, Mg2*—Fe2+, and MgZ*—Al3+;
however, these substitutions typically represent much less than 10% of the
atomic sites (Veblen and Wylie 1993). Other metal substitutions (such as
Ni, Co, Mn, Cr, and Zn) may occur in trace amounts (Ross 1981).

Dimensionally, the octahedral (Mg) sheet is slightly larger than the tet-
rahedral (Si) sheet. The two sheets are bonded to one another by the sharing
of some of their oxygen atoms; the natural spacing of the atoms in the
octahedral sheet is about 3.6% larger than the natural spacing in the tetra-
hedral sheet (Veblen and Wylie 1993). This structural mismatch can be
accommodated either by a curving of the layers (as first proposed by Linus
Pauling in 1930 on theoretical grounds) by cation substitution. In chryso-
tile, layer curvature exposes the magnesium octahedral sheet at the fiber
surface, thereby reducing strain from the dimensional mismatch. Whittaker
(1957) calculated the strain-free diameter for a single chrysotile fiber on the
basis of a pure Mg octahedral sheet; his value of 0.02 um compares favor-
ably with particle diameters measured from real samples (0.03-0.17 wm), as
reported by Veblen and Wylie (1993). The particles measured in the studies
reported by Veblen and Wylie may consist of multiple fibers. In natural
samples of chrysotile, some of the strain may also be relieved by cation
substitution, which allows the particles to achieve slightly larger diameters
(Gaines et al. 1997). Cation substitution in chrysotile is typically more lim-
ited than in the other magnesium-serpentine minerals (lizardite and antig-
orite; chrysotile’s composition is closer to the ideal Mg;Si,0,(OH),.

Dissolution of chrysotile is likely to occur after contact with physi-
ologic fluids. The kinetics of chrysotile dissolution have been studied exten-
sively in experimental systems. Dissolution in the mid pH range (4-7) ap-
pears to be independent of pH (Hume and Rimstidt 1992), with Mg2*
release occurring more rapidly initially than silica release but leveling off
after at most a few atomic layers of material have been removed, as consis-
tent with the data presented in Hume (1991). At 37°C and under ionic
strengths similar to those in lung fluids, Hume and Rimstidt (1992) mea-
sured a dissolution rate (k) of 5.9x10710 mol m=2 sec™!. At lower pH, the
rate would be expected to increase substantially, but no comprehensive
quantitative study has been done on chrysotile dissolution rate as a function
of pH in acidic environments. At the stated rate, a chrysotile particle, even
as thick as 1 um, would be predicted to be removed from the lung by disso-
lution in less than a year. The process would remove the pathogenic par-
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ticle, but it would also release into the surrounding environment any trace
metals from the particle, which could be toxic in their own right, although
probably in a transient fashion.

AMPHIBOLE ASBESTOS MINERALOGY

Amphiboles are common silicate minerals found in many types of rocks.
Although most occurrences of amphibole are non-asbestiform, large depos-
its of some asbestiform amphiboles have been exploited commercially, par-
ticularly from deposits in South Africa, Australia, and Finland. Those that
have been exploited commercially typically belong to a small subset of am-
phibole mineral species (riebeckite or crocidolite, grunerite, anthophyllite,
actinolite, and tremolite). As discussed below, other amphiboles may also
occur with asbestiform habits, including winchite and richterite, which are
associated with human exposures in Libby, Montana. In addition, some
amphiboles occur with fibrous but non-asbestiform habits, such as byssolite
(the stiff-fibered form of actinolite).

Amphibole minerals form a family of double-chain silicates, which are
composed of I-beams, as shown in Figure 3.2. Chains of polymerized silica
tetrahedra are on both the top and bottom of the I-beam. Between the
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(010

(100)

FIGURE 3.2 Amphibole structure. a) Individual I-beam down a-axis, showing two
chains of polymerized silica tetrahedra (one darker) overlying strip of metal octahedra
(shown as ball-and-stick). A sites are in channels formed by stacked I-beams; B sites
appear as larger dark atoms at edges of the octahedral strip; C sites appear as smaller
black atoms in middle of octahedral strip; T sites appear as triangles. Larger white
atoms are oxygen atoms or hydroxyl groups. b) Individual I-beam down the c-axis,
showing two tetrahedral chains on top and bottom of I-beam. ¢) Amphibole structure
down c-axis, showing interconnectivity of I-beams, various cation sites, and common
cleavage planes in amphibole that would lead to surfaces found in non-asbestiform
amphibole particles.

SOURCE: Papike et al. (1969)
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TABLE 3.2 Mineral Names, Varietal Names, and Atomic Site
Compositions? for Amphiboles That Have Been Commonly Encountered
in an Asbestiform Habit

Mineral Compositional Limits
(variety) A B C T (stoichiometric range)
Riebeckite Na, (Fe3*Fe2*Mg) Sig 1.5<Fe3+<2.5
(crocidolite) Fe2+=2.5

Grunerite- (Fe?*Mg), (Fe?*Mg) Sig Mg<4.9
cummingtonite (total out of B+C)
(amosite)

Gedrite Na,_, (MgFe*Al), (MgFe2+Al)s Si Al 0.7<Mg<6.3
(amosite) (total out of B+C)
Anthophyllite (MgFe2*Al), (MgFe2*Al), Si;Al 0.7<Mg<6.3
(asbestiform (total out of B+C)
anthophyllite)

Tremolite Ca, Mg; Sig 4.5=Mg
(asbestiform

tremolite)

Actinolite Ca, (Mg,Fe2*) Sig 0.5<Fe<2.5
(asbestiform

actinolite)

Winchite® CaNa (MgFe2*AlFe3+)s  Sig (NaK)<0.5 in A site
(asbestiform 2.5<Mg

winchite)

Richterite Na CaNa (MgFe) Sig 2.5<Mg
(asbestiform

richterite)

aCompositions shown for the A, B, C, and T sites are ideal simplified compositions; natural
samples exhibit slight variations in composition, with typical ranges in compositional limits as
shown, based on Gaines et al. (1997).

bWinchite includes the mineral species (alumino)winchite and ferriwinchite. Note no A site
occupancy is shown for the ideal composition, but in natural samples partial occupation by Na
or K may occur, with a limit of less than 0.5 out of a total of 1 atomic site.

SOURCE: Gaines et al. (1997), Veblen and Wylie (1993).

silica chains lies a sheet of octahedrally coordinated metal ions (specifi-
cally, the atomic B sites). At the midpoints along the edges of the I-beam
are the eight slightly larger and coordinated C sites. The I-beams—which
run the length of the fibers in asbestiform amphibole—are stacked as shown
in Figure 3.2¢, creating an additional atomic site, the A site.

The complexity of atomic sites in amphiboles is reflected in their chemi-
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cal complexity. The general formula for amphiboles can be described as
A,_B,C,[T0,,](OH),, where A sites are coordinated by 12 oxygens and
can accommodate large monovalent cations; B sites are coordinated by eight
oxygens and can accommodate large monovalent and divalent cations; C
sites are coordinated by six oxygens and can accommodate only smaller
cations; and T sites are four coordinated tetrahedral sites that can accom-
modate only very small cations, such as Si** and Al3+. Table 3.2 lists com-
positions of amphiboles that have been recognized in association with dis-
ease in humans. The compositions shown are idealized chemical formulas,
but natural samples often have compositions that differ slightly with re-
spect to both major and trace elements. For example, analysis of the am-
phibole from Libby, Montana, that has been associated with respiratory
disease (Gunter et al. 2003) shows substantial deviation from the ideal
chemical formulae for either winchite or richterite because of substitutions
of isovalent cations or anions or because of a portion of atomic sites being
empty:

(Kg.19Nag 3,)(Cay 1,Nag ¢sMng 3) (Mg, 43Fed 5 Fe2*, oAl 0, Mng o, Tig o)
(Si; 97Al5 03)O022(OH, ¢3F) 57).

Dimensionally, amphibole asbestos fibers exhibit a range of diameters.
As reported in Veblen and Wylie (1993), particle diameters as measured on
both bulk and airborne samples fall in the range 0.06-0.70 um, with
riebeckite (crocidolite) particles generally thinner and anthophyllite asbes-
tos particles thicker.

Amphibole dissolution is considerably slower than chrysotile dissolu-
tion, as measured experimentally. Although no rates have been reported
specifically for dissolution of asbestiform amphibole, experimentally deter-
mined rates for amphiboles in general typically fall in the range of 10-12-
10719 mol m=2 sec”!, that is, orders of magnitude smaller than those for
chrysotile. Such dissolution rates imply that a typical amphibole fiber will
not dissolve in the lung over the course of a human lifetime. In fact, am-
phibole fibers often serve as sites of precipitation in the lung, becoming
coated with iron-rich material to form an asbestos body. Whether amphi-
boles would dissolve substantially in lower-pH physiologic fluids, as would
be found in the stomach, is not known.

PROPERTIES OF POTENTIALLY HAZARDOUS
FIBROUS MINERALS

Several physical and chemical factors may contribute to a mineral
particle’s pathogenic potential (Table 3.3). Many properties are related to
how a mineral interacts with a fluid under various conditions. The impor-
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TABLE 3.3 Mineralogic Properties in Relation to Pathogenesis

Mineralogical Property  Potential Relationship to Pathogenesis

Particle size e Penetration and deposition in lung
¢ Dissolution and chemical reactions between mineral particle and
fluid are influenced by surface area per mass of particles
o Ability of cells to phagocytize particle

Particle shape e Particle fate and transport (such as translocation)
e Relative proportions of different structural surfaces exposed to
tluids and cells
o Ability of cells to clear particle by phagocytosis

Dissolution e Particle removal (chrysotile can dissolve appreciably in human
time scales, whereas amphibole cannot)
e Change in particle shape or surface structures, leading to
alteration in other mineral-fluid interactions
e Change in fluid chemistry by release of metals and other mineral
components to fluid

Precipitation e Change in particle shape and/or surface structures, leading to
alteration in other mineral-fluid interactions

Sorption e Mineral surfaces can serve as catalysts for reactions between
fluid constituents by changing their effective concentration or by
changing their physical orientation to one another (latter is
relevant only for molecules)

Ion exchange Buffering of activity for aqueous species, such as Na*, K+, and

Ca2+
Acid-base catalysis e Mineral surfaces can transfer protons with fluid constituents
Oxidation-reduction e Mineral surfaces can transfer electrons with fluid constituents

tance of those properties in natural environments is well recognized, but
they have not been studied in the context of the pathogenesis of cancer or
other diseases by minerals. They are discussed here to provide a context for
the potential roles of minerals in biologic processes that lead to disease.
Their potential role in pathogenesis will be discussed below. Crystal struc-
ture and composition determine a mineral’s properties, so each of the dif-
ferent mineral species discussed above will behave somewhat differently as
it interacts with body fluids.

Particle size and shape are widely recognized to be important in deter-
mining the deposition and translocation of a particle, particularly in the
context of respirable particles (e.g., Lehnert 1993). In general, the smaller
the particle, the further it can be transported before settling because of
gravitational forces. The net effect is that particles with aerodynamic di-
ameters less than about 5§ um are more likely to reach the lower airways,
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whereas larger particles are usually deposited higher in the respiratory tract
and perhaps cleared via the mucociliary escalator. Consequently, the dis-
tribution of particle sizes and shapes to which a particular potential target
organ or site is exposed may differ from the distribution of the dose to
which another site is exposed (Quinn et al. 1997). Different particle size-
shape populations may, in turn, have of different physical or chemical
characteristics. Two important factors are directly associated with particle
size: surface area per mass and size relative to cells. The first factor
affects surface-controlled reactions, including many of those dis-
cussed below; surface-controlled reactions are those that occur between a
mineral surface and its environment (for example, a physiologic fluid),
such as dissolution, sorption, and oxidation-reduction. The second factor
influences how a cell interacts with a particle, which is most important
when a particle is roughly cell-sized or smaller. For example, macrophages
have been observed to attempt phagocytosis of particles (fibers in particu-
lar) that are around 5-10 um in length or greater; this process can result in
the release of inflammatory agents to the local environment. When par-
ticles are much smaller than a macrophage (about 1-2 wm), they are readily
cleared via phagocytosis.

Mineral dissolution has several potential roles in the biologic response
to exposure to asbestos. One role is to remove a particle. Of the minerals
discussed here, only chrysotile is expected to dissolve substantially under
most physiologic conditions, and the potential for chrysotile fibers to dis-
solve while amphibole fibers are far more persistent may be relevant to the
relative carcinogenicity of the two main fiber types. Hume and Rimstidt
(1992) estimated lifetimes of about 9 months for a 1-um-diameter fiber,
and their model predicts that fibers with diameters of 0.1 um would require
only weeks to dissolve completely. As a mineral dissolves, material is re-
moved from its surface, and this can affect structure and composition and
therefore surface properties. Hence, mineral dissolution may affect any
pathogenic process that is related to surface interactions (such as those dis-
cussed below). Another potential role for dissolution in pathogenesis is the
release of trace elements from the crystal structure. In particular, some of
the minerals discussed contain trace amounts of polyvalent cations that
could have a role in mineral-induced pathogenesis. Such a process has been
related to the observed high potency of iron-bearing asbestos minerals in
some experimental systems. For example, it has been postulated that iron
released from some types of asbestos by dissolution serves as an oxidation-
reduction catalyst in a Fenton-type reaction to produce free radicals (Aust
and Lund 1990).

Mineral precipitation can occur when the concentration of dissolved
aqueous species reaches a critical value that depends on the mineral species.
Mineral precipitation has been observed to occur on the surface of some



60 ASBESTOS

asbestos fibers after a period of time, forming particles known as asbestos
bodies or ferruginous bodies. Although the details of formation are not
fully known, an asbestos body reflects the precipitation of ferric iron hy-
droxides on a particle’s surface, consequently radically changing the surface
properties of the particle. The native asbestos surface is no longer exposed,
but instead the surface may consist of a quasi-crystalline material with a
high sorption capacity and with relatively low solubility (the solubility of
ferric iron, Fe3*, is much lower than the solubility of ferrous iron, Fe?*).
Ferruginous coatings have also been observed to form on minerals other
than asbestos (Roggli et al. 1992).

Sorption is the process by which atoms or molecules in a fluid bind to
the surface of a mineral. Sorption has numerous roles in mineral-fluid inter-
actions, including being a component of many of the processes described
here (dissolution, precipitation, oxidation-reduction, and acid-base cataly-
sis). It can also affect reactions in a fluid by allowing atoms and molecules
to be concentrated at the mineral surface, thereby effectively raising their
activities. Furthermore, sorption processes often orient molecules on the
basis of the stereochemistry of the surface and the molecules. Those two
aspects of sorption can initiate reactions among fluid species that might
otherwise proceed slowly or not at all; for example, Ferris and Ertem (1992)
found that the clay mineral montmorillonite catalyzes the oligomerization
of ribonuleotides from aqueous solution. Finally, sorption of hazardous
molecules (perhaps before introduction of a particle to the physiological
environment) can allow the particle to function as an effective delivery
agent; this has been suggested to be the case for mineral sorption of con-
stituents from cigarette smoke or diesel exhaust.

Ion exchange is the process by which cations (typically monovalent or
divalent cations, such as Na*, K+, and Ca?*) that are loosely bound to a
mineral are able to exchange with a monovalent or divalent cation in solu-
tion. The exchange capacity of the mineral is related to the proportion of
exchangeable cation sites that are directly accessible by the fluid (the sur-
face sites) or by cations along rapid-diffusion pathways (such as channels
greater than about 0.3 nm); hence, a particle has a finite potential for ion
exchange. Nevertheless, ion exchange can effectively buffer the activity of a
cation at the surface of a particle for some time. Because of their high sur-
face-area-to-mass ratio, small asbestos particles could have a relatively large
ion exchange capacity. Particularly for amphibole fibers with ions in the A
sites (such as crocidolite), ion activity is important in many cellular signal-
ing pathways, but whether mineral-induced ion exchange can affect these
pathways remains to be investigated.

Mineral surfaces may be the site of catalytic functionalities, such as
proton or electron donors and acceptors. Proton donor or acceptor sites
can function as acid-base catalysts in many reactions. Numerous types of
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such sites are present on mineral surfaces (Hochella 1993). In freshly frac-
tured silicate minerals (including asbestos), broken bonds result in surface
silica sites that are unde saturated with respect to ionic charge. As those
sites interact with water and dissipate the surface charge, they generate free
radicals in the fluid. Fubini et al. (1990) have shown that the process can be
particularly important in silica-induced pathogenesis. Ultimately, the sites
become silanol groups (Si-OH) that will protonate or deprotonate in re-
sponse to pH. Indeed, many surface oxygens will function similarly, and the
acidic strength of protons on these sites depends on the local charge distri-
bution in the underlying mineral.

Surface-induced oxidation-reduction is another catalytic pathway for
mineral surfaces. Oxidation-reduction involves the exchange of electrons
between the mineral surface and a fluid species; it results in the oxidation of
the mineral site and reduction of the fluid species, or vice versa. Such pro-
cesses are observed in natural environments; the mineral surface donates
electrons and thereby reduces species in the fluid and commonly forms metal
precipitation at structurally determined sites (Ilton et al. 1992). That pro-
cess can occur in minerals that contain polyvalent cations (such as Fe2+ and
Fe3+) in sites that are sufficiently close to allow charge transfer (as in the
case of the octahedral strips in amphiboles). In fact, under some pH re-
gimes, mineral surfaces are stronger redox catalysts than iron in solution
(Hochella 1993); this suggests that the Fenton reaction proposed for free-
radical formation by some asbestos may be as likely with iron on the min-
eral surface as with dissolved iron in the fluid. Although that process has
not been investigated directly in relation to mineral-induced pathogenesis,
indirect observations support the idea that it is important in physiologic
fluids. For example, observations of mineral particles recovered from the
lung show micas with precipitation on the edges consistent with a structur-
ally controlled reduction-precipitation process (Roggli et al. 1992).
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Exposure and Disposition

EXPOSURE

Introduction

Briefly this section reviews the uses of asbestos, how people may be
exposed to it, the magnitude of exposure, and how it is measured. For
detailed information, the reader is directed to the more comprehensive re-
views conducted by the Agency for Toxic Substances and Disease Registry
(ATSDR 2001), the International Agency for Research on Cancer (IARC
1977), and the International Program on Chemical Safety (IPCS 1986).

Asbestos has had a very wide array of uses. It has been used extensively
for insulation and in textiles and has been mixed and bonded with cement,
plastics, and resins. Production of asbestos products in the United States,
Canada, and most other industrialized countries increased rapidly in the
20th century, particularly during World War II, and peaked in the early to
mid 1970s. In 1973, the US Environmental Protection Agency (EPA) pro-
hibited spraying of asbestos insulation, and further restrictions were later
applied. Many other industrialized countries enacted similar regulations or
outright bans, and the use and production of asbestos dropped rapidly.

Although many uses have been discontinued, asbestos is still used in
some limited applications. In 2003, asbestos was not produced in the United
States, although 6,000 metric tons were consumed—80% for specialized
roofing products; 8% for gaskets; 4% for friction products, such as vehicles
brake pads, clutches, and transmissions; and 8% for other uses (USGS
2004). Some European countries have banned all uses of asbestos. How-
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ever, exposure occurs in all countries when buildings, ships, and other struc-
tures insulated with asbestos are demolished, when asbestos is removed, or
during maintenance and repair of asbestos-containing materials.

Consideration needs to be given to the different measurement methods
used when interpreting and comparing the reported levels of airborne expo-
sure in various settings. Historically, airborne asbestos in workplaces was
measured with a midget impinger to collect the fibers, a standard occupa-
tional hygiene method, and concentrations were expressed as millions of
particles per cubic foot (mppcf). More recently, airborne fibers have been
collected on membrane filters, and concentration has been reported in terms
of either mass (such as nanograms per cubic meter, ng/m3) or number of
fibers (such as fibers per milliliter, f/ml). The latter measure is most com-
monly used. In water, concentrations may be expressed in terms of fibers
per liter. In a given measurement system, fibers may qualify for counting on
the basis of criteria such as length (for instance, over 5 wm) or aspect
(length:diameter) ratio (for instance, over 3:1), characteristics also relevant
to their potential to cause health effects.

Fibers may be counted with either phase-contrast microscopy (PCM) or
transmission electron microscopy (TEM). Of the two, TEM is the more
sensitive and may measure higher concentrations in the same environment
than PCM, because PCM may miss very thin fibers. In addition, PCM may
fail to distinguish asbestos from other types of fibers. However, workplace
exposures are generally measured with PCM, which is less expensive and
considered adequate by regulatory agencies. Conversion between different
measures of airborne units is problematic because conversion factors vary
with the distribution of fiber thickness and length in the environment of
interest. The most valid approach to conversion involves obtaining mea-
surements simultaneously under the same conditions using the different
methods for which conversion factors are needed. Using that approach,
Dement et al. (1983) found factors for converting PCM to TPM data within
the same facilities in the textile industry that ranged from 2.5 to 7.5 f/ml ::
1 mppcf.

Occupational Exposure

Asbestos concentrations observed in occupational settings have been
orders of magnitude higher than the highest concentrations observed in
residential settings, but some in-home activities, such as shaking out work
clothes, can produce levels that may rival those found in the workplace.
The highest well-documented exposures have been among workers manu-
facturing asbestos products or employed in mining and milling opera-
tions. Table 4.1 provides selected summary statistics for some asbestos-
product manufacturing facilities in the United States based on samples
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TABLE 4.1 Concentrations of Fibers in Various US Asbestos-Using
Industries

Range of Means
Within Departments

Industry Plants Years (# fibers >5 wm)/ml, PCM
Insulation plants 5 plants 1966-1971  0.01-74.4

Textile plants 8 plants 1964-1971 0.1-29.9

Friction products plants 5 plants 1968-1971 0.1-14.4

Paper, packing, asphalt products  not reported 1966-1970 0.2-13.6

Cement pipe 7 plants 1969-1970 0.2-6.3

Cement shingle, millboard, gasket 3 plants 1966-1970 0.1-4.4

SOURCE: NIOSH (1972).

collected in 1964-1971 (NIOSH 1972). The table indicates that the highest
concentrations were observed in the textile and insulation industries but
also that levels of exposure varied considerably between and within indus-
tries. Thus, exposure cannot be estimated with any certainty on the basis of
descriptions of exposure situations.

The report by Dement et al. (1983) provides a useful example of vari-
ability of exposures within an industry. In a large US textile-manufacturing
facility, exposures were highest in the 1930s and 1940s and generally, al-
though not uniformly, decreased through the 1970s with the introduction
of technologic changes. Concentrations varied among departments by as
much as an order of magnitude. In the 1930s, mean concentrations in some
areas of fiber preparation were up to 78 f/ml and other areas, such as spin-
ning, had means below 10 f/ml. A similar range of exposures has been
reported for the textile industry in Italy (Pira et al. 2005) and in England
(Peto et al. 1985).

Concentrations in the mining and milling industries have been similiar
to those in manufacturing. For example, in the mid 1960s, mean exposures
of 20-100 f/ml were reported at the Wittenoom crocidolite mines and
mills in Western Australia; they may have been higher in earlier decades
(Armstrong et al. 1988, Reid et al. 2004). Exposures in a similar range
have been reported in Quebec (Gibbs and LaChance 1974); Libby, Mon-
tana (Amandus et al. 1987); and South Africa (Sluis-Cremer et al. 1992).

Exposure levels of end-users of asbestos are less well documented, at
least historically, but appear to be lower when considered as time-weighted
averages. Insulation workers constitute a group with potentially high expo-
sures. Although Selikoff et al. (1979) anecdotally reported exposures of 4-
12 f/ml, the National Institute of Occupational Safety and Health (NIOSH
1972) reported individual exposures of 0 up to 100 f/ml when shorter-term
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exposures were considered. Insulation workers engaged in ship building
and repair, in which mean exposures may have been as high as 30 f/ml
(NIOSH 1972), are of particular concern. Other end-users may have had
lower exposures. For example, Corn et al. (1994) reported means during
various maintenance activities of 0.008-0.061 f/ml, and other studies have
observed similar, highly variable levels of exposure (ATSDR 2001). Mean
levels of exposure during asbestos abatement have been measured at 0.006
to 0.76 f/ml (TEM) depending on the material being removed (ATSDR
2001). However, it is important to note that short-term exposures could be
quite high.

Limits considered acceptable for occupational exposure have dropped
over time. The American Conference of Governmental Industrial Hygien-
ists first proposed a Threshold Limit Value (TLV) of 5 mppcf in 1946
(ACGIH 1998). However, historical sampling data show that many indus-
tries did not adhere to that guideline (for example, see Amandus et al. 1987,
Dement et al. 1983, Hughes et al. 1987). With the wider recognition of the
hazards of asbestos and the regulatory response, exposures rapidly de-
creased in the industrialized countries. Reductions in exposure due to im-
proved technology have been well documented. An example from the US
textile industry is presented in Table 4.2; Dement et al. (1983) converted
older measures in mppcf to f/ml using paired samples collected at the same
facilities. NIOSH (1972) documented decreasing exposure in many indus-
tries. Others noted further dramatic reductions of workplace concentra-
tions in the early and mid 1970s in North America and Europe. For
example, mean exposures in the Quebec mining industry declined from 16
f/ml in 1973 to less than 2 f/ml by the late 1970s (LeBel 1995).

TABLE 4.2 Estimated Mean Concentrations
(# fibers over 5 mm per ml, PCM) in a
Chrysotile Textile Plant (1930-1975)

Operation Before Controls  After Controls
Fiber preparation 26.2-78.0 5.8-17.2
Carding 10.8-22.1 4.3-9.0
Twisting 24.6-36.0 5.4-7.9
Winding 4.1-20.9 4.1-8.4
Spinning 4.8-8.2 4.8-6.7
Weaving 5.3-30.6 1.4-8.2

SOURCE: Dement et al. (1983).
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General Population Exposure

Earlier National Academies committees have considered non-
occupational exposure to asbestos (NRC 1984, 1993).

Airborne asbestos fibers can be detected and measured in the general,
ambient environment even far from industrial sources. The sources include
disturbed natural deposits, improper disposal or transportation of asbestos-
containing wastes, and uses that result in friable asbestos, such as motor-
vehicle brake pads. Although exposure from undisturbed natural sources is
possible, it has not been documented. Concentrations measured in outdoor
air are highly variable, ranging from below the limit of detection (0.1 ng/
m3, and estimated to be equivalent to about 0.000003 f/ml as measured
with PCM) in rural areas to over 100 ng/m3 (about 0.003 f/ml, PCM) near
industrial sources. In rural areas, typical concentrations are about 0.00001
f/ml (PCM), while urban measurements are typically higher (up to about
0.0001 f/ml, PCM) (ATSDR 2001).

Higher concentrations have been documented in communities near
asbestos-related industries. Table 4.3 presents concentrations measured near
asbestos manufacturing facilities in Taiwan (Chang et al. 1999). Although
concentration appears to drop off with distance, the decreases are not dra-

TABLE 4.3 Asbestos Concentrations in Ambient Air Around Taiwanese
Factories

GM (GSD) Asbestos Concentration (f/ml)
Distance from Factory?

Factory No. of

Type Factories Method® 200 m 400 m 600 m

Cement 5 TEM 0.006 (1.230)  0.007 (1.487)  0.006 (1.301)
PCM 0.01 (3.49) 0.01 (2.91) <0.01

Friction 3 TEM 0.008 (2.441) 0.008 (1.978) 0.002 (2.221)
PCM 0.01 (3.22) 0.02 (2.88)  <0.01

Textile 2 TEM 0.012 (2.221) 0.020 (1.432) 0.006 (1.765)
PCM 0.02 (3.21) 0.02 (3.33) <0.01

Ground tile 2 TEM 0.033 (1.412)  0.021 (1.421)  0.025 (2.321)
PCM 0.4 (3.21) <0.01 0.01 (2.21)

Insulation 1 TEM 0.012 (2.321) 0.020 (2.210) 0.006 (2.773)
PCM <0.01 <0.01 <0.01

Refractory 1 TEM <0.0001<0.0001 <0.0001
PCM <0.01 <0.01 <0.01

9TEM = transmission electron microscopy; PCM =
bGM = geometric mean; GSD = geometric standard deviation.

SOURCE: Chang et al. (1999).

phase contrast microscopy.
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matic out to at least 600 m, indicating that the fibers remain airborne.
Higher concentrations have been measured historically near asbestos-
related open-pit mining and milling operations. For example, in towns near
open-pit chrysotile mines in the Canadian province of Quebec, concentra-
tions as high as 0.08 f/ml were measured in the early 1970s, although cur-
rent concentrations are much lower (Case and Sebastien 1987, ICPS 1998).
Residential exposure may also occur in communities with asbestos indus-
tries from fibers carried home on the clothing or hair of asbestos workers
(Anderson et al. 1979, Case and Sebastien 1989).

Asbestos has been measured in the air inside many public and noncom-
mercial buildings (HEI 1991). Sources of fibers released into the indoor air
of non-industrial buildings include asbestos insulation, dry wall, ceiling and
floor tiles, and materials used primarily for fireproofing. Exposures may
occur by disturbance of asbestos-containing materials that are not well en-
capsulated (HEI 1991). Nicholson (1987) reported concentrations in build-
ings from about 0.00003 to 0.006 f/ml (PCM). In a survey of 94 public
buildings, EPA (1988) reported concentrations ranging from below the limit
of detection to about 0.003 f/ml (PCM), with a mean of 0.0004 f/ml (PCM).

Population exposure may also occur through the consumption of as-
bestos in drinking water. Asbestos may enter drinking water from erosion
of natural deposits, mining operations, or asbestos-containing cement pipes
(ATSDR 2001). Although most areas have concentrations less than 103 f/ml
(PCM), much higher concentrations have been observed, some over 105 f/
ml (EPA 1976, Kanarek et al. 1980, Sigurdson et al. 1981).

DOSIMETRY

Introduction

For inhaled contaminants, such as asbestos fibers, concepts of exposure
and dose have been developed for the respiratory system. Asbestos fibers
are particulate matter that is distinguished from other particles present in
air by having a length substantially greater than their width. Aspect ratio is
the term used for the ratio of length to width. The Occupational Safety and
Health Administration defines a fiber as having a length of at least 5 mm
and an aspect ratio of 3:1, whereas EPA defines a fiber as having an aspect
ratio of over 5:1 (ATSDR 2003). Airborne particles are generally character-
ized by their aerodynamic diameter, which is determined in reference to the
behavior of a sphere of unit density; the aerodynamic diameter corresponds
to the size of a unit-density sphere with the same aerodynamic characteris-
tics as the particle of interest.

Much has been learned about particle size and the handling of particles
by the respiratory system from experimental findings and the use of phys-
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ical models of the lung. The mechanisms responsible for particle and fiber
deposition are impaction, sedimentation, interception, and diffusion
(Asgharian and Yu 1988). Aerodynamic diameter is a key determinant of
the likelihood of deposition in the respiratory tract and the site of deposi-
tion (see Figure 4.1). Particles greater than 10 um in aerodynamic diameter
are generally captured in the upper respiratory tract, the nose and upper
airway, whereas smaller particles can penetrate more deeply and reach the
airways and alveoli of the lungs. Particles smaller than about 2.5 um have a
greater likelihood of reaching the alveoli and depositing in this region.
Ultrafine particles (less than 0.1 um) also deposit heavily in the nose. These
same considerations apply to inhaled fibers, which can have a range of
aerodynamic diameters, depending on size and physical characteristics.

In considering the potential risk posed by inhaled pollutants, including
fibers, the critical determinant of injury is the amount of material that
reaches the target site—a measure generally referred to as the biologically
effective dose. As depicted in Figure 4.2, dose, without qualification, gener-
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0.5

Deposition Fraction

Tracheobronchial

0 T T T T 1
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Aerodynamic Diameter (um)
FIGURE 4.1 Effect of aerodynamic diameter on deposition of particles in the

respiratory tract.
SOURCE: ICRP (1994).
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FIGURE 4.2 Exposure and dose-response paradigm in toxicology.
SOURCE: Modified from Lippmann (1992).

ally refers to the amount of material that enters the body; exposure refers to
the amount of contact with material, with units expressed as concentration
multiplied by time. For the respiratory system, models have been developed
that relate dose to exposure for inhaled particles (Jarabek et al. 2005); the
models are useful in characterizing the chain that begins with the source of
an inhaled pollutant and terminates with injury to target tissues.

Various processes remove particles that are deposited in the lung in
ways that depend on their size, physicochemical characteristics, and site of
deposition (Table 4.4). Particles that reach the upper airways will generally
be removed as mucus is swept toward the nostrils or into the pharynx for
passage through the esophagus and the gastrointestinal tract. Particles reach-
ing the bronchi are cleared by the mucociliary apparatus, which moves
mucus toward the trachea, where it exits and is swallowed. Particles that
reach the smaller airways are gradually scavenged by the lung’s macro-
phages; their fate depends on their toxicity to the macrophages. Particles
may also penetrate the respiratory epithelium and remain in the airways or
migrate to bronchopulmonary lymph nodes. Experimental studies show that
particles in the ultrafine fraction (less than 0.1 wm in aerodynamic diam-
eter) may be moved across the barriers posed by the respiratory epithelium
and the alveolar-capillary membrane and be disseminated systemically
(Oberdorster et al. 1983).

TABLE 4.4 Mechanisms of Fiber Clearance from the Lungs

Physiological clearance processes of deposited fibers
e Mucociliary movement
e Scavenging by alveolar macrophages
e Interstitial translocation
e Lymphatic clearance

Physicochemical processes reducing fiber burden
e Leaching
¢ Dissolution
e Breakage

SOURCE: Modified from Bernstein et al. (20035).
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Fiber dimensions are thought to be important in the pathogenesis of
asbestos-related lung diseases (reviewed in Bernstein et al. 2005). Long as-
bestos fibers are deposited by interception primarily at sites of bifurcations
in the conducting airways of the lower respiratory tract (Asgharian and Yu
1988). It is postulated that long asbestos fibers (greater than the diameter of
alveolar macrophages about 10-15 um in rodents and about 14-21 mm in
humans) are less likely to be completely phagocytized and are cleared more
slowly (reviewed in Bernstein et al. 2005). Fibers that are not removed rap-
idly by the mucociliary escalator may penetrate into the interstitium of the
alveolar walls, be cleared by lymphatic channels, or migrate to the pleura
and other extra pulmonary sites. Fibers that are not effectively cleared from
the lung may be removed by physicochemical processes, including leaching
of ions, dissolution, and breakage (see Chapter 3). Those processes could
occur extracellularly in the lung-lining fluid or intracellularly in the phago-
lysosomal compartment of alveolar and interstitial macrophages. In gen-
eral, fibers that are long and persistent in the lungs have been shown to be
associated with fiber-induced lung disease in animal models (Hesterberg et
al. 1996, 1998). The physicochemical properties of asbestos fibers described
in Chapter 3 influence the susceptibility of different fiber types to leaching,
dissolution, and breakage in the extracellular compartment at neutral pH
or in the phagolysosome at acidic pH. In general, amphibole asbestos fibers
are more persistent than chrysotile asbestos fibers.

In contrast with studies of fiber deposition in the lower respiratory
tract, little is known about fiber deposition and clearance from the upper
respiratory tract, particularly the larynx. A recent study by Zhou and Cheng
(2005) modeled deposition of carbon fibers with laryngeal casts and pre-
dicted that a fraction of inhaled fibers would be deposited in the larynx,
especially at the higher ventilation rates associated with moderately heavy
work. Gemci et al. (2001) modeled airflow in the larynx by using drug
sprays and predicted turbulent flow at the laryngeal constriction. As is seen
in the lower airways of cigarette smokers, tobacco-smoking and other causes
of chronic laryngeal irritation might impair clearance of fibers from the
laryngeal mucosal surfaces.

Considerations for Inhaled Asbestos Fibers

Extension of the general models and definitions to inhaled asbestos
fibers provides a framework for considering exposure and the dosimetry of
asbestos fibers in the respiratory tract. The exposure measures used in the
epidemiologic studies can be considered in the context set by this frame-
work. In the committee’s judgment, the most relevant dose measure for
cancer is probably the cumulative number of fibers that reach and persist in
the target organ, and the biologically effective dose would be related to
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fibers that interact with target cells. Such measurements are not available,
but the epidemiologic studies have not incorporated any attempt to esti-
mate dose, for example, by considering the size distribution of the fibers or
the activity of the workers. Instead, a variety of indexes of exposure have
been used, ranging from crude indicators of potential for contact to more
refined, semi-quantitative measures.

Dose refers to the amount of material potentially available for deposi-
tion in the respiratory tract—in this instance, the number of fibers in the air
inhaled by the exposed person. Only some fraction of that dose is depos-
ited, and much will be exhaled or cleared. However, studies of lung tissues
of asbestos-exposed people show that fibers are retained in the lung and
that long, thick fibers are coated with iron, protein, and mucopolysaccha-
rides to form asbestos bodies (ABs) visible with light microscopy (Roggli
2004). ABs have also been documented in other tissues, although their pres-
ence may reflect contamination occurring during handling and processing
of specimens.

For nonrespiratory organs, concepts of dose are not well developed and
related experimental and observational data are limited. For the organs of
the gastrointestinal tract (esophagus, stomach, and intestines), fibers cleared
from the respiratory tract will move through, with the potential for interac-
tion with target cells in the epithelium. For other abdominal organs (includ-
ing the liver, pancreas, and kidneys), the routes of movement are uncertain,
although fibers have been found in those organs on occasion (Borow et al.
1973, Pooley 1974).

Translocation to the Pleura

After inhalation, asbestos fibers that deposit in the alveolar region of
the respiratory tract may be cleared or retained (Figure 4.3). Fibers that
persist in the alveolar region may be directly toxic to alveolar epithelial cells
or incite a chronic inflammatory response that perpetuates tissue injury
followed by episodes of epithelial cell proliferation and fibrosis (Oberdorster
1996). It has been proposed that fibers that penetrate the alveolar lining
and enter the interstitium may move to lymphatics and regional lymph
nodes. Asbestos fibers that accumulate in subpleural lymphatics may pro-
duce diffuse visceral pleural fibrosis and pleural effusions, directly and indi-
rectly (Churg 1988). Asbestos-induced pleural effusions are hypothesized
to be caused by cytokines (such as interleukin-8) released from mesothelial
cells that trigger inflammation and fluid accumulation in the pleural space
(Boylan et al. 1992). Inhaled particles could reach the pleural space after
direct transpleural penetration, lymphatic translocation, or indirect trans-
port by the blood (Holt 1981, Lee et al. 1981, Oberdorster et al. 1983).
Recent studies in hamsters of inhaled refractory ceramic fibers (mean
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FIGURE 4.3 Translocation of inhaled asbestos fibers and adverse health effects.
AM = alveolar macrophage, IM = interstitial macrophage.
SOURCE: Modified from Oberdorster (1996).

length, 20 wm; mean diameter, 1 um) confirmed rapid translocation of short
fibers to the pleural space, followed by inflammation and mesothelial cell
proliferation (Gelzleichter et al. 1996a,b).

Few investigators have quantified the mineral-fiber burden in human
pleura, but several investigators have found asbestos fibers in the pleural
lining of people exposed to asbestos fibers (Dodson et al. 1990, Gibbs et al.
1991, Sebastien et al. 1977, Suzuki and Yuen 2001). Boutin et al. (1996)
obtained samples of parietal pleura and lung from workers exposed to as-
bestos and counted asbestos fibers in dried tissue samples. Anthracotic par-
ticles, as well as asbestos fibers, were detected near lymphatic openings on
the surface of the parietal pleura. Scanning electron microscopy of these
“black spots” revealed focal accumulation of inflammatory cells. The in-
vestigators directly visualized black spots with video-assisted fiber-optic
thoracoscopy; previous investigators had not been able to identify asbestos
fibers in pleural samples, because they sampled tissues at random (Boutin et
al. 1996). Identification of particles and fibers at sites of lymphatic drainage
on the parietal pleura suggests that local transpleural or lymphatic translo-
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cation is likely. Boutin and Rey (1993) have also diagnosed early cases of
malignant mesothelioma arising on the parietal pleura; they speculated that
focal trapping of long asbestos fibers at sites of lymphatic drainage from the
pleura may provoke the development of mesothelioma. The potential rel-
evance of fiber dimensions in induction of cancer at the sites under consid-
eration is unknown.

Extrapulmonary Translocation

It has long been postulated that systemic dissemination of fibers occurs
after retrograde transport via lymphatics and the bloodstream (Holt 1981,
Lee et al. 1981, Taskinen et al. 1973). In addition, particle movement from
the lungs to tracheobronchial lymph nodes by pulmonary alveolar mac-
rophages has been documented in a canine model (Harmsen et al. 1985).
Asbestos fibers that are cleared from the lower respiratory tract by the
mucociliary escalator can be swallowed from the pharynx and gain access
to the upper and lower gastrointestinal tract. It has also been proposed that
fibers could penetrate the gastrointestinal mucosa, submucosa, and muscle
layers and reach the peritoneal cavity (Selikoff et al. 1979).

Cunningham and Pontefract (1973) analyzed samples of drinking wa-
ter and various beverages with electron microscopy and detected chrysotile
asbestos fibers. To determine whether ingested asbestos fibers could dis-
seminate systemically, they instilled a preparation of short chrysotile asbes-
tos (0.5-2 wm long) in the stomach of rats and sacrificed them after 2-4
days. Using precautions to prevent contamination during necropsy, they
sampled blood from the retroorbital plexus, spleen, omentum, heart, brain,
and lungs and detected a substantial number of asbestos fibers; the highest
concentration was in the omentum (Cunningham and Pontefract 1973).
More recent chronic feeding studies conducted by the National Toxicology
Program (HHS 1983, 1985, 1988, 1990a, 1990b, 1990c¢) did not identify
any asbestos bodies using light microscopy at the following sites: larynx,
lymph nodes, esophagus, stomach, small intestine, colon, cecum, and
mesentery (McConnell 2005).

Lee et al. (1981) conducted a subchronic inhalation study with inor-
ganic titanate fibers in hamsters, guinea pigs, and rats and reported fibers
and multinucleated giant cells widely disseminated throughout the body,
including mediastinal lymph nodes, adipose tissue, spleen, liver, Peyer’s
patches in the intestine, and the mucosal, submucosal, and muscular layers
of the gastrointestinal tract. Tissue responses were minimal except for mild
inflammation and fibrosis in the epicardium.

Cook and Olson’s (1979) demonstration of asbestos in human urine,
which abated when drinking water was filtered, provides substantial evi-
dence that fibers enter into systemic circulation.
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Case reports based on human autopsies have noted the presence of
asbestos fibers or ABs in abdominal organs, including the spleen, abdomi-
nal lymph nodes, liver, omentum, and mesentery (Borow et al. 1973,
Dodson et al. 2000, Pooley 1974, Suzuki and Yuen 2001). ABs have also
been recovered from sites under consideration by this committee: larynx,
esophagus, stomach, and small and large intestines (Roggli 2004). Several
caveats must be considered, however, in evaluating reports of asbestos fiber
translocation to extrapulmonary sites. A taskforce of the European Respi-
ratory Society (De Vuyst et al. 1998) prepared guidelines for mineral-fiber
analyses in biologic samples focusing on the tissues involved in asbestosis,
lung cancer, and mesothelioma, but the principles are in large part appli-
cable to techniques that would be used to determine fiber presence in the
selected sites considered in this review. First, electron microscopy (EM) is
necessary to detect most asbestos fibers, with transmission EM being pref-
erable to scanning EM, but light microscopy is adequate for visualizing
ABs; limits of detection should be reported. Second, asbestos fibers and ABs
can be identified in lung tissue in most people in the general population,
even people who have with no occupational history of asbestos exposure
and in the absence of clinical or pathologic evidence of lung disease, mean-
ing that comparison with appropriate controls is essential (De Vuyst et al.
1998). Third, cross-contamination of tissue samples with fibers or particles
from surgical gloves, specimen containers, fixatives, scalpel blades, and
other organs collected in the surgical or autopsy suite is a serious concern
(Cook 1983, De Vuyst et al. 1998; Roggli 2004). Those caveats should be
considered in evaluation of the published papers.

In two of five cases, Roggli et al. (1980) found ABs in laryngeal tissues
gathered at autopsy from asbestos workers with known pulmonary disease.
ABs were not recovered, however, from laryngeal tissue from ten autopsies
controls.

Auerbach et al. (1980) used light microscopy to detect ABs in paraffin-
embedded tissue samples obtained at autopsy from the lungs and kidneys of
a series of 37 cases recorded as having asbestosis, mesothelioma, or pleural
plaques. ABs were observed in the lung sections of all but one of these cases
and in 38% of the kidney samples. Other organs were available from a
subset of these cases. Of the organs for which at least 30 samples were
available (heart, liver, spleen, adrenal glands, and pancreas), ABs were de-
tected in 32-62% of cases. Of organs with fewer samples available, stom-
ach, duodenum, and colon were among those in which ABs were found; the
others with positive findings were brain, prostate, thyroid, mediastinal
lymph nodes, bone, omentum, and spinal cord. The prevalence of ABs in
other organs reflected the number of asbestos fibers found in a case’s lung
sample.

Kobayashi et al. (1987) performed a similar analysis on formalin-fixed
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tissues from 26 subjects. Esophagus, stomach, and both large and small
intestine were among the 13 extrapulmonary organs from which tissues
were examined. ABs were detected in some samples from all these organs,
and the pattern corresponded with the degree of a given subject’s pulmo-
nary burden. The number observed was high for the esophagus. Roggli
(2004) noted that the reported results would be consistent with contamina-
tion by pulmonary ABs via formalin.

Kambic et al. (1989) examined a cohort of 195 asbestos-cement factory
workers and controls in Yugoslavia. Chronic laryngitis was found more
frequently in workers than in controls; in 10 workers, biopsies showed
changes consistent with hyperplastic chronic laryngitis. Chronic laryngitis
was diagnosed clinically in asbestos workers who were nonsmokers or
former smokers, as well as in current smokers. Four of the biopsies were
examined with scanning EM, and asbestos fibers were observed on the epi-
thelial lining in three.

Ehrlich et al. (1991) determined colonic asbestos burdens with light
and electron microscopy in 44 asbestos workers with colon cancer. Chryso-
tile fibers, amosite fibers, or ABs were identified in the colonic wall in 32%
of workers. In contrast, no asbestos fibers or ABs were found in 20 patients
who had colon cancer but no history of asbestos exposure.

In addition to technical concerns about reported findings of fibers or
ABs in extrapulmonary tissues, there are uncertainties that should be borne
in mind when interpreting their biologic meaning. The fact that fibers found
in tissues are predominantly amphibole, even when the individual’s expo-
sure is documented to have been exclusively to chrysotile with a slight
tremolite component, is fully in accord with what is understood about the
relative biopersistence of those fiber types (Churg 1994). In the upper respi-
ratory or gastrointestinal tract, are epithelial injury and chronic inflamma-
tion (for example, secondary to tobacco-smoking, alcohol use, or persistent
bacterial or viral infections) a prerequisite of accumulation of fibers and
development of cancer at these sites? Finally, the finding of asbestos fibers
or ABs in tissue samples obtained from gastrointestinal tract tumors raises
the question of the causal significance of this observation: do the fibers
accumulate secondarily at sites of mucosal damage or ulceration associated
with a growing tumor?

Few studies have systematically sought evidence of asbestos fibers in
the particular extrapulmonary sites of interest in this review, and such in-
vestigations are subject to technical difficulties. Nonetheless, there is some
documentation that asbestos fibers may disseminate and persist at these
selected tissue sites, although not with the regularity that has been estab-
lished for the lungs, pleura, and lymph nodes.
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Biological Aspects of
Asbestos-Related Diseases

ASBESTOS-RELATED PULMONARY DISEASES
AND THEIR MECHANISMS

The causal association between asbestos exposure and nonmalignant
and malignant diseases of the lungs and mesothelial linings is well estab-
lished and supported by epidemiologic, animal, and mechanistic toxico-
logic studies (IARC 1987). The biologic mechanisms responsible for
asbestos-related disease are complex and reflect a chronic, multistep pro-
cess involving interactions between genetic predisposition and possibly
other exposures, including exposure to viruses. Those mechanisms will be
discussed in detail after a brief summary of the clinical features and risk
factors of lung cancer and malignant mesothelioma.

Asbestos-Related Diseases

The International Agency for Research on Cancer (IARC 1987) has
classified various types of asbestos fibers—specifically chrysotile, actinolite,
anthophyllite, tremolite, and crocidolite—as known human carcinogens
(Group I). Inhalation of asbestos fibers is associated with parenchymal and
pleural lung diseases (Table 5.1), all of which have been reproduced in
rodent models (reviewed in Bernstein et al. 2005). In chronic rodent inhala-
tion assays, fiber biopersistence and carcinogenicity are associated with per-
sistent inflammation, epithelial cell proliferation, and fibrosis in the lungs
(Hesterberg et al. 1993, 1994, 1998). Chronic inflammation and fibrosis
are also produced in the lungs and pleural linings of humans exposed to
asbestos fibers; these responses are clinically described as asbestosis (or dif-

81



82 ASBESTOS

TABLE 5.1 Pulmonary Diseases Associated with Exposure to Asbestos
Fibers

Disease Humans Animal Models
Asbestosis (diffuse interstitial fibrosis) + +
Carcinoma of the lung + +

Nonneoplastic pleural disease:

Pleural effusion + +
Visceral pleural fibrosis + +
Parietal pleural plaques + +
Malignant mesothelioma of the pleura and peritoneum + +

SOURCE: Adapted from Bernstein et al. (2005).

fuse interstitial fibrosis) of the lungs and visceral pleural fibrosis and pari-
etal pleural plaques of the pleural linings (Table 5.1). In the pleura, bilateral
and symmetric fibrotic plaques usually reflect environmental or occupa-
tional exposure to asbestos fibers, and consequently pleural plaques are
considered to be markers of asbestos exposure (Travis et al. 2002). These
fibrous scars are not precursors of malignant mesothelioma or lung cancer.

Risk Factors for Lung Cancer and Malignant Mesothelioma

Tobacco-smoking is a major causal risk factor for lung cancer (Ta-
ble 5.2) and risk of developing lung cancer in current or former smokers is
greatly increased by exposure to asbestos fibers. Development of malignant
mesothelioma of the pleura or peritoneum has not been found to be associ-
ated with tobacco-smoking (Battifora and McCaughey 1995). Exposure to

TABLE 5.2 Risk Factors for Development of Lung Cancer

Certainty Agent

Established Cigarette, pipe, or cigar-smoking
Exposure to environmental tobacco smoke
Exposure to asbestos fibers
Exposure to radon
Occupational exposures (metals and chemicals)

Hypothesized Air pollution
Outdoor
Indoor (cooking fumes)
HPV (human papilloma virus)
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TABLE 5.3 Risk Factors for Development of Malignant Mesothelioma

Certainty Agent

Established Exposure to asbestos fibers
Exposure to erionite fibers
Exposure to talc or vermiculite contaminated with asbestos fibers

Hypothesized Radiation therapy
Chronic inflammation
SV40 virus

SOURCE: Sporn and Roggli (2004).

environmental erionite fibers has been found to be associated with malig-
nant pleural mesothelioma (Baris et al. 1987, Roushdy-Hammady et al.
2001), while radiation, chronic inflammation, and SV40 virus are also pos-
tulated as etiologic factors (Table 5.3).

Genetic Predisposition to Malignant Mesothelioma

Case reports of familial clusters of malignant mesothelioma resulting
from occupational or household exposure have been published (Table 5.4).
In some of these families, the histological subtype and location were identi-
cal, for example, tubulopapillary malignant mesothelioma arising in the
peritoneum (Lynch et al. 1994). Recent evidence of an inherited predisposi-
tion to malignant mesothelioma after exposure to erionite in two villages in
Turkey was published by Roushdy-Hammady et al. (2001).

Malignant mesotheliomas have also been reported in people with in-
herited cancer-susceptibility syndromes following exposure to asbestos fi-
bers or radiation therapy (Table 5.4). Somatic mutations in the neurofibro-
matosis type 2 (Nf2) gene have been detected in 50% of human malignant

TABLE 5.4 Genetic Predisposition to Malignant Mesothelioma

e Case reports of familial clusters:

Genetic predisposition (Roushdy-Hammady et al. 2001)
Houschold exposure (reviewed in Lynch et al. 1994)

e Case report of 40-year-old mechanic with neurofibromatosis type 2 who developed
peritoneal malignant mesothelioma (Baser et al. 2002)

e Reports of patients with familial cancer syndromes (Wilms tumor, Li-Fraumeni syndrome)
who developed malignant mesothelioma after radiation therapy for primary tumors
(Antman 1986, Hisada et al. 1998)

e Report of slightly increased risk of mesothelioma in people exposed to asbestos who have
first-degree relatives with Li-Fraumeni syndrome (Heineman et al. 1996)
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mesotheliomas (Sekido et al. 1995). Heterozygous Nf2-deficient mice show
increased susceptibility to induction of peritoneal malignant mesotheliomas
after intraperitoneal injection of asbestos fibers (Fleury-Feith et al. 2003),
and these mice recapitulate the molecular alterations characteristic of hu-
man malignant mesotheliomas (Altomare et al. 2005). Li-Fraumeni syn-
drome is a rare heritable cancer-susceptibility disorder characterized by car-
rying a mutant allele of the p53 gene. Although mutations in the p53
tumor-suppressor gene are generally rare in human malignant mesothelio-
mas (Metcalf et al. 1992), individuals with Li-Fraumeni syndrome show
increased susceptibility for malignant mesothelioma (Table 5.4). Heterozy-
gous pS53-deficient mice also show increased susceptibility to and acceler-
ated progression of asbestos-induced mesotheliomas (Marsella et al. 1997,
Vaslet et al. 2002). Those murine transgenic models support a role of inac-
tivation of the Nf2 and p53 tumor-suppressor gene pathways in the patho-
genesis of asbestos-induced malignant mesothelioma.

Properties of Fibers Relevant to Biological Activity

The physical and chemical characteristics related to the carcinogenicity
of asbestos fibers include fiber dimensions, chemical composition, bio-
durability, and surface reactivity (reviewed by Fubini and Oter-Arean 1999).
The availability of transition metals, especially iron, to participate in free
radical generation (Weitzman and Graceffa 1984) has been hypothesized as
playing an important role in asbestos-induced lung diseases (reviewed in
Kane 1996). Iron-catalyzed generation of free radicals can cause cell injury,
genetic damage, and inflammation in the lungs and pleura (reviewed in
Kamp and Weitzman 1999 and in Manning et al. 2002).

Fiber dimensions and biopersistence have been linked mechanistically
with persistent inflammation in a variety of toxicologic studies (reviewed in
Bernstein et al. 2005). Fiber dimensions influence the extent and rate of
fiber deposition and persistence in the lungs, and movement to the pleura
(Oberdorster 1996). Long, thin asbestos fibers are trapped at the level of
the terminal respiratory bronchioles or deposited in the alveolar spaces.
Long fibers are less efficiently phagocytized by alveolar macrophages and
stimulate persistent production of proinflammatory mediators, cytokines,
and growth factors. Partial phagocytosis impairs macrophage motility and
retards fiber clearance. In the absence of effective fiber clearance by the
mucociliary escalator, fibers can move to the interstitium of the lung, mi-
grate to the pleura and peritoneum, or even to more distant sites through
lymphatics. Fibers that are retained in the walls of the terminal respiratory
bronchioles, in the lung interstitium, or on the pleural lining can cause per-
sistent epithelial or mesothelial cell injury, whose repair is accompanied by
proliferation. Persistent or chronic macrophage activation can lead to
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chronic inflammation and fibrosis in the lungs or pleura (summarized in
Bernstein et al. 20035).

Mechanisms of Asbestos Carcinogenicity

On the basis of extensive work with in vitro model systems and animal
models of asbestosis, lung cancer, and mesothelioma, direct and indirect
mechanisms for fiber carcinogenicity have been proposed. The mechanisms
may or may not be applicable to tumors that develop at the other sites
considered in this report.

Direct mechanisms of asbestos fiber carcinogenesis include genotoxic
and nongenotoxic pathways (Table 5.5). It has been hypothesized that long
asbestos fibers that are partially phagocytized by macrophages trigger per-
sistent production of reactive oxygen species by the respiratory-burst mecha-
nism. Asbestos fibers contain a high surface content of redox-active iron
and generate additional radicals, including the highly reactive hydoxyl radi-
cal by Fenton chemistry (Fubini and Oter-Aredn 1999, Hardy and Aust
1995). More stable lipid radicals and reactive nitrogen species can be gener-
ated secondarily (Goodglick et al. 1989, Park and Aust 1998). Theoreti-
cally, those free radicals could be generated in the vicinity of any target cells
that are in contact with asbestos fibers. The reactive radicals could damage

TABLE 5.5 Direct Mechanisms of Asbestos-Fiber Carcinogenesis

Mechanism Experimental Endpoints References
Genotoxic Oxidized bases Chao et al. (1996), Fung et al. (1997)
DNA breaks Reviewed in Jaurand (1996)
Aneuploidy Reviewed in Jaurand (1996), Jensen et al.
(1996)
Mutations Park and Aust (1998)
Deletions Reviewed in Hei et al. (2000)

Nongenotoxic

Mitogenic

Cytotoxic

Target cell proliferation

Binding to or activation
of surface receptors

Growth factor expression

Activation of signaling
pathways

Apoptosis

Necrosis

BéruBé et al. (1996), Goldberg et al. (1997)
Boylan et al. (19935), Pache et al. (1998)

Liu et al. (1996), Brody et al. (1997)
Reviewed in Mossman et al. (1997), Manning
et al. (2002)

Broaddus et al. (1996), Goldberg et al. (1997),
Levresse et al. (1997)
Reviewed in Kane (1996)

SOURCE: Bernstein et al. (2005).
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DNA or form adducts, such as 8-hydroxydeoxyguanosine (8-OHdG). If the
DNA damage is not accurately repaired, mutations or deletions could result
(reviewed in Hei et al. 2000). Long asbestos fibers have also been shown to
interfere with the mitotic spindle, chromosomal segregation, and cytokine-
sis in cells in culture (Ault et al. 1995, Hesterberg and Barrett 1985, Jaurand
1996, Jensen et al. 1996). Direct interference with the mitotic apparatus
could lead to aneuploidy or polyploidy; these chromosomal alterations have
been found in human mesotheliomas (reviewed in Kane 1996, Murthy and
Testa 1997).

Several in vivo studies have confirmed the results of these in vitro
genotoxicity assays. In the 4 weeks after rats were gavaged with 100 mg/kg
chrysotile, Amacher et al. (1974, 1975) found transient increases in DNA
synthesis in tissues from the stomachs, small intestines, and colons (but not
livers or pancreases), which occurred sooner after treatment in the stom-
achs than colons. After intratracheal instillation of asbestos fibers in rats,
hydroxyl radicals (Schapira et al. 1994) and lipid radicals (Ghio et al. 1997)
have been detected. Increased mutation frequencies at the reporter gene
locus have been discovered in lacl transgenic rats, after inhalation (Rihn et
al. 2000) or intraperitoneal injection (Unfried et al. 2002) of crocidolite
asbestos fibers.

Both chronic and acute exposure to asbestos fibers increases the prolif-
eration of epithelial and mesothelial cells. Nongenotoxic mechanisms lead-
ing to increased cell proliferation include activation of growth factor recep-
tors and intracellular signaling pathways (reviewed in Albrecht et al. 2004).
Human and rodent mesotheliomas frequently show constitutive expression
and activation of growth-factor pathways, including those of IGF, PDGF,
VEGEF, and TGF-f (Cacciotti et al. 2005). Alternatively, direct physical dam-
age or free-radical-mediated injury could induce apoptosis or necrosis of
target cells that is repaired by compensatory cell proliferation. Repeated
episodes of target-cell injury and repair could expand a preneoplastic pro-
liferating cell population during the early stages in the development of lung
cancer or malignant mesothelioma (reviewed in Kane 1996).

Epidemiologic studies have established that exposure to asbestos fibers
increases the risk of lung cancer, particularly in cigarette smokers (reviewed
by Churg 1998). Multiple indirect mechanisms may contribute to a syner-
gistic interaction between smoking and asbestos (IARC 2004). Tobacco-
smoking alters mucociliary functions and so may impair clearance of fibers
from the bronchi and alveoli (McFadden et al. 1986). In rat tracheal ex-
plants and guinea pigs, cigarette smoke enhanced penetration of asbestos
fibers into airway epithelium and exacerbated epithelial hyperplasia and
small-airway disease (Hobson et al. 1988, Tron et al. 1987). Oxidants in
tobacco smoke combined with asbestos-catalyzed generation of reactive
oxygen species have been proposed to mediate fiber penetration of airway
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epithelium (Churg et al. 1989). Inhalation of ozone was also shown to im-
pair clearance and increase retention of asbestos fibers in the lungs of rats
(Pinkerton et al. 1989). Because of their large surface area, asbestos fibers
may adsorb polycyclic aromatic hydrocarbons (PAHs), transport them into
the lungs, and facilitate metabolic activation (Kandaswami and O’Brien
1983, Lakowicz and Bevan 1979). The extent of PAH adsorption on the
fiber surface depends on several factors including humidity, phospholipids
content of the lung lining fluid, and extent of fiber leaching in the lung.
These factors may also influence the kinetics and extent of desorption of
PAHs deposited in the tracheobronchial epithelium (Fubini 1993, 1997).
PAHs and asbestos fibers were found to be synergistic in inducing squa-
mous metaplasia in tracheal explant cultures (Mossman et al. 1984). Simi-
larly, intratracheal instillation of amosite asbestos fibers plus benzo[a]-
pyrene induced a synergistic increase in mutations at the lacl reporter gene
locus in a rat transgenic model (Loli et al. 2004).

The combined effects of asbestos fibers and tobacco smoke on develop-
ment of lung cancer may be explained at a molecular level (Table 5.6).
K-ras and p53 gene mutations and FHIT tumor-suppressor gene deletions
have been proposed to be increased by asbestos exposure and related to
enhanced chromosomal instability (reviewed in Nelson and Kelsey 2002).
Some smokers may be genetically predisposed to lung cancer as a result of
mutations in DNA repair pathways (Hartwig 2002, Hu et al. 2002). Alter-
natively, acquired mutations or deletions in key genes involved in DNA
repair may facilitate accumulation of additional genetic mutations induced
by tobacco-smoke carcinogens during early stages of development of lung
cancer (Hollander et al. 2005). Epigenetic silencing of tumor suppressor
genes has been described in human lung cancers (Dammann et al. 2001,
Kim et al. 2001) and in human malignant mesotheliomas (Hirao et al. 2002,
Toyooka et al. 2001, Wong et al. 2002).

TABLE 5.6 Indirect Mechanisms of Asbestos-Fiber Carcinogenesis

Mechanisms References
Cofactor with tobacco smoke Reviewed in Kane (1996), Lee et al. (1998),
Nelson and Kelsey (2002)
Epigenetic gene silencing Reviewed in Esteller (2005)
Persistent inflammation with secondary Vallyathan and Shi (1997)
genotoxicity
Persistent inflammation with release of Reviewed in Brody et al. (1997)
cytokines and growth factors
Cofactor with SV40 virus Reviewed in Gazdar et al. (2002)

SOURCE: Bernstein et al. (2005).
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Persistent inflammation in response to biopersistent asbestos fibers may
lead to secondary genotoxicity caused by release of reactive oxygen and
nitrogen metabolites from activated macrophages (Vallyathan and Shi
1997). Reactive oxygen metabolites have also been proposed to contribute
to altered DNA methylation (Cerda and Weitzman 1997, Govindarajan et
al. 2002). Activated macrophages also produce chemokines, cytokines, pro-
teases, and growth factors that perpetuate tissue injury, inflammation, and
target-cell proliferation (Robledo et al. 2000). Ultimately, the persistent in-
jury and inflammation can culminate in progressive fibrosis or asbestosis of
the lungs. Repair of epithelial injury is achieved by proliferation of type II
alveolar cells, which are a potential target for accumulation of additional
mutations and development of cancer (reviewed in Brody et al. 1997).

A mechanistic link between chronic inflammation, fibrosis, and cancer
has been proposed on the basis of animal models (Coussens and Werb
2002). Although a causal relationship between asbestosis and lung cancer
based on epidemiologic studies is controversial, there are plausible biologi-
cal mechanisms by which fibrosis could mediate an effect. In the lung,
chronic inflammation is associated with epithelial cell proliferation and type
IT hyperplasia (Travis et al. 2002). Mediators derived from activated mac-
rophages or other inflammatory cells may stimulate proliferation of pre-
neoplastic cells. The proliferating population is a target for additional ge-
netic mutations produced by oxidants, viruses, or chemical carcinogens.
Activated macrophages and inflammatory cells also release proteases and
fibrogenic factors that may increase extracellular matrix turnover and fi-
brosis. And proteases, in combination with proangiogenic factors, may fa-
cilitate invasion and metastasis during later stages of tumor progression
(Tlsty 2001).

Polyomaviruses as Possible Cofactors for Cancer

The role of SV40, a polyomavirus, as a cofactor with asbestos fibers in
the induction of malignant mesothelioma is controversial (Table 5.7). SV40
viral DNA sequences and oncoproteins have been detected in human pleu-
ral malignant mesotheliomas by some investigators (reviewed by Gazdar et
al. 2002) but there are technical concerns about these findings (Lopez-Rios
et al. 2004). However, a role for SV40 as a carcinogen or cocarcinogen is
biologically plausible on the basis of cellular and animal models (Carbone
et al. 2003, Cicala et al. 1993) and the molecular mechanisms of action of
these viral oncoproteins (reviewed in Gazdar et al. 2002).

Human JC virus is a member of the polyomavirus family that is closely
related to BK virus and SV40 virus. Like SV40 virus, JC virus encodes T
and t antigens that function in cell transformation and induction of tumors
in experimental animals (reviewed in White et al. 2005). Although JC virus
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TABLE 5.7 SV40 Virus and Malignant Mesothelioma

Evidence for a Causal Relationship

1. SV40 viral DNA sequences have been detected in up to 80% of human malignant
mesotheliomas in the United States (reviewed in Gazdar et al. 2002).

2. SV40 viral DNA has been detected in tumor cells, not in adjacent stroma or nonneo-
plastic mesothelial cells (Carbone et al. 1994, 1997; Ranel et al. 1999; Shivapurkar et
al. 1999).

3. SV40 T antigen binds to and inactivates pS3 and pRb proteins (Carbone et al. 1997,
De Luca et al. 1997).

4. SVA40 virus preferentially infects and transforms human mesothelial cells (Carbone et
al. 2003).

5. Antisense constructs directed against SV40 T antigen induce growth arrest and
apoptosis in human mesothelioma cells in vitro (Waheed et al. 1999).

6. SV40 virus induces malignant mesothelioma in hamsters (Cicala et al. 1993).

Evidence Against a Causal Relationship

1. Several studies have failed to detect SV40 viral DNA sequences in human malignant
mesotheliomas (Lopez-Rios et al. 2004, Manfredi et al. 2005).

2. Epidemiologic studies fail to show an increased risk of cancer in individuals likely
exposed to SV40 virus in contaminated vaccines (reviewed in IOM 2002).

3. SV40 T antigen is highly immunogenic (reviewed in Butel and Lednicky 1999).

4. Serologic tests for SV40 virus are cross-reactive with JC virus and BK virus which are
nearly ubiquitous in humans but do not cause disease in immunocompetent individuals
(reviewed in Shah 2004).

5. Distribution of potentially contaminated vaccines coincided with a period of increasing
use of asbestos products (reviewed in Gazdar et al. 2002).

is trophic for glial cells of the central nervous system, it can infect tonsillar
tissue and is thought to replicate and spread in circulating lymphoid cells.
More than 80% of adults have serologic evidence of exposure to JC virus,
most likely due to subclinical infection in childhood. JC viral DNA se-
quences have been detected in the urine, kidney, and gastrointestinal tract
of normal people (Bofill-Mas and Girones 2001, Laghi et al. 1999,
Ricciardiello et al. 2000). In immunocompromised patients, JC virus can
produce a fatal demyelinating disease, progressive multifocal leukoencepha-
lopathy (PML). JC virus has been detected in brain tumors in patients with
or without PML (White et al. 20035). It has also been detected in esophageal
and colonic tumors (Del Valle et al. 2005, Enam et al. 2002, Laghi et al.
1999). Like the association between SV40 virus and human malignant me-
sotheliomas, the causal relationship between JC virus and gastrointestinal
cancer is disputed (Boland et al. 2004, Newcomb et al. 2004).

SV40 and JC viral T antigens perturb several key cell-signaling and
growth-regulatory pathways, both directly by binding to and inactivating
pRb and p53 and indirectly by binding to insulin receptor substrate 1 (Fei et
al. 1995) and B-catenin (Enam et al. 2002), inducing expression of autocrine
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and paracrine growth factors (Cacciotti et al. 2001), and altering patterns
of gene methylation (Suzuki et al. 2005). In addition, T antigen and
agnoprotein encoded by late viral genes may inhibit DNA repair (Digweed
et al. 2002) and prevent the cell cycle arrest induced by DNA damage,
thereby inducing genetic and karyotypic instability (White et al. 2005). SV40
virus also induces telomerase activity and immortalization of human me-
sothelial cells (Foddis et al. 2002, Ke et al. 1989). Human mesotheliomas
containing SV40 viral sequences show a significantly higher index of gene
methylation (Toyooka et al. 2001). One of the most frequently methylated
genes, RASSF1A, was shown to be progressively methylated during passage
of SV40-infected mesothelial cells in vitro (Toyooka et al. 2002). Thus,
SV40 virus may contribute to epigenetic gene silencing during tumor growth
and progression.

There is experimental evidence to support the hypothesis that SV40
virus and asbestos fibers can act as cofactors in inducing transformation of
human mesothelial cells in culture (Bocchetta et al. 2000) and in hamsters
(Krocynska et al. 2005). There are no studies reported on whether asbestos
fibers act as a potential cofactor with JC virus in cell transformation in vitro
or in tumorigenicity in animal models.

INFORMATION FROM ANIMAL STUDIES

Dosimetry Information

A major consideration in assessing the risk of cancer in the oral cavity,
pharynx, larynx, and gut after inhalation exposure to asbestos is the pro-
portion of inhaled fibers that enters those regions and how long the fibers
stay there. There is an extensive literature on the deposition and clearance
of inhaled particles in animals and humans. Research on the dosimetry of
inhaled radionuclides led to the development of extensive models of the
deposition and clearance of such inhaled particles because of the ease of
detecting the particles in the body. As noted in Chapter 4, the International
Commission on Radiological Protection (ICRP 1994) has published its
models. A recent dosimetry model for inhaled poorly soluble particles has
been published by the Environmental Protection Agency (Jarabek et al.
2005), which allows extrapolation of dosimetry between species.

It is known that poorly soluble particles that deposit in the oropharyn-
geal, laryngeal, and tracheobronchial region are cleared mainly by cough-
ing or movement up the mucociliary escalator followed by swallowing and
passage through the gut. There are fewer studies on deposition and clear-
ance of inhaled fibers. A multiple-path model of fiber deposition in the rat
lung developed by Asgharian and Anjilvel (1998) indicated that in oral air-
ways, where deposition is mainly by impaction, the larger the fiber aspect
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ratio, the lower the deposition by impaction. Modeling by Quinn et al.
(1997), however, suggested that greater length would cause fibers to de-
posit disproportionately higher in the tracheobronchial tree than aerody-
namically equivalent spheres. More recently, deposition of fibers in the hu-
man respiratory tract was studied by using a cast replica of the tract from
the nose to the oral cavity to the fourth bifurcation (Su and Cheng 2005,
Zhou and Cheng 2005); the oropharynx was found to be a preferred depo-
sition site, but apparently there was less oral deposition of fibers than of
spherical particles. Thus, one might use deposition data for spherical par-
ticles as an approximation for fibers.

On the basis of current knowledge, inhalation of asbestos would result
in deposition in the oral cavity, pharynx, larynx, and tracheobronchial re-
gion—all sites that lead to clearance of fibers through the gut. The toxicol-
ogy data summarized below suggest that fibers do not persist at the site of
deposition or in the gut long enough to induce toxicity in animal models at
the cancer sites of concern in this review.

Inhalation Toxicity Studies

The carcinogenicity of asbestos was first noted in humans. Thus, inha-
lation studies of the toxicity of asbestos in animals have not been directed
toward the carcinogenicity of asbestos, but toward more specific issues:
mechanisms of fiber-induced toxicity, including neoplasia; deposition and
fate of inhaled fibers; and comparison of the toxicity of other fibers with
that of asbestos. In that rodents are obligatory nose-breathers, inhalation
exposure will not expose the pharynx in a fashion that precisely replicates
human exposure. One would, however, expect a large portion of the inhaled
fibers ultimately to be ingested because of removal of the fibers from the
upper respiratory tract by the mucociliary escalator followed by swallowing.

Inhalation studies have been conducted in F344 rats (Hesterberg et al.
1993, 1994; McConnell et al. 1994a) and Syrian hamsters (McConnell et
al. 1994b, 1999) with exposures for 6 hr/day, 5 days/week for up to 24
months. Hesterberg et al. (1993, 1994) exposed F344 rats to chrysotile
asbestos fibers at 10 mg/m?3 as a positive control for comparison with re-
sponses to glass fibers. At the end of the 2 years of exposure to asbestos, the
rats had pulmonary fibrosis, one of 69 rats (1.4%) had mesothelioma, and
13 (19%) had lung tumors (adenomas and carcinomas). No lesions were
found in the oropharyngeal region, the gut, or the larynx (McConnell 2005).
Using the same species as an animal model, McConnell et al. (1994a) ex-
posed F344 rats to crocidolite asbestos at 10 mg/m? in a chronic study to
compare the response to asbestos with that to slag wool insulation fibers.
The exposure to asbestos fibers was terminated after 10 months because of
increased morbidity and mortality, and both mesotheliomas (1%) and lung



92 ASBESTOS

neoplasms (14%) were observed. No tumors were found in the oropharyn-
geal region, the gut, or the larynx.

When the Syrian hamster was used as an animal model, mesotheliomas
were observed but not lung tumors. In a chronic (24-month) inhalation
study of Syrian hamsters exposed to amosite for comparison with glass
fibers (McConnell et al. 1999), exposure at 250 fibers/cm?® for 78 weeks
resulted in a mesothelioma incidence of 20%. Again, no lesions of the
oropharyngeal region, the gut, or the larynx were observed (McConnell
20035). In another study by McConnell et al. (1994b), Syrian hamsters were
exposed to chrysotile asbestos at 10 mg/m3 for 18 months as a positive
control for comparison of responses with those to refractory ceramic fibers.
In this case, only pulmonary fibrosis was observed in the exposed hamsters,
and there were no neoplasms in the oropharyngeal region, the gut, or the
larynx (McConnell 2005).

The above studies indicate that rats are more sensitive to development
of pulmonary tumors following asbestos exposure than are Syrian hamsters
and that chrysotile is somewhat less potent than the amphiboles. In neither
species did chronic asbestos exposures by inhalation lead to tumors in the
oropharyngeal region, the gut, or the larynx.

Ingestion Toxicity Studies

One report of the toxicity of ingested asbestos involved F344 rats ex-
posed to asbestos in combination with subcutaneous administration of a
known intestinal carcinogen, azoxymethane (AOM) (Ward et al. 1980).
The asbestos was administered three times a week for 10 weeks by intra-
gastric bolus dosing (1 mg in 1 ml saline). The first iteration of this experi-
ment included a full complement of control groups and scheduled sacrifice
at 34 weeks; neither amosite nor chrysotile appeared to increase the inci-
dence of intestinal tumors above that produced by AOM alone, but they
both produced four-to-five-fold increases in metastatic intestinal tumors. A
life-span experiment with larger groups, but a more limited design, tested
only amosite vs AOM. The lack of untreated vehicle controls made inter-
pretation of the results difficult. Compared to historical controls, there was
a nonsignificant increase in neoplastic lesions in the gut of the rats exposed
only to asbestos; strictly speaking, one cannot know whether the results
observed were associated with the asbestos or with irritation from the pro-
cedure, although one would not anticipate that gavage itself would impact
the lower portion of the gastrointestinal tract.

The most definitive animal studies of oral exposure to asbestos were a
series of studies conducted by the National Toxicology Program (Technical
Reports 246, 249, 279, 280, and 295), in which asbestos (chrysotile, cro-
cidolite, and amosite) was administered in the feed of rats and hamsters
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(HHS 1983, 1985, 1988, 1990a, 1990b). Nonfibrous tremolite was also
tested in rats according to the same protocol (NTP Technical Report 277,
HHS 1990c). Animals were exposed to asbestos 1% of the diet, which was
estimated by the investigators to be about 70,000 times the greatest pos-
sible human exposure in drinking water. The concern at the time of the
studies was the potential toxicity of drinking water delivered through as-
bestos cement pipes, because slightly acidic water was known to leach the
cement and release asbestos fibers. Exposure of dams was followed by ex-
posure of the pups by gavage while they were nursing and then in the diet
for the remainder of their lives. Examination of the gut was extensive
(McConnell 2005). The entire intestinal tract was opened and examined by
running it over an “x-ray” view box. Even the smallest inflammatory lesion
would have been identified and saved for histopathologic examination. In
the gastronintestinal tract, sections of the esophagus, the entire stomach,
three levels of small intestine, and the cecum were examined. In addition,
the entire colorectum was fixed and then carpet-rolled and sectioned. That
allowed histopathologically examination of the entire colorectum (the sus-
pect target tissue). Any crypt lesion should have been identified, if present.
The only finding of note in the gastrointestinal tract was a slight increase in
the incidence of adenomatous polyps in the large intestine after exposure to
the intermediate-length chrysotile (from Quebec) in rats, but preneoplastic
changes in the epithelium were not found. No gastrointestinal lesions (in-
flammatory, preneoplastic, or neoplastic) were found after exposure to the
same sample of chrysotile in hamsters, to short chrysotile (from New Idria)
in hamsters or rats, to amosite in rats or hamsters, to crocidolite in rats, or
to nonfibrous tremolite in rats. The mesentery was examined in detail, as
well as mesenteric lymph nodes and sections of the larynx, trachea, and
lungs from every animal. No lesions were found in any of those tissues.
Asbestos fibers, particularly the amphibole types, are highly tissue-reactive
if of the appropriate length and would be hypothesized to produce lesions
throughout the gastrointestinal tract if they persisted in sufficient numbers.

Those studies involved extremely high exposures to asbestos in the gut
over the lifetime of the animals beginning with nursing pups. The examina-
tion of the gut and related tissues was thorough. The studies do not indicate
an association between ingested asbestos and neoplasia.

Summary

On the basis of animal studies of asbestos exposure in rats and Syrian
hamsters, one would not expect exposure to asbestos fibers at environmen-
tal or even occupational concentrations to increase the incidence of tumors
in the oropharyngeal region, the larynx, or the gut. Our knowledge of do-
simetry suggests that inhalation exposure to asbestos would result in clear-
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ance of a large amount of asbestos through the gut, but that the fibers
would quickly pass through the gut and be eliminated from the body. The
type of lesions observed after chronic exposures to asbestos fibers suggests
that the fibers were not retained at any site in amounts needed to cause
neoplastic change, although they did produce an increased incidence of (be-
nign) adenomatous polyps in the large intestine of rats at very high expo-
sure levels.

Although correspondence of tumor sites in humans and experimental
animals would constitute intuitively appealing evidence and would likely be
mechanistically consistent, it should be noted, however, that empirical con-
sideration of epidemiologic and experimental findings for known carcino-
gens has demonstrated that site-specificity is not necessarily the rule across
species (Maronpot et al. 2004). Most of the non-epidemiologic data consid-
ered in this chapter do not lend particular credence toward a given extra-
pulmonary site being the target of carcinogenic action in humans, but serve
to establish the precept that asbestos is a human carcinogen.

BIOMARKERS

Role of Biomarkers in Detection of Asbestos-Related Cancer

Biomarkers have not yet been used extensively in the early detection or
treatment of cancer. One of the more established biomarkers is the presence
of pleural plaques as a marker of pulmonary asbestosis and therefore in-
creased risk of development of pleural mesothelioma. In our review of
biomarkers for prediction of the development of laryngeal, pharyngeal, or
gastrointestinal tumors, we surveyed the literature for evidence of changes
in biomarker expression in animals (primarily rodents) and for serum and
radiographic biomarkers in humans. There seems to be no evidence that
definitively identifies a biomarker of asbestos exposure that predicts can-
cers of the larynx, pharynx, esophagus, stomach, colon, or rectum.

Animal Studies

Human malignant mesotheliomas are induced by fibrous dusts, but the
nature of the interactions between fibers and target cells, including the mo-
lecular mechanisms leading to tumorigenesis, are not fully understood. Sev-
eral studies in rats monitored mRNA expression patterns at different stages
of asbestos-induced carcinogenesis and demonstrated the up-regulation of
some proto-oncogenes—including c-myc, fra-1, and EGEFR in fiber-induced
disease. Several papers point to the possible role of fra-1 as one of the
dimeric proteins generating the immediate early gene (AP-1 transcription
factor) family of proteins, and there is some evidence of a dose-dependent
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increase in expression in mesothelial cells. There is also evidence that asbes-
tos induces mitochondrial DNA damage and dysfunction with dose-related
decreases in steady-state mRNA concentrations of cytochrome C oxidases.
That result of asbestos exposure led to mRNA expression of pro- and anti-
apoptotic genes and increased the numbers of apoptotic cells observed in
asbestos-exposed mesothelial cells in murine models. The possible contri-
bution of mitochondrial-derived pathways to asbestos-induced apoptosis
was confirmed by its reduction in apoptosis when the cells were pretreated
with a caspase-9 inhibitor. Genotoxicity and alterations in DNA synthesis
were observed in the livers, and somewhat less consistently in the serum, of
rats treated with asbestos.

Human Biomarkers of Asbestos Exposure

Several human studies have attempted to assay biomarkers of asbestos
exposure in human serum. Asbestos exposure can lead to early inflamma-
tory responses, such as the release of inflammatory cells that can be col-
lected by non-invasive methods; and several free radicals are involved in the
progression of asbestos-related diseases, ultimately leading to cytogenetic
changes. Therefore, extensive evaluations have been carried out of antioxi-
dant states and reducing equivalents such as reactive oxygen species.
Marczynski et al. (2000a) showed that concentrations of 8-OHdG in DNA
of white blood cells of workers highly exposed to asbestos in Germany were
significantly increased over those in the control group (p < 0.001). The
mean concentration for the 496 asbestos-exposed people was 2.61 = 0.91
8-OHdG/105 dG compared to 1.52 = 0.39 8-OHAG/10° dG for the 214
control subjects. Those results indicate that DNA samples from exposed
people contain 1.7-2 times the amount of oxidative damage found in con-
trols. The mechanism of action of fiber-induced oxidative damage has been
studied with common assays and other procedures. The association between
8-OHdG in the DNA of workers highly exposed to asbestos correlated with
a significantly increased risk of cancer compared with non-asbestos-exposed
controls, but the risk was not significantly higher (p > 0.05) than that in
asbestos-exposed patients without tumors of the respiratory tract, gas-
trointestinal tract, mouth-pharynx-larynx, or urogenital tract. These intrigu-
ing data suggest that there is a gradient in the concentrations of 8-OHdG in
white blood cells between asbestos-exposed patients with and without can-
cer and non-asbestos-exposed controls.

There has been extensive work on several DNA-inducible genes as
biomarkers of exposure to these agents, including p53 induction of DNA
strand breaks, p53 expression, and apoptosis in cell lines, particularly in
cultured mesothelial cells. In vitro data show significant biologic effects of
asbestos fibers in human blood cells, particularly lymphocytes and neutro-
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phils. There is little evidence to date with regard to asbestos-related bio-
markers obtained from human serial sampling other than the aforemen-
tioned compelling data in patterns of 8-OHdG descriptions of changes in
low-molecular-weight DNA fragmentation in the white cells of workers
highly exposed to asbestos (Marczynski et al. 2000b).

Summary

There is evidence of a difference between asbestos-exposed people and
non-asbestos-exposed people in modulation of DNA-adduct formation, as
demonstrated by a significant elevation in the concentration of 8-OHdG in
DNA of white blood cells from asbestos-exposed people. There are no com-
pelling data, however, that can differentiate between the concentrations of
these DNA adducts in the lymphocytes of cancer patients exposed to asbes-
tos and of other people exposed to asbestos.
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Description of Epidemiologic Studies
Included in Evidentiary Dataset

COHORT STUDIES

Reports Included in the Evaluation of Cancer Risks

Table 6.1 delineates the 40 main cohort populations that passed the
committee’s primary eligibility criteria and were found to contain usable
information on the risk of cancer at one or more of the sites of interest for
this review. Some of the cohorts contained subpopulations (such as men
and women) whose results were reported separately. Furthermore, tracking
of multiple aspects of the health over decades in many of the cohort popu-
lations has resulted in numerous published analyses. Among these, this com-
mittee was interested in the most complete, and thus usually the most re-
cent, citation addressing cancer incidence or mortality. Specific citations
contributing information to this review are given in the rightmost column.
In some instances, different publications provided the most complete infor-
mation on a given subpopulation or cancer site, so more than one citation
may have served as a source of evidence on a single main cohort popula-
tion. Table B.1 in Appendix B provides more detail about the overall his-
tory (such as updates and the nature of asbestos to which the subjects were
exposed) of each studied population on a citation-specific basis; boldface
indicates particular citations that were the source of evidence abstracted for
any of the cancer sites under consideration.

Table 6.2 presents results observed in the informative cohort populations
with regard to the recognized asbestos-related health effects: asbestosis,
mesothelioma, and lung cancer. Those findings provide a rough indication
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118 ASBESTOS

of asbestos exposure and of how informative each of the cohorts might be
expected to be in contributing evidence to the committee’s evaluation of
asbestos’s role in others cancers.

For the cohorts that provided information on at least one of the se-
lected cancer sites, Figure 6.1 gives a graphic indication of the period when
exposure was occurring and of the length of the most recent (most com-
plete) follow-up of the vital status of the cohort members. The figure also
includes the percentage of the original cohort members found to have died
as an index of a cohort’s “maturity,” which suggests how much additional
information might be garnered if follow-up were extended for the cohort.

Figure 6.2 presents an analogous picture for the roughly six dozen
asbestos-exposed cohorts that the committee screened for the selected can-
cers but found no usable information. The most recent citation related to
cancer outcomes is specified. The considerably greater number of cohorts in
the uninformative category gives an indication of the extent to which re-
search has focused on reporting respiratory outcomes of asbestos exposure.

The cohort studies retained for the evidentiary dataset addressed de-
fined occupational cohorts in specific asbestos industries (such as mining
and milling, cement, textile, and friction products), in less clearly specified
industries (such as “asbestos factory”), or employed in certain occupations
with documented asbestos exposures (such as insulators). Some of the co-
hort studies derived qualitative categories of asbestos exposure based on
individual work history or clinical factors (such as presence of pleural
plaques). Quantitative exposure assessments to enable dose estimation were
available only for a small percentage of the studies.

We summarized findings from reports of cohort studies of asbestos-
exposed workers in which cancer-risk data were available on at least one of
the specific cancers of interest as delineated in Table 6.1. The main cohort
populations were made up of workers employed in asbestos mining (6);
manufacturing and use of insulation (3), textiles (4), cement (7), friction
materials (4), and various other asbestos products, such as gas masks (7);
and in other occupations with substantial asbestos exposure (5). The most
recent report of a cohort study was selected if there had been repeated
follow-ups; this was the case for studies of the London East End factory
(Berry et al. 2000), US textile workers (Dement et al. 1994), Quebec miners
(Liddell et al. 1997, McDonald et al. 1993), and North American insulation
workers (Selikoff and Seidman 1991); see Table B.1 for a listing of the
citations that were superseded.

We also included in our review three studies of cohorts of patients with
asbestosis or nonmalignant pleural disease who had worked in any of nu-
merous unspecified industries and occupations (Germani et al. 1999,
Karjalainen et al. 1999, Szeszenia-Dabrowska et al. 2002) under the as-
sumption that there was a high likelihood of exposure of cohort members



DESCRIPTION OF EPIDEMIOLOGIC STUDIES

Cohort Population
(location — number, description)

1900
*

1920

*

1940

*

1960

*

1980 2000

*

*

Time Elapsed to Final Follow-up
(+ marks earliest exposure, if known)
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Percent
Original
Cohort Dead

Patients with Asbestos-Related Disease
1. Ttaly —

631 women compensated for asbestosis
2. Finland —

a. 1,376 asbestosis patients

b. 4,887 patients with pleural disease
3. Poland —

a. 907 men with asbestosis

b. 490 women with asbestosis
4. US clinical trial monitoring 3,897

asbestos-exposed men

Mining
5. Wittenoom Gorge, Western Australia —
crocidolite mining industry workers
Quebec, Canada - Asbestos and Thetford
Mines — 9,708 men
. Finland - Paakkila and Maljasalmi Mines
— 736 men, 167 women
Balangero, Italy — 1,058 men
Northern Transvaal, South Africa - North
West Cape Blue and Penge Mines —
7,317 white men
10. Libby, MT, US - NIOSH sample —

575 men

&

~

0 x

Insulation Manufacture/Insulators

11. Canada and US
a. 632 male insulation workers before
1943 in NY and NJ, US
b. Paterson, NJ, US — 820 men
producing amosite asbestos insulation
for shipbuilding
¢. 17,800 male members in 1967 of
asbestos insulation unions

12. Uxbridge, UK - Cape [insulation]
Boards Plant — 5,969 men

13. East London, UK — 1,400 male laggers

14. Tyler, TX, US — 753 white male
asbestos pipe-insulation plant workers

+
+
B ——
1900 1920 1940 1960 1980 2000
* * * * * *

FIGURE 6.1 Follow-up on informative cohorts.

44%

Inc
Inc

33%
25%

Inc

82%
Inc
40%
17%

28%

76%

72%

28%

7%

30%

continues
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1900 1920 1940 1960 1980 2000

* * * * * *
Percent
Cohort Population Time Elapsed to Final Follow-up Original
(location — number, description) (+ marks earliest exposure, if known) Cohort
Dead
Asbestos Textile Workers
15. Italy — 889 male and 1,077 female textile =~ eememmmmmmeee e 28%
workers
16. Rochdale, Northern England — 3,639 35%
asbestos textile workers
17. Charleston, SC, US — 3,022 asbestos ~ eemmmmeeeeeeeee 42%
textile workers
Asbestos Cement
18. Denmark - Danish Eternit Ltd. cement =~ —=ememmmmmmmm e 18%
factory — 8,580 employees
Colorectal cancer only 25%
19. Emilia Romagna, Italy — 10 cement ~ meememeee e 8%
factories — 3,341 workers
20. Casale Monferrato, Italy — asbestos + 30%
cement production — 3,367 workers
21. Lithuainia - Daugeliai and Akmene + e 25%
Factories — 1,887 workers
22. Southern Sweden — 1,929 asbestos 40%
cement plant workers
2,507 workers followed for colon cancer Inc
23. Tamworth, England, UK - 2,167 TAC 22%

Construction Materials Ltd. Employees
24.New Orleans, LA, US — 6,931 workers ~ —ecemmmmmmmeeeeeen 31%
at two asbestos cement plants

Friction Materials
25. Ontario, Canada — 1,657 workers at two ~ cmeememeee e ?
automotive parts factories

26. Ferodo, UK — 13,450 friction materials 19%

factory workers
27. USSR — 2,990 workers ?
28. New York, US — 2,057 friction products 13%

manufacturers

1900 1920 1940 1960 1980 2000
* * * * * *
continues

FIGURE 6.1 Continued
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1900 1920 1940 1960 1980 2000
* * * * * *
Percent
Cohort Population Time Elapsed to Final Follow-up Original
(location — number, description) (+ marks earliest exposure, if known) Cohort
Dead
Generic "Asbestos Workers"
29. China — 5,893 workers fromeight e 8%
asbestos factories
30. Qingdao, China — 530 asbestos plant e ?
workers
31. Federal Republic of Germany — 3,735 --- 7%
asbestos-related workers from national
register
32. East London, UK — 3,000 male (bp)and ~ cememememeeeeeee ~24%
700 female (c) asbestos factory workers
(subgroup a makes up pop 13)
33. Lancashire, UK — 1,327 female gas ~ —eemeemeeeeeees 33%
mask manufacturers
34. England and Wales, UK — national ~ ceeeen 4%
survey of 31,150 male asbestos workers
35. USA — 1,074 white male asbestos e 88%
industry retirees
Other Occupations with Substantial
Asbestos Exposure
36. Ontario, Canada — 25,285 members of < 11%
plumbers' and pipefitters' union
37. Finland — 7,775 male shipyard workers ~ ceemeemeeme e Inc
38. Tuscany, Italy — 734 railway-carriage R 27%
construction and repair workers
39. Genoa, Italy — 3,959 workers inship e 60%
repair, refitting, and construction
40. Gothenburg, Sweden — 3,787 shipyard - Inc

workers

1900 1920 1940
*

# *

FIGURE 6.1 Continued

1960
*

1980 2000

*

*

to asbestos. Additionally, we included a cohort of asbestos-exposed people

who had been monitored in a clinical trial (Aliyu et al. 2005).

We reviewed but did not include cancer-risk data from studies of co-
horts of workers in several industries in which modest asbestos exposure
occurred in conjunction with major exposure to other toxic agents, such as
a refinery and petrochemical plant (Tsai et al. 1996), rubber industry (Straif
et al. 1999), and a nitric acid factory (Hilt et al. 1991).

Health Outcome Data

In most of the cohort studies reviewed, cancer mortality was the health
outcome analyzed. There were very few cancer incidence studies; the excep-



122

1900

Cohort Population
(location — number, description)

*

1920

*

1940

*

1960 1980 2000

* *

*

Time Elapsed to Final Follow-up
(+ marks earliest exposure, if known)

ASBESTOS

Percent
Original
Cohort
Dead

Patients with Asbestos-Related Disease

London Hospital, UK — 41 patients with
asbestosis (Keal 1960)

London, Cardiff, and Swansea, UK — 665
men with asbestosis (Berry 1981)

Finland — 122 asbestos sprayers and 128
asbestosis patients (Oksa et al. 1997)

Czech Republic — people with pleural
plaques (Navratil et al. 1988)

Osaka, Japan — 296 asbestos workers and
107 patients with asbestosis (Sera and
Kang 1981)

Mining

New York State, US — 260 talc miners and
millers (Kleinfeld et al. 1974)

Lead, SD, US — 440 hard rock
gold miners (Gillam et al. 1976)

Enoree, SC, US — 194 male
vermiculite miners and millers
(McDonald et al. 1988)

Italy — 487 rock salt mine workers (Tarchi et
al. 1994)

Via Chisone, Italy — 1795 male talc miners
and millers (Coggiola et.al 2003)

Cape Province, South Africa — crocidolite
miners and residents (Wagner et al.
1960)

South Africa — miners and asbestos-cement
workers (Goldstein et al. 1975)

Wittenoom Gorge, Western Australia —
1,203 miners and millers (Musk et al.
1998)

+ e
+ -
1900 1920 1940 1960 1980 2000
* * * * * *

73%

43%

14%

42%
16%

26%

21%

continues

FIGURE 6.2 Follow-up on asbestos-exposed cohorts without information on

selected cancers.
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1900 1920 1940 1960 1980 2000
*

* * * * *
Percent
Cohort Population Time Elapsed to Final Follow-up Original
(location — number, description) (+ marks earliest exposure, if known) Cohort
Dead
Insulation Manufacture and Insulators (Laggers)
Asbestos insulators by union records -
(Kleinfeld et al. 1967)
Amosite insulation plant (Joubert et al. + e
1991)
Belfast, Northern Ireland — 170 male ~  —ceemmmeee o 72%
insulation workers (Elmes and Simpson
1977)
Italy — 893 insulation workers (Menegozzo ~  semememeememeeeeee
et al. 2002)
Sweden — 269 male insulation workers s 32%

(Jarvholm and Sanden 1998)
Denmark — 953 male insulation workers -
(Petersen and Venstrup-Nielsen 1982)

Asbestos Textile Workers

London, UK — 379 male asbestos-textile =~ —ememememmmemeeeee
factory workers (Berry et al. 1979)

Lodz, Poland — asbestos-textile factory
(Selikoff 1989)

Lodz, Poland — asbestos processing plant
(Wilczynska et al. 1990)

Gas Mask Manufacture

UK - gas-mask manufacturing (WWII)
(Jones et al. 1980)

Canada — 199 gas mask manufacturers ~ eeeemememeeeeeees 28%
(McDonald and McDonald 1978)

Friction Materials

New York State, US — 2,057 male friction ~  ccemmmmeeemeeeee
products manufacturers (Parnes 1990)

USSR — workers on machines processing
brakes (Latsenko and Kogan 1990)

1900 1920 1940 1960 1980 2000
* * * *

* *

continues

FIGURE 6.2 Continued
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Cohort Population
(location — number, description)

ASBESTOS

1900 1920 1940 1960 1980 2000

# # * * # #

Percent
Original
Cohort
Dead

Time Elapsed to Final Follow-up
(+ marks earliest exposure, if known)

Asbestos Cement

US — 4,231 male cement-plant and quarry
workers (Amandus 1986)

Paray-Le-Monial factory, France — 1,506
males (Alies-Patin and Valleron 1985)

Belgium — 1,973 asbestos cement workers
(Lacquet et al. 1980)

Casale Monferrato, Italy — 1,964 wives of
asbestos cement workers (Magnani et al.
1993)

Sweden — 1,176 males (Ohlson and
Hogstedt 1985)

Austria — 2,816 males (Neuberger and
Kundi 1990)

Lithuania, Akmene factory — 2,498 Portland
cement workers (not asbestos) (Smailyte
et al. 2004b)

Poland — 4,712 workers at four cement
plants (Szeszenia-Dabrowska et al.
1997)

Poland — 3,220 workers at two cement
plants (Szeszenia-Dabrowska et al.
2000)

?- asbestos cem ent workers (Gurvich et al.
1993)

Israel — 3,608 asbestos-cement workers
(Djerassi et. al 1979)

South Africa — miners and asbestos cement
workers (Goldstein et al. 1975)

Generic "Asbestos Workers"

New Jersey, US — 878 household contacts of
asbestos factory workers (Joubert et al.
1991)

US — asbestos plant (Mancuso and Coulter
1963)

US — 1,493 asbestos plant workers
(Mancuso and el-Attar 1967)

US — 264 males in asbestos-products factory
(Weiss 1977)

US — textile, friction, and packing products
(Robinson et al. 1979)

FIGURE 6.2 Continued

14%

14%

19%

18%

13%

24%

25%

1900 1920 1940 1960 1980 2000

* * * * * *

continues
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1900 1920

* *

1940

*

1960

*

1980 2000

*

*

Cohort Population
(location — number, description)

Time Elapsed to Final Follow-up
(+ marks earliest exposure, if known)
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Percent
Original
Cohort
Dead

Other Occupations with Substantial

Asbestos Exposure

Poland — 1,190 female asbestos producing
plant workers (Szeszenia-Dabrowska et
al. 1986a)

Poland — 2,403 male asbestos-products
workers (Szeszenia-Dabrowska et al.
1986b)

Urals, USSR — asbestos industry (Kogan et
al. 1972)

China — asbestos workers (Zhou et al. 1996)

Tianjin, China — 1,172 asbestos workers
(textile friction cement) (Cheng and
Kong 1992)

Chonggqin, China — 515 male asbestos plant
(material mined in Sichuan) workers
(Yano et al. 2001)

Osaka, Japan — 296 asbestos workers and
107 patients with asbestosis (Sera and
Kang 1981)

Osaka, Japan — asbestos factory (mainly
textile) (Morinaga et al. 1990)

Osaka, Japan — 789 workers in small
asbestos industries (Morinaga et al.
1991)

Ship, Rail, Plane,Car - Manufacture and Mainteance

Northeast England — 3,489 shipyard workers
(Newhouse et al. 1985a)

Plymouth, UK — 1,377 dockyard workers
(Lumley 1976)

Devonport, UK — 6,292 male dockyard
workers (Rossiter and Coles 1980)

Northern Italy — 8,626 aircraft
manufacturers (Costa et al. 1989)

Italy — 1,534 male railroad-car maintenance
workers (Menegozzo et al. 1993)

1900 1920
*

*

FIGURE 6.2 Continued

1940

*

1960

*

1980 2000

*

*

11%

14%

8%

16%

17%

8%

13%

continues



126

Cohort Population
(location — number, description)

ASBESTOS

1920 1940 1960 1980 2000

* * * * *

1900
*

Percent
Original
Cohort
Dead

Time Elapsed to Final Follow-up
(+ marks earliest exposure, if known)

Italy — railroad repair shop (Magnani et al.
1986)

Colleferro, Italy — 276 railroad equipment
manufacturers (Blasetti et al. 1990)

Finland — 7,775 shipyard workers and 4,918
machine-shop workers (Tola et al. 1988)

Finland — 8,391 male locomotive drivers
(Nokso-Koivisto and Pukkala 1994)

Iceland — 6,603 male marine engineers
(Rafnsson and Sulem 2003)

Building Materials, Construction, Carpenters, Plumbers, and Pipefitters

Ontario, Canada — 324 male construction
materials workers (Finkelstein 1989b)

Sweden — 135,000 construction workers
(Fletcher et al. 1993)

Sweden — 260,052 male construction
workers (Jansson et al. 2005)

19 US states — 61,682 white males in
construction industry (occupation from

death certificates) (Robinson et al. 1995)

US —27,527 in AFL-CIO Brotherhood of
Carpenters and Joiners of America
(Robinson et al. 1996)

US — 11,791 in construction labor union
(Stern et al. 1995)

US — 13,363 in bridge-construction union
(Stern et al. 1997)

US — 11,298 males in roofing and
waterproofing union (Stern et al. 2000)

US - 13,020 male deaths in plastering and
masonry union (Stern et al. 2001)

North Carolina, US — 29,554 male
construction workers ("usual
occupation” on death certificates)
(Wang et al. 1999)

US — 84,000 members of International
Union of Bricklayers and Allied Craft
Workers (Salg and Alterman 2005)

FIGURE 6.2 Continued

13%

- 100%

- 100%

- 100%
J— 100%
........................ 100%

100%

100%

100%
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continues
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1900 1920 1940 1960 1980 2000

* * * * * *

Percent
Cohort Population Time Elapsed to Final Follow-up Original
(location — number, description) (+ marks earliest exposure, if known) Cohort
Dead
California, US - 7,121 plumbersand ~ ceeeeeeee 100%
pipefitters (Cantor et al. 1986)
Finland — asbestos sprayers and asbestosis ~~ ceemeemeemeeeee
patients (Oksa etal. 1997)

Asbestos as Possible Confounding
Exposure
Sweden— 96,000 construction workers
(Albin et al. 1998)
Sweden — 1,932 male ferrochromium + e 20%
workers (Axelsson et al. 1980)
USA - 9,028 cable manufacturers (Ward et 49%
al. 1994)
Germany — 1,221 arc welders (Becker 1999) e 22%
Nine European countries — 11,092 male 10%
welders (shipyard, stainless steel, mild
steel) (Simonato et al. 1991)
Welders (some shipyard) (Moulin et al.
1993)
New York, NY, US — 385 sheet metal - 100%
workers (Zoloth and Michaels 1985)
New York, NY, US — 331 sheet metal - 100%
workers (Michaels and Zoloth 1988)
9,605 sheet metal workers (Welch et al.
1994)
Tonawanda, NY, US — 8,146 malesat ~~ commmmmeo
research, engineering, & metal
fabrication facility (Teta and Ott 1988)
New Zealand — 3,522 male foundry and ~ meemeememeeeee 28%
heavy engineering workers (Firth et al.
1999)
Norway — 3,563 boiler welders (Danielsen et ~ cememmemeeeeeeeeen 18%
al. 1996)
Norway — 4,778 shipyard workers (Melkild F e
et al. 1989)
Norway — 4,571 shipyard workers (service + 24%
yard established 1900) (Danielsen et al.
1993)
Anshan, China — 8,887 iron and steel +
workers (Xu et al. 1996)
Norway — 6,494 male ferrosiliconand ~ emeemememeeee
ferromanganese plant workers (Kjuus et
al. 1986a)
Norway— 790 male calcium carbide plant ~ cemeeeemeeeee
workers (Kjuus et al. 1986b)

1900 1920 1940 1960 1980 2000

* B # * B #

continues

FIGURE 6.2 Continued
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1900 1920 1940 1960 1980 2000

* * * * * *
Percent
Cohort Population Time Elapsed to Final Follow-up Original
(location — number, description) (+ marks earliest exposure, if known) Cohort
Dead

Finland — 42,469 seafarers (Pukkalaand ~ ceeeemeeeees
Saarni 1996)

England — 7,981 cancers in electric workers +
(Fear et al. 1996)

Denmark — 32,006 from 99 utility e
companies (Johansen and Olsen 1998)

Multicenter, International — 29,820 males in + e
asphalt industry (Boffetta et al. 2003)

British Columbia, Canada — male workers at +
14 pulp and paper mills (Band et al.
2001)

Norway — pulp and paper industry (Langseth
and Andersen 2000)

13 countries — 62,937 male pulp and paper ~ smeemeemeeemeeeees
industry workers (Carel et al. 2002)

Norway — 153 electro-chemical plant -
workers (Hilt 1987)

Norway — 1,756 male nitrate-fertilizer plant o
workers (Zandjani et al 1994)

1900 1920 1940 1960 1980 2000

* * * * * *

FIGURE 6.2 Continued

tions were studies of Swedish insulation workers (Sanden and Jarvholm
1987) and of cement workers in Sweden (Jakobsson et al. 1994) and Den-
mark (Raffn et al. 1989, 1996). Consequently, disease occurrence may have
been under-ascertained in some cohort studies, especially for pharyngeal,
laryngeal, and colorectal cancers, which generally have higher survival rates
than esophageal and stomach cancers. Although under-ascertainment would
tend to diminish the power of these studies, it is unlikely to have created an
important systematic bias because it is reasonable to assume that the extent
of disease ascertainment was unrelated to asbestos exposure.

Cancer mortality information in the cohort studies was derived pre-
dominantly from death certificates. Death-certificate data were augmented
with clinical information (such as an autopsy reports or medical-chart re-
views) in studies of North American insulation workers (Selikoff and
Sediman 1991) and German workers in various industries (Woitowitz and
Seidman 1986) to derive “best-evidence” risk estimates. We reported those
“best-evidence” relative risks (RRs) in our summary of findings, acknowl-
edging that they may over-estimate risks somewhat because comparison
rates, typically from national populations, were limited to death-certificate
data.
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To evaluate the individual risks of cancer of the pharynx, larynx,
esophagus, stomach, colon, or rectum, one would want to consider together
reported statistics for International Classification of Diseases (ICD) codes
146-148, 161, 150, 151, 153, and 154, respectively, but in practice many
publications grouped their findings into broader ranges. As explained in
Chapter 2, the committee determined that the only coarser groupings of
sites that could be considered meaningful were pharynx with oral cavity,
larynx with epilarynx (portions of the oropharynx specified as ICD codes
146.4, 146.5, and 148.2), and rectum with colon.

In addition to studies reporting on the selected cancers in acceptable
categories, the assembled literature on asbestos-exposed cohorts included
some papers presenting data only for “gastrointestinal” or “abdominal”
cancers. Such groupings make the findings for esophagus, stomach, colon,
and rectum indistinguishable, and also potentially included cancers of the
pancreas, liver, gall bladder, and small intestine, which are not relevant to
this review. Although the desired site-specific findings are not recoverable,
for completeness, Table 6.3 presents results for aggregated gastrointestinal
cancers from those cohort studies that provided their findings only in such
form. The information gathered in this table could not be used by the com-
mittee in reaching its conclusions.

Data on the specific cancers of interest to the committee (cancers of the
pharynx, larynx, esophagus, stomach, colon, or rectum) came from 40 ma-
jor cohort populations. None of the cohort studies included data on histo-
logic type of cancer; although many of the 36 case-control studies (dis-
cussed in the following section) involved histologic confirmation of cancer
diagnosis, their results were not generally presented by histologic type. Fur-
thermore, few of the studies provided data specific for cancer subsites. As a
result, the committee did not attempt to draw conclusions at a more refined
level than the groupings specified in its charge.

Exposure Assessment

Considerable attention has been given to possible differences among
fiber types in their potential to cause cancer, especially in the context of
examining mesothelioma risk. Recent reviews suggests that, rather than
having no carcinogenic activity, chrysotile has a generally lesser degree of
potency than amphibole fibers and that the various types of amphibole
fiber have differing potency in the extent of their biological activity (Britton
2002, IPCS 1998, Roggli 2006, Roggli et al. 1997, Suzuki et al. 2005).

In this review, we noted predominant fiber types where information
was provided. Table 6.4 provides an alphabetical listing of the informative
citations and the corresponding cohort populations, which will facilitate
cross-referencing from the citations listed in the summary figures of site-
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specific Chapters 7-11. Table 6.4 also specifies the types of asbestos to
which the cohorts were exposed. The contents of Table 6.4, however, dem-
onstrate for workers in these cohorts that exposures have often been mixed,
with one type of asbestos commonly being contaminated by others and
with some industrial processes intentionally involving mixtures. If infer-
ences could only be drawn from studies of exposure to a single type of
asbestos, the database would be inadequate to draw any conclusions. There
was only one informative cohort population for exposure to anthophyllite
and one for exposure to tremolite or actinolite; two separate populations
were said to have been exposed to amosite exclusively; two popula-
tions divided only by time from Wittenoom Gorge were the only ones con-
sidered as exposed only to crocidolite; while 10 of the 45 citations re-
ported only exposure to serpentine chrysotile. For the remainder, the re-
searchers stated the exposure was mixed or did not attempt to characterize
it beyond “asbestos.” Predictably, chrysotile was the most frequently men-
tioned type. There were too few studies of single forms of asbestos to sup-
port separate evaluations according to fiber type and inclusion of studies
with exposure to mixed or unknown fiber types would have generated
fiber-type-specific associations subject to considerable uncertainty; conse-
quently the committee did not characterize associations by fiber type.

The type and quantity of data available for assessing asbestos expo-
sures varied considerably among studies. The committee partitioned these
methods of exposure assessment into categories of relative quality. Al-
though the underlying data may have been gathered with a variety of meth-
ods having different sensitivities, the highest category of relative quality
was quantitative estimates of the concentration of asbestos fibers based on
workplace measurements. The optimal, but rarely available, exposure met-
ric was deemed to be cumulative exposure, in which concentrations mea-
sured with reliable industrial-hygiene techniques would be combined with
each individual’s job history to obtain years of exposure to concentrations
expressed as mppcf (million particles per cubic foot) or f/cm? (fibers per
cubic centimeter) of air. Such estimates of cumulative exposure were de-
rived only in studies of South Carolina textile workers (Dement et al. 1994;
McDonald et al. 1982, 1983), Quebec chrysotile miners (McDonald
and McDonald 1997), Italian chrysotile miners (Rubino et al. 1979),
Wittenoom Gorge, Australia crocidolite miners (Reid et al. 2004), and
Louisiana cement-factory workers (Hughes et al. 1987).

A second tier of exposure assessment quality consisted of more qualita-
tive approaches to deriving scales for dose-response analyses. In numerous
studies, less specific data, such as duration of employment in the industry or
occupation or ordinal rankings of jobs (for example, “heavy” and “light”),
served as surrogates in dose estimation.

In the remaining studies, absence of any sort of detailed exposure data
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from which gradients could be defined limited risk estimation to contrasts
between exposed and non-exposed (“any vs none” in the meta-analyses),
typically formulated as risk comparisons between an entire cohort and the
general population. In practice, even studies in which quantitative exposure
data had been gathered seldom reported dose-response gradients for the
selected cancers of interest in this review. Lung cancer, which is far more
common, was the principal focus in those studies; perhaps concerns about
limitations of statistical power prevented partitioning the small observed
number of these other cancers into exposure categories. Consequently, many
of the cohorts in which exposure had been extensively assessed contributed
no more to this evaluation for the selected cancers than an “any vs none”
comparison with the general population. The dearth of quantitative dose-
response data is clearly a limitation of the literature on the selected cancers.

As reflected in the results tables in Appendix D, for each cohort study,
we transcribed estimates of RR for the entire cohort compared with the
general population (a contrast of any exposure vs no exposure) and, when
exposure gradients were defined, for the subgroup in the most extreme ex-
posure category (a contrast of high exposure vs no exposure).

CASE-CONTROL STUDIES

Reports Included in the Evaluation of Cancer Risks

The committee’s search for relevant case-control studies first screened
the literature for investigations of the selected cancers that included occupa-
tion among the risk factors considered and then retained those that actually
assessed and reported asbestos exposure. Table 6.5 summarizes the 36 case-
control studies that were found to be informative for any of the cancer sites
of interest, ordered by the quality of the method of exposure assessment
used (as described below). Details about the design characteristics of the
studies can be found in Table C.1 in Appendix C.

Although multiple publications may result from a single case-control
investigation, in general they do not have as complex histories as do cohort
studies carried out over several decades. This chapter’s presentation of the
case-control studies evaluated in a single one-page table, in contrast to the
several multipage tables and figures shown concerning the cohort studies, is
not a reflection of the relative importance of these two study designs in the
committee’s evaluation. Both designs have their merits, and the results from
both are complementary.

The case-control method has several specific strengths in comparison to
the cohort study design, some of which may be particularly advantageous
for studies of asbestos. First, case ascertainment can be accompanied by
pathological review of cancers, thus validating the cancer type and allowing
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TABLE 6.5 Summary of Case-Control Studies Addressing Selected
Cancers

Type of Cancer Investigated
Quality of Exposure P 8

Characterization Pharyngeal Laryngeal Esophageal  Stomach Colorectal
High
11 unique Berrino Berrino
citations et al. (2003) et al. (2003)
Dietz et al. Dumas
(2004) et al. (2000)
Gustavsson  Gustavsson  Gustavsson Goldberg
et al. (1998) etal. (1998) etal. (1998) et al. (2001)
Marchand ~ Marchand  Parent Parent

et al. (2000) etal. (2000) et al. (2000) et al. (1998)

Merletti Muscat and

etal. (1991) Wynder
(1992)
Wortley
et al. (1992)

Medium
15 unique Brown et al. Cocco et al.  Demers
citations (1988) (1994) et al. (1994)

Burch et al. Krstev et al.  Fredriksson
(1981) (2005) et al. (1989)
De Stefani Garabrant
et al. (1998) et al. (1992)
Elci et al. Hardell
(2002) (1981)
Hinds et al. Neugut
(1979) etal. (1991)

Luce etal.  Luce et al. Spiegelman

(2000) (2000) and Wegman

(1985)

Zagraniski
et al. (1986)

continues
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TABLE 6.5 Continued

Type of Cancer Investigated

Quality of Exposure

Characterization Pharyngeal Laryngeal Esophageal  Stomach Colorectal
Low
10 unique Ahrens Ekstrom Gerhardsson
citations et al. (1991) et al. (1999) de Verdier
et al. (1992)
Olsen and  Hillerdal Hillerdal Hillerdal
Sabroe (1980) (1980) (1980)
(1984)
Shettigara Vineis et al.
and Morgan (1993)
(1975)
Stell and
McGill
(1973)
Zheng et al. Zheng et al.
(1992b) (1992a)
36 unique 6 18 3 S 11

citations

differentiation among histologic types. For example (although not specifi-
cally considered in the studies gathered for this review), esophageal cancer
can be squamous or it can be adenocarcinomatous; the types are biologi-
cally and epidemiologically distinct. Second, cases can be (and generally
are) studied shortly after diagnosis, and so survival rates do not so strongly
influence case inclusion, as they do in occupational cohorts that rely on
mortality records to define outcomes. Incidence-based case-control studies
would be expected to be useful for investigating all the cancers in this re-
view aside from esophageal cancer. Third, case-control studies are well
suited to less common diseases, which would not occur in enough subjects
in a typically sized cohort to permit any detailed analysis. This characteris-
tic applies to laryngeal, pharyngeal, esophageal, and stomach cancers. Fi-
nally, case-control studies are well suited to exposures that cause disease
only after a long latent period, as is presumed to occur between asbestos
exposure and cancer.

Case-control studies also have disadvantages. First, there is a potential
of unanticipated selection factors in choosing controls, leading to selection
bias. Second, because the design is retrospective, it can be unclear whether
exposure preceded or concurred with the outcome of cancer, although this
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is unlikely to be an issue for health effects arising from asbestos exposure,
which typically have long latency periods. Third, recall bias poses some
concern, but the greatest disadvantage and challenge of case-control studies
is the overall difficulty of validly and reliably assessing exposure.

Health Outcome Data

Case-control studies examine the association between asbestos and can-
cer by identifying people with cancer (cases) and comparing their asbestos
exposure with that of people without cancer (controls). Because exposures
occurred in the past, the case-control design is termed retrospective. Cases
can be ascertained over a specified period from a hospital or medical prac-
tice where cancer is treated. When cases are selected that way, the case-
control study is called a hospital-based case-control study and typically in-
volves as controls people who were treated at the same institutions for
noncancer conditions. Cases can also be ascertained from a source that
allows identification of all cancer occurring within a defined geographic
area over some period, often through a hospital network or cancer registry.
This type of case-control study is called a population-based case-control
study and typically involves as controls people sampled in the underlying
community from which cases arose. For example, controls may be selected
from driver’s-license or voter-registration lists, by random dialing of tele-
phone numbers, or by random contacting of neighbors.

In either the hospital-based or the population-based design, the strategy
is to find controls that differ from cases only with regard to asbestos expo-
sure. Cases and controls should not systematically differ in other important
respects. For that reason, the population-based case-control method is some-
times considered methodologically superior to the hospital-based method.
In the latter, controls with diseases other than cancer may have nonrandom
patterns of asbestos exposure. Every attempt is made to avoid selection of
controls who would have been systematically exposed to asbestos, such as
hospital-based people with pleural plaques or mesotheliomas. Similarly,
every attempt is made to avoid controls who systematically would not have
been exposed to asbestos. For example, one would avoid a comparison of
men with cancer to women without cancer, because women are less likely
to have worked in an asbestos-exposed occupation.

Exposure Assessment

Unlike cohort studies, which have access to workplace data, assessment
of exposure in occupational case-control studies almost always relies on
subject recall. Information on the type of asbestos fiber to which subjects
were exposed was uniformly unavailable in the case-control studies. The
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quality of an exposure assessment is determined by the type and amount of
data collected, how the information was collected, and how it is used to
assign exposure.

The best case-control studies collected detail lifetime work histories by
using a structured interview or extensive questionnaires and assigned expo-
sure on the basis of a review of the data by an “expert” in exposure or the
use of a job-exposure matrix (JEM) created specifically to look at asbestos
exposure. Those methods avoid some of the limitations of recall bias be-
cause exposure is not directly self-assessed, and they greatly improve the
quality of the assessment.

Moderate-quality studies collected less detailed or more limited work-
history information (for example, relied on proxy respondents or collected
information on only the longest held jobs) or assigned exposure by using a
multipurpose JEM that did not consider level of exposure. The best- and
moderate-quality studies were combined in the exposure-assessment method
(EAM) category “EAM = 1” for the meta-analyses.

The lowest-quality studies (“EAM = 2” for the meta-analyses) consid-
ered in this review used self-ascribed exposure based on direct questions or
had very limited work-history information, as was the case for the lowest
tier of studies in Table 6.5.

The method used to measure exposure to asbestos was an important
criterion in reviewing the case-control studies. Case-control studies that used
job information abstracted from death certificates were excluded from this
evaluation, and none of those retained happened to have gathered exposure
information from workplace records. They all used some sort of structured
or semi-structured interview administered in person, over the telephone, or
by mail (with or without the option of follow-up by telephone); these are
listed in decreasing order of desirability. The committee decided to set aside
case-control studies in which exposure to asbestos could only be inferred
from an occupational category (such as insulator or ship repair) rather than
from the original researchers’ explicit attribution of asbestos exposure.

The ability to assess dose-response relationships depends heavily on the
quality of the underlying data. For example, dose-response relationships
cannot be analyzed if the data collected were too crude to assign a level of
exposure or some surrogate of dose. Therefore, the quality of exposure
assessment correlates with the thoroughness and overall quality of analyses
ultimately possible.

INTEGRATION OF EPIDEMIOLOGIC EVIDENCE
WITH NON-EPIDEMIOLOGIC EVIDENCE

Results from epidemiologic studies of both cohort and case-control de-
signs constitute an important component, but not the only type of evidence
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considered in the approach applied in Chapters 7-11 to assess the likeli-
hood and strength of causal associations between asbestos and cancer at the
selected sites. The committee’s strategy for integrating all the evidence
closely follows that used by the surgeon general’s report on health risks
related to tobacco-smoking (HHS 2004). To illustrate, we would character-
ize as strongly supportive epidemiologic evidence those datasets that con-
tain consistently increased risks with increasing dose-response gradients
from both case-control studies performed in different places and cohort
studies conducted in various industries. The magnitude of observed risks
and their statistical precision also entered into the committee’s evaluations.
Many of the case-control studies addressed potential confounding by non-
occupational risk factors (such as smoking, alcohol use, and diet), but this
was not possible in most cohort studies; these factors are seldom correlated
with exposure strongly enough to greatly bias estimated risks through con-
founding (Axelson 1989, Kriebel et al. 2004). Consequently, the impossi-
bility of controlling for potential confounding by risk factors not related to
occupation was not considered a major concern for evaluation of the co-
hort studies. The epidemiologic evidence thus distilled is then considered in
the context of the available non-epidemiologic information in reaching a
determination about a causal role for asbestos exposure on a site-specific
basis.
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Pharyngeal Cancer and Asbestos

NATURE OF THIS CANCER TYPE

Cancers of the pharynx are frequently grouped with “head and neck
cancers,” which also include the oral and nasal cavities. The pharynx itself
spans several sublocations: the oropharynx (ICD-9 146; ICD-O-3 C09-
C10), the nasopharynx (ICD-9 147; ICD-O-3 C11), and the hypopharynx
(ICD-9 148; ICD-0-3 C12-C13.9). Each of those can be further subdivided
(for example, the tonsil is located within the oropharynx), and the more
specific locations have somewhat differing characteristics in terms of etio-
logic factors. During the time when most of the studies considered in this
review were conducted, cancers of the oral (or buccal) cavity (ICD-9 141-
145; ICD-0-3 C00-C09) were frequently grouped with the pharynx (par-
ticularly the oropharynx), and the committee decided to include such data.
Similarly, the nasal cavities (ICD-9 160.0; ICD-O-3 C30) are sometimes
grouped with the nasopharynx, but this did not arise in the informative
studies screened for this review. Figure 7.1 illustrates the location of cancers
that arise in the upper respiratory tract and digestive tract.

The American Cancer Society (Jemal et al. 2006) has projected that
about 30,990 new cases of and 7,430 deaths from cancer of the oral cavity
and pharynx will occur in 2006. Those estimates include cancers of the
mouth (the inside lining of the lips and cheeks, gums, tongue, and hard and
soft palate), nasopharynx, oropharynx, and hypopharynx. In the study
populations considered in this review, pharyngeal cancers would be ex-
pected to occur primarily in the oropharynx.

Cancer of the nasopharynx is rare in the United States, where it occurs
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FIGURE 7.1 Anatomy of the pharynx showing its proximity to the oral and nasal
cavities and to the larynx and esophagus.

SOURCE: Copyright 2005 American Cancer Society, Inc. Reprinted with permission
from www.cancer.org.

at the rate of about one cancer per 100,000 per year, whereas the incidence
is high in southern China (30-50 per 100,000 per year), among Eskimos in
the Artic region, and among some indigenous populations in Southeast Asia.
The risk is 2-3 times higher in men than in women. Risk factors include
Epstein-Barr virus (Mueller 1995), consumption of salted fish (Miller et al.
1996), and occupational exposure to formaldehyde (IARC 1995). There
are three histologic types: keratinizing squamous-cell carcinoma, non-
keratinizing carcinoma, and undifferentiated carcinoma.

Carcinoma of the hypopharynx is an uncommon disease. Considered
collectively with carcinomas of the cervical esophagus, they make up about
10% of all tumors of the upper respiratory tract and digestive tract and less
than 1% of all cancers diagnosed in the United States each year (Pfister et
al. 2004). By far the most common histology is squamous-cell carcinoma.
Cervical esophageal squamous-cell cancer and hypopharyngeal cancer typi-
cally present as extremely advanced disease, and 5-year survival is about
17-30%. Standard therapy for advanced disease is a combination of che-
motherapy and radiation (Lefebvre et al. 1996). The major risk factors for
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squamous-cell cancers of the hypopharynx and cervical esophagus are to-
bacco and alcohol use. Ethanol is a promoter of the mutagenic effects of
tobacco-derived substances and thereby contributes to the carcinogenic syn-
ergy seen with concurrent tobacco and alcohol use. The high incidence of
second primary tumors and the concomitant mucosal dysplasia that fre-
quently surrounds primary tumors suggest the presence of a regional field
effect in these diseases.

For cancers of the oral cavity and pharynx overall, the incidence rate,
or rate at which new cancers are diagnosed, is nearly 3 times higher in men
than in women and slightly higher in black men than in white men. Most
cases occur in men who are more than 50 years old. The incidence has
decreased by an average of 1.2% per year since 1981; the decrease has been
larger in men than in women and larger in black than in white men. Mortal-
ity from oropharyngeal cancer has been decreasing since the late 1970s,
with more rapid improvement since 1993.

Most cancers of the oral cavity and pharynx are squamous-cell carci-
nomas. Development of cancers in the mouth may be preceded by the on-
set and progression of premalignant lesions, such as leukoplakia (raised
white patches on the oral mucosa that measure at least S mm and cannot
be scraped off) or erythroplasia (leukoplakia with an erythematous or red
component).

Radiation therapy and surgery are standard treatments for cancer of
the oral cavity and pharynx; in advanced disease, chemotherapy may be a
useful addition. Survival varies with stage at diagnosis. For all stages com-
bined, about 85% of persons with oral cavity or pharynx cancer survive 1
year after diagnosis. The S-year and 10-year survival rates are 59% and
44%., respectively.

Known risk factors for cancers of the oral cavity and pharynx include
all forms of tobacco-smoking (cigarettes, cigars, pipes, and bidis), use of
chewing tobacco or snuff, and excessive consumption of alcohol. The com-
bination of tobacco use and alcohol consumption potentiates the risk of
either factor alone. Premalignant lesions often regress after the discontinua-
tion of smoking or using smokeless tobacco. Other factors that may con-
tribute to risk are chronic irritation and infection with some strains of hu-
man papillomavirus.

EPIDEMIOLOGIC EVIDENCE CONSIDERED

Information on the association between asbestos exposure and cancer
of the pharynx was available on 16 cohort populations with results pre-
sented in 14 articles and from six case-control studies. Cohort studies offer
the opportunity to examine exposure-response trends, but the number of
pharyngeal cancers in the cohort studies was generally too small to permit
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examination by magnitude of exposure. Case-control studies are often based
on larger numbers of cases, which tends to give them greater statistical
power and the potential for stratification on tobacco or alcohol use. Both
types of studies contributed evidence for the evaluation of asbestos and
pharynx cancer.

Cohort Studies

The cohorts that presented usable information about the risk of pha-
ryngeal cancer were indicated in Table 6.1. Their histories and design prop-
erties are described in Table B.1, and the details of their results concerning
cancer at this site are abstracted in Table D.1. The results of the cohort and
case-control studies are summarized in Table 7.1, and Figures 7.2 and 7.3

TABLE 7.1 Summary of Epidemiologic Findings Regarding Cancer of
the Pharynx

Study Summary
Study Populations  No. Study RR Between-
Type Figure ~ Comparison Included Populations  (95% CI) Study SD
Cohort 7.2 Any vs none  All 16 1.44 —
(1.04-2.00)
7.3 High vs 3 0.93 —
none’ (0.21-4.15)
Case- 7.4 Any vs none  All 4 1.47 0.00
Control (1.10-1.96)
7.5 Any vs none EAM =1 3 1.37 0.12
(0.94-1.99)
EAM =2 1
7.6 Any vs none EAM =1 2 1.39 0.25
Adjusted? (0.86-2.25)
EAM =1 1
Unadjusted?
7.7 High vs EAM =1 4 1.25 0.46
none’ (0.68-2.30)

NOTE: CI = Confidence interval; EAM = exposure-assessment method; high quality, EAM =
1; lower quality, EAM = 2; RR = relative risk; SD = standard deviation.

aUsed studies that reported dose-response relationship (RR on an exposure gradient).
bAdjusted: RR was adjusted for both smoking and alcohol use.
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FIGURE 7.2 Cohort studies: RR of pharyngeal cancer in people with “any” exposure
to asbestos compared with people who report none.

are plots of relative risks (RRs) for overall exposure and for exposure-
response gradients from the cohort studies reviewed.

There were 16 cohort populations that had reported findings for this
rare cause of death. The strongest evidence of an association comes from a
study of insulation workers (Selikoff and Seidman 1991) with a standard-
ized mortality ratio (SMR) of 2.2 based on 48 cases of oropharyngeal can-
cer. The rest of the studies were based fewer than 10 cases. RRs were in-
creased in a mining cohort (Piolatto et al. 1990), but there was no indication
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FIGURE 7.3 Cohort studies: highest and lowest reported RRs of pharyngeal cancer
among people in most extreme exposure category compared with those with none.

of an exposure-response trend. There was also an increased risk based on
seven deaths due to oral or pharyngeal cancer in a cohort of Italian textile
workers (Pira et al. 2005), but no increase in a larger cohort of Danish
cement workers (Raffn et al. 1989). Although most of the studies reporting
any RR for pharyngeal cancer were positive, results were based on small
numbers.

The estimated aggregated RR of pharyngeal cancers for any expo-
sure to asbestos was 1.44 (95% CI 1.04-2.00). Few studies evaluated
exposure-response trends, and there was no indication of higher risk associ-
ated with more extreme exposures (RR = 0.93, 95% CI 0.21-4.15).

Case-Control Studies

The six case-control studies retained for thorough evaluation after ex-
clusion of studies that did not assess exposure to asbestos or did not meet
other exclusion criteria are listed in Table 6.5 according to quality of their
exposure assessment. The details of the design aspects of those studies are
presented in Table C.1, and their detailed results are abstracted in Table
E.1. The findings of those studies are summarized in Table 7.1 and in the
plots presented in Figures 7.4-7.7.
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FIGURE 7.4 Case-control studies: RR of pharyngeal cancer in people with “any”
exposure to asbestos compared with people with none.

The committee found only six case-control studies that assessed the
association between pharyngeal cancer and asbestos exposure. Of the four
studies with contrasts of any versus no asbestos exposure, one had only a
yes-no exposure classification; of the other three studies, two gathered data
on potential confounders and adjusted the risk estimates associated with
asbestos exposure accordingly. Two of these four studies also had results
from dose-response gradients. Two additional studies (Berrino et al. 2003,
Gustavsson et al. 1998) had information on gradients without combined
results for all asbestos-exposed cases.

Four of the studies adjusted for alcohol use and smoking. Of those, the
largest was by Marchand et al. (2000), whose hospital-based study of 206
total hypopharynx cases and 305 controls was designed to assess the effects
of occupational exposures to asbestos and man-made mineral fibers. They
reported an RR of 1.80 (95% CI 1.08-2.99) for those ever exposed to as-
bestos, adjusted for smoking and alcohol consumption. In an analysis by
magnitude of exposure, the RR was increased in all categories, but there
was little evidence of a trend with increasing exposure. Marchand et al.
(2000) also estimated the joint effects of smoking and asbestos. When the
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FIGURE 7.5 Case-control studies: RR of pharyngeal cancer in people with “any”
exposure to asbestos compared with people with none, stratified on quality of
exposure assessment (top, EAM = 1: higher-quality exposure assessment; bottom,
EAM = 2: lower-quality exposure assessment).

data were looked at in a stratified fashion (Table 7.2), there was some
suggestion that smoking modified the risk of hypopharyngeal cancer associ-
ated with asbestos exposure, which was comparable with their findings on
the association of smoking and asbestos exposure with laryngeal cancer
(Table 8.2).

In a European multicenter study of laryngeal and hypopharyngeal can-
cer, Berrino et al. (2003) found similar results when comparing the asbestos
exposure of 100 men diagnosed with hypopharyngeal cancer before age 55
with 819 controls. The odds ratios (ORs) for those with either possible or
probable exposure to asbestos were both 1.8, adjusted for alcohol con-
sumption and smoking; there was no examination of effect modification.
When these 100 cases of hypopharyngeal cancer were analyzed in combina-
tion with 215 cases of laryngeal cancer (see Table E.2), the OR increased
slightly with duration of exposure. Merletti et al. (1991) found an RR of
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FIGURE 7.6 Case-control studies: RR of pharyngeal cancer in people with “any”
exposure to asbestos compared with people with none, in studies with higher-quality
exposure assessment, stratified on quality of confounder assessment (top: adjusted;
bottom: unadjusted).

1.1 in a population-based case-control study of 86 men with cancer of the
oral cavity or oropharynx, of whom 45 had definitely been exposed to
asbestos. In a study of 138 Swedish men with pharyngeal cancer, Gustavsson
et al. (1998) found no suggestion of an association of this cancer with as-
bestos exposure.

The other two case-control studies failed to adjust for confounding.
Zheng et al. (1992) conducted a population-based case-control study in
Shanghai, China, using 204 incident cases of pharyngeal cancer and 414
controls, with the primary purpose of investigating the role of diet in pha-
ryngeal-cancer causation; more asbestos exposure was seen in the cases than
the controls, and the crude RR was 1.7. In a case-control study of only 5
cases of hypopharyngeal cancer among residents of New Caledonia, Luce et
al. (2000) found no indication of increased risk of pharyngeal cancer with
exposure to tremolite asbestos in whitewash.
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FIGURE 7.7 Case-control studies: RR of pharyngeal cancer among people in the
most extreme exposure category compared with those with none. (If multiple
exposure gradients were presented in study, highest and lowest estimates for the most
extreme categories were plotted.)

TABLE 7.2 Effect Modification for Pharyngeal Cancer Associated with
Asbestos Exposure and Smoking

RRs with 95% ClIs for
Asbestos Exposure

Smoking History =~ None or Low  Intermediate or High

Study (pack-years) (cumulative) (cumulative)
Marchand et al. (2000) <30 1.0 1.2 (0.6-2.3)
(adjusted for age and 30+ 4.0 (2.2-7.2) 6.2 (3.4-11.4)

for alcohol consumption)
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EVIDENCE INTEGRATION AND CONCLUSION

Evidence Considered

The committee reviewed 16 cohort populations and six case-control
studies of pharyngeal cancer, of which four included high-quality exposure
assessment or adjustment for possible confounding by smoking and alcohol
consumption. The committee noted that epidemiologic evidence on pharyn-
geal cancer was based on a more heterogeneous grouping of subsites than
was the evidence on cancer at the other selected sites considered in this
review. No increase in pharyngeal tumors has been observed in animals
exposed chronically to asbestos by inhalation (Hesterberg et al. 1993, 1994;
McConnell 2005; McConnell et al. 1994a,b, 1999).

Consistency

Overall, the cohort studies were rather consistent; the plots present a
pattern of modestly positive associations which is similar, to but fainter
than, that seen for laryngeal cancer (see Chapter 8). Few RRs were less than
1.0. The few case-control studies were inconsistent and showed some sug-
gestion of effect modification by smoking.

Although the information from the case-control studies was sparse,
the aggregated risk estimate for any asbestos exposure was modest and
similar to that for the more numerous cohort studies. For both types of
study, the limited data on extreme exposures tended toward lower risks
than the aggregate risk for any exposure, suggesting the lack of a dose-
response relationship.

Strength of Association

The summary RR for the cohort studies was almost exactly midway
between 1.0 and 2.0, but there were too few studies with quantitative mea-
sures of exposure to examine exposure-response trends.

Coherence

Squamous-cell carcinomas arising from the oropharynx and hypophar-
ynx are similar to squamous-cell carcinomas of the lung and larynx in their
histogenesis; however, they arise from oral and pharyngeal epithelium,
which differs from the respiratory epithelium from which lung and laryn-
geal cancers arise. The major risk factors for pharyngeal cancer are
tobacco-smoking, tobacco-chewing, and use of snuff alone or in combina-
tion with alcohol consumption. The combination of asbestos exposure and
tobacco-smoking is an established risk factor for lung cancer, but for pha-
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ryngeal cancer only a single case-control study has addressed asbestos ex-
posure as a cofactor with tobacco use.

There are no published reports of recovery of asbestos fibers or asbes-
tos bodies from the pharynx; the absence of such data neither supports nor
refutes the possibility that fibers accumulate at this site.

Conclusion

Several cohort studies suggest an association between pharyngeal can-
cer and asbestos. The contrast with the abundance and consistency of data
available on the larynx, the absence of information on a dose-response rela-
tionship, and the lack of supportive data from animal studies reduce the
overall degree of evidence for causality. Nonetheless, several of the positive
cohort studies and at least one case-control study support the determina-
tion that the evidence is suggestive but not sufficient to infer a causal rela-
tionship between asbestos exposure and pharyngeal cancer.
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Laryngeal Cancer and Asbestos

NATURE OF THIS CANCER TYPE

The larynx, commonly known as the voice box or Adam’s apple, is
above the trachea and below the pharynx (Figures 7.1 and 8.1). It includes
three anatomic subsites: the glottis, including the vocal fold or vocal cords,
depicted near the middle of Figure 8.1; the supraglottis, which encompasses
all tissues above the vocal folds and below the pharynx and includes the
epiglottis, a fold that closes the larynx during swallowing to prevent food
inhalation; and the subglottis, or area below the vocal fold.

The American Cancer Society (Jemal et al. 2006) has estimated that
about 9,510 new cases of and 3,740 deaths from cancer of the larynx
(ICD-9 161; ICD-O C32.0-C32.9) will occur in 2006. Laryngeal cancer
ranks 16th in incidence and mortality among men in the United States, and
28th and 25th in incidence and mortality, respectively, among women.
Both incidence and mortality are more than 4 times higher in men than
women and are higher among blacks than whites, especially in men. The
risk of developing laryngeal cancer increases with age. However, the inci-
dence of laryngeal cancer, adjusted for age, has decreased by an average of
2.6% per year since 1988.

Most cancers of the larynx are squamous-cell carcinomas that arise
from the thin, flat cells (squamous cells) that line the upper airway. Those
tumors, like squamous-cell carcinomas of the oral cavity and pharynx, de-
velop gradually as normal cells develop into clones of progressively abnor-
mal cells. As the clones accumulate genetic damage, some may undergo
malignant transformation, first into carcinoma in situ, and later into inva-
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FIGURE 8.1 Larynx viewed from behind.
SOURCE: Modified from Grey’s Anatomy of the Human Body. Available at http:/
www.bartleby.com/107/236.html.

sive cancer. Premalignant lesions often regress after the discontinuation of
tobacco use and alcohol consumption.

The most important risk factors for laryngeal cancer are tobacco-
smoking (all forms) (TARC 2004) and heavy consumption of alcohol, espe-
cially when drinking and smoking occur in combination (IARC 1988). Can-
cer of the larynx is rare in lifelong nonsmokers, even though nonsmoking
drinkers have been reported to have increased risk (Burch et al. 1981,
Elwood et al. 1984). Risk increases with the number of cigarettes smoked
per day and duration of smoking. The independent effect of tobacco on
laryngeal cancer is greater than that of alcohol consumption. The effects of
occupation on the risk of laryngeal cancer have been difficult to study,
because of the powerful relationship of this cancer with tobacco use and
alcohol consumption, and the little information on alcohol consumption
and tobacco use in many occupational studies. Exposure to strong sulfuric
acid mist is an established cause of laryngeal cancer (IARC 1987). Other
factors that may increase risk, but on which current data are limited, in-
clude exposure to mustard gas (HHS 2004), steam and fumes from isopro-
pyl alcohol (IARC 1987), metalworking fluids (Eisen et al. 1994, Zeka et
al. 2004), and chronic infection with human papilloma virus (Rees et al.
2004).
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The combination of tobacco-smoking and heavy drinking causes a much
larger increase in laryngeal cancer risk than would be expected from the
sum of the relative risk (RR) estimates associated with the separate expo-
sures. For example, a study of laryngeal cancer published in 1976 (Wynder
and Hoffmann 1976) found that, compared with men who neither smoked
nor drank, those who reported both smoking (35 or more cigarettes per
day) and drinking (seven or more alcoholic drinks per day) had an RR of
22.1 (95% confidence interval [CI] 7.8-62.1). Smoking alone was associ-
ated with an RR of 7.0 (95% CI 2.5-19.4), whereas the RR of this level of
alcohol consumption alone could not be calculated because of the absence
of cases. That study, conducted during the period when many studied occu-
pational populations were experiencing exposure to asbestos, illustrates the
strength of the association of laryngeal cancer with smoking and drinking.

EPIDEMIOLOGIC EVIDENCE CONSIDERED

The association between asbestos exposure and cancer of the larynx
has been examined in many cohort and case-control studies. As discussed
previously, the major strengths of the occupational cohort studies are that
the magnitudes and durations of asbestos exposure tend to be substantially
higher and the exposure information better documented than in case-
control studies of the general population. Most of the cohort studies ad-
dress death from laryngeal cancer—an imperfect surrogate of incidence be-
cause survival of laryngeal cancer is high. The case-control studies are also
important with respect to laryngeal cancer because their analyses are based
on incident cases rather than deaths; the number of cases is larger, thus
providing greater statistical power; and some of the case-control studies
collect information that can be used to adjust for or stratify on tobacco or
alcohol use.

Cohort Studies

The cohorts that presented usable information about the risk of laryn-
geal cancer and their design properties are described in Table B.1, and the
details of their results concerning cancer at this site are abstracted in
Table D.2. The results of the cohort and case-control studies are summa-
rized in Table 8.1, and Figures 8.2 and 8.3 are plots of RRs for overall
exposure and for exposure-response gradients from the cohort studies
reviewed.

The committee identified and included in its analyses 35 cohort popula-
tions from 29 published papers that examined the RR of a diagnosis of or
death from laryngeal cancer among among people with any occupational
exposure to asbestos compared with people in the general population with-
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TABLE 8.1 Summary of Epidemiologic Findings Regarding Cancer of
the Larynx

Study Summary
Study Populations ~ No. Study RR Between-
Type Figure ~ Comparison  Included Populations  (95% CI) Study SD
Cohort 8.2 Any vs none  All 35 1.40 —
(1.19-1.64)
8.3 High vs Lower 11 2.02 —
none? bound?® (1.64-2.47)
Upper
bound? 1 2.57 —
(1.47-4.49)
Case-
control 8.4 Any vs none  All 15 1.43 0.27
(1.15-1.78)
8.5 Any vsnone EAM =1 10 1.21 0.02
(1.04-1.40)
EAM =2 S 2.56 0.65
(1.20-5.43)
8.6 Any vs none EAM =1 7 1.18 0.00
Adjusted® (1.01-1.37)
EAM =1 3 1.58 0.27
Unadjusted® (0.86-2.91)
8.7 High vs EAM =1 7 1.38 0.27
none’ Lower (1.02-1.86)
bound?®
EAM =1 7 1.53 0.07
Upper (1.21-1.93)
bound®

NOTE: CI = Confidence interval; EAM = exposure-assessment method; high quality, EAM =
1; lower quality, EAM = 2; RR = relative risk; SD = standard deviation.

aUsed studies that reported dose-response relationship (RR on an exposure gradient).

bSome studies reported dose-response relationship on multiple gradient metrics. In comput-
ing the summary RR, “lower bound” calculation used the smallest “high vs none” RR, and
“upper bound” calculation used largest “high vs none” RR.

cAdjusted: RR was adjusted for both smoking and alcohol use.

out such exposure (Table D.2 and Figure 8.2). Other reports were not in-
cluded in the analysis, because they were superseded by later reports based
on longer follow-up of the same cohort (e.g., Clemmensen and Hjalgrim-
Jensen 1981; McDonald et al. 1986, 1993; Rubino et al. 1979), were not
primarily asbestos cohorts (e.g., Magnani et al. 1986, Imbernon et al. 1995),
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FIGURE 8.2 Cohort studies: RR of laryngeal cancer in people with “any” exposure
to asbestos compared with people who report none.

did not specify the standardized mortality ratio or expected number of cases
of laryngeal cancer (e.g., Djerassi et al. 1979; McDonald et al. 1983, 1984;
Zhu and Wang 1993), or did not report the larynx as a separate cancer site
(e.g., Seidman et al. 1986, Selikoff et al. 1979).

Figure 8.2 shows the RR estimates and 95% CI estimates in 34 cohort
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FIGURE 8.3 Cohort studies: RRs of laryngeal cancer among people in most extreme
exposure category compared with those with no exposure (¢ = more than one
exposure gradient reported in citation, so the plot contains both highest and lowest
estimates of risk at most extreme category over all gradients).
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study populations that reported “any” occupational exposure to asbestos,
compared with unexposed subjects. The cohorts were drawn from a wide
array of industries, including mining, textiles, and insulation. Five of the
studies (Karjalainen et al. 1999, Meurman et al. 1994, Raffn et al. 1989,
Reid et al. 2004, Smailyte et al. 2004) compared the incidence of laryngeal
cancer in exposed and unexposed subjects; the remainder assessed mortal-
ity. The number of cases or deaths in the reports ranged from 1 (Gardner
and Powell 1986, Germani et al. 1999, Szeszenia-Dabrowska et al. 2002)
to 36 (Liddell et al. 1997). The RR estimates exceeded 1.0 in all cohorts
with 10 or more cases of or deaths from laryngeal cancer (Finkelstein and
Verma 2004, Liddell et al. 1997, Puntoni et al. 2001, Raffn et al. 1989,
Reid et al. 2004, Selikoff and Hammond 1978, Selikoff and Seidman 1991,
Tola et al. 1988) and in the largest study of patients with asbestosis
(Karjalainen et al. 1999). Some of the heterogeneity seen in Figure 8.2
reflects the statistical imprecision of subgroup analyses, especially for
women. The combined RR associated with any occupational exposure to
asbestos (Figure 8.2) was 1.40 (95% CI 1.19-1.64).

Further analyses examined whether the association between asbestos
exposure and laryngeal cancer was stronger among the most highly ex-
posed subjects in a subset of 11 cohorts in which this information was
available. The analysis was done in several ways to take account of the
multiple indexes used by many of the studies to define the intensity or dura-
tion of exposure (duration of employment, cumulative exposure, peak ex-
posure, probability of exposure, and so on). We plotted the highest and
lowest RRs for subjects who were in one of the “most exposed” categories
by any definition. Figure 8.3 presents the plots for the 11 cohorts in which
this information was available. In each of the individual cohorts, the RR
estimates exceeded 1.0. The aggregate RR estimate in the most highly ex-
posed subjects was 2.57 (95% CI 1.47-4.49) for the strongest association
reported and 2.02 (95% CI 1.64-2.47) for the weakest association reported;
both are higher than the combined estimate associated with any exposure
to asbestos 1.40 (95% CI 1.19-1.64).

Our last approach in assessing the cohort studies of asbestos exposure
in relation to laryngeal-cancer risk was to examine the association in co-
horts with extremely high exposure to asbestos, such as the patients with
asbestosis studied by Karjalainen et al. (1999). The standardized incidence
ratios (SIRs) of mesothelioma (RR = 32, 95% CI 14.4-60.0) and of lung
cancer (RR = 6.7, 95%CI 5.6-7.9) were significantly increased in this co-
hort, compared with the incidence in the general population of Finland.
The SIR of laryngeal cancer was also increased (RR = 4.2, 95% CI 1.4-9.8)
in men but not women.

In summary, the larger cohort studies consistently show increased risk
of laryngeal cancer in asbestos-exposed workers employed in a wide array
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of industries and in a large cohort of workers with asbestosis. There is some
evidence of a dose-response relationship in the meta-analyses.

Case-Control Studies

The case-control studies of laryngeal cancer that were retained for thor-
ough evaluation after exclusion of studies that did not assess exposure to
asbestos or did not meet other exclusion criteria are listed in Table 6.5
according to quality of their exposure assessment. The details of the design
aspects of those studies are presented in Table C.1 and their detailed results
are abstracted in Table E.2. The findings of the studies are summarized in
Table 8.1 and in the plots presented in Figures 8.4-8.7.

The committee identified 18 published case-control studies that pro-
vide data on the association between risk of laryngeal cancer and exposure
to asbestos or any employment in an occupation or industry where asbestos
exposure was known to occur. The studies involved from 20 cases (Luce et
al. 2000) to 940 cases (Elci et al. 2002). Seven of the studies had 200 or
more subjects (Berrino et al. 2003, Deitz et al. 2002, Elci et al. 2002,
Marchand et al. 2000, Olsen and Sabroe 1984, Wortley et al. 1992, Zheng
et al. 1992), while seven more included at least 100 (Ahrens et al. 1991,
Brown et al. 1988, Burch et al. 1981, De Stefani et al. 1998, Gustavsson et
al. 1998, Muscat and Wynder 1992, Stell and McGill 1973). Over 97% of
cases in these studies were male. The male predominance reflects the facts
that about 80% of laryngeal cancers occur in men and that occupational
exposures to asbestos typically occur in trades where nearly all workers
have been men.

Figure 8.4 provides the RR or odds ratio estimates associated with re-
porting “any” exposure to asbestos in 15 studies that compared subjects
with any occupational exposure to those with no exposure to asbestos.
Three case-control studies are excluded from this analysis (Berrino et al.
2000, Gustavsson et al. 1998, Wortley et al. 1992), because they present
results for larynx only in relation to dose. Only one (Luce et al. 2000) of the
15 studies included in Figure 8.5 has an RR estimate below 1.0. The meta-
analysis, combining 15 studies, found an RR of 1.43 (95% CI 1.15-1.78)
associated with “any” exposure to asbestos.

To assess whether the association between asbestos exposure and risk
of laryngeal cancer was stronger in studies with higher exposure informa-
tion, the committee separated the studies into those with better measures of
exposure and those with more limited data, as shown in Figure 8.5. The RR
from the combined analysis of 10 studies with higher-quality exposure in-
formation was 1.21 (95% CI 1.04-1.40). Among the studies considered to
have more limited information on asbestos exposure were two (Shettigara
and Morgan 19785, Stell and McGill 1973) in which the association with
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FIGURE 8.4 Case-control studies: RR of laryngeal cancer in people with “any”
exposure to asbestos compared with people with none.

asbestos appeared to be the strongest. However, those small studies had a
negligible influence on the summary measure of association between asbes-
tos exposure and increased risk of laryngeal cancer. The association per-
sisted with or without the inclusion of studies with weaker exposure data.

Most of the case-control studies made some attempt to control for to-
bacco and alcohol consumption in examining the association between as-
bestos exposure and laryngeal cancer. Two of the studies whose results are
presented in Figure 8.6 with adjustment for those risk factors also gave
unadjusted estimates in the citation. In Dietz et al. (2004), the association
between asbestos exposure and laryngeal cancer was weakened by control-
ling for other covariates; but in Brown et al. (1988), controlling for tobacco
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FIGURE 8.5 Case-control studies: RR of laryngeal cancer in people with “any”
exposure to asbestos compared with people with none, stratified on quality of
exposure assessment (top, EAM = 1: higher-quality exposure assessment; bottom,
EAM = 2: lower-quality exposure assessment).

use and alcohol consumption made little difference. Overall, with adjust-
ment for the other two prominent risk factors for laryngeal cancer, an asso-
ciation with asbestos exposure appears to persist (RR = 1.18,95% CI 1.01-
1.37). Given the propensity that has been demonstrated for smoking to act
as an effect modifier in lung cancer rather than merely as a simple additive
factor, however, it may be more appropriate to consider stratified analyses
than adjusted multivariate findings.
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Study Reference

Adjusted for SMK and ALC

Brown88 (men)

DeStefani98 (men)

Dietz03 (men + women)

Elci02 (men)

Marchand00 (men)

Muscat92 (men)

Zagraniski86 (men)

Summary 95% Interval

Not Adjusted for SMK and ALC

Burch81 (men)

Hinds79 (men)

Luce00 (men)

Summary 95% Interval

183

[
0.01

Relative Risk

FIGURE 8.6 Case-control studies: RR of laryngeal cancer in people with “any”
exposure to asbestos compared to people with none, from studies with higher-quality
exposure assessment, stratified on quality of confounder assessment (top: adjusted;
bottom: unadjusted).

Five of the case-control studies presented results stratified by tobacco
or alcohol consumption and allowed limited consideration of whether as-
bestos exposure might modify the laryngeal carcinogenicity of tobacco or
alcohol exposure (Burch et al. 1981, De Stefani et al. 1998, Gustavsson et
al. 1998, Marchand et al. 2000, Muscat and Wynder 1992). The informa-
tion presented in Burch et al. (1981) did not conform to a tabular presen-
tation, but the results from the others are abstracted in Table 8.2.
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TABLE 8.2 Effect Modification for Laryngeal Cancer Associated with
Asbestos Exposure and Smoking

Smoking History

Asbestos Exposure

None or Low

Intermediate or High

Study (pack-years) (cumulative) (cumulative)
Marchand et al. (2000) <30 1.0 1.5 (0.9-2.5)
(adjusted for age and 30+ 5.3 (3.2-8.8) 6.5 (3.8-10.8)
for alcohol consumption)
Never Ever
De Stefani et al. (1998) <35 1.0 1.7 (0.2-14.2)
36+ 6.2 (3.5-11.1) 30.6 (8.4-112.1)
Never Ever
Muscat and Wynder (1992) not current 1.0 1.3 (0.7-2.4)
current 5.8 (3.4-10.00 6.3 (3.3-12.2)
Never Ever
Gustavsson et al. (1998) not current 1.0 1.8
(adjusted for age, region, current 3.9 4.8 [vs 4.7 expected

under additive
model; or 7.0 under
multiplicative model]

and alcohol consumption)

Gustavsson et al. (1998) found the observed risk (4.8) in the combined
exposure category for Swedish men closer to the prediction of an additive
model (3.9 + 1.7 - 1.0 = 4.7) than of a multiplicative one (3.9 x 1.7 = 7.0).
Marchand et al. (2000), reporting on a hospital-based study of 315 inci-
dent cases of laryngeal cancer in France, found risks (also adjusted for age
and alcohol consumption) somewhat indicative of interaction of joint ex-
posure to asbestos and smoking. Muscat and Wynder (1992) reported simi-
lar results in a hospital-based study of 194 white males in the United States.
De Stefani et al. (1998), however, found a much stronger association with
having “ever” been exposed to asbestos among Uruguayan heavy smokers
than in asbestos-exposed men who had not smoked as much. A limitation
of all of those studies is that, although the risk was higher among men who
were exposed than those who were not unexposed to asbestos, the data
were not stratified into narrowly defined combinations of asbestos expo-
sure, tobacco-smoking, and alcohol consumption.
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As in the analyses of cohort studies, the committee examined the risks
in the extreme categories of exposure-related gradients (longest duration,
highest probability of exposure, cumulative exposure, and so on) in the
case-control studies. As depicted in Figure 8.7, the aggregate results for the
weakest (RR =1.38,95% CI 1.02-1.86) and the strongest (RR =1.53, 95%
CI 1.21-1.93) reported associations for extreme exposure groups were both
higher than the aggregated estimate for subjects with any exposure to as-
bestos in the studies with more reliable exposure assessment (top of Figure
8.5), and this a suggests of dose-response relationship.

|
Berrino03 (men) P

1
Brown88 (men) i_._
|
DeStefani98 (men) i — ——
|
+ Elci02 (men, largest RR) _.i_
|
+ ElIci02 (men, smallest RR) _._:

Gustavsson98 (men, largest RR)

Study Reference

|
:
| °
1
+ Gustavsson98 (men, smallest RR) :_._
1
Marchand00 (men) _l_._
1
+ Wortley92 (men+women, largest RR) _l_._
1
+ Wortley92 (men+women, smallest RR) _l‘.._
1
Summary 95% Interval (using largest RR) : ——
1
Summary 95% Interval (using smallest RR) :+
|
T T T T T 1T 111
0.01 0.1 025 05 1 2 3 5710

Relative Risk

FIGURE 8.7 Case-control studies: RRs of laryngeal cancer in people in with extreme
exposure to asbestos compared with those with none (¢ = more than one exposure
gradient reported in citation, so the plot contains both highest and lowest estimates of
risk for most extreme category over all gradients).
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EVIDENCE INTERGRATION AND CONCLUSION

Evidence Considered

The evidence base included a larger number of epidemiologic studies of
asbestos exposure and laryngeal cancer, particularly of the case-control de-
sign, than were available for other cancer sites. The committee reviewed the
results on 35 cohort populations and 18 case-control studies. Subjects in
the studies had been exposed to asbestos in a wide array of industries and
occupations in North America, South America, Europe, and Japan. Many
of the case-control studies collected some data with which to control for
confounding by tobacco-smoking and alcohol consumption. Several case-
control studies examined the association between asbestos exposure and
laryngeal cancer, stratifying on tobacco use. The committee also reviewed
four experimental studies in which rodents were exposed over much of
their lifetime to high concentrations of asbestos through inhalation.

Consistency

Asbestos exposure was associated with increased risk of laryngeal can-
cer in all nine large cohort studies (those with at least 10 cases of or deaths
from laryngeal cancer) and in both the cohort and case-control combined
analyses. Some evidence of a dose-response relationship in risk was seen in
both the cohort and the case-control studies. There was no consistent evi-
dence of confounding in case-control studies that reported both age-
adjusted and multivariate-adjusted RR estimates. Several case-control stud-
ies that stratified on tobacco-smoking observed higher risk among men who
were exposed than in those not exposed to asbestos, although these analy-
ses did not simultaneously stratify on asbestos, tobacco, and alcohol.

Strength of Association

The RR of laryngeal cancer among persons with any occupational ex-
posure to asbestos compared with those who reported no exposure was
1.40 (95% CI 1.19-1.64) in the meta-analysis of the cohort populations
and 1.43 (95% CI 1.15-1.78) in the case-control studies. There was some
evidence from both cohort and case-control studies that risk increased with
the intensity, duration, or likelihood of exposure; the aggregate estimates of
RR in the most highly exposed subjects in either type of study ranged from
1.38 to 2.57.
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Coherence

Several factors contribute to the biologic plausibility that asbestos may
cause cancer of the larynx. The larynx, like the lung, is anatomically in the
direct path of inhaled asbestos fibers. Inflammation or damage of the vocal
folds could disrupt laminar airflow and predispose to the deposition and
accumulation of asbestos fibers in the larynx. Squamous-cell carcinomas of
the lung and larynx have histologic and clinical similarities. Cancers at both
sites arise from the respiratory epithelium in regions of squamous metapla-
sia and dysplasia. Tobacco-smoking is the most important risk factor for
both sites. Asbestos exposure is an established cause of lung cancer. On the
basis of theoretical considerations, tobacco-smoking, alone or in combina-
tion with alcohol consumption, may predispose to the accumulation of as-
bestos fibers in the epithelial lining of the larynx. Aerodynamic turbulence
at bifurcations of the large conducting airways is known to contribute to
the deposition of long asbestos fibers in the lung (Asgharian and Yu 1988).
Bronchogenic carcinomas commonly arise in those areas (Schlesinger and
Lippmann 1978). The accumulation of asbestos fibers, together with smok-
ing and/or drinking, could produce chronic irritation or inflammation and
thus accelerates the progression of neoplasia.

The committee identified and considered several limitations in the evi-
dence related to biologic plausibility. Foremost were the absence of clinical
data documenting that asbestos fibers accumulate and persist in the larynx
and the lack of experimental support from animal studies. The presence or
absence of asbestos fibers in laryngeal tissue from occupationally exposed
people has been investigated in only a few studies, in which contamination
from other tissues is always a concern; Roggli et al. (1980) reported asbes-
tos bodies and Kambic et al. (1989) reported fibers in this anatomic area.
Studies in rats and Syrian hamsters found that asbestos inhalation, at levels
sufficient to cause mesothelioma in both species and lung cancer in rats, did
not induce chronic inflammation or increase cancer of the larynx
(Hesterberg et al. 1993, 1994; McConnell 2005; McConnell et al. 1994a,b,
1999). These rodent models do not, however, reflect exposure to cofactors,
such as tobacco-smoking and alcohol consumption, which may affect fiber
deposition and/or persistence that may exacerbate local tissue injury and
inflammation.

Conclusion

Considering all lines of evidence, the committee placed greater weight
on the consistency of the epidemiologic studies and the biologic plausibility
of the hypothesis than on the lack of confirmatory evidence from animal
studies or documentation of fiber deposition in the larynx. The committee
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concluded that the evidence is sufficient to infer a causal relationship be-
tween asbestos exposure and laryngeal cancer.
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Esophageal Cancer and Asbestos

NATURE OF THIS CANCER TYPE

The esophagus is a muscular tube that carries food and liquid from the
mouth to the stomach (Figures 7.1 and 9.1).

The American Cancer Society (Jemal et al. 2006) has estimated that
14,550 new cases of and 13,770 deaths from esophageal cancer (ICD-9
150; ICD-0O-3 C15.0-15.9) will occur in the United States in 2006. Esoph-
ageal cancer ranks 19th in numbers of cases of cancer in the United States
and sixth in developing countries (Kleihues and Stewart 2003).

The incidence is nearly 4 times higher in men than in women in the
United States and slightly higher among blacks than among whites. The
incidence has increased among men by an average of 1.7% per year since
1975, although the predominant histologic type and location of cancers in
the esophagus have changed since the 1970s in most economically devel-
oped countries. Historically, the most common form of esophageal cancer
worldwide was squamous-cell carcinoma, which occurred largely in the
upper two-thirds of the esophagus (Blot 1994). Since the 1970s, the inci-
dence of adenocarcinoma of the lower one-third of the esophagus and
the junction with the stomach has increased by a factor of more than 5
among white and black men in the United States, whereas the incidence of
squamous-cell carcinoma has decreased moderately. Rates of adenocarci-
noma are also rising in women but are much lower than in men. Adenocar-
cinoma now makes up more than half of the esophageal cancers in white
males, whereas squamous-cell carcinoma remains the predominant histo-
logic type among black people and in high-incidence populations world-
wide (Blot and McLaughlin 1999).
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FIGURE 9.1 Anatomy of the esophagus, colon, rectum, and other digestive organs.
SOURCE: Copyright 2005 American Cancer Society, Inc. Reprinted with permission
from www.cancer.org.

The incidence of carcinoma of the esophagus varies widely among coun-
tries. In regions extending from Iran through the steppes of Central Asia,
Mongolia, and the northern portion of China, cancer frequencies are 10-
100 times higher than in the countries at lowest risk. Squamous-cell carci-
noma still predominates in the areas of high endemic risk, whereas adeno-
carcinoma now makes up about 50% of all cases in the low-risk areas of
the United States, Europe, South Africa, Southeast Asia, and Japan.

The known risk factors differ somewhat for the two major histologic
types of esophageal cancer. Known risk factors for squamous-cell carci-
noma include all forms of tobacco-smoking (cigarettes, cigars, pipes, and
bidis), use of chewing tobacco or snuff, and excessive consumption of alco-
hol. The combination of tobacco use and alcohol consumption potentiates
the risk of either factor alone. Factors known to increase the risk of adeno-
carcinoma include chronic esophageal reflux (regurgitation of stomach acid
and bile through the lower esophageal sphincter into the lower esophagus),
obesity (which contributes to reflux), smoking, and achalasia (a type of
esophageal dysfunction).

Adenocarcinoma of the esophagus develops from Barrett’s esophagus,
a premalignant condition in which normal squamous epithelium of the
lower esophagus is replaced with metaplastic columnar epithelium. The
main cause of Barrett’s esophagus is thought to be chronic gastroesoph-
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ageal reflux. People with Barrett’s esophagus are at increased risk for devel-
oping cancer of the esophagus and should be followed closely by their doc-
tors. Even though they are at greater than average risk, most people with
Barrett’s esophagus do not develop cancer of the esophagus.

EPIDEMIOLOGIC EVIDENCE CONSIDERED

Cohort Studies

The cohorts that presented usable information on the risk of esoph-
ageal cancer were indicated in Table 6.1. Their histories and design proper-
ties are described in Table B.1, and the details of their results concerning
cancer at this site are abstracted in Table D.3. The results of both the cohort
and case-control studies are summarized in Table 9.1, and Figures 9.2 and
9.3 are plots of relative risks (RRs) for overall exposure and for exposure-
response gradients from the cohort studies reviewed.

TABLE 9.1 Summary of Epidemiologic Findings Regarding Cancer of
Esophagus

Study Summary
Study Populations  No. Study RR Between-
Type Figure ~Comparison Included Populations  (95% CI) Study SD
Cohort 9.2 Any vs none  All 25 0.99
(0.79-1.27)
9.3 High vs Lower 7 1.35
none? bound?® (0.81-2.27)
Upper 7 1.43 —
bound?® (0.79-2.58)
Case- — Any vs none  All 2 1.47 0.00
control (0.87-2.47)
— Any vs none EAM =1 1
EAM =2 1
— High vs EAM =1 2 1.04 0.00
none? (0.50-1.80)

NOTE: CI = Confidence interval; EAM = exposure-assessment method; high quality, EAM =
1; lower quality, EAM = 2; RR = relative risk; SD = standard deviation.

aUsed studies that reported dose-response relationship (RR on an exposure gradient).

bFor studies that reported dose-response relationship on multiple gradient metrics, smallest
“high vs none” RR was used to compute lower bound, and largest “high vs none” RR was
used in computing the upper bound.
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FIGURE 9.2 Cohort studies: RR of esophageal cancer in people with “any” exposure
to asbestos compared with people who report no exposure.

Few studies presented data explicitly on esophageal cancer, because of
its rarity. Therefore, observed numbers, and hence statistical precision,
were low. Only UK asbestos-factory workers (Berry et al. 2000) and North
American insulation workers (Selikoff and Seidman 1991) showed strong
evidence of increased risk with any asbestos exposure. A suggestion that
risk might be dose-dependent was seen among Finnish anthophyllite min-
ers (Meurman et al. 1994) and UK textile workers (Peto et al. 1985). The
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FIGURE 9.3 Cohort studies: RRs of esophageal cancer among people in extreme
exposure category compared with those with none (¢ = more than one exposure
gradient reported in citation, so the plot contains both highest and lowest estimates of
risk for extreme category over all gradients).

aggregate estimated risk for all 25 cohort populations with information
on esophageal cancer risk following any exposure to asbestos was neutral
(RR =0.99,95% CI0.79-1.27).

Case-Control Studies

The three case-control studies retained for thorough evaluation after
excluding studies that did not assess exposure to asbestos or did not meet
other exclusion criteria are listed Table 6.5 according to quality of their
exposure assessment. The details of the design aspects of these studies are
presented in Table C.1 and their detailed results are abstracted in Table E.3.
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The findings of the studies are summarized in Table 9.1; data were inad-
equate to perform a meta-analysis.

There were two large, well-designed studies with asbestos exposure well
assessed and analyses that adjusted for smoking, alcohol consumption, and
other risk factors. Parent et al. (2000) assessed the relationship between
esophageal cancer and occupational exposures as part of a large, popula-
tion-based case-control study of men 35-70 years old in the Montreal area.
A small excess was observed in esophageal cancers of all types, which de-
creased slightly when only substantial exposure was considered. A larger
excess was observed for squamous-cell cancers specifically, which disap-
peared when only substantial exposure was considered. Although 21 cases
were assessed as having some association with exposure to chrysotile asbes-
tos, there were very few cases with substantial exposure (two overall, in-
cluding one squamous-cell). Gustavsson et al. (1998) conducted a case-
control study of occupational exposure and squamous-cell esophageal can-
cer among Swedish men 40-79 years old. No association was found with
either low or high exposure.

The remaining study had an unusual design. Hillerdal (1980) conducted
a case-control study of gastrointestinal cancer among participants in a gen-
eral health survey conducted in Uppsala County, Sweden, in 1968-1972.
Overall, 65-75% of the general population of the region and 80% of people
with gastrointestinal cancer participated in the survey, which required a
chest x-ray. Cases were identified through the Swedish Cancer Registry,
and three controls, matched on age, were chosen for each case. Participants
with bilateral pleural plaques were considered exposed. Results were pre-
sented as a ratio of observed exposed cases to expected, based on the rate in
controls. One of the 21 people with esophageal cancer cases had pleural
plaques vs 0.35 expected.

EVIDENCE INTEGRATION AND CONCLUSION

Evidence Considered

Both case-control and cohort studies of esophageal cancer were re-
viewed. Only three case-control studies met the criteria for inclusion, and
so there were too few for a useful quantitative meta-analysis. There were
relevant results from 25 cohort populations, although the number of cases
was often small. The mortality studies did not distinguish between histo-
logic subtypes, so associations could have been obscured. In assessing bio-
logic plausibility, the cell type, potential dose at the target tissues, results,
and possible mechanisms were considered. Findings related to the response
to asbestos by esophageal tissues were evaluated from several well con-
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ducted chronic rodent studies, four with inhalation exposure and six with
dietary administration.

Consistency

The three case-control studies did not have consistent results, and the
number of exposed cases was generally small. Two incorporated adjust-
ment for tobacco and alcohol consumption; one of these observed an excess
risk of squamous-cell cancer without evidence of a dose-response relation-
ship, and the other found no evidence of an excess. A third, older study
found an excess based on a single case, which was difficult to interpret.

Because of the relative rarity of esophageal cancer, few cohort studies
presented data explicitly on this endpoint; and when they did, the statistical
precision was routinely low. The results of the 20 citations that presented
information on esophageal cancer in 25 cohort populations were mixed.
Berry et al. (2000) and Selikoff and Seidman (1991) saw strong evidence of
increased risk with any exposure, while Meurman et al. (1994) and Peto et
al. (1985) found some evidence of a dose-response relationship. Findings
from the remaining studies either were close to null, presented mixed or
inconsistent results, or indicated lower than expected risks.

Strength of Association

There were too few case-control studies for a meaningful combined
analysis. Several cohort studies did observe a dose-response relationship
based on relatively small numbers; but when all 25 cohort populations were
considered in the meta-analysis, no increase in RR was observed. Some
studies did observe excess risks, but overall there was little consistency in
the epidemiologic data.

Coherence

The most common histologic type of cancer arising in the upper two-
thirds of the esophagus is squamous-cell carcinoma. That is probably the
most common histologic type encountered in the epidemiologic studies
of workers in the 1970s and earlier. The major risk factors are tobacco-
smoking and tobacco-chewing, snuff use, and alcohol consumption. Since
the 1970s, the major histologic type of esophageal cancer has been adeno-
carcinoma arising in the lower one-third of this anatomic region. Major
risk factors for this type of esophageal cancer are reflux, obesity, achalasia,
and tobacco-smoking. Although the combination of asbestos exposure and
tobacco-smoking is an established risk factor for lung cancer, there is no
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epidemiologic or experimental evidence addressing whether asbestos is a
cofactor with tobacco use or alcohol consumption in the development of
esophageal cancer.

Asbestos bodies have been identified in the esophagus (Kobayashi et al.
1987), but contamination during collection or processing of tissue samples
is a possibility, as discussed in Chapter 4.

No increase in esophageal tumors has been observed in animals ex-
posed chronically to asbestos either by inhalation (Hesterberg et al. 1993,
1994; McConnell 2005; McConnell et al. 1994a,b, 1999) or by oral feeding
(HHS 1983, 1985, 1988, 1990a,b,c). There is no other experimental evi-
dence that asbestos fibers act as a direct or indirect carcinogen specifically
in the esophagus.

Conclusion

Some studies have found an association between asbestos exposure and
esophageal cancer, but the overall results of epidemiologic studies are mixed.
In addition, what little evidence there is from animal experiments about
asbestos’s carcinogenic potential specifically on esophageal tissues does not
support biological activity at this site. On the basis of those observations,
the committee concluded that the evidence is inadequate to infer the pres-
ence or absence of a causal relationship between asbestos exposure and
esophageal cancer.
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Stomach Cancer and Asbestos

NATURE OF THIS CANCER TYPE

Despite a major decline in the incidence of stomach cancer (ICD-9 151;
ICD-0-3 C16.0-16.9; see Figure 9.1) worldwide, and particularly in indus-
trialized countries over the last century, it remains the second most com-
mon fatal cancer worldwide. An estimated 22,280 new cases and 11,430
deaths are projected to occur in the United States in 2006 (Jemal et al.
2006). The incidence of stomach cancer is about twice as high among men
as among women, and is higher among nonwhites than among whites. In
the United States, the incidence per 100,000 people varies markedly by race
and ethnicity: the incidence in Asian and Pacific islanders is 23.0 and 12.8
in males and females, respectively; in blacks, 19.9 and 9.9; in Hispanics,
18.1 and 10.0; in American Indians and Alaska natives, 14.4 and 8.3; and
in white non-Hispanics, 10.0 and 4.3. The age-standardized death rate from
stomach cancer has declined on average by 2.5-3.0% per year since 1975.

The known risk factors for stomach cancer depend on the location of
the tumor. Obesity is the principal known risk factor for cancers that de-
velop in the upper portion (cardia) of the stomach in the United States. In
contrast, severe nutritional deficiency is responsible for the high endemic
incidence of that type of stomach cancer in some regions of China. Chronic
infection with the bacterium Helicobacter pylori (H. pylori) in combination
with tobacco-smoking is the main cause of cancer of the body (fundus) of
the stomach and of the gastric antrum. Chronic infection with H. pylori
causes chronic gastritis and loss of the acid-producing potential of the
stomach.

203
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About 90-95% of stomach cancers are adenocarcinomas, although
other, less common tumors do occur. Most adenocarcinomas are thought
to develop slowly—over many years. Premalignant lesions and early-stage
cancers generally begin in the mucosa or inner lining of the stomach. The
cells become progressively abnormal as they accumulate genetic damage.
With malignant transformation, the cancers develop the capacity to invade
the submucosa and muscle wall of the stomach, to extend from there into
the subserosa and the outermost serosa that wrap the stomach, or to metas-
tasize to other organs, such as the liver, lungs, and bones. Some types of
lymphoma, a cancer of the immune system, also occur in the wall of the
stomach; they account for about 4% of stomach cancers. Included among
the other tumors are the slow-growing (indolent) lymphoma of mucosa-
associated lymphoid tissue (MALT) and carcinoid, a hormone-producing
tumor of the stomach and other organs.

In the United States, the median survival of persons with stomach can-
cer is less than 1 year after diagnosis, although the 5-year survival rate has
increased slightly from 15.1% for patients diagnosed in 1974-1976 to
23.2% for those diagnosed in 1995-2001.

EPIDEMIOLOGIC EVIDENCE CONSIDERED

The committee deemed 36 papers on occupational cohorts and five
population-based case-control studies to be informative for assessing the
association of asbestos and stomach cancer. In that several citations on the
cohorts reported separate findings for subgroups (by sex or by separate
factory workforces), a total of 42 cohorts were included in this review.

Cohort Studies

The cohorts that presented usable information on the risk of stomach
cancer were indicated in Table 6.1. Their histories and design properties are
described in Table B.1, and the details of their results concerning cancer at
this site are abstracted in Table D.4. The results of the cohort and case-
control studies are summarized in Table 10.1, and Figures 10.1 and 10.2
are plots of RRs for overall exposures and for exposure-response gradients
from the cohort studies reviewed.

Most of the occupational cohort studies were conducted in predomi-
nantly white populations in North America, Europe, and Australia. Two
studies in China (Pang et al. 1997, Zhu and Wang 1993) were also
included in the review. The reported associations between stomach can-
cer and occupational asbestos exposure in cohort studies were based on
somewhat larger numbers of cases than those related to esophageal can-
cer, but statistical power in individual studies was generally low
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TABLE 10.1 Summary of Epidemiologic Findings Regarding Cancer of
the Stomach

Study Summary
Study Populations ~ No. Study RR Between-
Type Figure ~ Comparison  Included Populations  (95% CI) Study SD
Cohort  10.1 Any vs none  All 42 1.17
(1.07-1.28)
10.2 High vs Lower 12¢ 1.31
none? bound?® (0.97-1.76)
Upper 13 1.33 —
bound® (0.98-1.79)
Case- 10.3 Any vs none  All N 1.11 0.32
control (0.76-1.64)
10.4 Any vsnone EAM=1 3 0.91 0.48
(0.45-1.84)
EAM =2 2 1.43 0.42
(0.70-2.93)
10.5 High vs EAM =1 S 1.42 0.00
none” (0.92-2.20)

NOTE: CI = Confidence interval; EAM = exposure-assessment method; high quality, EAM =
1; lower quality, EAM = 2; RR = relative risk; SD = standard deviation.

9Included studies that reported dose-response relationship (RR on an exposure gradient).

bFor studies that reported dose-response relationship on multiple gradient metrics, the small-
est “high vs none” RR was used to compute the lower bound, and the largest “high vs none”
RR was used in computing the upper bound.

This calculation omitted de Klerk et al. (1989), which reported RR = 0, but gave no infor-
mation on the expected number of cases.

because stomach cancer is a rare outcome in whites. Mortality was the
outcome in most of the cohort studies reviewed. Insofar as stomach
cancer generally has a high case-fatality rate, mortality is a relatively
accurate measure of disease incidence.

All the cohort studies lacked data on stomach-cancer subsites and on
potential confounding factors, such as H. pylori infection or diet. Con-
founding by factors related to socioeconomic status, which may be associ-
ated with these and other stomach-cancer risk factors, may have occurred
in the comparisons of overall risks between occupational cohorts and the
general population (such as standardized mortality ratios). However, the
extent of potential confounding in the comparisons can only be speculated.
Internal comparisons of exposure-response gradients within cohorts were
unlikely to have been confounded appreciably, because important potential
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FIGURE 10.1 Cohort studies: RR of stomach cancer in people with “any” exposure
to asbestos compared with people who report none.

confounders were probably, at most, weakly correlated with cumulative
asbestos exposure.

The majority of overall cohort RR estimates exceeded the null value
(1.0), indicating excesses, although estimates varied considerably in
strength. The largest overall cohort RRs were seen among the earliest New
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FIGURE 10.2 Cohort studies: RRs of stomach cancer among people in most extreme
exposure category compared to those with none (¢ = more than one exposure gradient
reported in citation, so the plot contains both highest and lowest estimates of risk for
most extreme category over all gradients).

York-New Jersey insulation workers whose RR was 3.52 (Selikoff et al.
1979) and among two sets of workers in Chinese asbestos factories whose
RRs were 4.4 and 2.4, respectively (Pang et al. 1997, Zhu and Wang 1993).
The majority of studies reported small to modest overall cohort wide ex-
cesses (RR < 1.5). The combined RR was 1.17 (95% CI 1.07-1.28) (Table
10.1).

With respect to dose-response gradients, the summary estimates were
stable whether based on the smallest (RR = 1.31, 95% CI 0.97-1.76) or
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largest (RR = 1.33, 95% CI 0.97-1.79) estimates associated with the ex-
treme exposure categories within the cohorts. Several studies indicated
reasonably prominent exposure-response gradients. Among the more
noteworthy findings were RR values exceeding 3.0 for the highest expo-
sure categories of Quebec miners (Liddell et al. 1997) and of UK female
asbestos-factory workers (Berry et al. 2000) and for the earliest US insula-
tion workers (Selikoff et al. 1979).

Case-Control Studies

The five case-control studies of stomach cancer retained for thorough
evaluation after exclusion of studies that did not assess exposure to asbes-
tos or did not meet other exclusion criteria are listed in Table 6.5 according
to quality of their exposure assessment. The details of the design aspects of
those studies are presented in Table C.1 and their detailed results are ab-
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FIGURE 10.3 Case-control studies: RR of stomach cancer in people with “any”
exposure to asbestos compared with people with none.
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FIGURE 10.4 Case-control studies: RR of stomach cancer in people with “any”
exposure to asbestos compared with people with none, stratified on quality of
exposure assessment (top, EAM = 1: higher-quality exposure assessment; bottom,
EAM = 2: lower-quality exposure assessment).

stracted in Table E.4. The findings of the studies are summarized in Table
10.1 and in the plots presented in Figures 10.3-10.5. Four of the case-con-
trol studies gathered data on potential confounders and adjusted risk esti-
mates for asbestos exposure accordingly.

The findings for the case-control study populations with results reported
for any asbestos exposure were mixed (Figure 10.3). Two found evidence of
an increased stomach-cancer risk, two reported mostly null associations,
and one suggested a deficit of stomach-cancer risk among women exposed
to asbestos. The combined RR across these five was 1.11 (95% CI 0.76-
1.64). That small overall RR increase was based largely on the two studies
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FIGURE 10.5 Case-control studies: RRs of stomach cancer among people in with
extreme exposure compared with those with none.

with lower-quality exposure assessment (see Figure 10.4), whose aggregate
RR estimate was 1.43 (95% CI 0.70-2.93), whereas the combined RR esti-
mate for the three findings with better exposure assessments was 0.91 (95%
CI 0.45-1.84). The strongest association (RR=2.40) was reported by a study
in which asbestos exposure was inferred indirectly from the presence of
pleural plaques rather than being based on quantitative estimates of cumu-
lative exposure or duration (Hillerdal 1980).

The summary odds ratio (OR) increased when only extreme exposure
was considered (OR = 1.42, 95% CI 0.92-2.20), but evidence suggesting a
dose-response relationship was also inconsistent (Figure 10.5). The largest
study (Cocco et al. 2004) gave a suggestion of greater risk with longer
exposure, but the other two citations (Krstev et al. 2005, Parent et al. 1998)
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both had one study group showing somewhat greater risk with more expo-
sure and another group showing the reverse.

EVIDENCE INTERGRATION AND CONCLUSION

Evidence Considered

The committee’s final review covered 34 occupational-cohort studies,
including a total of 42 cohorts, and five population-based case-control stud-
ies that provided data on stomach-cancer risk. The studies were conducted
primarily among whites in North America, Europe, and Australia. Some of
the studies reviewed information on exposure that enabled dose-response
evaluation. In addition, the committee considered studies in which animals
were exposed chronically to asbestos either by inhalation (Hesterberg et al.
1993, 1994; McConnell 2005; McConnell et al. 1994a,b, 1999) or by oral
feeding (HHS 1983, 1985, 1988, 1990a,b,c); none reported increased inci-
dence of stomach tumors.

Consistency

The occupational-cohort studies generally, although not uniformly, sug-
gested a slightly increased risk of stomach cancer relative to the general
population. There were also several instances in which reasonably strong
dose-response gradients were observed in the occupational cohort studies.
In contrast, the results from case-control studies were inconsistent, with no
clear pattern emerging from the estimated risks of stomach cancer associ-
ated with asbestos exposure.

Strength of Association

Considering only the cohort studies, the committee noted that observed
risk increases were weak to modest. There was also evidence from several
studies supportive of relatively strong dose-response relationships. How-
ever, the few weak suggestions of dose-response gradients seen among the
cohorts did little to augment the overall strength of evidence of a causal
association. The case-control studies were far less informative than the co-
hort studies in their characterization of either overall associations or dose-
response relationships between asbestos and stomach cancer.

Coherence

Asbestos bodies have been identified in human stomach tissue and at other
sites in the gastrointestinal tract (Auerbach et al. 1980, Kobayashi et al. 1987).
It is plausible that asbestos fibers could accumulate at sites of mucosal injury
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and ulceration in the stomach, but the extent to which this occurs in exposed
persons has not been investigated. As is the case for finding asbestos bodies at
other sites, contamination during collection or processing of tissue samples is
a possibility, as discussed in Chapter 4. The potential role of asbestos fibers as
a cofactor with established risk factors (such as H. pylori) has not been inves-
tigated experimentally or epidemiologically.

Stomach cancer has received far less attention than mesothelioma or
lung cancer in toxicologic research on asbestos. The very limited available
literature on the topic provides no experimental evidence that asbestos fi-
bers act as a direct or indirect carcinogen in the stomach.

Conclusion

Several considerations led the committee to its conclusion regarding
causality for this site. The occupational-cohort studies were the most infor-
mative source of evidence. They revealed a generally consistent pattern of
fairly modest risk increases. There was also some evidence, albeit inconsis-
tent, of dose-dependence. Considerations of biological plausibility did not
strengthen the case for causation. In particular, the extent of asbestos-fiber
deposition and retention in human stomach mucosa is not known. More-
over, the limited available evidence from experimental research does not
indicate that asbestos is carcinogenic to the stomach.

The committee concluded that evidence is suggestive but not sufficient
to infer a causal relationship between asbestos exposure and stomach
cancer.
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Colorectal Cancer and Asbestos

NATURE OF THIS CANCER TYPE

Together, cancers of the colon and rectum (ICD-9 153-154; ICD-0O-3
C18.0-C20.9; see Figure 9.1) are the third-most common cancer and cause
of cancer death among men and women in the United States. The American
Cancer Society (Jemal et al. 2006) has projected that 148,610 new cases
(106,680 colon and 41,930 rectum) and 55,170 deaths will occur in the
United States in 2006. Colon and rectum cancers together account for about
10% of all cancer deaths. The incidence of cancers of the colon and rectum
combined decreased by an average of 2.2% per year from 1998 to 2002,
presumably in part because of increased screening and removal
of adenomatous polyps that might otherwise progress to cancer. The age-
standardized death rate from colorectal cancer decreased by an average of
1.8% per year from 1984 to 2002. The decreasing mortality reflects both
the decrease in incidence and improvements in treatment and survival.

The risk of colon and rectum cancer increases with age; more than 90%
of cases are diagnosed in people over 50 years old. Other risk factors for
colon cancer are obesity (especially in men), physical inactivity, heavy con-
sumption of alcohol and of red or processed meat, a history of inflamma-
tory bowel disease, and a family history of colon or rectum cancer, es-
pecially in persons under 40 years old. Tobacco-smoking is an established
risk factor for ademomatous polyps, the main precursor of colon cancer.
Studies suggest that treatment with nonsteroidal anti-inflammatory drugs
(NSAIDs), such as aspirin, and estrogen alone or in sequential use with
progestin hormone therapy may reduce colorectal-cancer risk. However, no
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medical organizations recommend treatment with NSAIDs or postmeno-
pausal estrogen and progestin hormone replacement to prevent cancer be-
cause of potential side effects of NSAIDs and hormones. Women who take
hormone-replacement therapy may be more likely to have colorectal cancer
diagnosed at a more advanced stage.

The 1- and 5-year survival rates for persons with colorectal cancer are
83% and 63 %, respectively. Survival continues to decline beyond 5 years to
57% at 10 years after diagnosis. When colorectal cancers are detected at an
early, localized stage, the S-year survival rate is 90%; however, only 39%
of colorectal cancers are diagnosed at this stage, mostly because of low
rates of screening. After the cancer has spread regionally to involve adjacent
organs or lymph nodes, the 5-year survival rate drops to 67%. The 5-year
survival rate for persons with distant metastases is 10%.

EPIDEMIOLOGIC EVIDENCE CONSIDERED

Results varied from study to study (for both cohort and case-control
designs) in whether they were presented as colorectal or for colon and for
rectum separately. In reviewing the available data on cancers of the colon
and rectum in association with exposure to asbestos, the committee con-
ducted three preliminary meta-analyses on the information presented sepa-
rately for colon, for rectum, and for colorectal cancer as already combined
by the original researchers. The plots and summary tables for those runs are
presented in Appendix F. For the 15 cohort populations with individual
results for colon and for rectum there did not appear to be any systematic
difference, and their aggregate results were similar to those for the studies
that had precombined their observations into a colorectal category. The
results when the case-control results were considered in this fashion were so
sparse that strong contrasts could not be drawn, but no major difference
was apparent.

Condensing these three datasets into a single analysis would provide a
better chance of amassing adequate information to reach a conclusion, and
did not seem contraindicated by the screening runs. Furthermore, the legis-
lation driving the committee’s charge specified colorectal cancer as a single
endpoint. Age and sex are the primary known risk factors for rectal cancer,
while colon cancer also appears more clearly associated with family history,
physical inactivity, and several other factors such as body mass index and
dietary and alcohol intake (Wei et al. 2004). Less ability to detect risk fac-
tors may itself be a function of limited statistical power arising from the fact
that rectal cancer comprises only about 30% of tumors of the large intes-
tine. Because these subsites are not clearly or consistently distinguished from
each other on death certificates, colon and rectum cancer are frequently
combined in analyses based on mortality, as was the case of a majority of
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the cohort studies in this review. Taking account of all these factors, the
committee decided to group separate results for colon and rectum within
individual cohort studies and to discuss all the findings as colorectal.

In only two cohort studies were separate results for colon not accompa-
nied by separate results for rectum. Only statistics on colon cancer were
available for the women reported in Karjalainen et al. (1999), and subse-
quent tables revealed that the three colorectal cancers among all men re-
ported by Sanden and Jarvholm (1987) were all rectal cancers in people
with more than 20 years since first exposure. Otherwise, reported expecta-
tions permitted accurate combination to derive relative risks (RRs) for
colorectal cancers within all the cohort populations. The 11 case-control
citations were somewhat more problematic, because when colon- or
rectum-specific results were given combined RRs could not be calculated
from information present in the papers; the outcomes that each actually
reported are indicated in the plots below.

Cohort Studies

The cohorts that presented usable information on the risk of colorectal
cancer were indicated in Table 6.1. Their histories and design properties
are described in Table B.1, and the details of their results concerning can-
cer at this site are abstracted in Table D.5. The results of both the cohort
and the case-control studies are summarized in Table 11.1, and Figures
11.1 and 11.2 are plots of RRs for overall exposure and for exposure-
response gradients from the cohort studies reviewed. Colorectal cancer
occurred with far greater frequency than either esophageal or stomach can-
cer in the cohorts studied, and this enabled more statistically precise risk
estimation. Thirty-two citations on cohort studies presented results on the
association between asbestos exposure and colorectal cancer for a total of
41 distinct subpopulations.

The cohort studies were limited in that they were largely restricted to
mortality, which may not give a complete account of occurrence of colo-
rectal cancer. Also, data on known risks (such as family history of colorectal
cancer and/or diet) were not available in any of the cohort studies; because
such non-occupational risk factors are not likely to have been associated
with asbestos exposure, however, they probably do not represent important
confounders.

The Finnish women with asbestos-related diseases (Karjalainen et al.
1999), for whom only colon cancer was reported, had the highest RRs. The
largest excesses of colorectal cancer were observed among the earliest North
American insulation workers (Selikoff et al. 1979) and British male insula-
tion workers (Berry et al. 2000). In contrast, numerous reports were consis-
tent with no association and several were consistent with a negative asso-
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TABLE 11.1 Summary of Epidemiologic Findings Regarding Cancer of
the Colon or Rectum

Study Summary
Study Populations ~ No. Study RR Between-
Type Figure ~ Comparison  Included Populations  (95% CI) Study SD
Cohort  11.1 Any vs none  All 41 1.15
(1.01-1.31)
11.2 High vs Lower 13 1.24 —
none? bound?® (0.91-1.69)
Upper 13 1.38 —
bound® (1.14-1.67)
Case- 11.3 Any vs none  All 13 1.16 0.32
control (0.90-1.49)
11.4 Any vsnone EAM =1 8 0.98 29
(0.75-1.29)
EAM =2 5 2.00 .00
(1.28-3.14)
11.5 High vs EAM =1 7 1.02 S1
none? Lower (0.57-1.82)
bound?
EAM =1 7 1.14 45
Upper (0.70-1.89)
bound?

NOTE: CI = Confidence interval; EAM = exposure-assessment method; high quality, EAM =
1; lower quality, EAM = 2; RR = relative risk; SD = standard deviation.

aUsed studies that reported dose-response relationship (RR on an exposure gradient).

bFor studies that reported dose-response relationship on multiple gradient metrics, the small-
est “high vs none” RR was used to compute the lower bound, and the largest “high vs none”
RR was used to compute the upper bound.

ciation. Overall, the cohort studies (Figure 11.2) showed a small and mar-
ginally significant association between asbestos exposure and colorectal
cancer (RR = 1.15, 95% CI 1.02-1.31).

The summary estimate derived by aggregating the highest of the re-
ported extreme-exposure RR was 1.38 (95% CI 1.14-1.67), whereas the
estimate of association from combining the lowest of the reported RR for
the extreme category of an exposure gradient was 1.24 (95% CI10.91-1.67)
(Figure 11.2). Although those summary risk estimates for extreme expo-
sures are greater than the summary for any exposure (1.15 from Figure
11.1), the difference is small.
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Study Reference

Acheson84 (C+R, men)

Aliyu05 (CR, men, incidence)

Armstrong88 (CR, intestines+R, men)

Battista99 (CR, men)

Berry00 (C+R, male insulators)

Berry00 (C+R, male factory workers)

Berry00 (C+R, female factory workers)

Botta91 (CR, men)

Botta91 (CR, women)

Enterline87 (C+R, men)

Finkelstein04 (CR, men)

Gardner86 (C+R, men + women)

Germani99 (C+R, women with asbestosis)

Hodgson86 (C+R, men)

Hughes87 (CR, men)

Jakobsson94 (C+R, men, incidence)

Karjalainen99 (C+R, men with asbestosis, incidence)
Karjalainen99 (C+R, men with benign pleural disease, incidence)
Karjalainen99 (C, women with asbestosis, incidence)
Karjalainen99 (C, women with benign pleural disease, incidence)
Levin98 (C+R, white men)

MacDonald93 (CR, men)

Meurman94 (CR, men, incidence)

Peto85 (CR, men)

Peto85 (CR, women)

Piolatto90 (CR, intestinal, men)

Pira05 (CR, men + women)

PuntoniO1 (CR, men)

Raffn96 (C+R, men, incidence)

Reid04 (CR, men)

Sanden87 (C, men, incidence, RR=0)

Sanden87 (R, men, incidence)

Seidman86 (CR, male producers of shipyard insulation)
Selikoff79 (CR, male insulators starting 1943-1962)
Selikoff91 (CR, male members insulation unions 1967)
Smailyte04 (CR, men, incidence)

Smailyte04 (CR, women, incidence)

SzesDab02 (C+R, men with asbestosis)

SzesDab02 (C+R, women with asbestosis)

Tola88 (CR, men, incidence)

Woitowitz86 (CR, men + women, exposure stopped after 1972)
Woitowitz86 (CR, men + women, exposure stopped before 1972)

Summary 95% Interval
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FIGURE 11.1 Cohort studies: RR of colorectal cancer in people with “any” exposure
to asbestos compared with people who report none.

Case-Control Studies

The case-control studies retained for thorough evaluation after exclu-
sion of studies that did not assess exposure to asbestos or did not meet
other exclusion criteria are listed in Table 6.5 according to quality of their
exposure assessment. The details of the design aspects of those studies are
presented in Table C.1 and their detailed results are abstracted in Table E.S.
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Relative Risk
FIGURE 11.2 Cohort studies: RRs of colorectal cancer among people in most
extreme exposure category compared to those with none (4 = more than one exposure
gradient reported in citation, so the plot contains both highest and lowest estimates of
risk for most extreme category over all gradients).

Of the 11 citations, one (Dumas et al. 2000) reported only on rectal cancer,
and five investigated only colon cancer (Fredriksson et al. 1989, Garabrant
et al. 1992, Goldberg et al. 2001, Hardell 1981, Vineis et al. 1993). Sepa-
rate results for colon and rectal cancers could not be readily merged into a
colorectal grouping as was done for the cohorts, but the results have been
considered together in this review. The findings of all 11 studies are sum-
marized in Table 11.1 and in the plots presented in Figures 11.3-11.5, where
the citation labels indicate whether the RR pertains to colon (C), rectum
(R), or both (CR). The committee did not seek adjustment for confounders
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FIGURE 11.3 Case-control studies: RR of colorectal cancer in people with “any”
exposure to asbestos compared with people with none.

other than sex and age for this cancer type, so a plot stratified on adjust-
ment was not generated.

Thirteen results for any exposure were reviewed; eight point estimates
exceeded 1.0, two were almost exactly 1.0, and three point estimates were
less than 1.0 (Figure 11.3). When they were combined, the average estimate
of association was 1.16 (95% CI 0.90-1.49).

We next considered separately high-quality and lower-quality studies
(Figure 11.4). In the colorectal case-control studies with higher-quality as-
sessment of asbestos exposure, the summary estimate of association was
essentially null (95% CI 0.75-1.29); in the lower-quality studies, the sum-
mary estimate of association was significantly positive (RR =2.00, 95% CI
1.28-3.14). That pattern suggests that lower-quality studies—those with
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EAM =1
Demers94 (CR, men + women)
Dumas00 (chrysotile, R, men)
Dumas00 (amphibole, R, men)
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Study Reference

R
—
——
——
|
_:_._
1:_._
Spiegelman85 (CR, women) +
|
4
EAM =2 i
Gerhardson92 (C, men) :;.7
Gerhardson92 (R, men) A:_.i
Hillerdalgo (C, men) 4%_.7
Hillerdal80 (R, men) e
Vineis93 (C, men)

Summary 95% Interval

|
|
|
|
!
[ T T T I
0.01 0.1 025 05 1 2 3 5710

Relative Risk

FIGURE 11.4 Case-control studies: RR of colorectal cancer in people with “any”
exposure to asbestos compared with people with none, stratified on quality of
exposure assessment (top, EAM = 1: higher-quality exposure assessment; bottom,
EAM = 2: lower-quality exposure assessment).

less rigorous classification of exposure and typically without adjustment for
confounding—were more likely to show associations between asbestos ex-
posure and colorectal cancer.

The case-control studies evaluating gradients of exposure (Figure 11.5)
did not find stronger associations between the highest exposure and colo-
rectal cancer (RR = 1.02, 95% CI 0.57-1.82 for lowest estimates; and
RR =1.14,95% CI 0.70-1.89 for highest estimates). That is, among groups
with colorectal cancer those with high exposure did not, in aggregate, have
a greater risk of cancer than those with simply any exposure.
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FIGURE 11.5 Case-control studies: RRs of colorectal cancer among people in most
extreme exposure category compared to those with none (4 = more than one exposure
gradient reported in citation, so the plot contains both highest and lowest estimates of
risk for most extreme category over all gradients).

EVIDENCE INTEGRATION AND CONCLUSION

Evidence Considered

Thirty-two citations containing relevant information on 41 occupa-
tional cohort populations and 11 case-control studies of colorectal cancer
contributed epidemiologic data. Findings related to the response to asbestos
by tissues in the colon and rectum were evaluated from several well con-
ducted chronic rodent studies, four with inhalation exposure and six with
dietary administration.
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Consistency

The occupational-cohort studies suggested fairly consistently, although
not uniformly, that the risk of colorectal cancer was higher in exposed
people than in the general population. In contrast, the case-control studies
lacked consistency: estimated effects of asbestos exposure range from ap-
parently protective to seemingly harmful, whereas the one study with the
most detailed asbestos-exposure assessment and analysis (Garabrant et al.
1992) had essentially null findings.

Strength of Associations

For the case-control studies, the summary estimate of association was
close to null and not statistically significant. Moreover, evidence of a dose-
response relationship in the case-control studies was lacking. The overall
observed risk estimate from cohort studies was modestly above 1.0 and
statistically significant with some—albeit modest—evidence of a dose-
response relationship.

Coherence

Colorectal tumors are most commonly adenocarcinomas that arise in
polyps. Multiple risk factors are associated with colon cancer, including
age, familial predisposition, obesity, physical inactivity, and inflammatory
bowel disease. The potential role of asbestos fibers as a cofactor has not
been investigated in epidemiologic or experimental studies.

Asbestos bodies and asbestos fibers have been identified in the colon.
Ehrlich et al. (1991) recovered both from the biopsy samples from a third of
a small group of asbestos workers with colon cancer, but none from the
colons of patients without a history of asbestos exposure. Auerbach et al.
(1980) recovered asbestos bodies from colon tissue, as did Kobayashi et al.
(1987), who reported recovering them from both the large and small intes-
tine. In patients with inflammatory bowel disease and colon tumors, it is
uncertain whether fibers accumulate secondarily at sites of mucosal injury
or ulceration associated with inflammation or in an expanding tumor. As is
the case for finding asbestos bodies at other sites, contamination during
collection or processing of tissue samples is a possibility, as discussed in
Chapter 4.

One animal study (Amacher et al. 1974) showed that even a single dose
of chrysotile fed to rats, if large enough, consistently caused a transient
increase in DNA synthesis in the colon weeks later suggesting gastrointesti-
nal absorption had occurred at some unspecified site, but overall animal
models have failed to produce colon or colorectal cancer. Thorough exami-
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nation of rats and Syrian hamsters exposed to asbestos by inhalation at
levels sufficient to cause mesothelioma in both species and lung cancer in
rats did not find colorectal malignancies (Hesterberg et al. 1993, 1994;
McConnell 2005; McConnell et al. 1994a,b, 1999). One (HHS 1985) of six
lifetime, high-dose asbestos feeding studies in rodents (HHS 1983, 1985,
1988, 1990a,b,c) did, however, produced benign adenomatous colon pol-
yps in rats after chrysotile exposure. Benign adematous colon polyps are a
precursor of the most common type of colon cancer in humans. No polyps
were produced by chronic asbestos feeding in hamsters.

Conclusion

The committee judged that some aspects of the evidence were support-
ive of a causal association: a positive but small aggregate association with a
narrow confidence band arising from the many cohort findings possible
biologic plausibility suggested by the presence of asbestos bodies and fibers
in the colons of asbestos workers and the experimental induction of colon
polyps, albeit benign, in rats. The overall lack of consistency or of the sug-
gestion of an association among the case-control studies (even those of the
highest quality) and the absence of convincing dose-response relationships
in either type of study design, however, weigh against causality.

Thus, the committee determined that the evidence is suggestive but not
sufficient to infer a causal relationship between asbestos exposure and
colorectal cancer.
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Summary and Recommendations

SUMMARY

In addressing its charge of whether asbestos exposure plays a causal
role in the occurrence of pharyngeal, laryngeal, esophageal, stomach, or
colorectal cancer, the committee reviewed a broad array of evidence from
observational and experimental research. Its review emphasized epidemio-
logic studies of cancer rates in cohorts of asbestos-exposed workers and of
risk factors in sets of individuals with cancer at the selected sites in com-
parison to the general population. The observational evidence was system-
atically identified and evaluated for its consistency and strength of associa-
tion. The committee also considered the biologic plausibility of causal
associations of asbestos with cancers at the specified sites, recognizing that
asbestos is an established cause of mesothelioma and lung cancer. The full
committee reviewed the final integration of the evidence to assure unifor-
mity of application of the causal criteria across the sites.

Of the five sites considered, the committee found the evidence to be
sufficient to infer a causal relationship for laryngeal cancer; to be sugges-
tive for pharyngeal, stomach, and colorectal cancers; and to be inadequate
for esophageal cancer. Most of the non-epidemiologic evidence does not
indicate any particular site as being the target of carcinogenic action by
asbestos in humans; that evidence and the complementary epidemiologic
evidence do establish with certainty that asbestos is a human carcinogen.
Although correspondence of tumor sites in humans and experimental ani-
mals would constitute intuitively appealing evidence and would likely be
mechanistically consistent, it should be noted, however, that empirical con-
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sideration of epidemiologic and experimental findings for known carcino-
gens have demonstrated that site-specificity is not necessarily the rule across
species. Documentation of persistence of fibers at a target site would repre-
sent important evidence in support of biologic plausibility. Although in-
haled asbestos fibers clearly pass by the tissues in question in this report,
either directly or by swallowing secretions following clearance from
the respiratory tract, investigations on fiber persistence in the target organs
with definitive findings proved to be unfortunately sparse. Consequently,
the epidemiologic data did, in large part, influence the committee’s
decision-making for these five sites.

The inference of causality for laryngeal cancer reflects the consistency
of the evidence from a substantial number of both worker cohorts and
general-population case-control studies, an indication of greater risk among
more highly exposed persons, and the finding of an association with expo-
sure in studies that addressed potential confounding by tobacco-smoking
and alcohol consumption. In considering biologic plausibility, the commit-
tee noted that the epithelium of the larynx is similar to the respiratory epi-
thelium lining the conducting airways of the lung. Inhaled fibers pass
through the larynx and may deposit there; although fiber deposition and
persistence in the larynx have not been studied extensively, there are reports
of fibers and asbestos bodies being recovered from laryngeal tissues.

For all the sites for which the evidence was classified as suggestive, the
case-control information was less abundant than for laryngeal cancer. For
stomach and colorectal cancers, there actually were a few more informative
cohorts, but fewer than half as many cohorts provided data on pharyngeal
cancer as had on laryngeal cancer. The committee’s review found less con-
sistency among the findings of the individual studies for these sites and
there was only limited indication of exposure-response relationships. As-
bestos fibers could pass through the lumen of the pharynx, stomach, and
colon and rectum, but it is uncertain how fibers might interact with the
presumed target for carcinogenesis, the cells of the epithelium. Despite spo-
radic reports of asbestos bodies or fibers being recovered from stomach and
colon tissue, information was lacking on the fiber doses received by target
cells in the gastrointestinal epithelium. Relevant animal evidence was avail-
able from feeding studies, which showed the induction of colon polyps in
rats but not the production of malignancy.

The evidence was most sparse for cancer of the esophagus, for which
the designation was inadequate. There was a suggestion of an exposure-
response relationship from the available cohort studies, but the summary
estimate of 0.99 for any asbestos exposure was indicative of no association.
Only three case-control studies were identified, and investigation of poten-
tial confounding was limited. Animal-feeding studies did not show produc-
tion of esophageal cancers.
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RECOMMENDATIONS

This committee was charged with reviewing evidence on a widely used
material that is known to cause respiratory malignancy. Asbestos has been
extensively investigated as a cause of mesothelioma and lung cancer with
epidemiologic and experimental approaches. However, its potential to cause
malignancy at other sites that may also be exposed to substantial numbers
of asbestos fibers has not been as extensively investigated; little effort has
gone into determining delivered or effective dose at these extrapulmonary
sites. Much of the information reviewed by the committee came from co-
hort studies of workers that focused on investigating respiratory effects;
information on risks of other diseases, including cancers at the site covered
by this committee’s charge, was reported only incidentally. Other evidence
came from case-control studies directed at the causes of the cancers at the
sites of interest, but these studies were not specifically designed to address
asbestos exposure and their exposure assessments varied in quality.

The committee’s review identified limitations of the available evidence
that contributed uncertainty to its conclusions. Although the committee
was not charged with developing a research agenda to address the informa-
tion gaps, its review found many research needs. Research should address
the relevance of physical and chemical characteristics of asbestos fibers to
carcinogenicity. Studies directed at doses of fibers received by organs other
than the lung are needed; mechanistic studies directed at these organs could
prove to be a useful complement to ongoing work on the respiratory carci-
nogenicity of asbestos fibers. Studies involving animal models with high
risk for cancer of the designated sites might also be useful. In addition,
consideration should be given to approaches to strengthen the epidemio-
logic information on asbestos exposure and risk of cancers at the sites in the
committee’s charge. Information might be gained from further follow-up of
some of the cohorts of asbestos-exposed workers; however, the committee
is concerned that further study of these cohorts may no longer be possible
in that most were initiated decades ago and their records may not have been
maintained. Some effort might be made to determine whether key cohorts
could be followed up or new studies started on potentially informative
populations.
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FIRST PUBLIC MEETING

Tuesday, July 26, 2005
Keck Building, Room 203
500 Fifth Street NW
Washington, DC

Welcome, opening remarks, and discussion of agenda for open session
Jonathan Samet, M.D.
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Charge to the committee
Rose Marie Martinez
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Jeffrey Post, Ph.D.

Department of Mineral Sciences

Smithsonian National Museum of National History
Washington, DC
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ERI Consulting
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e Mechanisms of fiber-induced toxicity
Agnes Kane, Ph.D., M.D.
Brown University
Providence, Rhode Island

SECOND PUBLIC MEETING

Wednesday, October 5, 2005
Keck Building, Room 109
500 Fifth Street NW
Washington, DC

¢ Opening remarks, discussion of agenda for open session
Jonathan Samet, M.D.
Committee Chair

e Properties of asbestos involved in mechanisms of action leading to
mesothelioma
Brooke Mossman, Ph.D.
University of Vermont
Burlington, Vermont

e Molecular biology of carcinogenesis in gastrointestinal tissues (particu-
larly of the esophagus, stomach, colon, and rectum)
Karl Kelsey, M.D.
Harvard School of Public Health
Boston, Massachusetts

THIRD PUBLIC MEETING

Wednesday, November 16, 2005
NAS Building, Room 150
2101Constitution Avenue NW
Washington, DC

¢ Opening remarks, discussion of agenda for open session
Jonathan Samet, M.D.
Committee Chair

® Meta-analysis issues
Steve Goodman
Johns Hopkins University School of Medicine
Baltimore, Maryland
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e Synopsis concerning animal studies
Ernest E. McConnell (response presented by Rogene Henderson)
ToxPath, Inc
Raleigh, North Carolina

e Dosimetry of asbestos fibers
Frederick Miller, Ph.D.
Fred J. Miller and Associates LLC
Cary, North Carolina

e Observed fiber counts in tissues: respiratory versus non-respiratory
Victor Roggli, M.D. (by teleconference)
Durham Veterans Administration Medical Center
Durham, North Carolina
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TABLE B.1 Lineage and Design Properties of Studies on Cohorts
Informative for Selected Cancers

Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

Patients with Asbestos-Related
Disease

1.

Ttaly—
631 women compensated
for asbestosis

. Finland—

a. 1,376 asbestosis
patients

b. 4,887 patients with
pleural disease

. Poland—

a. 907 men with asbestosis
b. 490 women with
asbestosis

. US clinical trial monitoring

asbestos-exposed men

Mining

5. Wittenoom Gorge,

Western Australia

implied high exposure to
asbestos

1. mainly chrysotile

2. mainly crocidolite

men with asbestos
exposure in clinical trial of
lung cancer prevention

crocidolite

1. 276 textile workers
2. 278 asbestos cement
workers

1,839 asbestos-exposed
(smoking-eligible) vs 7,924
heavy smokers (not asbestos-
exposed)

6,000 men

6,505 men
411 women

6,506 men

6,493 men
415 women

~5,700 men alive in 1980
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Temporal Definition

Follow-Up

Citation®

alive and on asbestosis compensation
roles 12/31/1979

1964-1995

diagnosed 1970-1997

1943-1966

1943-1966

1943-1966

1943-1966

1943-1966

1/1/1980-10/30/1997

1967-1995

1999

prospective for
10-18 yrs (1984-2004)

1980

1980

2000

1979-2000

Germani et al. (1999)

Karjalainen et al. (1999)

Szeszenia-Dabrowska
et al. (2002)

Aliyu et al. (2005)

Hobbs et al. (1980)

Armstrong et al. (1988)

de Klerk et al. (1989)

Berry et al. (2004)

Reid et al. (2004)

continues
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Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

6. Quebec, Canada—
Asbestos and Thetford
Mines

7. Finland—Paakkila and
Maljasalmi Mines

8. Balangero, Italy

9. Northern Transvaal,
South Africa—North
West Cape Blue and
Penge Mines

10. Libby, MT, US—
NIOSH sample

chrysotile

chrysotile, also exposed
to crocidolite

anthophyllite
anthophyllite

anthophyllite

chrysotile
chrysotile

1. crocilodite
2. amosite

tremolite-actinolite

tremolite-actinolite

tremolite

6,091 male miners

11,788 men and women

544

workers at factory in
Asbestos, Quebec

10,939 men
440 women

10,939 men
440 women

5,351 men surviving through
1976 of original 10,939 men

10,918 men

1,092
1,092

736 men,
167 women

932

1,094

7,317 white men
1. 3,430

2. 3,212
3. 675 both

575 men

1. 569 men 2. 406 men
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Temporal Definition Follow-Up Citation?

employed in 1950, 1955 Braun and Truan (1958)

= § yrs exposure

born 1881-1920; with >1 mo 11/1/1966 McDonald et al. (1971)

working

employees with = 20 yr in 1961 1977 Nicholson et al. (1979)

born 1881-1920; with >1 mo 1975 McDonald and Liddell

working (1979)

born 1881-1920; with >1 mo 1975 McDonald et al. (1980)

working

born 1891-1920; with >1 mo before 1975 Liddell et al. (1984)

1967

born 1891-1920; with >1 mo 1976-1988 McDonald et al. (1993)

working

born 1891-1920; with >1 mo 1992 Liddell et al. (1997)

working

1/1/1936-6/30/1967, = 3 mo 5/201969 Meurman et al. (1974)

1/1/1936-6/30/1967, = 3 mo 9/1/1977 Meurman et al. (1979)

worked = 3 mo 1/1/1936-6/30/1967; 1953-1991 Meurman et al. (1994)

alive 1/1/1953

> 1 mo 1930-1965; alive 1/1/1946 1946-1975 Rubino et al. (1979)

1946-1987, > 1 yr 1987 Piolatto et al. (1990)

1945-1955 1980 Sluis-Cremer et al. (1992)
Amandus et al. (1987)

pre-1970; > 1 yr 1981 Amandus and Wheeler

1. pre-1970; > 1 yr 2. pre-1963;
>1yr

1. 1981 2. June 1983

(1987)

Amandus et al. (1988)

continues
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Cohort Population (location—

number, description)

Type of Exposure

Number of Workers?

Insulation Manufacture / Insulators

11. Canada/USA

a. 632 male insulation
workers before 1943
in NY/NJ

b. Paterson, NJ, US—
820 men
producing amosite
asbestos insulation for
shipbuilding

c. 17,800 male members
in 1967 of asbestos
insulation unions

12. Uxbridge, UK—Cape
[insulation] Boards Plant

13. East London, UK—1,400
male laggers [subgroups 1
and 2 make up
population 32]

14. Tyler, TX, US—753
white male asbestos pipe-
insulation plant workers

amosite

amosite

amosite

amosite

1947-1973 amosite and
small amt chrysotile; 1973

only amosite

crocidolite, amosite and
chrysotile

amosite

1. 632 men

1. 632 men

3. 17,800 men (including
survivors of 1 and 2)

1. 632 men

2. 833 men

3. 17,800 men

17,800 men

17,800 men

820 men

820 men

17,800 men

17,800 men

4,820 male asbestos workers
4,825 men

autopsies on 48 workers

1. ~3,000 male factory
workers

2. ~700 female factory

3. ~1,400 laggers (insulators)

753 white men
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Temporal Definition Follow-Up Citation?

1. members < 1943 1943-1962 Selikoff et al. (1964)

1. members < 1943 1. 1943-1971 Selikoff (1974)

3. in union 1/1/1967 3. 1967-1971

1. members < 1943 1. 1943-1976 Selikoff et al. (1979)

2. joined 1943-1962 2. hire date—1976

3. in union 1/1/1967 3. 1967-1976

in union 1/1/1967 1967-1976 Selikoff et al. (1980)

in union 1/1/1967 1967-1979 Seidman et al. (1982)

1941-1945 1985 Seidman et al. (1986)

1941-1945 1988 Ribak et al. (1989)

in union 1/1/1967 1967-1986 Seidman and Selikoff
(1990)

in union 1/1/1967 1967-1986 Selikoff and Seidman
(1991)

1947-1979 1947-1980 Acheson et al. (1984)

1947-1979 1986 Gardner et al. (1988)
Gibbs et al. (1994)

1 and 3. began 4/1/1933-3/31/1964, 1980 Berry et al. (2000)

>1 mo

2. began 1936-1942

workers
worked at plant during operation 1964-1993 Levin et al. (1998)

(1954-1972) or during clean-up;
alive in 1964

continues
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Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

Asbestos Textile Workers

15. Italy—889 male and
1,077 female textile
workers

16. Rochdale, Northern
England

17. Charleston, SC, USA—
asbestos textile workers

asbestos (textile) workers

asbestos textiles

asbestos workers
asbestos textiles
asbestos textiles
chrysotile, crocidolite
chrysotile

chrysotile

chrysotile

chrysotile

chrysotile only

chrysotile

chrysotile

889 men, 1,077 women

chrysotile 1°, crocidolite

chrysotile 1°, crocidolite

chrysotile 1°, crocidolite
chrysotile, crocidolite

3,222 men and 283 women

1,261 white men
1,261 men

2,543 men (black and white,
reason so much larger?)

3,022 subjects;

1. 1,247 white men

2. 546 black men

3. 1,229 white women

3,022 subjects;

1. 1,247 white men

2. 546 black men

3. 1,229 white women
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Temporal Definition

Follow-Up

Citation®

1946-1984, = 1 mo

113 men

1. 198 men

2. 427 men and 175 women

113 men

878: 658 men and 220 women

1,106

1916-1983

1930-1975
1940-1975, > 1 mo

1940-1975

> 1 mo working before 1958

1940-1975

1940-1975

1996

> 20 yr completed
1922-1953

1. > 20 yr completed
1916-1961

2. > 10 yr expo; hired
> 1932

1916-1966, > 10 yrs
1916-1972

6/30/1983

1975
1975

1977

1990

1990

Pira et al. (2005)

Doll (1955)

Knox et al. (1965)

Hill et al. (1966)
Knox et al. (1968)
Peto et al. (1977)
Peto et al. (1985)

Dement et al. (1982)

Dement et al. (1983a)

Dement et al. (1983b)

Finkelstein (1984)

McDonald et al. (1983)

Brown et al. (1994)

Dement et al. (1994)

continues
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Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

Asbestos Cement

18.

19.

20.

21.

22.

23.

24.

Denmark—Danish Eternit
Ltd. cement factory

Emilia Romagna, Italy—
10 cement factories

Casale Monferrato, Italy
—asbestos cement
production

Lithuainia—Daugeliai and
Akmene Factories

Southern Sweden—
asbestos cement plant

Tamworth, England, UK
—TAC Construction
Materials Ltd.

New Orleans, LA, US—
workers at two asbestos
cement plants

chrysotile, crocidolite and
amosite

chrysotile mostly (only
< 1946), amosite, crocilodite

mainly chrysotile; amosite,
crocilodite

chrysotile, crocidolite

crocidolite and chrysotile

chrysotile, crocidolite

chrysotile—almost only

>95% chrysotile;
crocidolite and amosite

chrysotile—almost only

primarily chrysotile,

1. some crocidolite and
amosite

2. crocidolite

chrysotile, amosite,
crocidolite

5,686 men

7,979 men
583 women

7,887 men
576 women

7,887 men,
576 women

3,341
2,608 men
759 women
2,605 men
762 woman
1,285 men
602 women

1,929 men

981 male asbestos cement
workers

1,510 men
657 women

1. 1,898 men at plant 1
2. 3,594 men at plant 2

839 men
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Temporal Definition Follow-Up Citation?

1943-1976 1976 Clemmensen and
Hjalgrim-Jensen (1981)

ever 1928-1984; alive 1943 1943-1984 Raffn et al. (1989)

1928-1984 1943-1990 Raffn et al. (1996)

1928-1984 1943-1990 Raffn et al. (1998)

1952-1987 1989 Giaroli et al. (1994)

worked anytime 1950-1980

worked anytime 1950-1980

pre-1978

1907-
1907-1977

> 1 yr employed; 15 yrs latency

1941-1983

employed before 1970; 20 yr latency

had clinical exam in 1969 with x-ray

1964-4/15/1986

1965-1993

2000

1985
1986

1958-1989

1984

Oct 1980

1983

Botta et al. (1991)

Magnani et al. (1996)

Smailyte et al. (2004a)

Albin et al. (1988)
Albin et al. (1990)

Jakobsson et al. (1994)

Gardner et al. (1986)

Hughes et al. (1987)

Hughes and Weill (1991)

continues
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Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

Friction Materials

25. Ontario, Canada—two
automotive parts factories

26. Ferodo, UK—friction
materials factory

27. USSR

28. New York, US—friction
products manufacture

Generic “Asbestos Workers”

29. China—eight asbestos
factories

30. Qingdao, China—asbestos
plant

31. Federal Republic of
Germany—asbestos-
related workers from
national register

crocidolite, chrysolite
chrysotile; some crocidolite
<1945

crocidolite, chrysolite
chrysotile

chrysotile

chrysotile

chrysotile

chrysotile

(smoking info)

1,314 men
343 women

9,113 men
4,347 women

13,460

9,104 men
4,346 women

9,104 men
4,346 women

1. 156
2. 2,834

1. 2,057 men
2. 268 men
54 women

5,893 men and women

160 men
370 women

3,735 men and women

1. 665 exposure ended <1972

2. 3,070 exposure ended
>1971

616 women

3,372 men
616 women
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Temporal Definition Follow-Up Citation?

1/1/1950; > 1 yr 1985 Finkelstein (1989a)

1941-1979 1979 Newhouse et al. (1982)

1942-1979 1979 Berry and Newhouse
(1983)

1941-1979 1986 Newhouse and Sullivan
(1989)

1941-1986 1986 Berry (1994)

1. working in FP shop 1/1/1966 1. 1984 Kogan et al. (1993)

2. Yoroslavl plant, > 3yr 2. 1949-1988

1.2 1. 1937-1980 Parnes (1990)

2. current employees

worked > 15 yr 1986 Zhu and Wang (1993)

pre-1972; > 1 yr 1994 Pang et al. (1997)

> 3 yrs expo before1977 1977-1982 Woitowitz et al. (1986)

> 3 yrs expo before 1977 1977-1988 Rosler et al. (1994)

1977-1988? Rosler and Woitowitz

(1995)

continues
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Cohort Population (location—
number, description)

Type of Exposure

Number of Workers?

32. East London, UK—3000
male and 700 female
asbestos factory workers
[subgroup 3 makes up
population 13]

33. Lancashire, UK—gas
mask manufacture

34. England and Wales, UK—
national survey of
asbestos workers

35. US—asbestos industry
retirees

crocidolite, small amount
chrysotile, amosite after
1926

crocidolite, amosite and
chrysotile
crocidolite, amosite and

chrysotile

crocidolite, amosite and
chrysotile

crocidolite, amosite and
chrysotile

chrysotile and crocidolite

various types of asbestos

production or maintenance
service employees for
asbestos company

amosite, chrysotile,
crocidolite

amosite, chrysotile,
crocidolite

amosite, chrysotile,
crocidolite

4,835 men
922 women after limit
cohort to enhance tracking

>4,000 workers 1,327 severe
expo

1. 3,232 male factory workers
2. 922 female factory workers
3. 1,368 male laggers

1. ~3,000 male factory
workers

2. 932 female factory
workers

3. ~1,400 laggers

1. ~3,000 male factory
workers

2. 932 female factory
workers

3. ~1,400 laggers

1,327 women

31,150 men traced and
examined of 33,079 total

1,464 men

1,348 men 65 yr old; full
expo and job history

1,348 men
1,075 men of above who
worked in US

1,074 men
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Temporal Definition Follow-Up Citation?

worked 4/1/1933-3/31/1964, > 1 mo 5/1/1965 Newhouse (1969)

began 1936-1942 1968 Newhouse et al. (1972)

worked 4/1/1933-3/31/1964, > 1 mo Newhouse and Berry
(1973)

1 and 3. began 4/1/1933-3/31/1964 1975 Newhouse and Berry

2. began 1936-1942 (1979)

1 and 3. began 4/1/1933-3/31/1964 1980 Newhouse et al. (1985b)

2. began 1936-1942

1 and 3. began 4/1/1933-3/31/1964, 1980 Berry et al. (2000)

>1 mo

2. began 1936-1942

1939 1951-1980 Acheson et al. (1982)

asbestos work first before 1981 Hodgson and Jones

1969 or only after 1969 (1986)

(max 12 yr latency)

retired 1941-1967 1969 Enterline et al. (1972)

1941-1967 1969 Enterline et al. (1973)

1941-1967 1969 Enterline and Henderson
(1973)

1941-1967 1973 Henderson and Enterline
(1979)

1941-1967 1980 Enterline et al. (1987)

continues
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Cohort Population (location—

number, description)

Type of Exposure

Number of Workers?

Other Occupations with Substantial Asbestos Exposure

36. Ontario, Canada—
members of plumbers’
and pipe fitters’ union

37. Finland—7,775 male
shipyard workers

38. Tuscany, Italy—railway
carriage construction and
repair

39. Genoa, Italy—ship repair,
refitting, and construction

40. Gothenburg, Sweden—
shipyard workers

asbestos one of many
toxic exposures

chrysotile, crocidolite

asbestos one of many
toxic exposures

asbestos one of many
toxic exposures

asbestos one of many
toxic exposures

shipyards sprayed mostly
amosite; crocidolite used
on 4 naval ships in 1950s

shipyard insulation
workers

asbestos and other
potenially toxic agents
(metal fumes and solvents)

handled chrysotile (around
spraying of amosite, some
crocidolite); asbestos use
stopped in 1972

chrysotile, mainly

25,285 men

12,693 men:
1,689 welders,
4,308 platers,
6,003 machinists,
693 pipe fitters
(608 in shipyard)

734 men

2,348 men

2,190 men

3,984 men

272 men

248

383 men (18 not fully IDed)

3,902 participated in health
program 1977-1979 (self-
selected for belief ever
exposed to asbestos)

3,893

Number of subjects with information necessary for analysis (as used in this report’s meta-
analyses and reported in tables in Appendix D) may have been less.
bFull citations can be found in the reference list for Chapter 6.
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Temporal Definition Follow-Up Citation?
1950-1999 1999 Finkelstein and Verma
(2004)
1945-1960, > 1 yr 1953-1981 Tola et al. (1988)
[incidence]
1945-1969 1970-1997 Battista et al. (1999)
worked any time before 1952; 1960-1969 Puntoni et al. (1977)
alive 1960
worked any time 1960-1970 1960-1975 Puntoni et al. (1979)
worked any time 1960-1980 1960-1995 Puntoni et al. (2001)
active in union 1970 1970-1979 Sanden et al. (1984)
1970-1994 Jarvholm and Sanden
(1988)
insured worker dying 1960-1979 at Sanden et al. (1985)
40-67 yrs of age
1978-1983 Sanden and Jarvholm

(1987) [incidence]

Sanden et al. (1992)
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TABLE C.1 Description of Case-Control Studies of All Selected Cancers
as Related to Exposure to Asbestos

Reference?

Population

Number of Cases?

Ahrens et al.

1991

Berrino et al.

2003

Brown et al.
1988

Burch et al.
1981

Male laryngeal-cancer cases identified in one
hospital in Bremen, Germany, in 1986 with
histologic confirmation; male controls with
nonneoplastic disease selected from same hospital
and matched on age and residence

Male cases of laryngeal and hypopharyngeal
cancer, less than 55 yr old, diagnosed in six
European centers in 1979-1982 with histologic
confirmation; controls selected from census lists,
electoral rolls, or population registries and matched
for sex and age

White, male laryngeal-cancer cases, 30-79 yr old,
diagnosed in 56 hospitals along Gulf Coast of
Texas in 1975-1980; controls selected through
Texas Department of Health mortality tapes,
drivers license records, HCFA-provided Medicare
records, and matched on age, vital status, ethnicity,
county of residence

Laryngeal cancer cases diagnosed in southern
Ontario in 1977-1979; neighborhood controls
matched on sex, age

100 laryngeal

215 laryngeal and
100 hypopharyngeal

183 laryngeal

204 laryngeal
(184 men and
20 women)
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Analysis; Adjustment
Number of Relevant for Potential
Controls? Exposures Exposure Assessment Confounders
100 Asbestos In-person interview with Unconditional logistic
standardized questionnaire  regression; smoking,
covering lifetime alcohol consumption,
occupational history with age
exposure checklist
819 Asbestos Interview with Unconditional logistic
standardized questionnaire  regression; study
assessing jobs held at least  centre, age, tobacco-
1 year; job titles coded; smoking, consumption
panel of industrial of alcohol, SES, dietary
hygienists and occupational  variables, other agents;
physicians assessed Boffetta et al. (2003)
probabilities of exposure to  analyzed same study
specific agents population in terms of
occupation and
industry
250 Asbestos Interview (self-reports or Logistic regression;
proxy) assessing lifetime cigarette smoking,
occupational and alcohol consumption
residential histories,
lifestyle factors,
demographic
characteristics; industrial
hygienist classified job
titles for exposure to
specific agents
204 Asbestos In-person interview with Discordant pairs, RR;

standardized questionnaire
assessing lifetime
occupational history and
lifestyle factors; self-
reported agents and
occupational
epidemiologist classification

smoking

continues
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TABLE C.1 Continued

ASBESTOS

Reference? Population Number of Cases?
Cocco et al. Male gastric cancer cases, 35-74 yr old, diagnosed 640 gastric
1994 and histologically confirmed in 1985-1987 in four
areas of Italy; population controls randomly
selected and matched for gender and age
De Stefani Male laryngeal-cancer cases, 30-75 yr old, 112 laryngeal
et al. 1998 diagnosed in five hospitals in Montevideo,

Demers et al.

1994

Dietz et al.
2004

Dumas et al.

2000

Uruguay, in 1993-19935; cancer controls selected
from same hospitals and timeframe

Colon and rectum cancer cases, 40-84 yr-old white
males, diagnosed in 1984-1987 through the
Metropolitan Detroit Cancer Surveillance System
(SEER); controls selected through RDD

Laryngeal cancer cases diagnosed at the
Department of Otolaryngology, Head and Neck
Surgery university hospitals of Heidelberg and
Manheim and town hospitals of Ludwigshafen,
Darmstadt and Heilbronn, Germany, in 1998-
2000; population controls selected from local
registries and matched on sex and age

Male rectal cancer cases, 35-70 yr old, diagnosed in
19 large Montreal-area hospitals in 1979-1985 and
histologically confirmed for one of 19 cancer sites;
frequency-matched by approximate age, population-
based controls also chosen from electoral lists, RDD

261 colon and rectum

257 laryngeal
(236 men and
21 women)

257 rectal
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Analysis; Adjustment

Number of Relevant for Potential

Controls? Exposures Exposure Assessment Confounders

959 Asbestos Interview assessing work Logistic regression;
histories (job title and age, study area,
duration); jobs coded and residence type,

JEM applied for six specific migration, family

agents gastric cancer history,
quetelet index, total
caloric, protein, and
vitamin C intake

509 (for Asbestos In-person interview with Unconditional logistic

asbestos standardized questionnaire  regression; age,

analysis, 352 assessing lifetime residence, education,
excluding occupational histories and  income, tobacco-
subjects with exposure to specific agents  smoking and type,
colorectal alcohol consumption
cancer)

183 Asbestos Telephone interview Unconditional logistic
assessing lifetime work, regression; age,
medical, and lifestyle smoking
histories; occupations and
industries coded and
assigned likelihoods of
asbestos exposure

769 In-person interview with Conditional logistic

(702 men and standardized questionnaire  regression; age, sex,

67 women) assessing lifetime smoking, alcohol
occupational history, consumption
tobacco and alcohol use;
quantification using job-
specific supplementary
questionnaires validated
for asbestos

1,295 cancer, Chrysotile; In-person interviews with Unconditional logistic

533 population  amphiboles specific question on details  regression; age,

of each job subject had;
analyzed and coded by
team of chemists and
industrial hygienists (about
300 exposures) on
semi-quantitative scale

education, respondent
status, cigarette-
smoking, beer
consumption, BMI

continues
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TABLE C.1 Continued

ASBESTOS

Reference?

Population

Number of Cases?

Ekstrom
et al. 1999

Elci et al.
2002

Fredriksson
et al. 1989

Garabrant
etal. 1992

Gerhardsson
de Verdier
et al. 1992

Gastric cancer cases, 40-79 yr old, residing in one
of five counties, born in Sweden, and diagnosed in
1989-1995, identified and histologically confirmed
by participating clinicians from all hospitals in the
study area; controls randomly selected from the
population register

Male laryngeal-cancer cases diagnosed in Oncology
Treatment Center of Social Security Agency
Okmeydani Hospital in Istanbul, Turkey, in 1979-
1984 with histologic confirmation; controls selected
from same hospital, timeframe among cases of HD,
cancers of skin (nonmelanoma), testis, bone, male
breast as well as benign lesions

Colon cancer cases, 30-75 yr old, identified through
the Swedish Cancer Registry among patients
diagnosed in 1980-1983; cases resident of the Umea
region and alive during the study’s data collection;
randomly selected population controls from the
National Population Register frequency-matched on
age, sex

English-speaking, white, male cases of colon cancer,
45-70 yr old, diagnosed in 1983-1986, and
identified through the Los Angeles County Cancer
Surveillance Program; neighborhood controls
matched on gender and date of birth

Colorectal-cancer cases identified through local
hospitals and Regional Cancer Registry in
Stockholm, Sweden in 1986-1988; cases
histologically confirmed and subjects limited to
those born in Sweden in 1907-1946 and lived half
their lives there; population controls randomly
selected from Stockholm County population registry

565 gastric

940 laryngeal

329 colon
(165 men and
164 women)

419 colon

352 colon
(163 men and
189 women);
217 rectal
(107 men and
110 women)
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Analysis; Adjustment
Number of Relevant for Potential
Controls? Exposures Exposure Assessment Confounders
1,164 Asbestos In-person interview with Unconditional logistic
professional interviewer; regression; age, sex
occupational
epidemiologists to assess
type of exposure and
duration from self-reports
of exposure and job titles
1,519 Asbestos In-person interview with Unconditional logistic
standardized questionnaire  regression; age,
assessing lifetime smoking, alcohol
occupational history, consumption
tobacco and alcohol use;
industrial hygienist
performed JEM exposure
assignments
658 Asbestos Mailed questionnaire Mantel-Haenszel; age,
(330 men and assessing occupational sex, physical activity
328 women) history (job titles);
telephone interviews
followed if necessary;
exposure to high or low
grade of asbestos
independently coded by
two physicians and one
hygienist
419 Asbestos In-person interview with Conditional logistic
standardized regression; family
questionnaires assessing history of large bowel
past 30 years of cancer, total caloric
occupational exposures, intake, carbohydrates,
physical activity and calcium, weight, and
weight, medical history, physical activity
family cancer history, and
a modified
Semiquantitative Food
Frequency Questionnaire
512 Asbestos Questionnaire administered  Unconditional logistic
(236 men and in person or through mail regression; age, sex,

276 women)

with follow-up telephone
survey; exposure to list of
chemicals or employment
in specified occupations
determined

nutritional intake
markers, BMI, physical
activity, family history
of colorectal cancer

continues
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TABLE C.1 Continued

ASBESTOS

Reference? Population Number of Cases?
Goldberg Male cases and controls, 35-70 yr old, diagnosed in 497 colon
et al. 2001 19 large Montreal-area hospitals in 1979-1985 and
histologically confirmed for one of 19 cancer sites;
frequency-matched by approximate age; population-
based controls also chosen from electoral lists and
with RDD
Gustavsson Oral-cavity, oro- and hypopharyngeal-, laryngeal-, 545 total, including:
et al. 1998 and esophageal-cancer cases among all Swedish 138 pharyngeal,
men, 40-79 yr old, residing in two regions with 157 laryngeal,
reporting from departments of oncology and 122 esophageal
surgery in 1988-1990; controls randomly selected
from population registers and matched on age,
region
Hardell Men from Umea region, 25-85 yr old, diagnosed 154 colon
1981 with adenocarcinoma of colon reported to Swedish
Cancer Registry 1978-1979; controls from Umea
region assembled for two previous studies were
used as referents
Hillerdal Male gastrointestinal cancer cases diagnosed in 386 total
1980 Uppsala county in 1968-1972 obtained through the (21 esophagus,
Swedish Cancer Registry with chest x-rays retrieved 148 stomach,
through the General Health Survey; controls 8 small intestine,
selected 3:1 based on age, sex, and year of x-ray 108 large intestine,
and 101 rectum)
Hinds et al. White, male laryngeal cancer cases diagnosed in 47 laryngeal
1979 3 counties of Washington through the Cancer

Krstev et al.

2005

Surveillance System in 1976-1977; neighborhood
controls matched on sex, race, age

Stomach cancer cases, 21-79 yr old, diagnosed at
22 hospitals and eight endoscopic centers in
Warsaw, Poland, in 1994-1996; controls randomly
selected from an electronic registry and matched on
gender and age

443 stomach
(285 men and
158 women)
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Analysis; Adjustment

Number of Relevant for Potential

Controls? Exposures Exposure Assessment Confounders

1,514 cancer, Asbestos In-person interviews with Unconditional logistic

533 population specific question on detail regression; age,
of each job subject had; respondent status,
analyzed and coded by ethnicity,
team of chemists and non-occupational
industrial hygienists (about  factors (such as
300 exposures) on cigarette-smoking,
semi-quantitative scale alcohol consumption)

641 Asbestos Interview with standardized Unconditional logistic
questionnaire assessing regression; age, region,
lifestyle and environmental  alcohol consumption,
factors; occupational tobacco-smoking
hygienist assigned
exposure intensity,
probability to 17 specific
occupational exposures

541 Asbestos Responses to mailed Mantel-Haenszel
questionnaire on work analysis stratified on
history, chemical age and urban vs rural
exposures, and lifestyle residence
factors interpreted to
determine ever-never status
for asbestos exposure.

1,158 Asbestos Evidence of pleural plaques  Standardized incidence
on chest x-rays regarded as  ratio (observed/
indirect proof of asbestos expected)
exposure

47 Asbestos In-person interview (or Matched pairs, RR
next-of-kin for deceased)
with standardized
questionnaire assessing
lifetime occupational
history and lifestyle factors

479 Asbestos In-person interview with Unconditional logistic

(313 men and standardized questionnaire  regression; age,

166 women) assessed lifetime education, smoking,

occupational history and
exposure to numerous
specific agents

lifetime number of jobs

held

continues
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TABLE C.1 Continued

ASBESTOS

Reference?

Population

Number of Cases?

Luce et al.
2000

Marchand
et al. 2000

Merletti
et al. 1991

Muscat and
Wynder
1992

Neugut
etal. 1991

Cases of laryngeal and hypopharyngeal cancer
identified from the Cancer Registry of New
Caledonia in 1993-1995 among residents living
there at least 5 years and 18 years old; population
controls selected from electoral rolls and matched
on sex and age

Male cases of laryngeal and hypopharyngeal cancer
diagnosed in 15 hospitals in six cities in France in
1989-1991; hospital, cancer controls selected

Male oral- and oropharyngeal cancer cases,
26-92 yr old, diagnosed in Turin, Italy, in 1982-
1984; controls selected randomly from resident
files, stratified by age, sex

White, male laryngeal cancer cases diagnosed and
histologcally confirmed at eight hospitals in New
York, Illinois, Michigan, and Pennsylvania in 1985-
1990; hospital controls randomly selected and
matched on hospital, age, and year of interview

Colorectal cancer cases among males, 35-84 yr old,

undergoing colonoscopy in three NYC medical centers

in 1986-1988; colonoscopy controls free of invasive
colon carcinomas, inflammatory bowel disease, or
colon polyps

23 larynx

(20 men and

3 women);

5 hypopharynx

315 laryngeal
206 hypopharyngeal

86 oral cavity or
oropharyngeal
(12 specifically
oropharyngeal)

194 laryngeal

51 colorectal
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Analysis; Adjustment
Number of Relevant for Potential
Controls? Exposures Exposure Assessment Confounders
305 total P6, a whitewash  In-person (or next-of-kin Unconditional logistic
(matched also containing for deceased) interview regression; age,
to 228 lung tremolite with standardized ethnicity, smoking,
cancer cases, asbestos questionnaire assessed alcohol
etc.) lifetime occupational and
lifestyle history and
residence in whitewashed
houses
305 Asbestos In-person interview with Unconditional logistic
standardized questionnaire  regression; age,
assessing lifetime smoking, alcohol
occupational history, consumption;
tobacco and alcohol use; Goldberg et al. (1997)
JEM exposure assignments  analyzed same study
population in terms of
occupation and
industry, while
Menvielle et al. (2004)
analyzed the
occupational
information from an
SES perspective
373 Asbestos In-person interview with Unconditional logistic
standardized questionnaire  regression; age,
assessing lifetime education, birthplace,
occupational history; job tobacco-smoking,
titles coded; industrial alcohol consumption
hygienists applied JEM to
determine exposures to
13 agents
184 Asbestos In-person interview Multiple logistic
assessed occupational regression; age,
history and exposure to education, smoking,
specific agents; occupation  alcohol, quetelet index
and exposure linkage
system applied to determine
exposure probability and
intensity
195 Asbestos Telephone interview or Multiple logistic

mailed questionnaire
assessed self-reported
exposure to asbestos with
occupational history used
as verification

regression; age

continues
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TABLE C.1 Continued

ASBESTOS

Reference?

Population

Number of Cases?

Olsen and
Sabroe 1984

Parent et al.
1998

Parent et al.
2000

Shettigara
and Morgan
1975

Spiegelman
and Wegman
1985

Stell and
McGill 1973

Laryngeal cancer cases, less than 75 yr old,
diagnosed in 1980-1982 through five department
of oncology in Denmark; population controls
matched 4:1 through municipal registries and
matched on sex, age

Male cases and controls, 35-70 yr old, diagnosed in
19 large Montreal-area hospitals in 1979-1985 and
histologically confirmed for one of 19 cancer sites;
frequency-matched by approximate age; population-
based controls also chosen from electoral lists and
with RDD

Male cases and controls, 35-70 yr old, diagnosed in
19 large Montreal-area hospitals in 1979-1985 and
histologically confirmed for one of 19 cancer sites;
frequency-matched by approximate age; population-
based controls also chosen from electoral lists and
with RDD

Male cases of laryngeal cancer diagnosed at
Toronto General Hospital and resident of
metropolitan Toronto in 1974; neighborhood
controls matched on sex and age

Cases of colon and rectal cancer and cancer
controls selected from sample of Third National
Cancer Survey of incident cancers in seven US
metropolitan areas and two states in 1969-1971;
digestive and occupationally associated cancers
(respiratory, urinary, bone, skin, buccal,
pharyngeal, leukemia) excluded from controls

Male laryngeal cancer cases diagnosed
consecutively in one Liverpool hospital; hospital
controls matched on age

326 laryngeal
(276 men and
50 women)

250 stomach

99 esophageal

(63 squamous-cell
carcinoma,

23 adenocarcinomas,
and 13 uncertain
morphology)

43 laryngeal

370 colon

(218 men and

152 women);

175 rectal

(119 men and

56 women);

8 large intestine

(6 men and 2 women)

100 laryngeal
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Analysis; Adjustment
Number of Relevant for Potential
Controls? Exposures Exposure Assessment Confounders
1,134 Asbestos In-person interview with Logistic regression;
(971 men and standardized questionnaire  age, tobacco, alcohol
163 women) assessing lifetime consumption, sex
occupational and lifestyle
histories, exposure to
specific agents
2,289 cancer, Chrysotile In-person interviews with Unconditional logistic
533 population  asbestos, specific question on detail regression; age,
amphibole of each job subject had; respondent status,
asbestos analyzed, coded by team birthplace, education,
of chemists and industrial cigarette-smoking
hygienists (about 300
exposures) on
semi-quantitative scale
2,299 cancer, Asbestos In-person interviews with Unconditional logistic
533 population specific question on detail regression; age,
of each job subject had; respondent status,
analyzed, coded by team birthplace, educational
of chemists and industrial level, beer
hygienists (about 300 consumption, spirits
exposures) on consumption, f3-
semi-quantitative scale carotene index,
cigarette-smoking
(length, pattern)
43 Asbestos In-person interview with Discordant pairs
standardized questionnaire
assessing age at first
exposure and duration of
exposure to asbestos and
other agents
1,861 total Asbestos Interviews conducted on Logistic regression;
(626 men and primary, secondary age, race, marital
1,245 women) occupations, industries, status, region, income
duration; exposure group, educational
assignment according to level, body mass,
NIOSH National nutritional scores
Occupational Hazard
Survey protocol
100 Asbestos In-person interview with Chi-square

questionnaire assessing
occupational history

continues
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TABLE C.1 Continued

ASBESTOS

Reference?

Population

Number of Cases?

Vineis et al.
1993

Wortley
et al. 1992

Zagraniski
et al. 1986

Zheng et al.

1992a

Zheng et al.

1992b

Colon cancer cases diagnosed in 1990-1991 at the
Main Hospital of Torino, Italy; controls selected
from a 10% sample of patients with nontraumatic
conditions in 1989-1990

Laryngeal cancer cases, 20-74 yr old, identified
through the Hutchinson Cancer Research Center
(SEER participant) in Seattle of western
Washington residents in 1983-1987; controls
selected through RDD and matched on age and sex

White, male cases of laryngeal cancer diagnosed in
two New Haven hospitals in 1975-1980; white,
male general surgery controls

Oral- and pharyngeal-cancer cases, 20-75 yr old,
identified through population-based cancer registry
as newly diagnosed in 1988-1990; controls
randomly selected from Shanghai Resident Registry,
matched on age, sex

Laryngeal cancer cases, 20-75 yr old, identified
through population-based cancer registry as newly
diagnosed in 1988-1990; controls randomly selected
from Shanghai Resident Registry, matched on age,
sex

131 colon
(74 men and
57 women)

235 laryngeal

87 laryngeal

204 oral

or pharyngeal
(115 men and
89 women)

201 laryngeal
(177 men and
24 women)

NOTE: BMI = body mass index; HCFA = Health Care Financing Administration; HD =
Hodgkin’s disease; JEM = job exposure matrix; NIOSH = National Institute for Occupational
Safety and Health; OR = odds ratio; RDD = random-digit dialing; SES = socio-economic
status.

aFull citations can be found in the reference list for Chapter 6.
bNumber of cases and controls with information necessary for analysis (as used in this
report’s meta-analyses and reported in tables in Appendix E) may have been less.
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Analysis; Adjustment
Number of Relevant for Potential
Controls? Exposures Exposure Assessment Confounders
463 Jobs with Self-reported job titles Mantel-Haenszel OR;
(254 men and potential coded and selected as age
209 women) exposure to exposed for: stone cutter,
asbestos mechanic or pipes and
boilers, pipefitter,
steamfitter, boilermaker,
mechanic at heating
company, and pipe installer
547 Asbestos In-person interview with Multiple logistic
standardized questionnaire  regression; smoking,
assessing lifetime drinking, age,
occupational history; education
industrial hygienists
performed JEM exposure
assignments
153 Asbestos work In-person interview with Condition logistic
standardized questionnaire  regression; tobacco,
assessing lifetime alcohol consumption
occupational history and
lifestyle factors
414 Asbestos In-person interview with Chi-squared test
(269 men and standardized questionnaire
145 women) assessing lifestyle factors
and occupational exposures
414 Asbestos In-person interview with Unconditional logistic
(269 men and standardized questionnaire  regression; age,
145 women) assessing lifestyle factors smoking, education
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Cohort Results Tables

TABLE D.1 Pharyngeal Cancer and Exposure to Asbestos—Cohort

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Mining
Reid et al. 5,685 male crocidolite mining and milling 16 1.88 (1.15-3.07)
2004 workers in western Australia (incidence
1980-2000—pharynx)
Piolatto 1,058 male chrysotile miners in northern 6 2.31 (0.85-5.02)
et al. 1990 Italy (oropharynx)
Duration of exposure (years)
<10 5 4.55(1.47-10.61)
10-20 1 2.00 (0.05-11.14)
> 20 0 0.0 (0.0-4.10)*
Sluis-Cremer 7,317 male amosite and crocidolite miners in 10 2.14 (1.03-3.94)
etal. 1992 South Africa (lip, oral cavity, pharynx)
Amosite subcohort 1 0.42 (0.0-1.97)
Crocidolite subcohort N 2.94 (1.16-6.18)
Insulation Manufacture/Insulators (laggers)
Berry et al. 1,400 male asbestos factory workers in east 0 0.0 (0.0-8.79)*
2000 London, UK (pharynx, buccal cavity)

(laggers)

271

continues
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TABLE D.1 Pharyngeal Continued

ASBESTOS

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Selikoff and 17,800 male members of asbestos insulation 48 2.18 (1.62-2.91)
Seidman unions in Canada and US in 1967
1991 (oropharynx)
Levin etal. 783 white male asbestos pipe insulation 1 1.07 (0.03-5.95)
1998 factory in Tyler, TX (pharynx, buccal cavity)
Asbestos Textile Workers
Pira et al. 1,966 textile employees in Italy (oral, 7 2.26 (0.90-4.65)
2005 pharynx)
Duration of employment (years)
<1 4 3.89 (1.06-9.96)*
lto<$ 2 2.52 (0.30-9.10)7
Sto<10 0 0
10+ 1 1.33 (0.03-7.41)*
Time since first employment (years)
<15 3 3.36 (0.69-9.83)4
15 to <25 4 3.63 (0.99-9.30)*
25to< 35 0 0
35+ 0 0
Time since last exposure (years)
Ongoing to < 3 1 1.86 (0.05-10.38)¢
3to< 15 2 1.79 (0.22-6.46)7
15to <25 4 4.72 (1.29-12.08)4
25to <35 0 0
35+ 0 0
Age at first exposure (years)
<25 0 0
25 to <35 2 2.57 (0.31-9.27)4
35+ 5 2.62 (0.85-6.12)7
Sex
889 men 7 2.54 (1.0-5.23)
1,077 women 0 0
Asbestos Cement
Raffnetal. 7,996 male asbestos-cement industry 13 0.79 (0.42-1.35)
1989 workers in Denmark (buccal cavity,
pharynx) (incidence)
Giaroli et al. 3,341 male asbestos-cement workers in Italy 0 0 (0-1.37)b

1994

(mouth, pharynx)
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TABLE D.1 Pharyngeal Continued

Exposed Estimated RR
Reference* Study Population Cases (95% CI)

Hughes 5,492 male asbestos-cement manufacturing
etal. 1987 plant employees in New Orleans, LA
(buccal, pharynx)

Plants combined (20 year lag) 11 0.90 (0.45-1.61)

Plant 1 5 1.13 (0.37-2.64)7

Plant 2 6 0.77 (0.28-1.67)4

Parnes 1990 2,057 male brake-lining and disk- 3 1.83 (0.37-5.19)7

manufacturing workers in Albany, NY
(buccal cavity, pharynx)

Generic “Asbestos Workers”

Berry et al.  Asbestos factory workers in east London,
2000 UK (buccal cavity, pharynx)
3,000 men 5 2.17 (0.70-5.07)¢
Low/mod < 2 years 1 1.59 (0.04-8.84)
Low/mod > 2 years 1 2.04 (0.05-11.37)4
Severe < 2 years 2 2.94 (0.36-10.62)4
Severe > 2 years 1 2.00 (0.05-11.14)7
700 women 0 0.00 (0.00-7.10)4
Enterline 1,074 white male production and 5 1.39 (0.45-3.24)7
etal. 1987 maintenance workers at US asbestos
company (buccal cavity, pharynx)
Other Occupations with Substantial Asbestos Exposure
Battista 734 male railway carriage construction and 3 2.65 (0.72-6.86)b
et al. 1999 repair workers in Italy (mouth, pharynx)
Puntoni 3,984 male shipyard workers in Genoa, Italy 16 0.97 (0.56-1.58)

et al. 2001 (oropharynx)

NOTE: CI = Confidence interval; RR = relative risk. Figures are for mortality unless otherwise
indicated. Data points included in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

995% Cls calculated with standard methods from observed and expected numbers pre-
sented in original paper.
v90% ClIs reported.
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ASBESTOS

TABLE D.2 Laryngeal Cancer and Exposure to Asbestos—Cohort

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Patients with Asbestos-Related Disease
Germani 631 women compensated for asbestosis 1 8.09 (0.21-45.08)
etal. 1999  in Italy
Textile industry (n = 276) 0 0.0 (0.0-60.10)
Asbestos cement industry (n = 278) 1 16.09 (0.42-
89.66)
Karjalainen ~ Asbestos-related disease patients in Finland
et al. 1999 (incidence)
Men
1,287 with asbestosis 5 4.2 (1.4-9.8)
4,708 with benign pleural disease 1 0.5 (0.0-2.7)
‘Women
89 with asbestosis 0 0 (0.0-340.0)
179 with benign pleural disease 0 0 (0.0-460.0)
Szesznia- 902 male workers compensated for 1 0.43 (0.01-2.40)2
Dabrowska  asbestosis in Poland
et al. 2002
Mining
Armstrong 6,505 male crocidolite miners and millers in 2 0.68 (0.17-2.74)
et al. 1988 Western Australia (mortality to 1980)
Reid et al. 5,685 male crocidolite mining and milling 19 1.82 (1.16-2.85)
2004 workers in western Australia (incidence
1980-2000)
Liddell et al. 8,923 male chrysotile miners and millers in 36 1.11 (0.79-1.55)
1997 Quebec (mortality 1950-1992)
Cumulative exposure to age 55 (million 30 1.04 (0.70-1.48)2
particles per cubic foot-yrs) among
7,728 living to age 55
< 300 24 1.03 (0.66-1.53)¢
<3 7 1.45 (0.58-2.99)4
3to< 10 6 1.71 (0.63-3.72)¢
10 to < 30 2 0.51 (0.06-1.84)
30 to < 60 1 0.34 (0.01-1.89)
60 to < 100 3 1.11 (0.23-3.24)¢
100 to < 200 2 0.59 (0.07-2.13)
200 to < 300 3 1.45 (0.30-4.24)4
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TABLE D.2 Laryngeal Continued

275

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
> 300 6 1.08 (0.40-2.35)7
300 to < 400 4 3.12 (0.85-7.99)4
400 to < 1000 2 0.64 (0.08-2.31)*
1000+ 0 0.00 (0.00-3.24)4
Meurman Anthophyllite asbestos miners in Finland
et al. 1994 (incidence)
736 men (3+ months of exposed time) 4 1.75 (0.48-4.47)
Moderate exposure 1 1.33 (0.03-7.40)
Heavy exposure 3 1.95 (0.40-5.69)
5+ years of exposed time 2 3.03 (0.37-10.9)
Moderate exposure 0 0 (0.00-36.2)
Heavy exposure 2 3.60 (0.44-13.0)
167 women (3+ months of exposed time) 0 0 (0.00-123.0)
Piolatto 1,058 male chrysotile miners in 8 2.67 (1.15-5.25)
etal. 1990  northern Italy
Duration of exposure (years)
<10 3 2.31 (0.48-6.75)7
10-20 0 0 (0.00-6.15)«
> 20 5 4.55 (1.47-10.61)7
Age at first exposure (years)
<30 N 3.57 (1.16-8.34)4
30+ 3 1.88 (0.39-5.48)¢
Time since first exposure (years)
<20 2 4.00 (0.48-14.44)4
20-30 2 2.50 (0.30-9.02)4
=30 4 2.35 (0.64-6.02)7
Time since last exposure (years)
Ongoing 2 4.00 (0.48-14.44)4
<10 3 4.29 (0.88-12.53)«
> 10 3 1.67 (0.34-4.87)2
Cumulative dust exposure (fiber-years)
<100 1 1.43 (0.04-7.96)*
100-400 2 2.22 (0.27-8.02)4
> 400 5 3.85 (1.25-8.98)4
Sluis-Cremer 7,317 male amosite and crocidolite miners in 5§ 1.86 (0.60-4.34)
et al. 1992 South Africa
Amosite subcohort 2 1.44 (0.25-4.52)
Crocidolite subcohort 3 3.09 (0.84-7.98)

continues
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TABLE D.2 Laryngeal Continued

ASBESTOS

Exposed Estimated RR

Reference*  Study Population Cases (95% CI)
Insulation Manufacture/Insulators (laggers)
Selikoff and 17,800 male members of asbestos insulation 18 1.70 (1.01-2.69)7
Seidman unions in Canada and US in 1967
1991
Berry et al. 1,400 male asbestos factory workers in east 0 0.00 (0.0-15.38)
2000 London, UK (laggers)
Levin et al. 753 white male workers in asbestos pipe 1 2.21 (0.06-12.29)
1998 insulation factory in Tyler, TX
Asbestos Textile Workers
Pira et al. 1,966 textile employees in Italy 7 2.38 (0.95-4.90)
2005 Duration of employment (years)
<1 1 1.05 (0.03-5.87)*
lto<$ 3 3.98 (0.82-11.63)7
Sto<10 2 3.90 (0.47-14.09)°
10+ 1 1.38 (0.03-7.67)7
Time since first employment (years)
<15 1 1.06 (0.03-5.92)¢
15 to <25 1 0.98 (0.02-5.46)*
25to <35 S 7.32 (2.37-17.09)¢
35+ 0 0
Time since last exposure (years)
Ongoing to < 3 0 0
3to< 15 3 2.71 (0.56-7.93)4
15 to <25 2 2.67 (0.32-9.62)7
25 to < 35 2 4.99 (0.60-18.00)7
35+ 0 0
Age at first exposure (years)
<25 1 3.84 (0.10-21.38)7
25 to <35 1 1.57 (0.04-8.76)¢
35+ S 2.44 (0.79-5.71)4
Sex
889 men 7 2.46 (0.99-5.06)4
1,077 women 0 0
Peto et al. Asbestos textile factory workers in
1985 Rochdale, UK
283 women 0 0.0 (0.00-61.50)°
3,211 men 4 1.55 (0.42-3.97)"
< 10 years in scheduled areas
Time since first employment
< 20 years 0 0.0 (0.00-4.24)"
20+ years 4 3.70 (1.01-9.48)"
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
10+ years in scheduled areas
Time since first employment
< 20 years 0 0.0 (0.00-19.42)¢
20+ years 0 0.0 (0.00-8.20)°
Dement 3,022 asbestos textile plant workers in 4 1.55 (0.53-3.55)
et al. 1994 South Carolina
White males 3 2.31 (0.63-5.96)
White females 0 0.0 (0.00-12.72)%
Black males 1 1.02 (0.05-4.84)
Asbestos Cement
Raffnetal. 7,996 male asbestos-cement industry 14 1.66 (0.91-2.78)
1989 workers in Denmark (incidence)
Duration of employment, 15 years latency
< 5 years 2 0.81 (0.09-2.94)
= § years 6 2.27 (0.83-4.95)
First employment 1928-40, 15 years 5 5.50 (1.77-12.82)
latency
Giaroli et al. 3,341 male asbestos-cement workers in Italy 2 0.82 (0.15-2.59)
1994
Botta et al.  Asbestos-cement workers in Italy
1991 2,608 men 5 0.70 (0.23-1.64)
759 women 0 0.0 (0.00-369.0)°
Smailyte 1,285 male asbestos-cement producers in 7 1.4 (0.7-2.9)
et al. 2004 Lithuania (incidence)
Duration of employment (years)
<1 0 0 (0.0-4.1)
1-4 3 6 (0.5-4.8)
5-9 2 0 (0.8-12.5)
=10 2 3 (0.4-5.7)
25+ years since first exposure 3 1.4 (0.29-4.09)4
Gardner 2,090 chrysotile asbestos cement products 1 0.91 (0.02-5.06)°
et al. 1986 workers in England
Hughes 5,492 male asbestos-cement manufacturing
etal. 1987 plant employees in New Orleans, LA
Plants combined (20 year lag) 3 0.56 (0.11-1.62)7
Plant 1 2 1.00 (0.12-3.61)¢
Plant 2 1 0.30 (0.01-1.64)7

continues
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Exposed Estimated RR

Reference*  Study Population Cases (95% CI)
Friction Materials
Finkelstein 1,314 male workers in automotive parts 3 8.54 (1.76-24.97)7
1989 factory in Ontario
Duration of employment (years)
1to <20 0 0.00 (0.00-36.27)2
=20 3 11.90 (2.46-
34.79)
Berry 1994 9,104 male friction materials factory
workers in the UK 6 0.64 (0.23-1.39)
Parnes et al. 2,057 male brake-lining and disk- 3 4.03 (0.80-11.39)7
1990 manufacturing workers in Albany, NY
Duration of employment (years)
0-4 2 6.64 (0.76-22.70)%
S+ 1 2.24 (0.06-12.41)°
Generic “Asbestos Workers”
Berry et al.  Asbestos factory workers in east
2000 London, UK
3,000 men 3 2.05 (0.42-6.01)7
Low/mod 0 0.00 (0.00-5.27)2
Severe < 2 years 2 4.65 (0.56-16.79)4
Severe > 2 years 1 3.03 (0.08-16.88)
700 women 0 0.00 (0.00-26.36)4
Enterline 1,074 white male production and 2 1.14 (0.14-4.13)7
etal. 1987 maintenance workers at US asbestos
company
Other Occupations with Substantial Asbestos Exposure
Finkelstein 25,285 male pipe-trade workers in Ontario
and Verma 20+ years since start of membership 14 1.32 (0.72-2.21)
2004 (latency)
Tola et al. 7,775 male shipyard workers in Finland 24 1.20 (0.77-1.79)
1988 (incidence)
Battista 734 male railway carriage construction and 5 2.40 (0.95-5.05)¢
et al. 1999 repair workers in Italy
Puntoni 3,984 male shipyard workers in Genoa, Italy 32 1.64 (1.12-2.32)
et al. 2001 Time since first exposure (years)
0-19 S 1.36 (0.44-3.17)*
20-29 4 0.93 (0.25-2.38)4
30-39 6 1.58 (0.58-3.44)¢
=40 17 2.20 (1.28-3.52)7



APPENDIX D

TABLE D.2 Laryngeal Continued

279

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Duration of exposure (years)
0-14 6 1.14 (0.42-2.48)4
15-24 8 1.59 (0.69-3.13)*
=25 18 1.96 (1.16-3.10)*
Age at hire (years)
0-24 15 2.36 (1.32-3.89)4
25-34 9 1.89 (0.87-3.59)*
=35 8 0.96 (0.41-1.89)4
Period of hire = 1940 22 2.36 (1.48-3.57)4
Insulation workers 3 8.52 (1.76-24.91)7

NOTE: CI = Confidence interval; RR = relative risk. Figures are for mortality unless otherwise

indicated. Data points included in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

995% Cls calculated with standard methods from observed and expected numbers pre-

sented in original paper.

bSMR and 95% ClIs calculated with standard methods from observed and expected num-

bers presented in original paper.
€90% ClIs reported.
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TABLE D.3 Esophageal Cancer and Exposure to Asbestos—Cohort

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Patients with Asbestos-Related Disease
Karjalainen ~ Asbestos-related disease patients in Finland
et al. 1999 (incidence)
Men
1,287 with asbestosis 1 1.0 (0.0-5.5)
4,708 with benign pleural disease 1 0.5 (0.0-2.7)
Women
89 with asbestosis 1 10.5 (0.3-58.2)
179 with benign pleural disease 0 0.0 (0.0-92.6)
Szesznia- 902 male workers compensated for 1 0.65 (0.01-2.40)2
Dabrowska  asbestosis in Poland
et al. 2002
Mining
Armstrong 6,505 male crocidolite miners and millers in 3 0.72 (0.23-2.22)
et al. 1988 Western Australia (mortality to 1980)
Reid et al. 5,685 male crocidolite mining and milling
2004 workers in western Australia
Incidence 10 1.11 (0.60-2.07)
Mortality 8 0.89 (0.44-1.78)
McDonald 5,335 chrysotile miners and millers in 10 0.73 (0.35-1.34)
et al. 1993 Quebec (1976-1988)
Meurman Anthophyllite asbestos miners in Finland
et al. 1994 (incidence)
736 men (3+ months of exposed time) 3 1.99 (0.41-5.81)
Moderate exposure 1 1.70 (0.04-9.44)
Heavy exposure 2 2.18 (0.26-7.88)
5+ years of exposed time 2 5.00 (0.61-18.1)
Moderate exposure 0 0 (0.00-61.0)
Heavy exposure 2 5.92 (0.72-21.4)
167 women (3+ months of exposed time) 1 2.86 (0.07-15.9)
Moderate exposure 1 8.68 (0.22-48.4)
Heavy exposure 0 0 (0.00-16.1)
Insulation Manufacture/Insulators (laggers)
Selikoff and 17,800 male members of asbestos insulation 30 1.68 (1.13-2.40)7
Seidman unions in Canada and US in 1967
1991
Seidman 820 men producing amosite asbestos 1 0.49 (0.01-2.70)°
et al. 1986 insulation in Paterson, NJ, US
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Selikoff 632 male insulation workers in New York 1 0.71 (0.02-3.98)°
etal. 1979 and New Jersey, US before 1943
<35 years 0 0.0 (0.00-9.04)4
35 + years 1 1.00 (0.03-5.57)b
Acheson 4,820 male insulation board factory workers 2 1.00 (0.12-3.61)7
et al. 1984 in Uxbridge, UK
Berry et al. 1,400 male asbestos factory workers in east 0 0.0 (0.00-4.79)b
2000 London, UK (laggers)
Levin etal. 753 white male workers in asbestos pipe 2 2.32 (0.28-8.39)
1998 insulation factory in Tyler, TX
Asbestos Textile Workers
Peto et al. Asbestos textile factory workers in
1985 Rochdale, UK
283 women 0 0.0 (0.00-11.53)b
3,211 men 11 1.67 (0.83-2.99)%
< 10 years in scheduled areas
Time since first employment
< 20 years 2 1.11 (0.13-4.01)®
20+ years 6 1.92 (0.70-4.17)b
10+ years in scheduled areas
Time since first employment
< 20 years 0 0.0 (0.00-9.71)b
20+ years 3 2.36 (0.49-6.91)b
Asbestos Cement
Albin et al.  Asbestos cement workers in southern 23 1.0 (0.5-2.0)
1990 Sweden (esophagus, stomach, duodenum—
too broad for meta-analysis)
= 40 fiber-years/ml na 1.7 (0.2-3.3)
Gardner 2,090 chrysotile asbestos cement products 1 0.29 (0.01-1.59)¢
et al. 1986 workers in England
Hughes 5,492 male employees at two asbestos- 12 0.93 (0.48-1.62)7
etal. 1987 cement manufacturing plants in
New Orleans, LA (20 year lag)
Duration of exposure (20 year lag)
=< 1 year 7 0.88 (0.35-1.80)4
> 1 year - § years 3 1.25 (0.26-3.65)4
> 5 years - 15 years 0 0.0 (0.00-4.61)*
> 15 years 2 1.11 (0.13-4.01)¢

continues



282

TABLE D.3 Esophageal Continues

ASBESTOS

Exposed Estimated RR

Reference*  Study Population Cases (95% CI)
Generic “Asbestos Workers”
Woitowitz Asbestos-exposed workers in Germany
et al. 1986 (esophagus/stomach—too broad for meta)
3,070 workers with exposure after 1972 13 1.82 (0.97-3.12)2
665 workers with exposure complete by 2 1.42 (0.17-5.13)7
1972
Berry et al.  Asbestos factory workers in east
2000 London, UK
3,000 men 7 1.70 (0.68-3.50)"
Low/mod < 2 years 2 1.80 (0.22-6.50)®
Low/mod > 2 years 2 2.27 (0.28-8.20)°
Severe < 2 years 2 1.59 (0.19-5.73)b
Severe > 2 years 1 1.15 (0.0-6.40)°
700 women 5 5.62 (1.82-13.11) ¢
Low/mod 1 6.25 (0.16-34.81)°
Severe < 2 years 2 3.92 (0.47-14.16)"
Severe > 2 years 2 9.09 (1.10-32.82)%
Hodgson 31,150 male asbestos workers in England 6 0.64 (0.23-1.39)2
and Jones and Wales, UK
1986 Cumulative exposure (years)
<10 0 0.00 (0.00-2.64)4
10-20 2 0.65 (0.08-2.33)4
=20 4 0.80 (0.22-2.05)”
Enterline 1,074 white male production and 4 1.36 (0.37-3.47)7
etal. 1987 maintenance workers at US asbestos
company
Other Occupations with Substantial Asbestos Exposure
Finkelstein 25,285 male pipe-trade workers in Ontario
and Verma 20+ years since start of membership 30 1.27 (0.86-1.81)
2004 (latency)
Puntoni 3,984 male shipyard workers in Genoa, Italy 11 0.77 (0.38-1.38)
et al. 2001

NOTE: CI = Confidence interval; na = not available; RR = relative risk. Figures are for mortal-
ity unless otherwise indicated. Data points included in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

995% Cls calculated with standard methods from observed and expected numbers pre-
sented in original paper.
bSMR and 95% ClIs calculated with standard methods from observed and expected num-
bers presented in original paper.
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TABLE D.4 Stomach Cancer and Exposure to Asbestos—Cohort Studies

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Patients with Asbestos-Related Disease
Germani 631 women compensated for asbestosis 2 0.45 (0.05-1.61)
etal. 1999  inItaly
Textile industry (n = 276) 2 1.09 (0.13-3.93)
Asbestos cement industry (n = 278) 0 0.0 (0.0-1.41)7
Karjalainen ~ Asbestos-related disease patients in Finland
et al. 1999 (incidence)
Men
1,287 with asbestosis 4 0.7 (0.2-1.9)
4,708 with benign pleural disease 11 1.3 (0.6-2.3)
‘Women
89 with asbestosis 1 2.2 (0.1-12.1)
179 with benign pleural disease 0 0.0 (0.0-17.4)
Szesznia- 902 male workers compensated for 5 0.70 (0.23-1.63)
Dabrowska  asbestosis in Poland
et al. 2002
Mining
Armstrong 6,505 male crocidolite miners and millers in 17 1.16 (0.72-1.87)
et al. 1988 Western Australia (mortality to 1980)
de Klerk Nested analysis of 17 cases vs 343 controls
et al. 1989 among Western Australian miners
5+ years of employment 0 0.0 (0.0-6.4)
50+ average f/ml at worksites 1 0.4 (0.0-4.2)
Reid et al. 5,685 male crocidolite mining and milling
2004 workers in western Australia
Incidence (1980-2000) 27 1.31 (0.82-1.75)
Mortality 21 1.39 (0.91-2.14)
Liddell et al. 8,923 male chrysotile miners and millers in 183 1.24 (1.07-1.44)°
1997 Quebec (mortality 1950-1992)

Cumulative exposure to age 55 (million 158
particles per cubic foot—yrs) among 7,728
living to age 55

<300 118
<3 32
3to<10 22
10 to < 30 15
30 to < 60 13
60 to < 100 13
100 to < 200 16
200 to < 300 7

1.26 (1.07-1.48)7

1.16 (0.96-1.39)2
1.41 (0.98-2.01)2
1.38 (0.87-2.09)
0.89 (0.50-1.47)a
1.07 (0.57-1.83)2
1.16 (0.62-1.98)
1.15 (0.66-1.87)2
0.80 (0.32-1.65)

continues
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TABLE D.4 Stomach Continued

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
> 300 40 1.69 (1.22-2.32)
300 to < 400 7 1.29 (0.52-2.66)¢
400 to < 1000 16 1.21 (0.69-1.96)7
1000+ 17 3.21 (1.87-5.14)
Meurman Anthophyllite asbestos miners in Finland
et al. 1994 (incidence)
736 men (3+ months of exposed time) 13 1.42 (0.76-2.43)
Moderate exposure 6 1.71 (0.63-3.72)
Heavy exposure 7 1.24 (0.50-2.56)
5+ years of exposed time 3 1.26 (0.26-3.68)
Moderate exposure 1 2.86 (0.07-15.9)
Heavy exposure 2 0.99 (0.12-3.56)
167 women (3+ months of exposed time) 1 0.67 (0.02-3.71)
Moderate exposure 1 1.89 (0.05-10.5)
Heavy exposure 0 0.00 (0.00-3.81)
Piolatto 1,058 male chrysotile miners in 12 0.94 (0.49-1.65)7
etal. 1990  northern Italy
Duration of exposure (years)
<10 4 0.69 (0.19-1.77)4
10-20 S 1.79 (0.58-4.17)4
> 20 3 0.75 (0.15-2.19)2
Amandus 575 male tremolite-exposed vermiculite 2 1.24 (0.15-4.49)
etal. 1987  miners in Libby, MT
Insulation Manufacture/Insulators (laggers)
Selikoff and 17,800 male members of asbestos insulation 38 1.29 (0.92-1.78)°
Seidman unions in Canada and US in 1967
1991
Seidman 820 men producing amosite asbestos 11 1.90 (0.95-3.40)7
et al. 1986 insulation in Paterson, NJ, US
Selikoff 632 male insulation workers in New York 19 3.52 (2.12-5.49)°
etal. 1979 and New Jersey, US before 1943
Duration of exposure (years)
<20 0 0.00 (0.00-36.9)¢
20-35 6 4.00 (1.47-8.71)°
> 35 13 3.42 (1.82-5.85)¢
Acheson 4,820 male insulation board factory workers 7 0.94 (0.38-1.94)*
et al. 1984 in Uxbridge, UK
Berry et al. 1,400 male asbestos factory workers in east 2 0.77 (0.09-2.78)4

2000 London, UK (laggers)
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Levinetal. 753 white male workers in asbestos pipe 0 0.0 (0.00-3.35)7
1998 insulation factory in Tyler, TX
Asbestos Textile Workers
Pira et al. 1,966 textile employees in Italy 15 1.20 (0.67-1.98)
2005 Duration of employment (years)
<1 S 1.42 (0.46-3.31)4
lto<$ 2 0.63 (0.08-2.27)4
Sto<10 6 2.64 (0.97-5.75)4
10+ 2 0.57 (0.07-2.06)4
Time since first employment (years)
<15 5 1.37 (0.44-3.20)¢
15to <25 6 1.48 (0.54-3.22)4
25 to <35 3 1.00 (0.21-2.92)4
35+ 1 0.57 (0.01-3.17)2
Time since last exposure (years)
Ongoing to < 3 2 0.87 (0.11-3.14)4
3to< 15 6 1.29 (0.47-2.81)4
15to<25 4 1.21 (0.33-3.10)
25 to <35 2 1.20 (0.15-4.33)4
35+ 1 1.90 (0.05-10.58)7
Age at first exposure (years)
<25 2 1.31 (0.16-4.73)4
25to <35 1 0.38 (0.01-2.12)2
35+ 12 1.45 (0.75-2.53)4
Sex
889 men 11 1.16 (0.58-2.08)7
1,077 women 4 1.34 (0.37-3.43)a
Peto et al. Asbestos textile factory workers in
1985 Rochdale, UK
283 women 2 1.85 (0.22-6.69)*
3,211 men 29 1.00 (0.67-1.44)"
< 10 years in scheduled areas
Time since first employment
< 20 years 9 0.89 (0.41-1.69)°
20+ years 9 0.77 (0.35-1.46)°
10+ years in scheduled areas
Time since first employment
< 20 years 2 0.92 (0.11-3.31)%
20+ years 9 1.80 (0.82-3.42)"

continues
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Dement 3,022 asbestos textile plant workers in 9 0.90 (0.47-1.56)
et al. 1994 South Carolina
White males 3 0.77 (0.21-2.00)
White females 0 0.00 (0.00-1.55)°
Black males 6 1.60 (0.69-3.15)
Asbestos Cement
Raffnetal. 7,996 male asbestos-cement industry 43 1.43 (1.03-1.93)
1989 workers in Denmark (incidence)
Duration of employment, 15 years latency
< S years 13 1.77 (0.94-3.02)
= 5 years 15 1.27 (0.70-2.07)
First employment 1928-40, 15 years 8 1.69 (0.73-3.33)
latency
Botta et al.  Asbestos-cement workers in Italy
1991 2,608 men 17 0.81 (0.47-1.30)
759 women 4 1.36 (0.37-3.48)
Smailyte Asbestos-cement producers in Lithuania
et al. 2004 (incidence)
602 women 4 1.2 (0.4-3.2)
1,285 men 14 0.9 (0.5-1.5)
Duration of employment (years)
<1 1 0.4 (0.1-2.6)
1-4 8 1.4 (0.7-2.8)
5-9 2 0.8 (0.2-3.3)
=10 3 0.6 (0.2-1.9)
25+ years since first exposure 4 0.6
Albin et al. Asbestos cement workers in southern 23 1.0 (0.5-2.0)
1990 Sweden (esophagus, stomach, duodenum—
grouping too broad for inclusion in
meta-analysis)
= 40 fiber-years/ml na 1.7 (0.2-3.3)
Gardner 2,090 chrysotile asbestos cement products 15 1.09 (0.61-1.81)°
et al. 1986 workers in England
Hughes 5,492 male asbestos-cement manufacturing 22 1.13 (0.71-1.71)7
etal. 1987 plant employees in New Orleans, LA
(20 year lag)
Duration of exposure (20 year lag)
= 1 year 14 1.20
> 1 year-$ years N 1.35
> 5 years-15 years 2 1.54
> 15 years 1 0.37
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)

Friction Materials

Kogan et al. 2,834 friction product workers in Yaroslavl, 14 0.58 (0.32-0.98)*
1993 Russia
Males 3 0.45 (0.09-1.33)4
Females 11 0.70 (0.35-1.25)4
Generic “Asbestos Workers”
Zhu and 5,893 chrysotile factory workers in China 28 2.40 (1.60-3.47)7
Wang 1993
Pang et al. Chrysotile asbestos plant workers in China 5 4.40 (1.43-10.27)¢
1997 160 men 5 7.87 (2.55-18.38)"
370 women 0 0.00 (0.00-7.37)?
Woitowitz Asbestos-exposed workers in Germany
et al. 1986 (esophagus/stomach—too broad for meta)
3,070 workers with exposure after 1972 13 1.82 (0.97-3.12)7
665 workers with exposure complete 2 1.42 (0.17-5.13)7
by 1972
Berry et al.  Asbestos factory workers in east
2000 London, UK
3,000 men 21 1.24 (0.77-1.89)¢
Low/mod < 2 years 4 0.89 (0.24-2.29)4
Low/mod > 2 years 3 0.82 (0.17-2.39)7
Severe < 2 years 9 1.82 (0.83-3.44)
Severe > 2 years 5 1.30 (0.42-3.03)~
700 women 5 1.42 (0.46-3.32)7
Low/mod 1 1.50 (0.04-8.31)4
Severe < 2 years 1 0.51 (0.01-2.84)4
Severe > 2 years 3 3.41 (0.70-9.97)4
Acheson 1,327 women in gas-mask manufacture in 9 1.20 (0.55-2.28)2
etal. 1982 Lancashire, UK
Hodgson 31,150 male asbestos workers in England 27 1.00 (0.66-1.46)7
and Jones and Wales, UK
1986 Cumulative exposure (years)
<10 6 1.50 (0.55-3.27)4
10-20 10 1.16 (0.56-2.14)4
=20 11 0.77 (0.38-1.38)*
Enterline 1,074 white male production and 20 1.80 (1.10-2.78)7
etal. 1987 maintenance workers at US asbestos

company

continues
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Exposed Estimated RR
Reference* Study Population Cases (95% CI)

Other Occupations with Substantial Asbestos Exposure

Finkelstein 25,285 male pipe-trade workers in Ontario

and Verma 20+ years since start of membership 21 0.67 (0.41-1.02)
2004 (latency)
Tola et al. 7,775 male shipyard workers in Finland 63 0.80 (0.61-1.02)
1988 (incidence)
Battista 734 male railway carriage construction and 13 1.31 (0.77-2.08)¢
et al. 1999 repair workers in Italy
Puntoni 3,984 male shipyard workers in Genoa, Italy 67 1.14 (0.89-1.45)
et al. 2001
Sanden et al. 3,787 male shipyard workers in Sweden 3 0.88 (0.18-2.58)?
1987 (incidence)
20 year latency 3 1.07 (0.22-3.13)F
Heavy exposure 1 0.77 (0.02-4.28)?

NOTE: CI = Confidence interval; na = not available; RR = relative risk. Figures are for mortal-
ity unless otherwise indicated. Data points included in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

995% ClIs calculated with standard methods from observed and expected numbers pre-
sented in original paper.

bSMR and 95% ClIs calculated with standard methods from observed and expected num-
bers presented in original paper.

€90% ClIs reported.
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TABLE D.5 Colorectal? Cancer and Exposure to Asbestos—Cohort

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Patients with Asbestos-Related Disease
Germani 631 women compensated for asbestosis in 11 2.18 (1.09-3.90)
et al. 1999 Italy (large and small intestine, plus rectum)
Colon and sigma 8 2.38 (1.03-3.90)
Textile industry (n = 276) S 3.67 (1.20-8.60)
Asbestos cement industry (n = 278) 2 1.16 (0.14-4.21)
Rectum 1 0.62 (0.02-3.45)
Textile industry (n = 276) 0 0.0
Asbestos cement industry (n = 278) 0 0.0
Karjalainen ~ Asbestos-related disease patients in Finland
et al. 1999 (incidence)
Men—colorectal 23 1.1 (0.7-1.7)¢
Colon 11 1.0 (0.5-1.9)¢
1,287 with asbestosis 3 0.9 (0.2-2.5)
4,708 with benign pleural disease 8 1.1 (0.5-2.1)
Rectum 12 1.2 (0.6-2.2)¢
1,287 with asbestosis 4 1.3 (0.3-3.2)
4,708 with benign pleural disease 8 1.2 (0.5-2.4)
Women—colon only 3 4.2(0.9-12.3)¢
89 with asbestosis 2 4.6 (0.6-16.5)
179 with benign pleural disease 1 3.4 (0.1-1.91)
Szesznia- Workers compensated for asbestosis in
Dabrowska  Poland
et al. 2002 902 men—colorectal 3 0.66 (0.14-1.92)¢
Colon 1 0.51 (0.01-2.84)0
Rectum, anus 2 0.77 (0.09-2.78)
489 women—colorectal 3 1.38(0.29-4.04)c
Colon 2 1.99 (0.24-7.19)
Rectum, anus 1 0.86 (0.02-4.79)b
Aliyu etal. 3,897 male participants in the Beta-Carotene 85 2.0 (1.6-2.5)
2005 and Retinol Efficacy Trial (colorectal)
1,847 with pleural abnormality: positive 51 1.40 (0.88-2.23)
24 with radiographic profusion: 3/2 to 3/+ 1 1.38 (0.18-10.6)
156 with >40 years in high-risk trade 3 0.49 (0.12-2.00)
707 with >41 years since first exposure 29 1.20 (0.48-3.04)

continues
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TABLE D.5 Colorectal? Continued

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Mining
Armstrong 6,505 male crocidolite miners and millers in 14 0.70 (0.41-1.18)
et al. 1988 Western Australia (mortality to 1980)
Reid et al. 5,685 male crocidolite mining and milling
2004 workers in western Australia
Incidence (1979-2000) 88 1.05 (0.85-1.29)
Mortality 49 1.31 (0.99-1.74)
McDonald 5,335 chrysotile miners and millers in 73 0.82 (0.65-1.04)°
et al. 1993 Quebec (1976-1988)
Meurman Anthophyllite asbestos miners in Finland
et al. 1994 with more than 3 months exposure
(incidence)
736 men—colorectal 3 0.55 (0.11-1.60)
Moderate exposure 2 1.06 (0.13-3.82)
Heavy exposure 1 0.28 (0.01-1.56)
5+ years of exposed time (212 men) 2 1.27 (0.15-4.60)
Moderate exposure 1 3.85(0.10-21.4)
Heavy exposure 1 0.76 (0.02-4.25)
167 women—colorectal 4 2.61 (0.71-6.69)°
Colon 3 3.45 (0.71-10.1)
Moderate exposure 1 3.14 (0.08-17.4)b
Heavy exposure 2 3.66 (0.44-13.2)
Rectum 1 1.52 (0.04-8.44)
Moderate exposure 0 0.00 (0.00-15.2)
Heavy exposure 1 2.39 (0.06-13.3)
Piolatto 1,058 male chrysotile miners in northern 6 0.91 (0.33-1.98)?

et al. 1990 Italy (intestinal)
Duration of exposure (years)
<10 3 1.03 (0.21-3.02)°
10-20 0.00 (0.00-2.84)"
> 20 3 1.30 (0.27-3.81)°

o
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TABLE D.5 Colorectal? Continued

Exposed Estimated RR

Reference* Study Population Cases (95% CI)

Insulation Manufacture/Insulators (laggers)

Selikoff and 17,800 male members of asbestos insulation 121 1.37 (1.14-1.64)b
Seidman unions in Canada and US in 1967
1991
Seidman 820 men producing amosite asbestos 22 1.85 (1.16-2.80)°
et al. 1986 insulation in Paterson, NJ, US
Selikoff 632 male insulation workers in New York 23 2.77 (1.76-4.16)¢
etal. 1979  and New Jersey, US before 1943
Duration of exposure (years)
<20 0 0.00 (0.00-18.45)¢
20-35 7 3.68 (1.48-7.59)¢
> 35 16 2.58 (1.48-4.19)¢
Acheson 4,820 male insulation board factory workers 10 1.31 (0.63-2.42)b
etal. 1984  in Uxbridge, UK
Colon 6 1.37 (0.50-2.98)b
Rectum 4 1.24 (0.34-3.17)b
Berry et al. 1,400 male asbestos factory workers in east 8 2.86 (1.23-5.63)°
2000 London, UK (laggers)
Colon 7 4.32 (1.73-8.90)%
Rectum 1 0.85 (0.02-4.72)b
Levin et al. 753 white male workers in asbestos pipe 6 1.67 (0.61-3.63)0
1998 insulation factory in Tyler, TX
Colon 6 2.07 (0.76-4.51)
Rectum 0 0.0 (0.00-5.27)%
Asbestos Textile Workers
Pira et al. 1,966 textile employees in Italy 16 1.45 (0.83-2.35)
2005 Duration of employment (years)
<1 7 2.23 (0.89-4.59)b
Tto<$ 1 0.35 (0.01-1.95)%
Sto<10 3 1.46 (0.30-4.28)b
10+ 5 1.67 (0.54-3.89)b
Time since first employment (years)
<15 2 0.86 (0.10-3.10)°
15 to < 25 2 0.55 (0.07-1.98)°
25to < 35 7 2.24 (0.89-4.58)b
35+ 5 2.64 (0.32-9.54)b

continues
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Time since last exposure (years)
During to < 3 0 0.00 (0.0-2.69)?
3to< 15 5 1.34 (0.43-3.13)F
15to <25 6 1.83 (0.67-3.98)F
25to <35 3 1.52 (0.31-4.45)b
35+ 2 2.91 (0.35-10.51)°
Age at first exposure (years)
<25 3 1.63 (0.34-4.77)b
25to <35 2 0.75 (0.09-2.71)b
35+ 11 1.68 (0.84-3.01)F
Sex
889 men 10 1.39 (0.67-2.56)°
1,077 women 6 1.56 (0.57-3.40)b
Peto et al. Asbestos textile factory workers in
1985 Rochdale, UK
283 women 4 1.98 (0.54-5.07)°
3,211 men 20 0.75 (0.46-1.16)¢
< 10 years in scheduled areas
< 20 years since first employment 5 0.60 (0.19-1.40) ¢
20+ years since first employment 8 0.68 (0.29-1.33)¢
10+ years in scheduled areas
< 20 years since first employment 2 1.18 (0.14-4.25)¢
20+ years since first employment 5 1.03 (0.33-2.40)¢
Asbestos Cement
Raffnetal. 7,887 male asbestos-cement industry 102 1.22 (0.99-1.48)
1996 workers in Denmark (incidence)
Years since first employment
0-14 23 1.02 (0.65-1.53)
> 15 79 1.29 (1.02-1.61)
first employed 1928-1950 39 1.47 (1.05-2.01)
Botta et al.  Asbestos-cement workers in Italy
1991 2,608 men 11 0.65 (0.33-1.17)
759 women 7 1.80 (0.72-3.70)
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Smailyte Asbestos-cement producers in Lithuania
et al. 2004a  (incidence)
602 women 3 0.8 (0.1-1.8)
1,285 men 17 6 (1.0-2.6)
Duration of employment (years)
<1 4 2 (0.8-5.7)
1-4 2 5(0.2-2.1)
5-9 3 8 (0.6-5.6)
=10 8 4 (1.2-4.7)
25+ years since first exposure 7 6 (0.6-3.3)%
Albin et al. 1,465 male asbestos-cement workers in 26 1.5 (0.7-3.0)
1990 southern Sweden (mortality 1927-1986)
= 40 fiber-years/ml na 3.4 (1.2-9.5)
Jakobsson 981 male industrial workers in Sweden 26 1.47 (0.96-2.15)0
et al. 1994 (asbestos cement) (incidence 1958-1989)
Right colon 12 2.38 (1.23-4.16)
Left colon 1 0.22 (0.00-1.18)
Rectum 13 1.65 (0.88-2.83)
Gardner 2,090 chrysotile asbestos cement products 11 0.71 (0.36-1.28)¢
et al. 1986 workers in England
Colon 6 0.65 (0.24-1.42)¢
Rectum S 0.81 (0.26-1.88)¢
Hughes 5,492 male asbestos-cement manufacturing
et al. 1987 plant employees in New Orleans, LA
Plants combined (20 year lag) 21 0.90 (0.56-1.38)"
Plant 1 10 1.20 (0.58-2.21)%
Plant 2 11 0.73 (0.36-1.31)?
Duration of exposure (20 year lag)
=<1 year 11 0.79 (0.39-1.41)®
> 1 year - § years S 1.11 (0.36-2.59)°
> § years - 15 years 1 0.67 (0.02-3.74)b
> 15 years 4 1.21 (0.33-3.09)®
Generic “Asbestos Workers”
Woitowitz Asbestos-exposed workers in Germany
et al. 1986 3,070 workers with exposure after 1972 5 0.79 (0.26-1.84)¢
665 workers with exposure complete by 3 2.15 (0.44-6.29)°

1972

continues
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Berry et al.  Asbestos factory workers in east London,
2000 UK
3,000 men 22 1.36 (0.85-2.06)°
Colon
Low/mod < 2 years 3 1.21 (0.25-3.54)¢
Low/mod > 2 years 3 1.49 (0.31-4.36)¢
Severe < 2 years 3 1.11 (0.23-3.25)¢
Severe > 2 years 8 4.06 (1.75-8.00)¢
Rectum
Low/mod < 2 years 2 1.06 (0.13-3.82)¢
Low/mod > 2 years 0 0.00 (0.00-2.38)¢
Severe < 2 years 3 1.46 (0.30-4.28)¢
Severe > 2 years 0 0.00 (0.00-2.41)¢
700 women 7 1.19 (0.48-2.44)¢
Colon
Low/mod 0 0.00 (0.00-5.13)¢
Severe < 2 years 2 0.87 (0.11-3.15)¢
Severe > 2 years 1 1.00 (0.03-5.57)¢
Rectum
Low/mod 0 0.00 (0.00-10.85)¢
Severe < 2 years 4 3.70 (1.01-9.48)¢
Severe > 2 years 0 0.00 (0.00-7.85)¢
Hodgson 31,150 male asbestos workers in England 16 0.54 (0.31-0.88)¢
and Jones and Wales, UK
1986 Colon—cumulative exposure (years) 6 0.36 (0.13-0.78)?
<10 1 0.40 (0.01-2.23)?
10-20 2 0.36 (0.04-1.31)°
=20 3 0.54 (0.11-1.57)¢
Rectum—cumulative exposure (years) 10 0.77 (0.37-1.43)b
<10 1 0.52 (0.01-2.93)®
10-20 2 0.47 (0.06-1.72)?
=20 7 1.03 (0.41-2.12)°
Enterline 1,074 white male production and
et al. 1987 maintenance workers at US asbestos 23 1.15 (0.73-1.73)b
company
Colon 14 0.98 (0.54-1.65)°
Rectum 9 1.59 (0.73-3.02)b
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TABLE D.5 Colorectal? Continued

Exposed Estimated RR
Reference* Study Population Cases (95% CI)

Other Occupations with Substantial Asbestos Exposure

Finkelstein 25,285 male pipe-trade workers in Ontario

and Verma 20+ years since start of membership (latency) 96 1.16 (0.94-1.42)
2004
Tola et al. 7,775 male shipyard workers in Finland 35 0.79 (0.55-1.10)
1988 (incidence)
Battista 734 male railway carriage construction and 6 0.93 (0.41-1.84)4
et al. 1999 repair workers in Italy
Puntoni 3,984 male shipyard workers in Genoa, Italy 59 1.00 (0.76-1.29)
et al. 2001
Sanden et al. 3,787 male shipyard workers in Sweden 3 0.38 (0.08-1.1)
1987 (incidence)
Rectum 3 0.45 (0.09-1.33)¢
Heavy or very heavy exposure 2 0.65 (0.08-2.33)¢
Colon 0 0.00 (0.00-3.00)¢

NOTE: CI = Confidence interval; na = not available; RR = relative risk. Figures are for mortal-
ity unless otherwise indicated. Data points included in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

aStatistics from original paper presented here; when RRs were calculated for colon and
rectum separately, combined RRs for colorectal cancer were derived for use in meta-analysis.

b95% Cls calculated with standard methods from observed and expected numbers pre-
sented in original paper.

°SMR and 95% Cls calculated with standard methods from observed and expected num-
bers presented in original paper.

490% ClIs reported.
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Case-Control Results Tables

TABLE E.1 Pharyngeal Cancer and Exposure to Asbestos—Case-Control
Studies

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Berrino 100 male cases of hypopharyngeal cancer
et al. 2003 from six centers in Southern Europe, < 55

years old (adjusted for smoking and

alcohol consumption)
Possible na 1.8 (0.9-3.9)
Probable na 1.8 (0.6-5.0)
(More detailed findings from combined
analysis with 215 cases of laryngeal
cancer on Table E.2)

Luce et al. 5 hypopharyngeal cancer cases among
2000 residents of New Caledonia
Whitewash from tremolite asbestos 1 0.64 (0.01-6.68)

Marchand 206 hypopharyngeal cancer cases among
et al. 2000 male residents of six cities in France
(adjusted for smoking and alcohol

consumption)

Any exposure 161 1.80 (1.08-2.99)
Low cumulative exposure 52 1.92 (1.03-3.57)
Intermediate 52 1.40 (0.74-2.63)
High 57 2.14 (1.14-4.01)

continues
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TABLE E.1 Pharyngeal Continued

Exposed Estimated RR
Reference* Study Population Cases (95% CI)

Gustavsson 138 pharyngeal cancer cases among male
et al. 1998 residents of two regions in Sweden
(adjusted for smoking and alcohol
consumption)
Asbestos (low) 24 1.01 (0.57-1.80)
Asbestos (high) 22 1.08 (0.62-1.91)

Zheng et al. 115 male oral or pharyngeal cancer cases
1992b among residents of Shanghai, China
Asbestos, occupational exposure 16 1.81 (0.91-3.60)7

Merletti 86 oral cavity or oropharynx (n = 12) cancer
etal. 1991 cases among male residents of Turin, Italy
(adjusted for smoking and alcohol
consumption)
Any exposure 45 1.1 (na)
Probable or definite 3 0.4 (na)

NOTES: CI = Confidence interval; na = not available; RR = relative risk. Data points included
in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

90R and 95% CI calculated with standard methods from observed numbers of exposed
cases and controls in original paper.
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TABLE E.2 Laryngeal Cancer and Exposure to Asbestos—Case-Control

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Berrino 213 male cases of endolaryngeal cancer from
et al. 2003 six centers in Southern Europe, < 55 years
old
Possible na 1.7 (1.0-3.0)
Probable na 1.8 (0.8-4.0)
Combined analysis with 100
hypopharyngeal cancer cases
Asbestos (JEM-derived agent), any 215 1.6 (1.0-2.5)
exposure
10+ years duration and 20+ years lag 121 1.4 (0.8-2.4)
Likelihood of exposure
Possible 175 1.7 (1.1-2.8)
Probable 40 1.9 (0.9-3.8)
Duration of exposure
< 10 years na 1.3 (0.6-2.7)
10-19 years na 1.4 (0.7-2.7)
= 20 years na 1.7 (0.9-3.0)
p-trend > 0.05
Tertiles of weighted exposure
1 na 1.4 (0.8-2.3)
2 na 1.9 (1.2-3.2)
3 na 1.6 (1.0-2.6)
p-trend = 0.037
Dietz et al. 257 laryngeal cancer cases among residents
2003 of Rhein-Neckar region, Germany
Asbestos 59 1.3 (0.8-2.1)
Elci et al. 940 laryngeal cancer cases among male
2002 residents of Istanbul, Turkey (smoking-
adjusted)
Asbestos (JEM-derived agent) 150 1.0 (0.8-1.3)
Glottis 28 0.8 (0.5-1.2)
Supraglottis 71 1.0 (0.8-1.4)
Other laryngeal 51 1.2 (0.9-1.7)
Intensity of exposure
Low 45 0.9 (0.6-1.3)
Medium 93 1.2 (0.9-1.6)
High 12 0.6 (0.3-1.1)
Probability of exposure
Low 121 1.2 (0.9-1.5)
Medium 20 0.6 (0.4-1.1)
High 9 0.7 (0.3-1.5)

continues
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Luce et al. 20 laryngeal cancer cases among male
2000 residents of New Caledonia (all smokers)
Whitewash from tremolite asbestos 3 0.72 (0.22-2.30)
Melanesians 2 0.71 (0.14-3.63)
Non-Melanesians 1 0.60 (0.07-5.22)
Marchand 296 laryngeal cancer cases among male
et al. 2000 residents of six cities in France (smoking-
adjusted)
Any exposure 216 1.24 (0.83-1.90)
Low cumulative exposure 67 1.10 (0.66-1.82)
Intermediate 72 1.20 (0.73-1.99)
High 77 1.47 (0.87-2.46)
Supraglottic, any exposure 56 1.12 (0.61-2.05)
Low cumulative exposure 15 0.84 (0.38-1.84)
Intermediate 22 1.31 (0.62-2.76)
High 19 1.27 (0.58-2.78)
Glottic and subglottic, any exposure 75 1.15 (0.68-1.95)
Low cumulative exposure 27 1.19 (0.62-2.27)
Intermediate 21 0.90 (0.45-1.78)
High 27 1.44 (0.73-2.83)
Epilarynx, any exposure 77 1.77 (0.94-3.30)
Low cumulative exposure 22 1.45 (0.67-3.13)
Intermediate 25 1.69 (0.79-3.64)
High 30 2.22 (1.05-4.71)
De Stefani 112 laryngeal cancer cases among male
et al. 1998 residents of Montevideo, Uruguay (smoking-
adjusted)
Asbestos (self-reported agent) 23 8(0.9-3.2)
1-20 years 4 9 (0.3-2.7)
20+ years 19 4 (1.2-4.8)
Supraglottic na 3(0.9-5.7)
Glottic na 9 (0.8-10.5)
Gustavsson 157 laryngeal cancer cases among male
et al. 1998 residents of two regions in Sweden
Asbestos (low) 28 1.21 (0.73-2.02)
Asbestos (high) 34 1.69 (1.05-2.74)
Quartile I 13 1.16 (1.02-1.32)
Quartile II 15 1.35 (1.04-1.74)
Quartile I1I 16 1.56 (1.06-2.30)
Quartile IV 18 1.82 (1.08-3.04)

p-trend = 0.02
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Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Muscat and 186 laryngeal cancer cases among white,
Wynder male residents of New York, Illinois,
1992 Michigan, and Pennsylvania, US
Asbestos, any exposure 66 1.1 (0.7-1.9)
Glottis 40 1.3 (0.7-2.7)
Supraglottis 26 1(0.5-2.6)
Wortley 235 laryngeal cancer cases among residents
et al. 1992 of western Washington state, US
Asbestos—peak
None 145 1.0
Low 3 1.2 (0.6-7.1)
Medium 57 1.3 (0.8-2.0)
High 30 1.1 (0.6-1.9)
Asbestos—duration
< 1 year 151 1.0
1-9 50 1.0 (0.5-2.1)
=10 34 1.2 (0.6-2.3)
Asbestos—exposure scores
<S5 173 1.0
5-19 25 1.1 (0.6-2.1)
=20 37 1.4 (0.7-2.5)
Zheng et al. 201 laryngeal cancer cases among residents
1992a of Shanghai, China (smoking-adjusted)
Asbestos, occupational exposure 26 2.0 (1.0-4.3)
Ahrens et al. 85 laryngeal cancer cases among male
1991 residents of Bremen, Germany (smoking-
adjusted)
Asbestos na 1.1 (0.5-2.4)
Brown et al. 180 laryngeal cancer cases among male
1988 residents along Gulf Coast of Texas
(smoking-adjusted)
Asbestos 88 5(1.0-2.2)
< § years 20 3 (0.7-2.6)
5-14 24 2 (1.1-4.3)
=15 40 4 (0.8-2.4)
unknown 4
Zagraniski 92 laryngeal cancer cases among white, male
et al. 1986 residents of New Haven, CT (smoking-
adjusted)
Asbestos workers (ever held occupation) 11 1(0.4-2.9)

continues
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Exposed Estimated RR
Reference Study Population Cases (95% CI)
Olsen and 276 male laryngeal cancer cases among
Sabroe 1984 residents of Denmark (smoking-adjusted)
Asbestos 17 1.8 (1.0-3.4)
Burch et al. 184 laryngeal cancer cases among male
1981 residents of southern Ontario, Canada
(smoking-adjusted)
Self-reported asbestos exposure 36 1.6 (p = 0.069)
Occupational hygienist classified exposure 14 2.3 (p =0.052)
Hinds et al. 47 laryngeal cancer cases among male
1979 residents of three counties in WA; self-
reported asbestos exposure
All subtypes 25 1.75 (p =0.21)
Glottis na 1.29 (p = 0.63)
Supraglottis na 4.00 (p = 0.22)
Shettigara 43 laryngeal cancer cases among male
and Morgan hospital patients in Toronto, Canada
1975 Asbestos 10 o (0 exposed

Stell and 100 laryngeal cancer cases among male
McGill 1973 hospital patients in Liverpool, UK
Asbestos

31

controls)

14.53 (4.27-49.43)7

NOTES: CI = Confidence interval; na = not available; RR = relative risk. Data points included

in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

90R and 95% CI calculated with standard methods from observed numbers of exposed

cases and controls in original paper.
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TABLE E.3 Esophageal Cancer and Exposure to Asbestos—Case-Control
Studies

Exposed Estimated RR
Reference* Study Population Cases (95% CI)

Parent et al. 99 esophageal cancer cases among male
2000 residents of Montreal, Canada; [H-derived
agent: chrysotile asbestos (smoking-adjusted)
All subtypes

Any exposure 21 1.4 (0.8-2.4)
Nonsubstantial 19 1.4 (0.8-2.5)
Substantial 2 1.3 (0.3-6.2)
63 squamous-cell carcinomas
Any exposure 17 2.0 (1.1-3.8)
Nonsubstantial 16 2.1 (1.1-4.0)
Substantial 1 1.1 (0.1-9.7)
Gustavsson 122 esophageal cancer cases among male
et al. 1998 residents of two regions in Sweden; IH-
derived agent (smoking-adjusted)
Asbestos (low) 22 1.21 (0.67-2.17)
Asbestos (high) 21 1.00 (0.54-1.82)
Hillerdal Gastrointestinal carcinoma cases among
1980 male residents of Uppsala county, Sweden
(exposure = pleural plaques)
21 esophageal 1 2.86 (0.07-15.91)7

NOTES: CI = Confidence interval; na = not available; RR = relative risk. Data points included
in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

90R and 95% CI calculated with standard methods from observed and expected numbers
presented in original paper.
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TABLE E.4 Stomach Cancer and Exposure to Asbestos—Case-Control

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Krstev et al. 443 stomach cases among residents of
2005 Warsaw, Poland
285 males, ever exposed 42 5(0.9-2.4)
1-9 years 19 2 (0.6-2.3)
= 10 years 23 9 (0.9-3.8)
158 females, ever exposed 1 3(0.03-3.0)
1-9 years 1 4 (0.0-6.0)
= 10 years 0 —
Ekstrom 565 gastric cancer cases among residents of 155 1.11 (0.87-1.42)
et al. 1999 Sweden
Parent et al. 250 male gastric cancer cases among
1998 residents of Montreal, Canada
Chrysotile asbestos
Nonsubstantial 43 2 (0.8-1.7)
Substantial 4 0.7 (0.2-1.8)
Amphibole asbestos
Nonsubstantial 10 0.6 (0.3-1.2)
Substantial 3 1.9 (0.6-6.9)
Cocco et al. 640 gastric cancer cases among male
1994 residents of Italy
Ever exposed 239 0.7 (0.5-1.1)
21+ years na 4 (0.6-3.0)
Hillerdal Gastrointestinal carcinoma cases among
1980 male residents of Uppsala county, Sweden
(exposure = pleural plaques)
148 stomach 6 2.40 (0.88-5.22)4

NOTES: CI = Confidence interval; na = not available; RR = relative risk. Data points included
in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

995% CI calculated with standard methods from observed and expected numbers presented
in original paper.
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TABLE E.5 Colorectal Cancer and Exposure to Asbestos—Case-Control

Studies
Exposed Estimated RR
Reference* Study Population Cases (95% CI)
Goldberg 497 colon cancer cases among male residents
et al. 2001 of Montreal, Canada; industrial-hygiene-
derived agent
Adjusted for age and non-occupational
factors
Nonsubstantial 60 0.9 (0.6-1.3)
Substantial 18 2.1 (1.1-4.0)
Further adjusted for occupational factors
Nonsubstantial 60 0.9 (0.6-1.3)
Substantial 18 1.8 (0.9-3.6)
Frequency
1-5% 21 0.9 (0.5-1.6)
6-30% 49 1.1 (0.7-1.5)
>30% 8 1.5 (0.6-3.7)
Concentration
Low 40 0.9 (0.6-1.4)
Medium 32 1.2 (0.8-1.8)
High 6 1.4 (0.4-4.3)
Duration (10-year increment) 78 1.1 (0.9-1.2)
Dumas et al. 257 rectal cancer cases among male residents
2000 of Montreal, Canada
Chrysotile, any 30 0.7 (0.5-1.0)
Substantial 3 0.5 (0.2-1.6)
Amphiboles, any 11 0.7 (0.3-1.2)
Substantial 2 1.5 (0.3-7.6)
Demers et al. 261 colorectal cancer cases among white 15 0.5 (0.3-1.0)
1994 males residents of southeast Michigan
Duration (years)
<20 9 0.6 (0.3-1.5)
20+ 6 0.4 (0.1-1.2)
Latency (years)
<40 5 0.4 (0.1-1.3)
40+ 10 0.6 (0.2-1.4)
Vineis et al. 74 colon cancer cases among male residents 4 4.8 (1.05-21.5)
1993 of industrialized northern Italy (job titles)
Jobs with putative asbestos exposure
Garabrant 419 male colon cancer cases among residents
et al. 1992 of Los Angeles County, CA
Never exposed 353 1.00

continues
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TABLE E.5 Colorectal Continued

Exposed Estimated RR

Ordinal trend

Reference* Study Population Cases (95% CI)
No latency
Any exposure 66 0.99 (0.66-1.50)
Asbestos on hands and clothes
Did not get on hands or clothes 17 2.32 (0.87-6.23)
Got on hands or clothes 49 0.82 (0.52-1.30)
Use of mask
Did not wear mask 55 0.95 (0.61-1.46)
Wore mask 11 1.43 (0.49-4.17)
Frequency of exposure
< 5 times/week 18 1.00 (0.50-2.00)
= 5 times/week 31 0.79 (0.43-1.46)
Brief, intense exposure 17 1.48 (0.64-3.38)
Ordinal trend p=0.70
Duration of exposure (years)
<S5 24 0.98 (0.53-1.84)
5-14 20 1.47 (0.67-3.22)
=15 22 0.76 (0.39-1.49)
Continuous trend p=0.61
Ordinal trend p=0.81
Time since first exposure (years)
<1-14 10 1.66 (0.54-5.10)
15-29 21 1.37 (0.65-2.91)
=30 35 0.77 (0.45-1.31)
Continuous trend p=0.61
Ordinal trend p=0.66
Cumulative exposure index
1-30 41 1.26 (0.74-2.15)
31-60 11 0.80 (0.34-1.88)
=61 14 0.65 (0.28-1.51)
Continuous trend p=022
Ordinal trend p=0.46
15-year latency
Exposed, latency > 15 years 56 0.93 (0.60-1.44)
Asbestos on hands and clothes
Did not get on hands or clothes 12 1.75 (0.62-4.94)
Got on hands or clothes 44 0.83 (0.51-1.33)
Use of mask
Did not wear mask 46 0.86 (0.55-1.37)
Wore mask 10 1.95 (0.55-6.90)
Frequency of exposure
< 5 times/week 14 0.83 (0.39-1.76)
= 5 times/week 30 0.93 (0.49-1.77)
Brief, intense exposure 12 1.14 (0.46-2.87)

p=0.78
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TABLE E.5 Colorectal Continued

Exposed Estimated RR

Reference Study Population Cases (95% CI)
Duration of exposure (years)
<S5 19 0.74 (0.37-1.47)
5-14 21 1.60 (0.75-3.44)
=15 16 0.69 (0.30-1.55)
Continuous trend p=0.58
Ordinal trend p=0.79
Cumulative exposure index
1-30 36 1.07 (0.63-1.81)
31-60 10 0.94 (0.33-2.65)
=61 10 0.55 (0.21-1.47)
Continuous trend p=0.33
Ordinal trend p =0.40
Gerhardson  Colon and rectal cancer cases among male
de Verdier residents of Stockholm, Sweden; self-
etal. 1992 reported agents
163 colon cancers 22 9 (0.9-4.2)
Right colon 16 6(1.2-5.9)
Left colon 3 5(0.1-1.9)
107 rectal cancers 17 9 (0.8-4.6)
Colorectal cancer: latency (years)
1-19 5 4 (0.3-9.9)
20+ 34 0 (1.0-3.9)
1-29 12 6 (0.5-5.0)
30+ 27 2.0 (1.0-4.4)
1-39 22 4 (0.7-3.0)
40+ 17 2 (1.1-11.5)
Neuget et al. 51 colorectal cancer cases among males
1991 undergoing colonoscopy in 3 NYC medical
centers
Asbestos exposure 10 1.8 (0.8-5.6)
Significant exposure 3 4.3 (0.8-23.5)
Fredriksson 329 colon cancer cases among residents of
etal. 1989 Umea, Sweden
Asbestos, low grade na 1.2 (0.6-2.4)
Asbestos, high grade na 2.1 (0.8-5.8)
Spiegelman  Colorectal cancer cases in seven US
and Wegman metropolitan areas and two states; JEM-
1985 derived agent
Males: 343 colorectal cancer na 1.28 (p =0.17)
224 colon cancer only na 1.22 (p = 0.33)
Females: 208 colorectal cancer na 1.08 (p = 0.65)
171 colon cancer only na 1.09 (p = 0.64)

continues
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TABLE E.5 Colorectal Continued

Exposed Estimated RR

Reference* Study Population Cases (95% CI)
Hardell 153 colon cancer cases among male residents
1981 of Umea, Sweden

Asbestos, any 16 1.9 (1.0-3.6)
Hillerdal Gastrointestinal carcinoma cases among
1980 male residents of Uppsala county, Sweden

(exposure = pleural plaques)
108 colon 3 1.67 (0.34-4.87)°
101 rectal 3 1.76 (0.36-5.16)7

NOTES: CI = Confidence interval; na = not available; RR = relative risk. Data points included
in meta-analyses are bolded.

* Full citations can be found in the reference list for Chapter 6.

90R and 95% CI calculated with standard methods from observed and expected numbers
presented in original paper.
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Initial Analyses of Available Data
Concerning Cancers of Colon and/or
Rectum and Asbestos Exposure

After culling all the data available concerning either colon or rectal
cancers and exposure to asbestos from the cohort and case-control studies,
the committee conducted preliminary analyses to determine whether con-
clusions should or could be derived separately for the colon and for the
rectum. As presented by the original researchers, there were three sets of
findings that grouped themselves:

A. findings on just the colon,
B. findings on just the rectum, and
C. findings on colon and rectum combined.

The summary tables and plots on the following pages are the result of
the initial analyses of these three datasets; unfortunately the graphic quality
of these preliminary runs was poor.

For almost all the cohort studies reporting on either of these two sites
individually, if data on one were given, the corresponding information on
the other was also present. Furthermore, because most of the cohort studies
presented the expected number of cancers at a site as well as the number
observed, the statistics for the combined sites could accurately be recalcu-
lated. Since adjustment for confounders had generally not been performed
for the cohort studies, this approach posed no compromise on the refine-
ment of the analysis.

For the (fewer) case-control studies (all of which had analyses involving
some adjustment for confounders), when the results were not presented in
combined form, only one of the two sites had been studied. The committee
was, therefore, not in a position to derive statistics for the combined statis-
tics where they were not already available.
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Colon cancer is more prevalent than rectal cancer, representing more
than 70% of the cases when the two sites are combined. Therefore, colon
cancer can be considered to dominate the calculations. The risk factors for
cancers at these two segments of the intestinal tract are not well enough
understood to be distinguished.

Having scanned the plots for evidence of systematic differences between
the results for colon and rectal cancers and discussed the options for deriv-
ing a valid and useful conclusions, the committee agreed to conduct its
meta-analyses of the epidemiologic data on colon and rectal cancers on
datasets with the sites combined and to draw a single conclusion about
causality for the combined sites (as stated in the Fairness in Asbestos Injury
Resolution, or FAIR, legislation and the committee’s charge).

A. Results for colon cancer and asbestos exposure

COLON
Study No.of | 89% Clfor Between
Type Plot | Comparison | Sirata® Studies | summary RR | study SD
CGACO (1 Any v none All 9 {094 1.77) 14
2 EQ=12 4 (D87 1.55) 00
EQ=3 5 {0.91, 3.88) 019
3 EQ =12
Adjusted
EQ=12
Unadjusied
4a Hghvmone |(EQ=12 3 {058, 3.00) 32
Use highest
reporied RR
4b EQ=12 3 {045, 294) 25
Use lowest
reporied RR
Cohort | 1 Any v none All 16 {0.91, 2.06) A2
2 EQ=12 7 {61, 2.09) 5
EQ=3 9 {1.14, 2.70) 00
3 Hghvmone |(EQ=12 4 (0.60, 483) 59

* Not enough studies fo report subgroups of adjusted RR_
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1. Results from cohort studies
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2. Results from case-control studies

Colon Cancer
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B. Results for rectal cancer and asbestos exposure
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RECTAL
Study No. of 89% Cl for Between
Type Plot | Comparison | Strata™ Studies | summary RR | study SD
CACO |1 Any v none All 4 (D.50, 1.67) 039
2 EQ=12 2 (D44, 1.10) 00
EQ=3 2 (0.65,5.13) 00
3 EQ=12
Adjusted
EQ=12
Unadjusted
4 High ¥ none EQ=12 2 (D17,3.10) 00
Cohart |1 Any v none All 15 (097, 1.60) 00
2 EQ=12 8 (0.91, 1.62) 00
EQ=3 7 (D.81,221) 00
3 High ¥ none EQ=12 3 (067, 2.01) 23

* Mot enough studies 1o report subgroups of adjusted RRL
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1. Results from cohort studies

Study Reference
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2. Results from case-control studies
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C. Results for colon or rectal cancer and asbestos exposure
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COLORECTAL
Study No. of 9% Cl for Between
Type Plot | Comparison | Sirata® Studies | summary RR | study SD
CACO |1 Any v none Al 4 (D69, 1.66) )
2 EQ=12 3 {D.63,1.67) 24
EQ=3 1
3 EQ=12
Adjusted
EQ=12
Unadjusted
4 High v none: EQ=12 2 (D18, 1.44) 00
Cohort |1 Any v none Al 25 (0.96, 1.44) 30
2 EQ=12 18 {95, 1.56) 5
EQ=3 ¥ {69, 1.60) 29
3 High v none: EQ=12 9 {1.31,253) 00
Use highest
reparted RR
EQ=12 9 (D91, 2.70) )
Use lowest
reparted RR

* Not enough studies o report subgroups of adjusted RR.
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1. Results from cohort studies
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2. Results from case-control studies
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APPENDIX G

Committee on Asbestos:
Selected Health Effects

Jonathan M. Samet, M.D., M.S. (Chair, IOM Member), is professor and
chairman of the Department of Epidemiology at the Johns Hopkins Bloom-
berg School of Public Health. He earned his M.D. from the University of
Rochester School of Medicine and Dentistry and an M.S. in epidemiology
from the Harvard School of Public Health. He is board-certified in internal
medicine and the subspecialty of pulmonary disease. He was formerly pro-
fessor and chief of the Pulmonary and Critical Care Division in the Depart-
ment of Medicine at the University of New Mexico School of Medicine. He
is past-president of the Society for Epidemiologic Research and the Ameri-
can College of Epidemiology. He has served on the US Environmental
Protection Agency Science Advisory Board. He is an editor of Epidemiol-
0gy. Dr. Samet was awarded the Surgeon General’s Medallion in 1990. He
has served in numerous National Academies committees, and chaired the
National Research Council Committee on Health Risks of Exposure to
Radon (BEIR VI) and the Committee on Research Priorities for Airborne
Particulate Matter. He is also the chair of the Research Council’s Board on
Environmental Studies and Toxicology. He was elected to the Institute of
Medicine (IOM) in 1997.

Lonnie R. Bristow, M.D., M.A.C.P. (IOM Member), was president of the
American Medical Association (AMA), after earlier serving as vice chair
and chair of the AMA’s Board of Trustees. He is a board-certified internist
and has practiced medicine for more than 30 years. Dr. Bristow’s research
interests and expertise are eclectic, and over the decades his writings have
included papers on medical ethics, socialized medicine as practiced in Great
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Britain and Canada, health-care financing in the United States, profes-
sional-liability insurance problems, sickle-cell anemia, and coronary-care
unit use. Dr. Bristow recently retired from private practice, but continues
his other activities as a professional consultant. In addition, he is a reviewer
for the Journal of the American Medical Association. He was chair of
IOM’s Committee on the Quality of Health Care in America, which wrote
the widely read reports To Err Is Human and Crossing the Quality Chasm
in 1999 and 2001, respectively. Dr. Bristow was elected to IOM in 1978.

Harvey Checkoway, M.P.H., Ph.D., is professor in the Departments of
Environmental and Health Sciences and of Epidemiology at the University
of Washington School of Public Health and Community Medicine. He
received his M.P.H. from Yale University and his doctorate in epidemiology
from the University of North Carolina, Chapel Hill. His research and teach-
ing are in occupational and environmental determinants of chronic dis-
eases. Research projects for which Dr. Checkoway has been principal inves-
tigator include epidemiologic studies of cancer mortality in nuclear workers,
cancer mortality in phosphate-industry workers, silicosis and lung cancer in
silica-exposed diatomaceous-earth industry workers, lung cancer among
chromate-exposed aerospace workers, reproductive hazards among lead-
smelter workers, and environmental and genetic risk factors for Parkinson’s
disease.

Paul Demers, M.Sc., Ph.D., is associate professor at the University of British
Columbia School of Occupational and Environmental Hygiene. He ob-
tained his doctorate in epidemiology from the University of Washington.
His research interests include occupational cancer, occupational respiratory
disease, and occupational risk factors for sinonasal cancer. His current
research projects concern cancer among sawmill workers exposed to wood
dust and fungicides, occupational noise exposure, and the risk of injuries
and heart disease among sawmill workers.

Ellen Eisen, M.S., Sc.D., is adjunct professor in the Department of Environ-
mental Health at the Harvard School of Public Health and professor of
epidemiology in the Department of Work Environment at the University of
Massachusetts, Lowell. She received an M.S. in biostatistics, an Sc.D. in
biostatistics and occupational health from the Harvard School of Public
Health, and an M.S. in operations research and statistics from Massachu-
setts Institute of Technology. Dr. Eisen is interested in a variety of
methodologic issues in occupational epidemiology, particularly new statis-
tical methods to improve analysis of exposure-response data. She did early
work toward standardizing measurement of pulmonary function for field
studies. She has served on several National Academies committees.
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George W. Guthrie, M.A., Ph.D., received his M.A. and doctorate in
minerology-crystallography from Johns Hopkins University. He is a scien-
tist at Los Alamos National Laboratory with the Geology and Geochemis-
try Group. His research interests include the health effects of minerals and
concrete. Dr. Guthrie is interested in the mineralogic mechanisms that cause
disease and is working to identify potential mineralogic properties impor-
tant in disease, including mineral-catalyzed oxidation-reduction, cation ex-
change, and surface structure.

Rogene Henderson, Ph.D., D.A.B.T., is deputy director of the National
Environmental Respiratory Center and senior biochemist and toxicologist
at the Lovelace Respiratory Research Institute. Dr. Henderson also holds
appointments as clinical professor of pharmacy at the University of New
Mexico, Albuquerque, and as adjunct professor in the Departments of
Veterinary Microbiology, Pathology, and Public Health at the School of
Veterinary Medicine, Purdue University. She obtained her doctorate in
chemistry from the University of Texas, was a Fulbright Scholar in physical
chemistry at Ludwig Maximillians Universitaet in Munich, Germany, and
is a Diplomate of the American Board of Toxicology. She has chaired the
National Research Council (NRC) Subcommittee on Toxicological Hazard
and Risk Assessment, Subcommittee on Pulmonary Toxicology, and stand-
ing Committee on Toxicology for six years, and she is currently a member
of the Board on Environmental Studies and Toxicology. She has served as a
member of the advisory council of the National Institute of Environmental
Health Sciences (NIEHS) and the U.S. Environmental Protection Agency’s
(EPA) Science Advisory Board, Environmental Health Committee. Dr.
Henderson has received numerous appointments on scientific advisory com-
mittees, including her current appointment as a member of the Health
Effects Institute Research Committee. Dr. Henderson has done extensive
research in the areas of lung biochemistry, the pharmacokinetics of inhaled
toxins and their metabolites, and biological markers of exposure.

Joseph W. Hogan, M.S., Sc.D., is associate professor in the Bisostatistics
Section and Center for Statistical Sciences Department of Community Medi-
cine at Brown University. He received a master’s degree in statistics from
the University of Southern California and a doctorate in biostatistics from
Harvard School of Public Health. His research interests include develop-
ment of statistical methods for analyzing longitudinal data, for handling
missing data, and for causal inference.

Agnes B. Kane, M.D., Ph.D., is professor and chair of the Department of
Pathology and Laboratory Medicine at Brown University. She earned her
M.D. and Ph.D. in experimental pathology at Temple University School of
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Medicine and is board-certified in anatomic pathology. Her research has
focused on mechanisms of fiber-induced toxicity, particularly on how as-
bestos produces mesotheliomas, using genetically engineered murine mod-
els, laser microdissection, and cDNA microarrays.

Fadlo R. Khuri, M.D., is professor in the Departments of Hematology,
Oncology, Medicine, Pharmacology, and Otolaryngology at the Emory
University School of Medicine. He is also associate director of clinical and
translational research, chief medical officer, and director of the Aero-
digestive Tract Cancer Program at the Winship Cancer Institute at Emory
University. He received his M.D. from Columbia University and is board-
certified in internal medicine, hematology, and medical oncology.
Dr. Khuri’s research focuses on molecular therapeutic and prognostic ap-
proaches to tobacco-related cancers. He has been involved in the develop-
ment of novel agents for aerodigestive tract cancers and has conducted
some early phase I and II studies. The goal of his research is to identify
specific pathways for better molecular, prognostic, and chemopreventive
approaches.

Roberta B. Ness, M.D., M.P.H., is professor and chair of the Department
of Epidemiology at the University of Pittsburgh Graduate School of Public
Health and director of the school’s Epidemiology of Women’s Health Pro-
gram, the first university program of its kind in the United States. She
received an M.D. from Cornell University and an M.P.H. from Columbia
University. In her current position, she oversees a comprehensive effort to
improve women’s health through graduate-student education and research.

Michael J. Thun, M.D., M..S., is vice president of epidemiology and surveil-
lance research at the American Cancer Society. He is also clinical professor
of hematology and oncology at the Winship Cancer Institute at Emory
University. He earned his M.D. from the University of Pennsylvania and his
M.S. in epidemiology from the Harvard School of Public Health. Dr. Thun
has a wide variety of research interests, including cancer-related aspects of
smoking, aspirin and prostaglandins, alcohol abuse, heavy-metal toxicity
(particularly cadmium, uranium, lead, and mercury), and occupational re-
nal disease.

Assistants with Graphical Data

Li Su, Ph.D. candidate, Brown University
Yunxia Sui, Ph.D. candidate, Brown University
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Staff

Rose Marie Martinez, Sc.D., is the director of the IOM Board on Popula-
tion Health and Public Health Practices. Before joining IOM, she was
senior health researcher at Mathematica Policy Research, where she studied
the effects of health-system change on the public-health infrastructure, ac-
cess to care for vulnerable populations, managed care, and the health-care
workforce. Dr. Martinez is former assistant director of health financing and
policy with the US General Accounting Office, for which she directed evalu-
ations and policy analysis on national and public-health issues. Dr. Martinez
received her doctorate from the Johns Hopkins School of Hygiene and
Public Health.

Mary Burr Paxton, Ph.D., is a senior program officer in the IOM Board on
Population Health and Public Health Practices. Before joining IOM, she
worked as a consultant on the regulation of toxic substances and managed
the conduct and analysis of several epidemiology studies on veterans’ health.
She received a master’s of science in biostatistics from the Johns Hopkins
School of Hygiene and Public Health and a doctorate in genetics from the
George Washington University. She is a diplomate of the American Board
of Toxicology. Dr. Paxton has worked on several National Academies
reports, including Issues in Risk Assessment, Environmental Neurotox-
icology, Gulf War and Health: Insecticides and Solvents, and Gulf War and
Health: Fuels, Combustion Products, and Propellants.

Michael Schneider, M.P.H., is a senior program associate in the IOM Board
on Population Health and Public Health Practices. He received his Masters
in Public Health and an undergraduate degree in molecular and cellular
biology from the University of Arizona. Michael has been with the IOM for
over 5 years and has worked on several reports in the Gulf War and Health
series.

Tia S. Carter, B.S., is a senior program assistant on the IOM Board on
Population Health and Public Health Practices. She is working on a master’s
in health-care administration at the University of Maryland University Col-
lege. She received her undergraduate degree in community health from the
University of Maryland, College Park. Before coming to IOM, she worked
at the Greater Washington Urban League in the Division of Aging and
Health Services as the health promotions coordinator, where she was re-
sponsible for health-promotion and disease-prevention education services
and activities among the elderly. Asbestos: Selected Cancers is Tia’s first
report with IOM.



