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OFFICE OF
RESEARCH AND DEVELOPMENT

Scott A. Masten, Ph.D., DABT

Office of Chemical Nomination and Selection
Environmental Toxicology Program

National Institute of Environmental Health Sciences
111 T.W. Alexander Drive

Research Triangle Park, NC 27709

Dear Dr. Masten:

On behalf of the Environmental Protection Agency (EPA), I am submitting a nomination
for consideration by the National Toxicology Program (NTP) to conduct studies on the toxic
effects of the Libby amphibole on a priority basis and then of other related atypical asbestos
fibers and mineral fibers which the EPA is currently addressing.

The majority of toxicological, medical, and epidemiologic data available for the health
effects of asbestos and related fine mineral fibers have been conducted with, or involves
exposure to, commercial grade asbestos materials. As such, there is a considerable data set
available regarding the adverse health effects and biological act1v1ty of these well-studied
materials.

In contrast, EPA is challenged with gaining a better understanding of the human health
risk of other forms of asbestos and mineral fibers where data are limited. Most prominent among
these challenges is an assessment of the adverse health effects of the Libby amphibole, which
includes the tremolite, edenite richterite, and winchite amphiboles. Additionally, atypical
amphibole fibers, anthophyllite, ferroactinolite and erionite are other mineral fibers that EPA
needs to consider when it addresses community health risks. These mineral fibers may be
present in commercial products (e.g., insulation contaminated with asbestos), natural
outcroppings disturbed by human activity (e.g. home construction), or deposits mined for other
ores or used to produce gravel and fill. As such, these natural minerals are mobilized, often freed
from their natural matrix, and in some areas result in community exposure.

In evaluating this request for research, it may be helpful to understand the scope of some
of these potential exposures. The town of Libby, Montana, was contaminated with amphibole
from the local vermiculite mine. Adverse health effects have been documented in residents
without direct occupational or take-home exposures. This same material was transported for
processing to approximately 230 plants across the nation, one of which has resulted in
remediation efforts in a community that processed the material. Finally, vermiculite containing

the Libby amphibole was used as attic insulation, and is currently in place in homes across the
nation.
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The adverse effects and biological activity of commercial forms of asbestos (especially
chrysotile, amosite and crocidolite) are well studied and inform our general understanding of
mineral fiber toxicity. It is believed that fiber dimension (length, width and aspect ratio),
biodurability, clearance from the lung, and crystalline/chemical structure may all contribute to
the biological activity and adverse health effects from mineral fibers. It is expected that mineral
fibers that share these characteristics with commercial asbestos will exhibit similar biological
activity and toxicity. Adverse health effects are well documented in communities exposed to the
Libby amphibole and erionite. However, there is some question as to the toxicity of these
materials relative to commercial asbestos. Additionally, the biological activity, and in some

. cases the toxicity of certain mineral forms of asbestos, are being challenged (c.g. cleavage
fragments, crystalline and prismatic mineral fibers.)

Therefore, we request the NTP conduct experiments to:

1. Assess the toxicity of the Libby Amphibole to confirm the nature of the
adverse effects (cancer and noncancer), and if possible determine if the
mineralogical distinctions between the amphiboles present (tremolite, edenite,

- richterite, and winchite) represent differential toxicity.

2. Assess the influence of fiber form (mineral habit) on relative toxicity of
mineral fibers in general. Given mineral fibers of equivalent dimension and
mineralogy, do cleavage fragments, prismatic material, fibers, and asbestiform
material possess differential toxicity? ;

3. Perform an evaluation of the biological activity and relative toxicity of other
mineral fibers of public health relevance.

I understand that the Agency for Toxic Substances and Disease Registry (ATSDR)
expressed a similar request at the March 2006 NTP Executive Committee meeting, and I
appreciate that you have involved EPA staff in the NTP Interagency Working Group on
Naturally-Occurring Asbestos and Amphibole Cleavage Fragments which met this summer.
This formal request for the NTP to perform toxicity testing on the Libby Amphibole and other
mineral fibers is in full support of those efforts.

Thank you for your consideration of this request, and your efforts to date to bring this
issue to the NTP Interagency Committee for Chemical Evaluation and Coordination (ICCEC). If
you need any additional information, please contact John Vandenberg at (919) 541-4527.

Sincerely,

b Gy

George Gray
EPA Science Advisor
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DISCLAIMER

The use of company or product name(s) is for identification only and does not imply endorsement by the
Agency for Toxic Substances and Disease Registry.
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UPDATE STATEMENT

Toxicological profiles are revised and republished as necessary, but no less than once every three years.
For information regarding the update status of previously released profiles, contact ATSDR at:

Agency for Toxic Substances and Disease Registry
Division of Toxicology/Toxicology Information Branch
1600 Clifton Road NE, E-29
Atlanta, Georgia 30333






FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health
effects information for the hazardous substance described therein. Each peer-reviewed profile identifies
and reviews the key literature that describes a hazardous substance's toxicologic properties. Other
pertinent literature is also presented, but is described in less detail than the key studies. The profile is not
intended to be an exhaustive document; however, more comprehensive sources of specialty information
are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological
profile begins with a public health statement that describes, in nontechnical language, a substance's
relevant toxicological properties. Following the public health statement is information concerning levels
of significant human exposure and, where known, significant health effects. The adequacy of
information to determine a substance's health effects is described in a health effects summary. Data
needs that are of significance to protection of public health are identified by ATSDR and EPA.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a hazardous substance to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute, and chronic health
effects;

(B) A determination of whether adequate information on the health effects of each substance is
available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(C) Where appropriate, identification of toxicologic testing needed to identify the types or levels
of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State,
and local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that
has been peer-reviewed. Staff of the Centers for Disease Control and Prevention and other Federal
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a
nongovernmental panel and was made available for public review. Final responsibility for the contents
and views expressed in this toxicological profile resides with ATSDR.

v

Je P. Koglan, M.D., M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry
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*Legislative Background

The toxicological profiles are developed in response to the Superfund Amendments and
Reauthorization Act (SARA) of 1986 (Public law 99-499) which amended the Comprehensive
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund). This
public law directed ATSDR to prepared toxicological profiles for hazardous substances most commonly
found at facilities on the CERCLA National Priorities List and that pose the most significant potential
threat to human health, as determined by ATSDR and the EPA. The availability of the revised priority
list of 275 hazardous substances was announced in the Federa/ Register on November 17, 1997 (62 FR
61332). For prior versions of the list of substances, see Federal Register notices dated April 29, 1996 (61
FR 18744); April 17, 1987 (52 FR 12866); October 20, 1988 (53 FR 41280); October 26, 1989 (54 FR
43619); October 17, 1990 (55 FR 42067); October 17, 1991 (56 FR 52166); October 28, 1992 (57 FR
48801); and February 28, 1994 (59 FR 9486). Section 104(i)(3) of CERCLA, as amended, directs the
Administrator of ATSDR to prepare a toxicological profile for each substance on the list.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

The Toxicological Profile for asbestos reflects a comprehensive and extensive evaluation, summary, and
interpretation of available toxicologic and epidemiologic information on asbestos. Health care providers
treating patients potentially exposed to asbestos will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance. It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets, and
assesses the significance of toxicity data to human health.

Chapter 3. Health Effects: Specific health effects of asbestos are reported by type of health effect (death,
systemic, immunologic, reproductive), by route of exposure, and by length of exposure (acute,
intermediate, and chronic). In addition, both human and animal studies are reported in this
section.

NOTE: Not all health effects reported in this section are necessarily observed in
the clinical setting. Please refer to the Public Health Statement to identify
general health effects observed following exposure.

Pediatrics: Four new sections have been added to this Toxicological Profile to address child health
issues:
Section 1.6 How Can Asbestos Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to Asbestos?
Section 3.7 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.8 Biomarkers of Exposure and Effect
Section 3.11  Methods for Reducing Toxic Effects
Appendix F  Consultation on Tremolite and Other Related Asbestos

Other information available at ATSDR Information Center

Phone: 1-888-42-ATSDR or 1-404-498-0110  Fax: 1-404-498-0057
E-mail: atsdric@cdc.gov Internet: http://www.atsdr.cdc.gov

National Public Health Activities regarding Tremolite Asbestos Exposure: Medical Testing, Libby,
Montana, Summer 2000 - Over 6,000 Libby, Montana, residents screened for asbestos-related
diseases associated with living or working near a vermiculite mine contaminated with a fibrous
amphibole. National Assessment of Vermiculite Sites, Mortality Review of Cancer and
Noncancer Cases Associated with Asbestos Exposure, and other projects.

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
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Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.

Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials
incident. Volumes I and II are planning guides to assist first responders and hospital emergency
department personnel in planning for incidents that involve hazardous materials. Volume
II—Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care
professionals treating patients exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

US Environmental Protection Agency (USEPA) - Asbestos Ombudsman Office. 1-800-368-5888.
Addresses regulations concerning asbestos in public schools and other facilities containing
asbestos that are being renovated or demolished. Washington Office: 202-260-2090.

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta, GA 30341-
3724 « Phone: 770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health. Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 ¢ Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 « Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AOEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976 «
FAX: 202-347-4950 « e-mail: AOEC@AOEC.ORG * Web Page: http://www.aoec.org/.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 55 West Seegers Road, Arlington Heights, IL
60005 « Phone: 847-818-1800 « FAX: 847-818-9266.
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THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects
chapter of each profile for consistency and accuracy in interpreting health effects and classifying
end points.

2. Minimal Risk Level Review. The Minimal Risk Level Workgroup considers issues relevant to

substance-specific minimal risk levels (MRLs), reviews the health effects database of each
profile, and makes recommendations for derivation of MRLs.

3. Data Needs Review. The Research Implementation Branch reviews data needs sections to assure
consistency across profiles and adherence to instructions in the Guidance.
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PEER REVIEW

A peer review panel was assembled for asbestos. The panel consisted of the following members:

1. Bruce Case, M.D., Associate Professor of Pathology, McGill University Faculty of Medicine,
Montreal, Canada;

2. Philip Landrigan, M.D., Ethel H. Wise Professor of Community and Preventive Medicine, Mount
Sinai School of Medicine, Mamaroneck, NY;

3. Morton Lippman, Ph.D., Director, Human Exposure and Health Effects Program, Nelson Institute
of Environmental Medicine, New York University Medical Center, Tuxedo, NY;

4.  William Nicholson, Ph.D., Professor Emeritus, Mount Sinai School of Medicine, Fair Lawn, NJ.

These experts collectively have knowledge of asbestos's physical and chemical properties, toxicokinetics,
key health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans. All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(I)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as
amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound. A list of databases reviewed and
a list of unpublished documents cited are also included in the administrative record.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about asbestos and the effects of exposure.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in
the nation. These sites make up the National Priorities List (NPL) and are the sites targeted for
long-term federal cleanup activities. Asbestos has been found in at least 83 of the 1,585 current
or former NPL sites. However, the total number of NPL sites evaluated for this substance is not
known. As more sites are evaluated, the sites at which asbestos is found may increase. This
information is important because exposure to this substance may harm you and because these

sites may be sources of exposure.

When a substance is released from a large area, such as an industrial plant, or from a container,
such as a drum or bottle, it enters the environment. This release does not always lead to
exposure. You are exposed to a substance only when you come in contact with it. You may be

exposed by breathing, eating, or drinking the substance, or by skin contact.

If you are exposed to asbestos, many factors determine whether you’ll be harmed. These factors
include the dose (how much), the duration (how long), the fiber type (mineral form and size
distribution), and how you come in contact with it. You must also consider the other chemicals
you’re exposed to and your age, sex, diet, family traits, lifestyle (including whether you smoke

tobacco), and state of health.

1.1 WHAT IS ASBESTOS?

Asbestos is the name given to a group of six different fibrous minerals (amosite, chrysotile,
crocidolite, and the fibrous varieties of tremolite, actinolite, and anthophyllite) that occur
naturally in the environment. One of these, namely chrysotile, belongs to the serpentine family
of minerals, while all of the others belong to the amphibole family. All forms of asbestos are
hazardous, and all can cause cancer, but amphibole forms of asbestos are considered to be

somewhat more hazardous to health than chrysotile. Asbestos minerals consist of thin, separable
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fibers that have a parallel arrangement. Nonfibrous forms of tremolite, actinolite, and
anthophyllite also are found naturally. However, because they are not fibrous, they are not
classified as asbestos minerals. Amphibole asbestos fibers are generally brittle and often have a
rod- or needle-like shape, whereas chrysotile asbestos fibers are flexible and curved. Chrysotile,
also known as white asbestos, is the predominant commercial form of asbestos; amphiboles are
of minor commercial importance. Asbestos fibers do not have any detectable odor or taste.

They do not dissolve in water or evaporate and are resistant to heat, fire, chemical and biological
degradation. Because of these properties, asbestos has been mined for use in a wide range of
manufactured products, mostly in building materials, friction products, and heat-resistant fabrics.
Since asbestos fibers may cause harmful health effects in people who are exposed, all new uses

of asbestos have been banned in the United States by the EPA.

See Chapters 4 and 5 for more information on the properties and uses of asbestos.

1.2 WHAT HAPPENS TO ASBESTOS WHEN IT ENTERS THE ENVIRONMENT?

Asbestos fibers do not evaporate into air or dissolve in water. However, pieces of fibers can
enter the air and water from the weathering of natural deposits and the wearing down of
manufactured asbestos products. Small diameter fibers and fiber-containing particles may
remain suspended in the air for a long time and be carried long distances by wind or water
currents before settling. Larger diameter fibers and particles tend to settle more quickly.
Asbestos fibers are not able to move through soil. They are generally not broken down to other
compounds in the environment and will remain virtually unchanged over long periods.
However, the most common form of asbestos, chrysotile, may have some minor mineral loss in
acidic environments. Asbestos fibers may break into shorter pieces or separate into a larger
number of individual fibers as a result of physical processes. When asbestos fibers are breathed
in, they may get trapped in the lungs. Levels of fibers in lung tissue build up over time, but some

fibers, particularly chrysotile fibers, can be removed from or degraded in the lung with time.

See Chapters 5 and 6 for more information on the behavior of asbestos in the environment.
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1.3 HOW MIGHT | BE EXPOSED TO ASBESTOS?

Asbestos minerals are widespread in the environment. They may occur in large natural deposits,
or as contaminants in other minerals. For example, tremolite asbestos may occur in deposits of
chrysotile, vermiculite, and talc. Asbestos may be found in soil that is formed from the erosion
of asbestos-bearing rock. You are most likely to be exposed to asbestos by breathing in asbestos
fibers that are suspended in air. These fibers can come from naturally occurring sources of
asbestos or from the wearing down or disturbance of manufactured products including insulation,
automotive brakes and clutches, ceiling and floor tiles, dry wall, roof shingles, and cement.
However, these products do not always contain asbestos. Low levels of asbestos that present
little, if any, risk to your health can be detected in almost any air sample. For example, 10 fibers
are typically present in a cubic meter (fibers/m®) of outdoor air in rural areas. (A cubic meter is
about the amount of air that you breathe in 1 hour.) Health professionals often report the number
of fibers in a milliliter (mL) (equivalent to a cubic centimeter [cm’]) of air rather than in a cubic
meter of air. Since there are one million cm® (or one million mL) in a cubic meter, there
typically would be 0.00001 fibers/mL of asbestos in air in rural areas. Typical levels found in

cities are about 10-fold higher.

Close to an asbestos mine or factory, levels may reach 10,000 fibers/m* (0.01 fibers/mL) or
higher. Levels could also be above average near a building that contains asbestos products and
that is being torn down or renovated or near a waste site where asbestos is not properly covered

up or stored to protect it from wind erosion.

In indoor air, the concentration of asbestos depends on whether asbestos was used for insulation,
ceiling or floor tiles, or other purposes, and whether these asbestos-containing materials are in
good condition or are deteriorated and easily crumbled. Concentrations measured in homes,
schools, and other buildings that contain asbestos range from about 30 to 6,000 fibers/m’
(0.00003—-0.006 fibers/mL). People who work with asbestos or asbestos-containing products (for
example, miners, insulation workers, asbestos abatement workers, and automobile brake
mechanics) without proper protection are likely to be exposed to much higher levels of asbestos

fibers in air. In addition, custodial and maintenance workers who are making repairs or
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installations in buildings with asbestos-containing materials may be exposed to higher levels of
asbestos. Since vermiculite and talc may contain asbestos, occupational workers and the general

population may be exposed to asbestos when using these products.

You can also be exposed to asbestos by drinking asbestos fibers that are present in water. Even
though asbestos does not dissolve in water, fibers can enter water by being eroded from natural
deposits or piles of waste asbestos, from asbestos-containing cement pipes used to carry drinking
water, or from filtering through asbestos-containing filters. Most drinking water supplies in the
United States have concentrations of less than 1 million fibers per liter (MFL), even in areas with
asbestos deposits or with asbestos-cement water supply pipes. However, in some locations,
water samples may contain 10-300 million fibers per liter or even higher. The average person

drinks about 2 liters of water per day.

See Chapters 3 and 6 for more information on how you could be exposed to asbestos.

1.4 HOW CAN ASBESTOS ENTER AND LEAVE MY BODY?

If you breathe asbestos fibers into your lungs, some of the fibers will be deposited in the air
passages and on the cells that make up your lungs. Most fibers are removed from your lungs by
being carried away or coughed up in a layer of mucus to the throat, where they are swallowed
into the stomach. This usually takes place within a few hours. Fibers that are deposited in the
deepest parts of the lung are removed more slowly. In fact, some fibers may move through your
lungs and can remain in place for many years and may never be removed from your body.

Amphibole asbestos fibers are retained in the lung longer than chrysotile asbestos fibers.

If you swallow asbestos fibers (either those present in water or those that are moved to your
throat from your lungs), nearly all of the fibers pass along your intestines within a few days and
are excreted in the feces. A small number of fibers may penetrate into cells that line your
stomach or intestines, and a few penetrate all the way through and get into your blood. Some of

these become trapped in other tissues, and some are removed in your urine.
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If you get asbestos fibers on your skin, very few of these fibers, if any, pass through the skin into

your body.

See Chapter 3 for more information on how asbestos enters and leaves your body.

1.5 HOW CAN ASBESTOS AFFECT MY HEALTH?

To protect the public from the harmful effects of toxic chemicals and to find ways to treat people

who have been harmed, scientists use many tests.

One way to see if a chemical will hurt people is to learn how the chemical is absorbed, used, and
released by the body; for some chemicals, animal testing may be necessary. Animal testing may
also be used to identify health effects such as cancer or birth defects. Without laboratory
animals, scientists would lose a basic method to get information needed to make wise decisions
to protect public health. Scientists have the responsibility to treat research animals with care and
compassion. Laws today protect the welfare of research animals, and scientists must comply

with strict animal care guidelines.

Information on the health effects of asbestos in people comes mostly from studies of people who
were exposed in the past to levels of asbestos fibers (greater than or equal to 5 um in length) in
workplace air that were as high as 5 million fibers/m® (5 fibers/mL). Workers who repeatedly
breathe in asbestos fibers with lengths greater than or equal to 5 pm may develop a slow buildup
of scar-like tissue in the lungs and in the membrane that surrounds the lungs. This scar-like
tissue does not expand and contract like normal lung tissue and so breathing becomes difficult.
Blood flow to the lung may also be decreased, and this causes the heart to enlarge. This disease
is called asbestosis. People with asbestosis have shortness of breath, often accompanied by a
cough. This is a serious disease and can eventually lead to disability or death in people exposed
to high amounts of asbestos over a long period. However, asbestosis is not usually of concern to
people exposed to low levels of asbestos. Changes in the membrane surrounding the lung, called
pleural plaques, are quite common in people occupationally exposed to asbestos and are

sometimes found in people living in areas with high environmental levels of asbestos.
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Effects on breathing from pleural plaques alone are usually not serious. There is conflicting
evidence as to whether their presence in a person accurately predicts more serious disease

development in the future.

Asbestos workers have increased chances of getting two principal types of cancer: cancer of the
lung tissue itself and mesothelioma, a cancer of the thin membrane that surrounds the lung and
other internal organs. These diseases do not develop immediately following exposure to
asbestos, but appear only after a number of years. There is also some evidence from studies of
workers that breathing asbestos can increase the chances of getting cancer in other locations (for
example, the stomach, intestines, esophagus, pancreas, and kidneys), but this is less certain.
Members of the public who are exposed to lower levels of asbestos may also have increased
chances of getting cancer, but the risks are usually small and are difficult to measure directly.
Lung cancer is usually fatal, while mesothelioma is almost always fatal, often within a few
months of diagnosis. Some scientists believe that early identification and intervention of

mesothelioma may increase survival.

The levels of asbestos in air that lead to lung disease depend on several factors. The most
important of these are (1) how long you were exposed, (2) how long it has been since your
exposure started, and (3) whether you smoked cigarettes. Cigarette smoking and asbestos
exposure increase your chances of getting lung cancer. Also, there is a scientific debate
concerning the differences in the extent of disease caused by different fiber types and sizes.
Some of these differences may be due to the physical and chemical properties of the different
fiber types. For example, several studies suggest that amphibole asbestos types (tremolite,
amosite, and especially crocidolite) may be more harmful than chrysotile, particularly for
mesothelioma. Other data indicate that fiber size dimensions (length and diameter) are important
factors for cancer-causing potential. Some data indicate that fibers with lengths greater than
5.0 um are more likely to cause injury than fibers with lengths less than 2.5 pm. (1 pum is about
1/25,000 of an inch.) Additional data indicate that short fibers can contribute to injury. This
appears to be true for mesothelioma, lung cancer, and asbestosis. However, fibers thicker than
3.0 um are of lesser concern, because they have little chance of penetrating to the lower regions

of the lung.
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The health effects from swallowing asbestos are unclear. Some groups of people who have been
exposed to asbestos fibers in their drinking water have higher-than-average death rates from
cancer of the esophagus, stomach, and intestines. However, it is very difficult to tell whether
this is caused by asbestos or by something else. Animals that were given very high doses of
asbestos in food did not get more fatal cancers than usual, although some extra nonfatal tumors

did occur in the intestines of rats in one study.

Several government offices and regulatory agencies have considered all of the evidence
regarding the carcinogenicity of asbestos. The Department of Health and Human Services
(DHHS) has determined that asbestos is known to be a human carcinogen. The EPA has
determined that asbestos is a human carcinogen. The International Agency for Research on

Cancer (IARC) has determined that asbestos is carcinogenic to humans.

See Chapters 2 and 3 for more information on how asbestos can affect your health.

1.6 HOW CAN ASBESTOS AFFECT CHILDREN?

This section discusses potential health effects from exposures during the period from conception

to maturity at 18 years of age in humans.

Asbestos exposure in both children and adults may occur while breathing air in or near buildings
(public or private) containing asbestos building materials or near asbestos-related industrial
operations. Children breathe differently and have different lung structures than adults. It is not
known if these differences may cause a greater amount of asbestos fibers to stay in the lungs of a
child when they are breathed in than in the lungs of an adult. Children drink more fluids per
kilogram of body weight than adults and can also be exposed through asbestos-contaminated
drinking water. Eating asbestos-contaminated soil and dust is another source of exposure for
children. Certain children intentionally eat soil, and all young children eat more soil than adults
through hand-to-mouth activities. Historically, family members have also been exposed to
asbestos that was carried home on the clothing of other family members who worked in asbestos

mines or mills. Breathing of asbestos fibers may result in difficulty in breathing, lung cancer, or
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mesothelioma (another form of cancer associated with asbestos exposure). These diseases
usually appear many years following the first exposure to asbestos and are therefore not likely to
be seen in children. But since it may take up to 40 or more years for the effects of exposure to be
seen, people who have been exposed to asbestos at a young age may be more likely to contract
these diseases than those who are first exposed later in life. In the small number of studies that
have specifically looked at asbestos exposure in children, there is no indication that younger
people might develop asbestos-related diseases more quickly than older people. Developing
fetuses and infants are not likely to be exposed to asbestos through the placenta or breast milk of
the mother. Results of animal studies do not indicate that exposure to asbestos is likely to result

in birth defects.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO ASBESTOS?

If your doctor finds that you have been exposed to significant amounts of asbestos, ask whether
your children might also be exposed. Your doctor might need to ask your state health

department to investigate.

The most important way that families can lower their exposures to asbestos is to be aware of the
sources of asbestos in their homes and avoid exposure to these sources. The most important
source of asbestos in a home is from damaged or deteriorating asbestos-containing insulation,
ceiling, or floor tiles. Should you suspect that your house may contain asbestos, contact your
state or local health department or the regional offices of EPA to find out how to test your home
for asbestos and how to locate a company that is trained to remove or contain the fibers. Federal
law requires schools to identify asbestos-containing material in school buildings and take

appropriate action to control release of asbestos fibers.

If you live close to where asbestos and certain other ores are mined or processed, where a
building that contains asbestos products is being torn down or renovated, or a waste site where
asbestos is not properly covered, then the levels of asbestos in dust and wind-blown soil may be
higher. Pets can also bring asbestos into the home by carrying dust or dirt on their fur or feet if

they spend time in places that have high levels of asbestos in the soil. Swallowing of asbestos in
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house dust or soil is a potential exposure pathway for children. This problem can be reduced in
many ways. Regular hand and face washing to remove asbestos-containing dusts and soil,
especially before meals, can lower the possibility of asbestos fibers on the skin being
accidentally swallowed while eating. Families can lower exposures to asbestos by regularly
cleaning the home of dust and tracked in soil. Door mats can help lower the amount of soil that
is tracked into the home; removing your shoes before entering will also help. Planting grass and
shrubs over bare soil areas in the yard can lower the contact that children and pets may have with

soil and reduce the tracking of soil into the home.

You can bring asbestos home in the dust on your hands or clothes if you work in the mining or
processing of minerals that contain asbestos, in asbestos removal, or in buildings with damaged
or deteriorating asbestos. Federal law regulates work practices to limit the possibility of asbestos
being brought home in this way. Your occupational health and safety officer at work can and
should tell you whether chemicals you work with are dangerous and likely to be carried home on
your clothes, body, or tools, and whether you should be showering and changing clothes before
you leave work, storing your street clothes in a separate area of the workplace, or laundering
your work clothes at home separately from other clothes. Your employer should have Material
Safety Data Sheets (MSDSs) for many of the chemicals used at your place of work, as required
by the Occupational Safety and Health Administration (OSHA). Information on these sheets
should include chemical names and hazardous ingredients, important properties (such as fire and
explosion data), potential health effects, how you get the chemical(s) in your body, how to
handle the materials properly, and what to do in an emergency. Your employer is legally
responsible for providing a safe workplace and should freely answer your questions about
hazardous chemicals. Either OSHA or your OSHA-approved state occupational safety and
health program can answer any further questions and help your employer identify and correct
problems with hazardous substances. OSHA and/or your OSHA-approved state occupational
safety and health program will listen to your formal complaints about workplace health hazards
and inspect your workplace when necessary. Employees have a right to seek safety and health

on the job without fear of punishment.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN
EXPOSED TO ASBESTOS?

The most common test used to determine if you have received sustained exposure to asbestos is a
chest x-ray. A chest x-ray is recommended for detecting exposure to asbestos only in persons
who have sustained relatively heavy exposure. A chest x-ray is of no value for detecting
evidence of asbestos exposure in a person whose exposure to asbestos has been only brief or
transient. The x-ray cannot detect the asbestos fibers themselves, but it can detect early signs of
lung disease caused by asbestos. While other substances besides asbestos can sometimes
produce similar changes in the lungs, this test is usually reliable for detecting asbestos-related
effects produced by long-term exposures at relatively high concentrations of asbestos fibers.
Other tests, such as gallium-67 lung scanning and high-resolution computed tomography, are
also useful in detecting changes in the lungs. However, there are currently no means of detecting

exposure-related effects from commonly encountered environmental exposures.

The most reliable test to determine if you have been exposed to asbestos is the detection of
microscopic asbestos fibers in pieces of lung tissue removed by surgery, but this is a very
invasive test. A test can also be run to determine the presence of asbestos fibers in material
rinsed out of the lung. However, this test can cause some discomfort. Asbestos fibers can also
be detected in mucus (sputum), urine, or feces, but these tests are not reliable for determining
how much asbestos may be in your lungs. Low levels of asbestos fibers are found in these
materials for nearly all people. Higher-than-average levels can show that you have been exposed
to asbestos, but it is not yet possible to use the results of this test to estimate how much asbestos

you have been exposed to, or to predict whether you are likely to suffer any health effects.

See Chapters 3 and 7 for more information about how asbestos can be measured in people and in

the environment.
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1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health.
Regulations can be enforced by law. Federal agencies that develop regulations for toxic
substances include the Environmental Protection Agency (EPA), the Occupational Safety and

Health Administration (OSHA), and the Food and Drug Administration (FDA).

Recommendations provide valuable guidelines to protect public health but cannot be enforced by
law. Federal organizations that develop recommendations for toxic substances include the
Agency for Toxic Substances and Disease Registry (ATSDR) and the National Institute for
Occupational Safety and Health (NIOSH).

Regulations and recommendations can be expressed in not-to-exceed levels in air, water, soil, or
food that are usually based on levels that affect animals; then they are adjusted to help protect
people. Sometimes these not-to-exceed levels differ among federal organizations because of
different exposure times (an 8-hour workday or a 24-hour day), the use of different animal

studies, or other factors.

Recommendations and regulations are also periodically updated as more information becomes
available. For the most current information, check with the federal agency or organization that

provides it. Some regulations and recommendations for asbestos include the following:

The federal government has taken a number of steps to protect citizens from exposure to
asbestos. First, on July 12, 1989, EPA established a ban on new uses of asbestos. Uses
established before this date are still allowable. Second, EPA has established regulations that
require school systems to inspect for asbestos and, if damaged asbestos is found, to eliminate or
reduce the exposure, either by removing the asbestos or by covering it up so it cannot get into the
air. In addition, EPA provides guidance and support for reducing asbestos exposure in other
public buildings. Third, EPA regulates the release of asbestos from factories and during building
demolition or renovation to prevent asbestos from getting into the environment. EPA also

regulates the disposal of waste asbestos materials or products, requiring these to be placed only
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in approved locations. Fourth, EPA has proposed a limit of 7 million fibers per liter on the
concentration of long fibers (length greater than or equal to 5 pm) that may be present in
drinking water. Fifth, FDA regulates the use of asbestos in the preparation of drugs and restricts
the use of asbestos in food-packaging materials. NIOSH has recommended that inhalation
exposures not exceed 100,000 fibers with lengths greater than or equal to 5 um per m® of air
(0.1 fibers/mL). OSHA has established an enforceable limit on the average 8-hour daily
concentration of asbestos allowed in air in the workplace to be 100,000 fibers with lengths
greater than or equal to 5 pm per m’ of air (0.1 fibers/mL). Additional sources of information
about asbestos are the 10 regional offices of the EPA. Most EPA regional offices have an

asbestos coordinator.

See Chapter 8 for more information about regulations and guidelines to protect people from

exposure to asbestos.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department or

Agency for Toxic Substances and Disease Registry
Division of Toxicology

1600 Clifton Road NE, Mailstop E-29

Atlanta, GA 30333

* Information line and technical assistance

Phone: 1-888-42-ATSDR (1-888-422-8737)
Fax: 1-404-498-0057

ATSDR can also tell you the location of occupational and environmental health clinics. These
clinics specialize in recognizing, evaluating, and treating illnesses resulting from exposure to

hazardous substances.



ASBESTOS

1. PUBLIC HEALTH STATEMENT

* To order toxicological profiles, contact

National Technical Information Service
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO ASBESTOS IN THE
UNITED STATES

Asbestos is a generic term for a group of six naturally-occurring, fibrous silicate minerals that have been
widely used in commercial products. These minerals are more commonly found in nonfibrous forms that
are not asbestos. Asbestos minerals fall into two groups or classes, serpentine asbestos and amphibole
asbestos. Chrysotile, a serpentine asbestos, possesses relatively long and flexible crystalline fibers that
are capable of being woven. Amphibole asbestos has crystalline fibers that are substantially more brittle
than serpentine asbestos. Amphibole asbestos includes amosite, crocidolite, and fibrous forms of
tremolite, anthophyllite, and actinolite (see Chapter 4 and Appendix F for more information on chemical
and physical properties of asbestos). Over 99% of asbestos used in the United States is chrysotile. As a
result of its low cost and desirable properties such as heat and fire resistance, wear and friction
characteristics, tensile strength, heat, electrical and sound insulation, adsorption capacity, and resistance
to chemical and biological attack, asbestos has been used in a very large number of applications and types
of products. In most of its applications, asbestos is bonded with other materials such as Portland cement,
plastics, and resins. In other applications, asbestos is used as a loose fibrous mixture or woven as a
textile. Use of asbestos in the United States has been declining for 2 decades largely due to health
concerns. In 1997, asbestos consumption was 6% of what it was in 1980. The 1997 domestic
consumption pattern was 48% for roofing products, 29% for friction products (automobile clutch, brake,
and transmission components), and 17% for packing and gaskets (see Chapter 5 for more information on

production, import, use, and disposal of asbestos).

Asbestos fibers are chemically inert—they do not evaporate, dissolve, burn, or undergo significant
reactions with most chemicals. They do not undergo significant degradation in the environment.
Although asbestos is not volatile, small fibers and clumps of fibers may be released to air as dust.
Asbestos occurring in natural mineral deposits may be released to the atmosphere when these deposits are
disturbed—as in mining operations or during building and construction (see Appendix F for information
on occurrence of asbestos in other mineral deposits). Asbestos fibers may also be released during the
processing of asbestos minerals and the manufacture, application, use, demolition, and disposal of
asbestos-containing products. Asbestos released into the atmosphere will be transported by wind and

settle on the ground. Small fibers may remain suspended for long periods of time and be transported long
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distances. Asbestos may be released into surface water by erosion and runoff, transported in water, and

deposited in the sediment.

Numerous measurements have been performed to determine the concentration of asbestos fibers in
environmental media, primarily air. These studies have reported results in a variety of units, including
PCM f/mL (fibers per mL air=fibers per cm’, measured by phase contrast microscopy) and TEM f/mL
(fibers measured by transmission electron microscopy) (see Section 3.2.1 and Chapter 6 for additional
information regarding exposure and exposure units). Definition of a fiber is critical in these methods.
The most widely used definition of a fiber among health professionals is a particle that has a length

$5 um and a length/width ratio of $3:1. Although numerous exposure and health effects studies have
employed the PCM method for analysis of airborne asbestos concentrations, the method is not capable of
detecting fibers smaller in diameter than approximately 0.2—0.3 pm and these thinner fibers may pose a
significant health threat (see Chapter 3 for additional information on the relationships between fiber size
and health risk). The PCM method is also incapable of distinguishing between asbestos fiber types or
between asbestos and nonasbestos fibers. TEM can be used to detect fibers with diameters as small as
0.01 um and distinguish between asbestos and nonasbestos fibers, as well as fiber types. Although TEM
is the preferred method for measuring air concentrations of asbestos, epidemiological studies of
occupational exposure to relatively high levels of asbestos, such as those experienced prior to the
institution of recent occupational exposure limits (currently 0.1 f/mL), employed PCM or midget
impinger particle counting. Particle counting yielded measurements of mass of particles per volume of
air. Reported health effects have predominantly been expressed in terms of PCM concentrations (see
Section 3.2.1 for a discussion of the uncertainties in converting from midget impinger particle mass per
volume to PCM f/mL). Therefore, comparisons between environmental exposure data and occupational
exposures associated with adverse health effects can be most readily made using measurements expressed

in terms of PCM.

Inhalation is the primary route by which the general population might be exposed to asbestos. Small
quantities of asbestos fibers are ubiquitous in air, arising from natural sources (weathering of asbestos-
containing minerals), from windblown soil from hazardous waste sites, deterioration of automobile
clutches and brakes, or breakdown of asbestos-containing materials such as insulation (mainly chrysotile).
The results of numerous measurements indicate that average concentrations of asbestos in ambient
outdoor air are within the range of 10®*~ 10* PCM f/mL; levels in urban areas may be an order of
magnitude higher than those in rural areas. Even higher concentrations (up to 0.4 f/mL) have been

measured in ambient air surrounding Taiwanese factories that manufacture asbestos-containing products.



ASBESTOS 17

2. RELEVANCE TO PUBLIC HEALTH

Indoor air concentrations of asbestos ranged from approximately 107 to 10 f/mL in a study of air
concentrations measured in a total of 315 U.S. public and commercial facilities. See Chapter 6 and

Appendix F for more detailed information regarding concentrations of asbestos in environmental media.

2.2 SUMMARY OF HEALTH EFFECTS

Epidemiological studies of asbestos-exposed workers and supporting animal studies indicate that
inhalation of asbestos is the principal route of exposure of public health concern. Some epidemiological
studies have also indicated that oral exposure may be linked to the development of gastrointestinal cancer.
Depending largely on size and shape, deposition of inhaled asbestos fibers may occur in lung tissue.
Some fibers may be removed by mucociliary clearance or macrophages while others may be retained in
the lungs for extended periods. Inhalation exposure is, therefore, generally regarded as cumulative, and
exposures have been expressed in terms of concentration of fibers over time or PCM fiber-years/mL
(f-yr/mL). Studies in humans and animals indicate that inhalation exposure to asbestos fibers may lead to
the development of pulmonary disease including asbestosis and/or lung cancer and mesothelioma of the
pleura or peritoneum (see Chapter 2 and Appendix F for more detailed information on evidence for these
health effects). In general, noncancer effects in other tissues have not been detected; however, the
development of cancer in other tissues (e.g., gastrointestinal tissues) in some worker populations may be
related to asbestos exposure. Asbestos-related lung diseases (malignant and nonmalignant) or signs of
these diseases have been reported in groups of occupationally exposed humans with cumulative exposures
ranging from about 5 to 1,200 f-yr/mL. Such cumulative exposures would result from 40 years of
occupational exposure to concentrations ranging from 0.125 to 30 f/mL. Currently, U.S. OSHA
regulations require that workplace air concentrations of asbestos not exceed 0.1 f/mL. Although asbestos-
related effects have been primarily reported after chronic exposures to asbestos in an occupational setting,
these effects have also been described following relatively brief occupational exposures. Exposures of

this magnitude are usually not encountered by the general public.

Cancer. There is no doubt that inhalation of asbestos can lead to increased risk of lung cancer and
mesothelioma. This has been conclusively demonstrated in numerous studies of occupationally exposed
workers, and has been confirmed in a number of animal experiments. For lung cancer, the magnitude of
the risk appears to be a complex function of a number of parameters, the most important of which are:
(1) the level and the duration of exposure; (2) the time since exposure occurred; (3) the age at which
exposure occurred; (4) the tobacco-smoking history of the exposed person; and (5) the type and size

distribution of the asbestos fibers.
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The last parameter is of special practical importance, since the variability in potency among fibers means
that cancer risk from asbestos exposure may vary widely from location to location. Some of this variation
may be attributable to differences between the mineral types, but fiber size (length and thickness) appear
to be of prime importance. There is strong evidence from animal inhalation studies, intrathoracic and
intraperitoneal dosing studies, and 7z vitro studies that long fibers are more carcinogenic than short fibers.
However, this should not be construed to mean that shorter fibers are totally without carcinogenic
potency. The relation between fiber size and carcinogenicity may vary between lung cancer and

mesothelioma, but this is not yet clear.

There is some evidence from animal studies that asbestos-induced lung cancer stems from regions in the
lung with advanced fibrosis (asbestosis); however, lung cancer with chrysotile was also produced at fiber

concentrations that did not lead to detectable fibrosis.

Because of the large number of variables, it is difficult to make reliable predictions of the magnitude of
the cancer risk that may result from exposures of the general population to asbestos levels that are likely
to be encountered outside the workplace. Although there is considerable uncertainty in the estimates,
EPA calculated, using a linear, no-threshold model, that lifetime exposure to asbestos dust containing
0.0001 fibers >5 um in length per mL of air could result in about 2—4 excess cancer deaths (lung cancer
plus mesothelioma) per 100,000 people. In 2001, EPA has been in the process of reviewing its cancer

risk estimates for asbestos.

While lung cancer and mesothelioma are generally associated with chronic exposure to asbestos, there are
several studies that indicate that short-term exposures are also of concern. For example, it has been noted
that workers exposed to asbestos for only 1-12 months had an increased risk of developing lung cancer a
number of years later. In animals, mesotheliomas developed in two rats exposed to high concentrations of
amosite or crocidolite for only 1 day. These data are not extensive enough to define the dose- or time-
dependency of health risks from short-term exposure to asbestos, but the data do indicate that short-term

exposures should not be disregarded.

Asbestos exposure is also suspected of increasing the risk of cancer in the gastrointestinal tract, although
the evidence is less consistent than for lung cancer or mesothelioma. Data supporting this view have been
derived mainly from three types of studies. First, some studies of workers exposed to asbestos by
inhalation have noted small excesses in death rates from gastrointestinal cancer. This is presumed to be

due to the transfer of inhaled fibers from the lung to the gastrointestinal tract. Second, some studies
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suggest that populations with high levels of asbestos fibers in drinking water may have increased risk of
gastrointestinal cancers. Third, one lifetime feeding study in rats indicated that intermediate-length
chrysotile can increase the frequency of benign intestinal tumors in male rats. There are several findings,
however, that do not support the association. The excess gastrointestinal mortalities noted in workers and
in populations exposed through drinking water were usually quite small (from an epidemiological point of
view), the follow-up period was of insufficient duration, and consistent results were not found across
studies. Also, it is very difficult to determine whether the excesses are due to asbestos or to other factors
(exposure to other chemicals, misdiagnosis, dietary factors, alcohol intake, etc.). With regard to the one
positive tumorigenicity finding in animals, this must be balanced against the fact that the tumors were
both infrequent and benign, and that no significant excess of gastrointestinal tumors was noted in a

number of other adequate animal cancer bioassays.

There is some indication that asbestos exposure may have increased the risk of laryngeal cancer in some
groups of asbestos workers, but the evidence is not as strong as that for lung cancer and mesothelioma.
There is little evidence for the carcinogenicity of asbestos at other sites, although several cases of
malignant mesothelioma of the tunica vaginalis testis have been reported in patients with histories of

occupational exposure to asbestos.

Several government office and regulatory agencies have considered the evidence regarding the overall
carcinogenicity of asbestos. The Department of Health and Human Services (DHHS) has determined that
asbestos is known to be a human carcinogen. The EPA has determined that asbestos is a human
carcinogen (Group A). In addition, the International Agency for Research on Cancer (IARC) has
determined that asbestos is carcinogenic to humans (Group 1). These conclusions are based primarily on
the evidence that asbestos causes lung cancer and mesothelioma. A number of researchers and regulatory
groups have reviewed the weight-of-evidence on the issue of cancer at other sites after inhalation
exposure to asbestos in the workplace, and have reached differing conclusions. For example, some
believe that the data constitute substantial evidence that inhalation of asbestos in the workplace does
increase risk of cancer at other sites. In contrast, others feel that the evidence is not adequate to reach a
firm conclusion, and some believe that the apparent increases in gastrointestinal cancer are probably due
to other factors (misdiagnosis, diet, alcohol, disease history, etc.) and cannot be attributed to asbestos. As
these conflicting analyses illustrate, when epidemiological studies provide limited evidence for a small
increase in cancer risk at a site, it is difficult to distinguish between two alternative interpretations:

(1) the risk is real, and inconsistencies in the data are due to limitations in the sensitivity and accuracy of

epidemiological studies; or (2) the risk is not real, and the apparent effects are attributable to other causes
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or reasons. In view of the limitations and uncertainties in the data available, it does not appear that a
definitive distinction can currently be drawn between these alternatives. However, it seems only prudent
to consider increased risk of gastrointestinal cancer an effect of concern. This conclusion is similar to that
reached by a working group for the U.S. DHHS.

Respiratory Effects. Deposition of asbestos fibers in the lung can lead to substantial nonneoplastic
fibrotic injury and may even cause death. This disease, termed asbestosis, results from a prolonged
inflammatory response stimulated by the presence of the fibers in the lung. Alveolar macrophages, which
normally phagocytize foreign bodies deposited in the lungs, seek to engulf the asbestos fibers and remove
them. While short fibers may be cleared in this way, long fibers cannot be removed, and this results in an
ongoing focal inflammatory response. With time, some fibers move from the lung to the interstitium
where additional inflammatory events take place leading to the development of interstitial pulmonary

fibrosis and a progressive loss of lung compliance and respiratory function.

Signs of lung fibrosis and increased mortality associated with asbestosis or nonmalignant respiratory
disease have been observed in groups of workers with chronic cumulative exposures as low as

15-70 f-yr/mL for signs of lung fibrosis and 32—1,271 f-yr/mL for asbestosis-associated mortality. The
mortality experience associated with asbestosis or nonmalignant respiratory disease in cohorts of exposed
workers appears to provide the best available source for describing exposure-response relationships for
the development of asbestos-related lung fibrosis. However, a major limitation with the resultant
descriptions is that there is very limited information for responses at low levels of exposure experienced
by modern workers in regulated nations (<0.1-0.2 f/mL) or at levels experienced in many
nonoccupational exposure scenarios (3x10°-6x10~ f/mL). Uncertainty associated with this lack of
information may be decreased with results from prospective cohort mortality studies of workers involved
in asbestos-related occupations under currently regulated conditions or retrospective studies of workers
who entered asbestos-related occupations after 1970 or 1980 when respective occupational limits of 5 and

2 f/mL were recommended in the United States.

Studies of two cohorts of workers exposed to chrysotile asbestos, one from a Carolina textile plant, and
the other from Quebec mines and mills, appear to have received the most recent attention by the research
and regulatory community because they represent quality studies that provide widely varying estimates of
risk for the development of nonmalignant or malignant lung disease associated with the most common
type of asbestos. The available data indicate that, at equivalent exposure levels, the risk is greater for
textile workers than for miners or millers; these data have been used to develop statistical models that

estimate low, but not negligible, risk (2/1,000) for asbestosis-related mortality with chronic exposure to



ASBESTOS 21

2. RELEVANCE TO PUBLIC HEALTH

current occupational exposure limits of 0.1 f/mL. Several authors consider the mortality experience of the
Carolina textile cohort to be atypical relative to other asbestos-exposed cohorts and, in the absence of a
reliable explanation of this uniqueness, have cautioned against its use in quantitative health assessments
for other exposure scenarios to asbestos fibers (see Section 3.2.1.2 for further discussion). Further
extrapolation to lower levels of asbestos typically found in ambient air or in the indoor air of homes or
public buildings suggests that asbestosis may not be of concern for most people in the general population

without occupational exposure to asbestos.

Another tissue that may be affected in humans exposed to asbestos in air is the pleura. The most common
effect is the formation of thickened fibrous areas called plaques, but diffuse thickening and fibrosis may
also occur, as may areas of pleural effusions. An increased incidence of pleural plaques has been noted at
relatively low cumulative exposures (approximately 0.12 f-yr/mL). Localized pleural plaques are not
thought to be of significant health concern, although diffuse pleural thickening and circumscribed pleural
plaques are associated with impairment of respiratory function. This may also be due to subclinical
alveolitis or interstitial fibrosis not detected by routine chest radiograms. These plaques are normally

very mild, but may be severe in a few cases probably associated with high exposures.

A few studies have also reported an increased incidence of laryngitis in workers exposed to asbestos.

These data suggest that the upper airways may also be affected by asbestos exposure.

Immunological and Lymphoreticular Effects. Studies of workers suffering from asbestos-related
diseases such as asbestosis or mesothelioma indicate that the cellular immune system in such patients can
be depressed. This is an effect of particular interest and concern since impaired immune surveillance may
contribute to the increased incidence of cancer in asbestos-exposed people. Moreover, variation in
immune system functional capability might be an important determinant of why some people develop
cancer or asbestosis while others, with approximately equal exposures, do not. However, it is very
difficult to distinguish whether the alterations in immune function noted in such studies are the cause or
the result of asbestos-induced disease. The frequency of impaired cellular immunity in exposed workers
without clinically-apparent disease is generally low, although some studies have noted alterations in
lymphocyte distribution and impairment of natural killer (NK) cells. This could mean that the
immunological changes do not occur until the disease develops (i.e., the changes are the result of the
disease). Alternatively, it could mean that workers with immune systems that are not impaired by
asbestos do not get serious disease, while workers whose immune systems are injured by asbestos do tend

to develop disease (i.e., effects on the immune system are the cause of the disease). Available data do not
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allow a firm distinction between these alternatives at present, but the possible immunotoxic effects of
asbestos are of clear concern. Results from animal studies provide supporting evidence of direct and
indirect effects of asbestos on the immune system, although the specific roles of these effects in the
etiology of asbestos-induced pulmonary diseases are not well understood and are under current
investigation. For example, experiments with mice indicate that asbestos exposure decreases the number
and cytotoxic activity of interstitial pulmonary NK cells and that genetically impaired cell-mediated

immunity may be a predisposing factor in asbestos fibrosis.

2.3 MINIMAL RISK LEVELS

Inhalation MRLs

No MRLs were derived for inhalation exposure to asbestos for any duration. Results from epidemiological
studies of cohorts of workers chronically exposed to airborne asbestos fiber concentrations ranging from
about 5 to 20 f/mL provide convincing evidence of the development of asbestos-induced lung fibrosis, but
a chronic MRL was not derived due to the large degree of uncertainty in extrapolating from the available
data to levels of exposure that may be several orders of magnitude lower than current U.S. occupational
exposure limits (0.1 f/mL). Data regarding the adverse health effects associated with acute- or
intermediate-duration exposure to asbestos are lacking or are too limited to support the derivation of an

MRL.

Oral MRLs

No MRLs were derived for oral exposure to asbestos for any duration. No studies were located regarding
noncancer health effects in humans orally exposed to asbestos fibers, although asbestos cement pipes have
been used in some community water systems for many years. Because ingested asbestos fibers are poorly
absorbed, the tissue most highly exposed to ingested asbestos is the gastrointestinal tract epithelium. A
few studies reported some histological or biochemical changes in gastrointestinal tract cells of rats
chronically exposed to oral doses of asbestos, but, in an extensive series of lifetime dietary exposure
studies in rats and Syrian hamsters, comprehensive microscopic evaluation of tissues and organs found no
excess nonneoplastic lesions in the gastrointestinal epithelium or in other tissues or organs in animals
exposed to daily doses as high as 500-830 mg/kg/day. The weight of evidence indicates that asbestos
ingestion does not cause any significant noncarcinogenic effects in the gastrointestinal tract or other
tissues, and supports the generally held perception that oral exposure to asbestos does not present a high

priority public health concern for noncancer effects.



ASBESTOS 23

3. HEALTH EFFECTS

3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of asbestos. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found in Chapter 10 and Appendix C.

The profile also contains a health consultation on tremolite asbestos, a name that has been used in the
popular press to refer to fibrous amphibole that occurs in vermiculite ore from Libby Montana (Appendix

F).

It is important to recognize that asbestos is not a single substance, but is the generic name for a family of
six related polysilicate fibrous minerals of which one (chrysotile) belongs to the serpentine family and
five (actinolite, amosite, anthophyllite, crocidolite, and tremolite) belong to the amphibole family. These
minerals differ from each other in physical and chemical properties, and each mineral can exist in a wide
range of fiber sizes. These differences between fiber type and, more importantly, fiber size (length and

diameter) are believed to be important determinants of the health risks posed by asbestos.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,
oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,
developmental, genotoxic, and carcinogenic effects). These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or
lowest-observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the

studies. LOAELS have been classified into "less serious" or "serious' effects. "Serious" effects are those
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that evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory
distress or death). "Less serious" effects are those that are not expected to cause significant dysfunction
or death, or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious" effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which
major health effects start to appear. LOAELSs or NOAELSs should also help in determining whether or not
the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others concerned with
appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAELSs) or exposure levels below which no
adverse effects (NOAELSs) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

Levels of exposure associated with carcinogenic effects (Cancer Effect Levels, CELs) of asbestos are
indicated in Tables 3-1, 3-2, and 3-3 and Figures 3-1, 3-2 and 3-3. Because cancer effects could occur at
lower exposure levels, Figures 3-1 and 3-4 show a range for the upper bound of estimated excess risks,

ranging from a risk of 1 in 10,000 to 1 in 10,000,000 (10 to 107), as developed by EPA.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

3.2.1 Inhalation Exposure
Units of Exposure. Consideration and comparison of quantitative data on asbestos inhalation studies are

complicated by the fact that a number of different methods have been used to measure asbestos levels in

air. Currently, the standard method for measuring asbestos concentrations in workplace air employs
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phase contrast microscopy (PCM). A particle visible under PCM is counted as a fiber if it is

$5 micrometers (um) long and has a length/thickness ratio of $3:1. However, the method cannot detect
fibers thinner than about 0.3 um and cannot distinguish between asbestos fibers and other fibers (NIOSH
1987). Nevertheless, because currently available risk factors for asbestos are expressed in terms of PCM
fibers, all air concentration data in this section are expressed in terms of PCM fibers/milliliter (f/mL)
unless otherwise noted. It should be noted, however, that PCM analytical methods have improved
substantially since early asbestos studies were performed, with an increase in numbers of fibers detected

(Rickards 1994).

When data on airborne levels are available only in terms of mass/volume (e.g., mg/m®), it is not possible
to accurately convert these to units of PCM fibers/mL, because the ratio between mass and fiber number
depends on fiber type and size distribution and because of the measuring technique employed. For the
purposes of making rough calculations when a more accurate conversion factor is not available, it has

been assumed that a concentration of 1 mg/m’ in air is equal to 33 PCM f/mL (EPA 1986a).

Older occupational studies measured dust exposure in units of million particles per cubic foot (mppcf).
This method did not distinguish fibrous from nonfibrous particles and used relatively low magnification,
so only the largest particles and fibers were detectable. When a more accurate value is not available, it

has been assumed that a concentration of 1 mppcf is equal to 3 PCM f/mL (BOHS 1968).

Overview of Health Effects. Studies in humans and animals indicate that inhalation of asbestos fibers
may lead to fibrotic lung disease (asbestosis), pleural plaques and thickening, and cancer of the lung, the
pleura, and the peritoneum. It may also increase the risk of cancer at other sites, but the evidence is not
strong. Significant effects on other tissues have not been detected. A number of researchers have found
that the occurrence of asbestosis and lung cancer correlates with cumulative exposure (that is, the product
of concentration [PCM fibers/mL] multiplied by years of exposure). Therefore, human exposures are
expressed below as PCM f-yr/mL. Animal data are provided in terms of exposure level (PCM f/mL) and
duration, and the cumulative exposure can be found simply by calculating the product. However, due to
differences in clearance rates and lifespan as well as other differences, cumulative doses in animals are
not expected to be directly comparable to cumulative doses in humans. Studies that provide reliable dose-
response information on the inhalation effects of asbestos in humans are summarized in Table 3-1 and
Figure 3-1, and data in animals are summarized in Table 3-2 and Figure 3-2. The findings are discussed

below.



TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies

LOAEL
. Exposure/
Key to Species/  duration/ NOAEL Less serious Serious Reference/
figure strain frequency System (f-yr/mL) {f-yr/mL) (f-yr/mL) chemical form®
INTERMEDIATE EXPOSURE
Systemic
1 Human 6 mo Resp 25.1 M(increased incidence of Ehrlich et al.
aver. parenchymal & pleural 1992
(occup) radiographic AM
abnormalities, > 20 yr
after first exposure)
2 Human 12.7 mo, Resp 54 M (increased risk for fatal Levin et al. 1998
mean nonmalignant respiratory AM
(1dto 17.3 disease)
yr, range)
(occup)
3  Human 8 mo (SD= Resp 53.2 M(minor parenchymal & Shepherd et al.
14.9) pleural radiographic 1997
(occup) changes in about 10% & AM
30% of subjects, 20 years
after exposure)
Cancer
4 Human 12.7 mo, 54 M (CEL: increased SMRs for  Levin et al. 1998
mean lung cancer & pleural AM
(1dto17.3 mesothelioma)
yr, range)
(occup)
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies  (continued)
a Exposure/ LOAEL
Key to Species/  duration/ NOAEL Less serious Serious Reference/
figure  strain  frequency  System (f-yr/mL) (f-yr/mL) (f-yrimL) chemical form®
CHRONIC EXPOSURE
Systemic
5 Human 7.9yrs, Resp 32 M (slightly increased incidence Albin et al. 1996
median of fatal nonmalignant or CHAMCR
(occup) malignant respiratory disease
with 20-40 year latency)
6 Human 10+ yr Resp 25 M 38 M(increased percentage BOHS 1983
{occup) (7%) of workers with CH
early signs of respiratory
impairment)
7  Human >20 yr, most Resp 1271 M (autopsied cases of Case and
cases asbestosis with median lung Dufresne 1997
fiber concentration, 41 flug  CH
tissue)
8 Human <10, 11-20, Resp 20 M 62 M (increased incidence of Dave et al. 1997
>20yr subjects with NS
{occup) parenchymal & pleural
abnormalities in chest
x-ray)
9 Human 1.1-2.7 yr Resp 23 M 71 M (increased risk for fatal de Klerk et al.
(occup) asbestosis) 1991
CR
10  Human 10-30 yr Resp 17 68 (increased SMRs for fatal Dement et al.
(occup) pneumoconiosis) 1994, Brown et
al. 1994
CH
11 Human >15yr Resp 26 M Demers et al.
{occup) 1998

NS
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies

(continued)

a Exposure/ LOAEL
Key to Species/  duration/ NOAEL Less serious Reference/
figure strain  frequency  System (F-yrimL) (F-yrimL) chemical form®
12 Human 6-14 yr Resp 30 M(increased prevalence of 616 M (increased prevalence of Enarson et al.
(occup) breathlessness) breathlessness and low FVC) 1988
CH
13 Human >9yr Resp 100 M (increased prevalence of fatal Finkelstein 1983
(oceup) asbestosis & non-malignant CH CR
respiratory disease)
14 Human 9.9&7.5yr, Resp 4 22 M (increased score for 73 M (increased score for Green et al. 1997
M&F pulmonary fibrosis in pulmonary fibrosis autopsy  CH
(oceup) autopsy cases; 3.3ona cases; 7.9 on a scale of 12)
scale of 12)
15  Human 3-51yr Resp 300 M (increased prevalence of fatal Henderson and
(occup) asbestosis) Enterline 1979
CHCRAM
16  Human 3.8yr Resp 99 M (fatal asbestosis with latency Hughes et al.
aver. of +20 yr) 1987
(occup) CHCR AM
17 Human 1->20yr Resp 70 M (5% excess of subjedts Irwig et al. 1979
(oceup) with lung parenchymal CR AM
abnormalities)
18 Human 19.7-21.1yr Resp 5 M 20 M (increased risk for Jakobsson et al.
(2.3-51yrn) profusion of opacities & 1995b
wall thickening in chest CHCR AM
X-rays)
19  Human 5-31yr Resp 18 207 (significantly increased Kambic et al.
: (occup) incidence of chronic 1989
laryngitis) AM CHCR
20 Human (oceup) Resp 45 195 M (increased rate of fatal Liddell et al. 1997

pheumoconiosis)

CH
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies  (continued)

a Exposure/
Key to Species/  duration/ NOAEL Less serious Serious Reference/
figure strain  frequency  System (FyrimL) (f-yrimL) chemical form®
21 Human 1-20 yr Resp 15 M 45 M (increased rate of fatal McDonald et al.
(occup) nonmalignant respiratory 1982
disease) CHAMCR
22  Human 1-20 yr Resp 90 M 180 M (increased rate of fatal McDonald et al.
(occup) nonmalignant respiratory 1983
disease) CH
23  Human 20+ yr Resp 450 M (increased rate of fatal Nicholson et al.
(occup) asbestosis) 1979
CH
24 Human >5yr Resp 170 M (increased rate of fatal Peto et al. 1985
(occup) nonmalignant respiratory CHCR
disease)
25  Human NS Resp 35 15 M (increased incidence of Sluis-Cremer
(occup) autopsy cases with slightto 1991
severe asbestosis, 16-30yr CR AM
after first exposure)
26  Human 15yr Resp 20 M (cases of pulmonary fibrosis Wolimer et al.
aver. with functional impairment) 1987
(occup) CH
Cancer
27  Human >3 mo 26 M (CEL: mesothelioma) Albin et al. 1990a
(occup; full CHCR AM
range not
reported
28 Human 7.9 yrs, 32 M (CEL: mesothelioma) Albin et al. 1996
median CHAMCR
(occup)
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies  (continued)

a Exposure/ LOAEL
Key to Species/ *  duration/ NOAEL Less serious Serious Reference/
figure  strain  frequency  System (f-yrimL) (f-yrimL) (f-yrimL) chemical form*
29  Human 1-20 yr 400 M (CEL: lung cancer, Amandus and
(occup) mesothelioma) Wheeler 1987
TRAC
30 Human 40 yr 27 M (CEL: 4 M & 2F cases of Coplu et al. 1996
residential mesotheliomain a 10-yr TR
(20-70 yr, period among <200 villagers)
range)
31 Human 1.0,16yr 55 M (CEL: lung cancer) de Klerk et al.
(occup) 1991; 1996
CR
32  Human 10-30 yr 5 M (CEL: increased SMRs for  Dement et al.
jung cancer) 1994; Dement
and Brown 1994,
Brown et al. 1994
CH
33 Human (occup) 180 M (CEL: lung cancer, Enterline et al.
gastrointestinal cancer, 1987
mesothelioma) CHCR AM
34 Human >Qyr 44 M (CEL: lung cancer, Finkelstein 1983
(oceup) mesothelioma) CHCR
35 Human 1->60 mo 14 M (CEL: mesothelioma) Hansen et al.
1998
CR
36 Human 3-51yr 180 M (CEL: lung cancer, Henderson and
(oceup) mesothelioma) Enterline 1979
CHCR AM
37 Human 3.8yr 50 M (CEL.: lung cancer, Hughes et al.
aver. mesothelioma) 1987
(occup)

CHCR AM
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies (continued)

. Exposure/ LOAEL
'i_ey to sPtlci‘esl duration/ NOAEL Less serious Serious Reference/
igure strain frequency System (f-yrimL) (f-yr/mL) (f-yr/mL) chemical form®
38 Human NS 0.7 B (CEL: significant association lwatsubo et al.
(occup) between pleural malignant 1998
mesothelioma & asbestos NS
occupational exposure;
case/control study )
39 Human 1->20 yr 1050 M (CEL: lung cancer) Liddell et al. 1997
(occup) CH
40 Human 1-20 yr 90 M (CEL: lung cancer) McDonald et al.
(occup) 1982
CHAMCR
41 Human 1-20 yr 90 M (CEL: lung cancer) McDonald et al.
(occup) 1983
CH
42 Human >2yr 10  (CEL: lung cancer, Newhouse and
(occup) gastrointestinal cancer and  Berry 1979
mesothelioma) CR CHAM
43 Human 20+ yr ‘ 450 M (CEL: lung cancer, Nicholson et al.
(occup) mesothelioma) 1979
CH
44  Human >5yr 72 M (CEL.: lung cancer, Peto et al. 1985
(occup) mesothelioma) CHCR
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TABLE 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human Studies  (continued)

a Exposure/ LOAEL
}:_eyuto Species/  duration/ NOAEL Less serious Serious Reference/
igure strain frequency System (f-yr/mL) (f-yrimL) (f-yr/mL) chemical form®
45 Human <2->10yr 450 M (CEL: lung cancer, Weill et al. 1979
(occup) mesothelioma) CHCR AM

*The number corresponds to entries in Figure 3-1.
*The first type of asbestos listed below represents that which predominated in the workplace air; other secondary types that may have been present follow.

AC = actinolite; AM = amosite; aver. = average; B = both (male/female); CEL = cancer effect level; CH = chrysotile; CR = crocidolite; d = day(s); F = female;
f/ug = fibers per microgram; FVC = forced vital capacity; f-yr/mL = fiber-years per milliliter; LOAEL = lowest-observed-adverse-effect-level,

M = male; mo = month(s); NOAEL = no-observed-adverse-effect-level; NS = not specified, (occup) = occupational; Resp = respiratory; SD = standard deviation;
SMR = standard mortality ratio; TR = tremolite; yr = year(s)
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Figure 3-1. Levels of Significant Exposure to Asbestos - Inhalation - Human studies (continued)
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TABLE 3-2. Levels of Significant Exposure to Asbestos - Inhalation - Animal Studies

LOAEL

. Exposure/
Keyto' Species/  duration/ NOAEL Less serious Serious Reference/
figure strain frequency System (PCM f/imL) (PCM fimL) (PCM f/mL) chemical form

ACUTE EXPOSURE

Systemic

1 Mouse 5hr Resp 132 M (fibrosis) McGavran et al.
B10.D2/nSn 1989

INTERMEDIATE EXPOSURE

Systemic

2 Rat
PVG

CHRONIC EXPOSURE

Systemic
3 Rat
Wistar
4 Rat
Wistar
5 Rat
NS
6 Rat
Wistar
7 Rat
Wistar

15 wk
5 diwk
7 hr/d

1yr
1-5 diwk
7 hrid

1yr
1-5 diwk
7 hr/d

12 mo

12 mo
5 diwk
7 hrid

12 mo
5 diwk
7 hr/d

Resp

Resp

Resp

Resp

Resp

Resp

330 M (diffuse fibrosis)

70 M (fibrosis)

330 M (fibrosis)

330 (fibrosis)

1600 M (fibrosis)

2060 M (fibrosis)

CH

Donaldson et al.

1988a
CH

Davis et al.
1980a

CH

Davis et al.
1980a

AM

Davis et al.
1980b

AM CH

Davis et al.
1985

TR

Davis et al.
1986a

AM-L
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TABLE 3-2. Levels of Significant Exposure to Asbestos - Inhalation - Animal Studies

(continued)

a . Exposure/ LOAEL
Key to Sprlfsl duration/ NOAEL Less serious Serious Reference/
figure  strain  frequency  System  (pcm pmL) (PCM f/mL) (PCM f/mL) chemical form
8 Rat 2yr Resp 54  (fibrosis) Reeves et al.
cD 4 diwk 1974
4 hr/d CH
9 Rat 2yr Resp 1105  (fibrosis) Reeves et al.
cD 4 diwk 1974
4 hr/d CR
10 Rat 2yr Resp 860 (fibrosis) Reeves et al.
NS 4 diwk 1974
4 hr/id AM
11 Rat 24 mo Resp 350 (fibrosis) Wagner et al.
Wistar 5 diwk 1974
7 hrid AM AN CR CH
12 Rat 12 mo Resp 430 (fibrosis) Wagner et al.
Wistar 5 diwk 1980a
7.5 hr/d CH
Cancer
13 Monkey 4yr 1110 M (CEL. mesothelioma) Goldstein and
Baboon S diwk Coetzee 1990
6 hr/d AM
14  Monkey 4yr 1130 (CEL: mesothelioma) Goldstein and
Baboon 5 diwk Coetzee 1990
6 hr/d CHCR
15 Monkey 6 hr/d 1100 M (CEL: pleural and peritoneal Webster et al.
Baboon 5 diwk mesothelioma) 1993
upto 898 d AM
16 Rat 1yr 1170 (CEL: lung adenoma, Davis and Jones
Wistar 5 diwk adenocarcinoma, and 1988
7 hr/d

mesothelioma)

CH-S
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TABLE 3-2. Levels of Significant Exposure to Asbestos - Inhalation - Animal Studies  (continued)

. . Exposure/ LOAEL
‘i_ey to sPteC'FS/ duration/ NOAEL Less serious Serious Reference/
lgure  straln  frequency  System  (pcm fimL) (PCM fimL) (PCM fimL) chemical form
17 Rat 1yr 330 M (CEL: lung carcinomas, Davis et al.
Wistar 1-5 diwk adenocarcinomas) 1980a
7 hr/d AM
18 Rat 1yr 70 M (CEL:. lung adenomas, Davis et al.
Wistar 1-5 diwk adenocarcinomas, and 1980a
7 hr/d squamous carcinomas) CH
19 Rat 12 mo 330 (CEL: lung adenomas and Davis et al.
NS carcinomas) 1980b
AM CH
20 Rat 12 mo 1600 M (CEL: lung adenoma, Davis et al. 1985
Wistar 5 diwk adenocarcinoma, squamous TR
7 hrid carcinoma, and
mesothelioma)
21  Rat 24 mo 350 (CEL: lung adenoma, Wagner et al.
Wistar 5 diwk adenocarcinoma, squamous 1974
7 hrid carcinoma, and AM AN CR CH
mesothelioma)
22 Rat 12 mo 430 (CEL: lung adenoma, Wagner et al.
Wistar 5 diwk adenocarcinoma, squamous 1980a
7.5 hr/d carcinoma, and CH

mesothelioma)

*The number corresponds to entries in Figure 3-2.

AM = amosite; AN = anthophyllite; CEL = cancer effect level, CH = chrysotile; CR = crocidolite; d = day(s); PCM f/mL = phase contrast microscopy fibers per
milliliter; hr = hour(s); L = long; LOAEL = lowest-observed-adverse-effect-level; M = male; mo = month(s); NOAEL = no-observed-adverse-effect-level, Resp =
respiratory; S = short; TR = tremolite; wk = weeks(s); yr = year(s)
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Figure 3-2.

Levels of Significant Exposure to Asbestos - Inhalation - Animal studies
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3.2.1.1 Death

No studies were located in which acute- or intermediate-duration inhalation exposure to asbestos led to
lethality in humans or animals. Inhalation exposure to asbestos can lead to death or a shortened lifespan

from asbestosis or cancer, as discussed in Sections 3.2.1.2 and 3.2.1.8, respectively.

3.2.1.2 Systemic Effects

No studies were located regarding significant hematological, musculoskeletal, hepatic, renal, endocrine,
dermal, ocular, body weight, or metabolic effects in humans or animals after inhalation exposure to
asbestos. Systemic effects observed after inhalation exposure and discussed below include respiratory,
cardiovascular, and gastrointestinal effects. The highest NOAEL values and all LOAEL values from each
reliable study for systemic effects are summarized in Tables 3-1 and 3-2, and plotted in Figures 3-1 and

3-2.

Respiratory Effects. Numerous studies in humans have established that inhalation exposure to
asbestos fibers can lead to a characteristic pneumoconiosis termed asbestosis. Published definitions of
asbestosis generally concur that it is a diffuse interstitial fibrosis of the lungs caused by the inhalation of
asbestos fibers (American Thoracic Society 1986; International Expert Meeting on Asbestos 1997;
Mossman and Churg 1998). Persons with fully developed asbestosis have shortness of breath (dyspnea),
often accompanied by rales or cough (Churg 1986a; Enarson et al. 1988; Finkelstein 1986), and display
deficits in pulmonary function variables such as forced expiratory volume in 1 second (FEV,) and forced
vital capacity (FVC) (Glencross et al. 1997; Kilburn and Warshaw 1994; Miller et al. 1994; Rom 1992;
Schwartz et al. 1994; Shepherd et al. 1997). In severe cases, impairment of respiratory function may
ultimately result in death, and asbestosis has been associated with excess mortality in a number of groups
of asbestos workers (Armstrong et al. 1988; de Klerk et al. 1991; McDonald et al. 1983; Peto et al. 1985;
Selikoff et al. 1979).

Available evidence indicates that all asbestos fiber types are fibrogenic, although there may be some
differences in potency among fiber types (Bignon and Jaurand 1983; Churg 1993; Davis 1972; EPA
1986a; Kamp and Weitzman 1997; McDonald et al. 1999). Most studies in humans have involved
exposure to predominantly chrysotile, the most widely used type of asbestos (Albin et al. 1996; Berry et
al. 1979; BOHS 1983; Case and Dufresne 1997; Cullen and Baloyi 1991; Dement et al. 1983; McDonald
et al. 1983, 1984, 1999; Nicholson et al. 1979), but asbestosis has also been noted in populations exposed
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mainly to amosite (Seidman et al. 1979), crocidolite (Armstrong et al. 1988; de Klerk et al. 1991, 1996;
Luo et al. 1992; Sluis-Cremer 1991; Wignall and Fox 1982), tremolite (McDonald et al. 1986a), and
anthophyllite (Meurman et al. 1974; Sluis-Cremer 1991). A number of animal studies have indicated that
long fibers (e.g., 5 pm or more) have a higher fibrogenic activity, while short fibers have a lower
fibrogenic activity (Adamson and Bowden 1987a, 1987b; Davis and Jones 1988; Davis et al. 1986a;
Platek et al. 1985). This relationship may be associated with the inability of macrophages to engulf and

remove fibers that are significantly larger than themselves (Bignon and Jaurand 1983).

Results from human studies, however, suggest that short asbestos fibers may also play a role in
pulmonary fibrosis. In autopsy studies of groups of chrysotile miners and millers (Churg et al. 1989a)
and amosite-exposed shipyard and insulation workers (Churg et al. 1990) with asbestosis, histologically-
graded fibrosis was positively correlated with mean amphibole fiber concentration in lung tissue, but was
negatively correlated with mean amphibole fiber length. Churg et al. (1989a, 1990) noted that the inverse
relationship between degree of fibrosis and amphibole fiber length was suggestive that short fibers may
be more important in the genesis of pulmonary fibrosis than was commonly believed based on the
findings from animal studies showing a positive relationship between fiber length and fibrogenic activity.
Case (1994) noted, however, that men with asbestosis in the group of autopsied chrysotile miners and
millers showed lung concentrations of tremolite fibers longer than 8 pm that were higher than
concentrations in men without asbestosis, and that six of seven miners/millers having any chrysotile or
tremolite fibers longer than 20 um had asbestosis. The latter observations suggest the importance of
longer fibers. Case (1994) hypothesized that the greater concentrations of long tremolite fibers in these
cases of asbestosis might also produce increased levels of shorter fibres (at autopsy) due to fiber breakage
with time of retention in the lung. Case (1994) suggested that the counting method employed by Churg et
al. (1989a, 1990) (that included short fibers down to the limits of detection) may more accurately quantify
short fiber fragments, and that the fiber size class that is most responsible for fibrosis is unclear. Case
(1994) further hypothesized that long fibers may initiate events, and that shorter fiber fragments, once
they are present, may have increased effects on macrophage activity and subsequent fibrosis. Surface
area has been proposed to play a role in amphibole fiber toxicity (Lippmann 1988), and, since shorter,
thinner fibers have proportionally greater surface areas than longer, thicker fibers, may be involved in the

inverse relationship observed by Churg et al. (1989a, 1990).

As shown in Table 3-1 and Figure 3-1, cumulative exposure levels that have been associated with
radiographic, histologic, spirometric, or clinical signs of lung fibrosis in groups of chronically exposed

workers include 38 f-yr/mL in British asbestos textile factory workers (BOHS 1983), 62 f-yr/mL in
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Indian asbestos cement workers (Dave et al. 1997), 30 f-yr/mL in British Columbian chrysotile miners
and millers (Enarson et al. 1988), 22 f-yr/mL in autopsied cases of deceased South Carolina chrysotile
textile factory workers (Green et al. 1997), 10-30 f-yr/mL (midpoint=20 f-yr/mL) in Swedish asbestos
cement workers (Jakobsson et al. 1995b; Wollmer et al. 1987), 70 f-yr/mL in South African crocidolite
and amosite miners (Irwig et al. 1979), and 15 f-yr/mL in autopsied cases of deceased crocidolite and

amosite miners and millers (Sluis-Cremer 1991).

Table 3-1 and Figure 3-1 also show that significantly increased mortality rates associated with asbestosis
or other nonmalignant respiratory disease have been reported in groups of exposed workers with
cumulative exposure estimates ranging from 32 to 1,271 f-yr/mL (Albin et al. 1996; Brown et al. 1994;
Case and Dufresne 1997; de Klerk et al. 1991; Dement et al. 1994; Finkelstein 1983; Henderson and
Enterline 1979; Hughes et al. 1987; Liddell et al. 1997; Nicholson et al. 1979; Peto et al. 1985; Sluis-
Cremer 1991).

Whereas these studies involved chronic exposure to asbestos, increased incidences of radiographic
abnormalities indicative of pulmonary fibrosis have been found in studies of New Jersey and Texas
workers involved in the manufacture of amosite-insulated materials who were predominantly exposed for
intermediate durations (medians of 6—12 months) at fiber concentrations that were as high as 5-100 f/mL,
many fold higher than the current U.S. permissible exposure limit for workplace air, 0.1 f/mL (Ehrlich et
al. 1992; Levin et al. 1998; Shepherd et al. 1997). These studies add to the evidence that asbestos-
induced respiratory disease can take a long time (10-20 years) to develop and, in some individuals,
continues to progress long after exposure has ceased (Finkelstein 1986; Mossman and Churg 1998;
Wagner et al. 1974). Churg (1993) noted that early cases of asbestosis, when workplace air fiber
concentrations were very high, had shorter latent development periods (5—6 years), compared with
estimates of 10-20 years latency from studies of workers more recently exposed to lower fiber
concentrations. This comparison suggests that there is an inverse relationship between intensity of

exposure and time of disease development.

Several of the studies of occupationally exposed workers in Table 3-1 and Figure 3-1 provide general
descriptions of exposure-response relationships for asbestos-induced nonmalignant respiratory effects,
showing increasing severity or incidence of disease with increasing cumulative exposure and providing
some indications of no-effect levels ranging from 2.6 to 90 f-yr/mL for signs of asbestosis or increased
mortality associated with asbestosis (BOHS 1983; Dave et al. 1997; de Klerk et al. 1991; Dement et al.
1994; Demers et al. 1998; Green et al. 1997; Jakobsson et al. 1995b; Liddell et al. 1997; McDonald et al.
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1983; Sluis-Cremer 1991; Wollmer et al. 1987). There are several complexities, however, in defining
exposure-response relationships for asbestos-induced pulmonary fibrosis that make it difficult to derive
reliable risk estimates for low-level exposure from the available studies. The complexities include
uncertainties in exposure assessments for the studied workers, the variability among estimates of risk
from various studies, inconsistent adjustment across studies for the possible confounding effect of tobacco
smoking on development of pulmonary fibrosis, the possibility of differences in potency among different
types of asbestos, the possibility of differential misdiagnosis and/or different end points in different
studies, the likelihood of disease progression after exposure ceases, and the likelihood that mortality

studies underestimate occurrence of asbestosis since asbestosis does not always cause death.

Another difficulty arises from the use of cumulative exposure (the product of exposure duration x
intensity) as a surrogate exposure metric in the available studies. Finkelstein (1995) noted that the use of
cumulative exposure requires the assumption that duration and intensity are equally important in
determining the effective dose. Finkelstein further noted that if exposure estimates are inaccurate or
inconsistently measured (which can be the case for many retrospective epidemiology studies), a finding of
a statistically significant association between cumulative exposure and a health outcome can mislead one
in having confidence in an apparent exposure-response relationship that is principally influenced by

duration of exposure and not by exposure intensity.

In a recent review of the epidemiological evidence for asbestosis exposure-response relationships, the
World Health Organization Task Group on Environmental Health Criteria for Chrysotile Asbestos (WHO
1998) concluded that “asbestotic changes are common following prolonged exposures of 5 to 20 f/mL”
(these correspond to cumulative exposures of 50-200 f-yr/mL for a 10-year exposure) and that “the risk at
lower exposure levels is not known.” This group further concluded that although there may be subclinical
respiratory changes induced by chrysotile at current levels of occupational exposure, “they are unlikely to

progress to the point of clinical manifestation.”

Presenting an alternative viewpoint, Stayner et al. (1997) statistically analyzed updated asbestosis-related
mortality data for a cohort of South Carolina asbestos textile workers (the same data reported by Brown et
al. 1994 and Dement et al. 1994) and predicted, by extrapolation, an excess lifetime risk of 2/1,000 for
asbestosis mortality in white men exposed for 45 years at the Occupational Safety and Health
Administration (OSHA) permissible exposure level for all forms of asbestos of 0.1 f/mL (4.5 f-yr/mL).
Stayner et al. (1997) noted five major areas of uncertainty associated with this estimate including the

extrapolation from relatively high exposure intensity to low intensity (average for the cohort was about
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6 f/mL), the questionable accuracy of the exposure estimates for the cohort members, the absence of
information on individual smoking habits in this cohort, the likelihood of disease misclassification, and

the selection of an appropriate statistical model.

Several authors consider the mortality experience of the Carolina textile cohort to be atypical relative to
other asbestos-exposed cohorts and, in the absence of a reliable explanation of this uniqueness, have
cautioned against its use in quantitative health assessments for other exposure scenarios to asbestos fibers
(Case et al. 2000; Hodgson and Darnton 2000). Estimates of lung cancer risk based on the South
Carolina cohort are notably higher than estimates derived from other occupational cohorts exposed to
predominately chrysotile asbestos (e.g., the Quebec chrysotile miner and miller cohort) or to mixed types
of asbestos in other textile operations (Dement et al. 1994; Hodgson and Darnton 2000; Liddell et al.
1997, 1998; McDonald 1998b; Stayner et al. 1997). Stayner et al. (1997) acknowledged this difference,
but concluded that “it would be prudent” to use estimates of risk from both cohorts to predict a range of
potential risks for current occupational scenarios. The reasons for the difference are unknown, but may
apply to both asbestosis and lung cancer. Proposed explanations include the possibility of uniform
underestimation of exposure in the Carolina cohort, the possibility of exposure to longer and thinner
fibers in the Carolina textile mill, and the possibility that mineral oil that was used to spray the raw fiber
in Carolina (as a dust suppression measure) may have contributed to the increased incidence of lung
cancer, but evidence for or against any of these possibilities is not strong (Case et al. 2000; Dement et al.
1994; McDonald 1998b; Stayner et al. 1997). For example, comparison of lung fiber concentrations in
autopsied individuals from the Carolina and Quebec cohorts provide confirmatory information that the
Quebec cohort was likely exposed to higher air concentrations of asbestos fibers of all length categories
(including those >18 pm in length) than the Carolina cohort, although when all fibers were considered
together, the mean fiber length of detected fibers in the Carolina group was greater than that of the
Quebec cohort (Case et al. 2000; Sebastien et al. 1989). In an internal case-control analysis of the
Carolina textile mortality experience, odds ratios for lung cancer were not significantly different among
groups of subjects with different probable levels of oil exposure (Dement et al. 1994), but others have
questioned the ability to correctly assign subjects in the cohort to oil exposure categories (Hodgson and

Darnton 2000; McDonald 1998b).

A chronic inhalation MRL for asbestos-induced nonmalignant respiratory disease has not been derived (as
reflected by a lack of MRL designation in Table 3-1 and Figure 3-1), because of the large degree of
uncertainty in extrapolating to low levels of exposure from the available epidemiological data for workers

with high levels of exposure (see also Chapter 2). The use of the data for the South Carolina textile
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workers, the Quebec chrysotile miners and millers, or other occupational cohorts to estimate risk for
development of fatal asbestosis with chronic exposure to asbestos at fiber concentration ranges likely to
be encountered in ambient, nonoccupational outdoor or indoor air (about 3x10° to 6x10° PCM f/mL, see
Chapter 6 for more information) would require additional extrapolation, and be even more uncertain, than

the risk estimate for exposure to 0.1 f/mL from the Stayner et al. (1997) analysis.

Inhalation of asbestos fibers can lead not only to injury to the lung parenchyma, but also to a number of
changes in the pleura (Boutin et al. 1989; Churg 1986a; Ehrlich et al. 1992; Jones et al. 1988b). The most
common lesions are pleural plaques. These are generally oval areas of acellular collagen deposits, usually
located on the inferior and posterior surfaces of the pleura. Diffuse thickening and fibrosis of the pleura
may also occur, as may pleural effusions. The incidence of pleural abnormalities (usually detected by
x-ray examination) is often quite high (10-60%) in people employed in asbestos-related occupations for
subchronic (Ehrlich et al. 1992) and chronic durations (Amandus et al. 1987; Anton-Culver et al. 1989;
Baker et al. 1985; Bresnitz et al. 1993; Gibbs 1979; Hsiao et al. 1993; Jarvholm et al. 1986; McDonald et
al. 1986b; Ohlson et al. 1985; Ren et al. 1991; Viallat and Boutin 1980). Pleural abnormalities are also
common in household contacts and family members of asbestos workers (where exposure is presumably
due to asbestos carried home on the work clothes) (Anderson et al. 1976, 1979), in people living in areas
where tremolite asbestos-containing whitewash materials have been used (Baris et al. 1988b;
Constantopoulos et al. 1985, 1987b; Coplii et al. 1996; Dumortier et al. 1998; Metintas et al. 1999;
Sakellariou et al. 1996; Yazicioglu et al. 1980), and in people who live in regions with high asbestos
levels in the soil (Boutin et al. 1989; Churg and DePaoli 1988; Jarvholm et al. 1986; Luo et al. 1992; Rey
et al. 1993). An elevated incidence of pleural abnormalities (3.7%) was noted in long-time (70-year)
residents of an area with elevated levels of asbestos in soil (Boutin et al. 1989). Cumulative exposure to
asbestos in these residents was estimated to be 0.12 f-yr/mL. The incidence of pleural abnormalities
(specifically, pleural thickening) in members of the general population of the United States was found to
be 2.3% in males and 0.2% in females, most of which is probably due to occupational exposure to
asbestos (Rogan et al. 1987). The health significance of asbestos-induced pleural abnormalities is not
precisely defined; some researchers consider pleural plaques to be essentially benign (Jones et al. 1988b;
Ohlson et al. 1984, 1985), whereas others have noted isolated pleural plaques to be associated with
decreased ventilatory capacity (Bourbeau et al. 1990). In addition, some investigators (Edelman 1988c;
Hillerdal 1994; Hillerdal and Henderson 1997; Nurminen and Tossavainen 1994) have suggested that
pleural plaques are predictors of increased risk for lung cancer, whereas another analysis (Weiss 1993)
have suggested that they are not. Diffuse pleural thickening can lead to decreased ventilatory capacity,

probably because of the restrictive effect of pleural fibrosis (Baker et al. 1985; Britton 1982; Churg
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1986a; Jarvholm and Larsson 1988; Jones et al. 1988b; McGavin and Sheers 1984; Miller et al. 1992;
Rom and Travis 1992; Schwartz et al. 1990). In some cases, pulmonary impairment from pleural

thickening can be very severe, even causing death (Miller et al. 1983).

Asbestos exposure may also produce adverse effects in the upper airways. A statistically significant
higher incidence of laryngitis was noted in workers with chronic cumulative exposures >27 f-yr/mL
compared with controls and exposed workers with cumulative exposures <18 f-yr/mL (Kambic et al.
1989; Parnes 1990). Although this effect has not been reported in a large number of studies, it is

consistent with the idea of asbestos acting as an irritant on the laryngeal mucosa.

Fibrosis has been produced in animals by inhalation or by intratracheal exposure to chrysotile (Chang et
al. 1988; Davis et al. 1980a, 1980b; Donaldson et al. 1988a; Green et al. 1986; Hesterberg et al. 1995,
1996, 1997; Mast et al. 1994, 1995; McGavran et al. 1989; Wagner et al. 1980a), amosite (Davis et al.
1986a; Reeves et al. 1971, 1974; Webster et al. 1993), anthophyllite (Wagner et al. 1974), crocidolite
(Reeves et al. 1971, 1974; Wagner et al. 1974), and tremolite (Davis et al. 1985; Green et al. 1986; Sahu
et al. 1975). There are some data from animal studies to suggest that crocidolite causes more severe
inflammatory disease than chrysotile and is retained longer within the lungs (Berube et al. 1996;
McConnell et al. 1994). As shown in Table 3-2 and Figure 3-2, fibrosis has been noted in rodents after
exposure to 132 f/mL for 5 hours (McGavran et al. 1989), exposure to 330 f/mL for 7 hours/day,

5 days/week for 15 weeks (Donaldson et al. 1988a), and chronic exposure to 54-2,060 f/mL (Davis et al.
1980a, 1980b, 1985, 1986a; Reeves et al. 1974; Wagner et al. 1974, 1980a). In animals, histological
signs of tissue injury can be detected at the site of deposited fibers within a few days, although in humans,
measurable abnormalities of lung function do not usually appear for a number of years (Dement et al.

1983; Hughes et al. 1987; Kagan 1988; Schwartz et al. 1993).

Studies in animals indicate that asbestosis stems from the inflammatory response triggered in the lung by
the deposition of asbestos fibers (Davis 1970; Quinlan et al. 1995), and that the inflammatory response to
asbestos is enhanced by multiple exposures to asbestos fibers (Coin et al. 1996). Fibers deposited in the
ciliated portion of the airway are removed by mucociliary transport (see Section 3.4.4) and do not appear
to injure the lung. However, fibers deposited in the terminal bronchioles and alveoli are not cleared as
rapidly, and these can stimulate an influx of macrophages (Chang et al. 1988), which then release a
variety of inflammatory mediators (chemoattractants, lysosomal enzymes, activated oxygen species,
growth factors, etc.) (Davis 1972; Hansen and Mossman 1987; Kagan 1988; Miller et al. 1978; Schwartz
et al. 1993). This is thought to be responsible for the gradual loss of some epithelial cells and the
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deposition of collagen by fibroblasts (Davis and Jones 1988; Davis et al. 1986¢). With continued
duration of exposure to asbestos fibers, increasing amounts of fibers are found in the lung interstitium and

are associated with progressive interstitial fibrotic reactions (Pinkerton et al. 1984).

One of the many growth factors found in fibrotic lungs is tumor necrosis factor o (TNF-a). TNF-a is a
powerful inducer of epithelial and mesenchymal cell proliferation which has been suggested as a central
mediator of fibrotic lung disease. A recent study has demonstrated that genetically-altered mice without
TNF-a receptor fail to develop fibro-proliferative lesions in response to asbestos exposure (Liu et al.

1998).

Cardiovascular Effects. No studies were located regarding a direct effect upon the cardiovascular
system in humans after inhalation exposure to asbestos. However, increased (p<0.01) mortality from
cardiovascular disease in workers exposed to asbestos has been reported (Doll 1955). Fibrosis of the lung
can lead to increased resistance to blood flow through the pulmonary capillary bed, leading in turn to
pulmonary hypertension and compensatory hypertrophy of the right heart (Selikoff and Lee 1978). This
condition is known as cor pulmonale. Cor pulmonale may be detected by standard clinical and
radiological tests of cardiac function and by changes in the electrocardiogram (Kokkola and Huuskonen
1979), although this is not a very sensitive test (Selikoff and Lee 1978). Cor pulmonale is usually
associated with severe cases of asbestosis (Lemen et al. 1980), although pulmonary hypertension has been
reported in some cases prior to measurable decreases in respiratory function (Tomasini and Chiappino
1981). Limited data from case reports suggest that constrictive pericarditis due to fibrous thickening may

result from asbestos exposure (Davies et al. 1991).

No studies were located regarding cardiovascular effects in animals after inhalation exposure to asbestos.

Gastrointestinal Effects. The majority of asbestos fibers that are deposited in the respiratory tract
during inhalation exposure are transported by mucociliary action to the pharynx, where they are
swallowed (see Section 3.4). Consequently, the gastrointestinal epithelium is also directly exposed to
fibers. While there is some evidence that inhalation exposure to asbestos may increase the risk of
gastrointestinal cancer in humans (see Section 3.2.1.8), no information was located to indicate that any

nonneoplastic effects occur in the gastrointestinal system after inhalation exposure.

No studies were located regarding gastrointestinal effects in animals after inhalation exposure to asbestos.
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3.2.1.3 Immunological and Lymphoreticular Effects

A number of studies have investigated the status of the immune system in humans who have been
exposed to asbestos. Although there is some variability, most studies indicate that cell-mediated
immunity (measured by tests of dermal sensitization /2 vivo and lymphocyte responsiveness and function
1n vitro) is depressed in workers who have radiological evidence of asbestosis (deShazo et al. 1988;
Gaumer et al. 1981; Kagan et al. 1977; Lange et al. 1986). For example, natural killer (NK) cells (unique
lymphocytes thought to be a first line of defense against cancer cells) isolated from peripheral blood of
patients with asbestosis had impaired cytotoxic potency (Kubota et al. 1985; Tsang et al. 1988).
Additionally, decreased NK cell activity and increased NK cell number were noted in the peripheral blood
of retired asbestos cement workers (Froom et al. 2000). Alterations in lymphocyte (Sprince et al. 1991,
1992) and leukocyte (Hurbankova and Kaiglova 1993) distribution have been noted in asbestos-exposed
workers. Increased numbers of lymphocytes and CD4" cells were reported in men with occupational
exposure to asbestos (Rom and Travis 1992), although numbers of total circulating lymphocytes were
similar in asbestos workers compared to controls in another study (Al Jarad et al. 1992). Mediastinal
lymph node enlargement has been reported in asbestosis patients (Sampson and Hansell 1992). Increased
levels of IgA and IgG have been reported in asbestos-exposed individuals (Hurbankova and Kaiglova
1993; Nigam et al. 1993), and concentrations of autoantibodies (rheumatoid factor, antinuclear
antibodies) tend to be abnormally high in asbestos-exposed workers (Anton-Culver et al. 1988; Pernis et
al. 1965; Warwick et al. 1973; Zerva et al. 1989). In some cases, increased autoantibodies can lead to
rheumatoid arthritis (Caplan's Syndrome), although this is more common in coal miners and workers with
other pneumoconioses than in workers with asbestosis (Constantinidis 1977; Greaves 1979).
Immunological abnormalities are usually mild or absent in asbestos-exposed workers who have not
developed clinical signs of asbestosis (deShazo et al. 1988; Kagan 1988; Selikoff and Lee 1978; Warwick
et al. 1973). Although the biological significance of these immunological changes is difficult to judge,
they are of special concern because depressed immune function might be a factor in the etiology of
asbestos-induced cancer (Lew et al. 1986). Exposures to asbestos associated with immunological effects

generally have not been quantified.

Results from animal studies provide supporting evidence of direct and indirect effects of asbestos on the
immune system, although the specific roles of these effects in the etiology of asbestos-induced pulmonary
diseases are not well understood and are under current investigation. In support of observations of
suppressed activity of peripheral natural killer cells in patients with asbestosis, the number and cytotoxic

activity of interstitial pulmonary natural killer cells were found to be decreased in mice exposed to
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inhaled chrysotile fibers (13.3 mg/m?) 3 hours/day for 3 days compared with nonexposed controls
(Rosenthal et al. 1998). In support of asbestos-induced hyperactivity of humoral immunity, humans
occupationally exposed to crystalline asbestos display elevated serum y-globulins (Lange et al. 1974).
Results from experiments with genetically immunodeficient mice support the hypotheses that T lymph-
ocytes may play a protective role against asbestos-induced lung inflammation and subsequent fibrotic
responses, and that impaired cell-mediated immunity may be a predisposing factor in asbestos fibrosis. In
these experiments, immunodeficient mice showed a larger increase in cell numbers in pulmonary lavage
fluid (predominantly due to increase in neutrophils) and increased severity of pulmonary lesions in
response to inhaled asbestos compared with immunologically normal mice of the same background or

immunologically deficient mice that were “reconstituted” with lymphocytes (Corsini et al. 1994).

No studies were located regarding the following effects in humans or animals after inhalation exposure to

asbestos:

3.2.1.4 Neurological Effects
3.2.1.5 Reproductive Effects
3.2.1.6 Developmental Effects

3.2.1.7 Cancer

A voluminous body of evidence establishes that inhalation exposure to asbestos increases the risk of lung
cancer and mesothelioma in humans and animals. Some evidence suggests that inhalation exposure to
asbestos increases the risk of cancer at other sites as well (especially the gastrointestinal tract). Each of

these carcinogenic effects are discussed separately below.

Lung Cancer. Evidence for the role of asbestos in human lung cancer is derived primarily from studies of
the cause of death of occupationally-exposed workers. For example, the causes of death in a very large
cohort of insulation workers (17,800 men) in the United States and Canada have been studied (Selikoff et
al. 1979). Between 1967 and 1976, there were 2,271 deaths in this group, of which 486 were attributable
to lung cancer. This is 4.6 times the number of lung cancer deaths that would have been expected in this
group based on the lung cancer rates in the average male population of the United States. Similar
findings have been reported in a very large number of analogous studies under a wide variety of
occupational circumstances. In a review, a statistically significant (p<0.05) increase in lung cancer death

rates had been reported in 32 of 41 recent studies (EPA 1986a). In a recent meta-analysis of 69 asbestos-
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exposed occupational cohorts reporting on cancer morbidity and mortality, Goodman et al. (1999)
calculated a lung cancer meta-standard mortality ratio (SMR) of 1.63 (95% confidence interval
[CI]=1.58-1.69); the highest meta-SMR (1.92, CI=95%=1.76-2.09) was among asbestos products
manufacturing workers. Lung cancer has also been reported in household contacts and family members
of asbestos workers, where exposure is presumably due to asbestos carried home on the work clothes

(Magnani et al. 1993).

There is little doubt that all types of asbestos can cause lung cancer. For example, statistically significant
increases in lung cancer mortality have been reported in workers exposed primarily to chrysotile (Case
and Dufresne 1997; Dement et al. 1983, 1994; Huilan and Zhiming 1993; Liddell et al. 1997, 1998;
McDonald et al. 1980, 1983, 1984, 1993, 1997; Nicholson et al. 1979), amosite (Seidman et al. 1979),
crocidolite (Armstrong et al. 1988; de Klerk et al. 1989, 1991, 1996; Sluis-Cremer 1991; Wignall and Fox
1982), anthophyllite (Meurman et al. 1974, 1994), and tremolite (Amandus and Wheeler 1987; Kleinfeld
et al. 1974; McDonald et al. 1986a), or to multiple fiber types (Albin et al. 1996; Enterline et al. 1987;
Henderson and Enterline 1979; Hughes et al. 1987; Magnani and Leporati 1998; McDonald et al. 1982;
Newhouse and Berry 1979; Peto et al. 1985; Weill et al. 1979).

As with most carcinogenic agents, there is a substantial latency period (10—40 years in humans) between
the onset of exposure to asbestos and the occurrence of lung cancer (Dement et al. 1983; Huilan and
Zhiming 1993; McDonald et al. 1983; Nicholson et al. 1979; Selikoff et al. 1979; Sluis-Cremer 1991).
After sufficient time (e.g., 20 years), the risk of lung cancer in exposed workers is generally observed to
increase in proportion to the cumulative exposure (f-yr/mL). Most researchers have found that the
chances that asbestos exposure will lead to lung cancer depends not only on the cumulative dose of
asbestos, but also on the underlying risk of lung cancer due to other factors (Enterline et al. 1987; EPA
1986a; McDonald et al. 1982, 1983; Peto et al. 1985). For example, asbestos exposure results in a greater
increase in lung cancer risk in smokers than nonsmokers, possibly because smokers have a higher
underlying risk of lung cancer than nonsmokers. Alternatively, the greater increase in lung cancer risk in
smokers may be due to a synergism between tobacco smoke and asbestos fibers. (see Section 3.9 for

additional discussion of the interaction between smoking and asbestos).

Using a predictive model based on an analysis of 11 sets of lung cancer mortality data for groups of
textile production workers (Dement et al. 1983; McDonald et al. 1982, 1983; Peto 1980), friction
products workers (Berry and Newhouse 1983; McDonald et al. 1984), insulation products workers

(Seidman 1984; Selikoff et al. 1979), and cement products workers (Finkelstein 1983; Henderson and
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Enterline 1979; Weill et al. 1979), EPA (1986a) estimated that continuous lifetime exposure to air
containing 0.0001 f/mL of asbestos would result in about two cases of lung cancer per 100,000 smokers, a
factor of 10 higher than that estimated for nonsmokers (0.2 per 100,000). EPA (1986a) excluded
available data for asbestos miners and millers (McDonald et al. 1980; Nicholson et al. 1979; Rubino et al.
1979) from the analysis, based on the judgement that fiber characteristics of “preprocessed” asbestos in
these environments would be different from those of “processed” asbestos fibers in the general
environment. The corresponding cumulative lifetime exposures associated with excess risks of 10710
are shown in Figure 3-1. For smokers, cumulative exposures of 0.000035, 0.00035, 0.0035, and 0.035
f-yr/mL represent excess lung cancer risks of 107, 10, 10”, and 10 respectively. For nonsmokers,
cumulative exposures of 0.00035, 0.0035, 0.035, and 0.35 f-yr/mL represent excess lung cancer risks of ,
107,10, 107, and 10 respectively. Appendix D provides further details on the derivation of these risk
estimates. While these values have been considered to be the best available for assessing risk from
environmental exposures to airborne asbestos, the range of uncertainty is probably a factor of 2.5-10
(EPA 1986a). Currently (in 2001), EPA is in the process of reviewing their cancer risk estimates for

asbestos fibers.

Several authors have suggested that the EPA model may overestimate the lung cancer risk from exposure
to asbestos (Camus et al. 1998; Hughes 1994; Lash et al. 1997). An alternative statistical analysis of
studies relating occupational cumulative exposure to asbestos and lung cancer mortality arrived at lung
cancer potency estimates that were 4- to 24-fold lower than the EPA model potency estimate (Lash et al.
1997). Hughes (1994) noted that exclusion of the chrysotile asbestos miner and miller data in the EPA
analysis led to a higher estimate of potency (i.e., slope of the exposure-response relationship) than would
have been obtained if the data were included, and suggested that a lower potency estimate would be more
appropriate for populations exposed to nontextile chrysotile such as that used in buildings. Camus et al.
(1998) reported that the EPA model predicted a relative risk for death from lung cancer in a group of
nonoccupationally exposed women who lived in two regions of Quebec with chrysotile mines that was at
least 10-fold higher than the observed upper range for excess lung cancer deaths for this group. No
statistically significant lung cancer excess was observed in this group of women. The SMR was

0.99 (95% CI 0.78-1.25), based on 71 observed lung cancer cases among 2,242 deaths from all causes
(Camus et al. 1998). In defense of the EPA model predictions, Landrigan (1998) noted that “the strong
possibility exists that the Camus calculations underestimate the risk of asbestos exposure”, due to “1) the
average fiber diameter in the Quebec mining townships is probably larger than average diameter
encountered in industrial operations in the United States, because asbestos in the Quebec townships had

not been subjected to the extensive machining that asbestos found in U.S. textile factories typically
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undergoes; and 2) prevalence of cigarette smoking is much lower among women in rural Quebec than

among blue-collar workers in the American south.”

Although a number of studies seem to suggest that not all asbestos fibers types are equally likely to lead
to lung cancer, the human evidence is disputed (see Hodgson and Darnton 2000, McDonald and
McDonald 1997, and Stayner et al. 1996 for differing views on the evidence for differing lung cancer
potency among asbestos fiber types). Some of this variation in potency between fibers may be due to
differences between mineral types with respect to surface properties such as surface charge density
(Bonneau et al. 1986; Davis et al. 1988), iron content (Lund and Aust 1992), and durability (Lippmann
1990), but the bulk of the available data indicate that fiber size (fiber thinness and length) may be the

most important determinant of carcinogenic potential (see Section 3.5).

Some epidemiological studies have detected little or no increase in lung cancer risk until the cumulative
dose of asbestos exceeds 25-100 f-yr/mL (Berry and Newhouse 1983; Hughes and Weill 1980;
McDonald et al. 1980; Weill et al. 1979), and this has led to the proposal that there may be a dose
threshold for asbestos-induced lung cancer (Browne 1986a, 1986b; Hodgson and Darnton 2000).
However, a number of other studies indicate that lung cancer risk is linearly related to cumulative dose
without any obvious threshold (Dement et al. 1983; Finkelstein 1983; Henderson and Enterline 1979;
Hughes et al. 1987; McDonald et al. 1983; Seidman et al. 1979). In general, dose-response data from
epidemiological studies lack the statistical power to detect small effects at low doses, so it is not possible

to conclude from such data that a hazardous chemical does (or does not) have a threshold dose.

Studies in animals have reported increased incidence of lung cancer following chronic inhalation
exposure to chrysotile (Davis and Jones 1988; Gross et al. 1967; Reeves et al. 1974; Wagner et al. 1974,
1980a), amosite (Davis et al. 1980a, 1980b, 1986a; Reeves et al. 1974), crocidolite (Reeves et al. 1971,
1974; Wagner et al. 1974), anthophyllite (Wagner et al. 1974), and tremolite (Davis et al. 1985).
Exposure levels that have resulted in increased lung tumor frequency in animals range from

70 to 1,600 PCM f/mL. In general, tumors were characterized as adenomas, adenocarcinomas, and
squamous cell carcinomas. There is some evidence from animal studies that mineral-fiber lung tumors

arise from fibrotic areas of the lung (Davis and Cowie 1990).

Mesothelioma. Mesotheliomas are tumors arising from the thin membranes that line the chest (thoracic)
and abdominal cavities and surround internal organs. Mesotheliomas are relatively rare in the general

population, but are often observed in populations of asbestos workers. For example, in the mortality
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study of insulation workers (in which 2,227 total deaths were analyzed), there were 175 deaths
attributable to mesotheliomas, 63 arising from the pleural membrane, and 112 arising in the peritoneum
(Selikoff et al. 1979). In contrast, published estimates of annual general population incidences of
mesothelioma deaths include 2.8 and 0.7 per million for North American males and females, respectively,
in 1972 (McDonald and McDonald 1980), an average of 1.75 per million in the U.S. for the period
1987-1996 (NIOSH 1999), and, for United States white males (the U.S. group with the highest mortality
rate), 3.61 per million in 1987 and 2.87 per million in 1996 (NIOSH 1999). Mesotheliomas are often
difficult to diagnose, so use of death certificate information may lead to an underestimate (Selikoff et al.

1979) or an overestimate (Bignon et al. 1979) of the true incidence of this disease.

Case-control studies have observed strong associations between the development of mesothelioma and
occupational exposure to asbestos fibers (McDonald and McDonald 1980; McDonald et al. 1997; Spirtas
et al. 1988, 1994; Teschke et al. 1997; Teta et al. 1983). For example, in a case-control study of

208 cases of malignant mesothelioma and 533 controls (who died of other noncancer causes) registered
by the Los Angeles County Cancer Surveillance Program, the New York State Cancer Registry, and

39 large Veteran’s Administration Hospitals, an elevated odds ratio of 9.8 (95% CI 4.7-21.1) was found
for mesothelioma in men who reported ever having been occupationally exposed to asbestos (Spirtas et al.
1994). In a study of 344 North American malignant mesothelioma cases and 344 matched controls,
employment for 10 or more years in the following trades was associated with increased relative risks of
46.0 (confidence intervals were not reported) for insulation work, 6.1 for asbestos production and
manufacture, 4.4 for heating trades, 2.8 for shipyard work, and 2.6 for construction work (McDonald and
McDonald 1980). In a study of 51 mesothelioma cases and 154 population-based controls from British
Columbia, elevated odds ratios were found for several occupations likely to have involved asbestos
exposure including sheet metal workers (OR=9.6, 95% CI 1.5-106), plumbers and pipe fitters (OR=8.3,
95% CI 1.5-86), and shipbuilding workers (OR=5.0, 95% CI 1.2-23) (Teschke et al. 1997).

Analyses of trends in mesothelioma mortality in Britain and Western Europe (Peto et al. 1995, 1999)
indicate that the worst-affected birth cohort is men born around 1945-1950 (1/150 were projected to die
of mesothelioma), whereas similar analyses of trends in the United States (Price 1997) indicate that the
worst affected cohort is the 1925-1929 male birth cohort (with an estimated lifetime risk of 2/1,000).
These trends mirror trends in raw asbestos consumption and a reduction in workplace airborne asbestos
levels, with maximum exposure in the United States from the 1930s to the 1960s and in Britain and

Western Europe in the 1970s (Peto et al. 1995, 1999; Price 1997). NIOSH (1999) has reported that age-
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adjusted mortality rates for malignant neoplasm of the pleura in U.S. males showed a decline during the

1987-1996 period from 3.61 per million in 1987 to 2.87 per million in 1996.

Cases of mesothelioma have been reported in adults who had no occupational exposure to asbestos, but
who lived with a parent, spouse, or sibling who was an asbestos worker and presumably carried asbestos
home on the work clothes (Anderson et al. 1976; Inase et al. 1991; Magee et al. 1986; Magnani et al.
1993; McDonald and McDonald 1980; Voisin et al. 1994). As with other asbestos-related respiratory
health effects, asbestos-induced mesothelioma appears to have a long latent period of development. For
example, Anderson et al. (1976) described two cases of women who presumably experienced household
contact with asbestos as children, when their fathers worked with asbestos, and developed clinically
detected pleural mesothelioma more than 30 years later. In a review of 1,105 cases of malignant
mesotheliomas associated with occupational exposure to asbestos, Lanphear and Buncher (1992) reported

that 99% had a latent period >15 years, and calculated a median latent period of 32 years.

Cases of death from mesothelioma have been reported in studies of workers or in persons exposed
environmentally to each of the main types of asbestos, including predominantly chrysotile (Albin et al.
1990a, 1990b; Berry 1997; McDonald et al. 1993; Selcuk et al. 1992; Tulchinsky et al. 1992), amosite
(Levin et al. 1998; Seidman et al. 1979), crocidolite (Armstrong et al. 1988; de Klerk et al. 1989; Edward
et al. 1996; Hansen et al. 1998; Jones et al. 1980a), tremolite (Amandus and Wheeler 1987; Baris et al.
1988a, 1988b; Constantopoulos et al. 1987a; Erzen et al. 1991; Kleinfeld et al. 1974; Langer et al. 1987,
Luce et al. 2000; Magee et al. 1986; McConnochie et al. 1987; Metintas et al. 1999; Sahin et al. 1993;
Sakellariou et al. 1996; Schneider et al. 1998; Selcuk et al. 1992; Yazicioglu et al. 1980), and a
nonspecified asbestos type (Iwatsubo et al. 1998).

Although these findings suggest that all asbestos types can cause mesothelioma, there are several studies
that suggest that amphibole asbestos (asbestiform tremolite, amosite, and crocidolite) may be more potent
than chrysotile (Berry and Newhouse 1983; Churg 1986b; Churg and Wright 1989; Henderson and
Enterline 1979; Hodgson and Darnton 2000; Hughes et al. 1987; Jones et al. 1980a; McDonald et al.
1989, 1997; Newhouse and Sullivan 1989; Rodelsperger et al. 1999; Rogers et al. 1991; Sluis-Cremer et
al. 1992; Weill et al. 1979). For example, a group of workers in a friction materials plant that used
mainly chrysotile, but also used crocidolite on two occasions, has been studied (Berry and Newhouse
1983). In a case-control analysis, it was found that the workers dying from mesothelioma (11 cases) were
8 times more likely to have been exposed to crocidolite than workers dying from other causes (Berry and

Newhouse 1983). In case-control analyses of fiber concentrations in autopsied lungs of mesothelioma
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subjects and subjects who died of other causes, relative risk for mesothelioma was significantly related to
increasing concentrations of amphibole fibers longer than 5 pm (Rodelsperger et al. 1999), 8 pm
(McDonald et al. 1989), or 10 um (Rogers et al. 1991); significant relationships with increasing
concentrations of chrysotile fibers were less apparent in these studies. In another approach, the chrysotile
and amphibole content of lungs from persons dying from mesothelioma was examined, and it was found
that mesotheliomas occurred in amphibole workers with much lower fiber burdens than those observed
for chrysotile workers. The authors concluded that amphiboles were two orders of magnitude more
potent for inducing mesothelioma than chrysotile (Churg and Wright 1989). This has led to the
hypothesis that many cases of mesothelioma in chrysotile-exposed workers are actually due to the
presence of amphibole contamination (Churg 1988; McDonald et al. 1989). However, it is difficult to
draw strong inferences regarding the relative potency of different mineral types from lung burden data,
because amphiboles are more stable in lung tissue than chrysotile (see Section 3.4.3.1). Based on an
analysis of the ratio of excess deaths from mesothelioma to excess deaths from lung cancer in a number of
studies, EPA concluded that crocidolite could be 2—4 times more potent for mesothelioma than chrysotile,
but that this difference was generally overshadowed by differences in fiber size distribution and
differences between cohorts (EPA 1986a). In a more recent analysis of exposure-response relationships
for mesothelioma mortality in studies of 17 asbestos-exposed occupational cohorts, Hodgson and Darnton
(2000) concluded that relative potencies (“‘exposure specific risk of mesothelioma”) are in a ratio of

1:100:500 for chrysotile, amosite, and crocidolite, respectively.

Several studies (Newhouse and Berry 1976, 1979; Nicholson et al. 1982; Peto et al. 1982) have indicated
that the risk of mesothelioma from a given level of exposure to asbestos depends primarily upon the time
elapsed since exposure (latency), with risk increasing exponentially with time after a lag period of about
10 years. Whereas early studies indicated that diagnosis with mesothelioma was fatal within a short
period of time, other studies indicate that survival time after diagnosis may be influenced by exposure
intensity. In contrast to the situation for lung cancer, the effect of asbestos on mesothelioma risk does not

appear to be increased by smoking (Berry et al. 1985; Hammond et al. 1979; Selikoff et al. 1980).

Using a predictive model developed from mesothelioma data from studies of asbestos insulation workers
(Peto et al. 1982), asbestos textile workers (Peto 1980), amosite factory workers (Seidman 1984), and
asbestos-cement workers (Finkelstein 1983), EPA (1986a) estimated that continuous lifetime exposure to
air containing 0.0001 f/mL of asbestos would result in about 2—3 cases of mesothelioma per

100,000 persons. The corresponding cumulative lifetime exposures associated with excess risks of

10“-107 are shown in Figure 3-1. Cumulative exposure levels of 0.031, 0.0031, 0.00031, and
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0.000031 f-yr/mL represent excess mesothelioma risks of 107, 10, 10%, and 10, respectively. Appendix
D provides further details on the derivation of these risk estimates. Currently (in 2001), EPA is in the

process of reviewing their cancer risk estimates for asbestos fibers.

In a recent analysis of the mesothelioma mortality data among 17 asbestos-exposed cohorts, Hodgson and
Darnton (2000) estimated that cumulative exposures of 0.005, 0.01, or 0.1 f-yr/mL to crocidolite would
produce about 10, 20, or 100 mesothelioma deaths per 100,000, respectively; for amosite, the respective
mesothelioma risk estimates were 2, 3, or 15 deaths per 100,000. For chrysotile, Hodgson and Darnton
(2000) concluded that mesothelioma risks were “probably insignificant”, but noted that “highest arguable
estimates” were insignificant, 1, and 4 deaths per 100,000 for cumulative exposure levels of 0.005, 0.01,

and 0.1 f-yr/mL.

Animal studies also indicate that inhalation exposure to asbestos produces mesotheliomas.
Mesotheliomas have been observed in rats exposed to chrysotile, amosite, anthophyllite, crocidolite, or
tremolite at concentrations ranging from 350 to 1,600 f/mL for 1-2 years (Davis and Jones 1988; Davis
et al. 1985; Wagner et al. 1974, 1980a) and in baboons exposed to either 1,110-1,220 f/mL for 4 years
(Goldstein and Coetzee 1990) or 1,100—1,200 f/mL for up to 898 days (Webster et al. 1993). Incidences

of mesothelioma ranged from 0.7 % to 42% in these studies.

Cancer at Other Sites. Mortality studies of asbestos workers have revealed small increases in the
incidence of death from cancer at one or more sites other than the lung, the pleura, or the peritoneum,
mostly in tissues of the gastrointestinal system. For example, a total of 99 deaths from cancers of the
esophagus, stomach, colon, or rectum were observed in a cohort of 17,800 insulation workers, while only
59.4 deaths of this sort were expected (Selikoff et al. 1979). Similarly, 26 deaths from gastrointestinal
cancer were observed in a group of 2,500 asbestos textile workers, where only 17.1 were expected
(McDonald et al. 1983). In this study, there was an approximately linear increase in gastrointestinal
cancer death rate with cumulative exposure to asbestos. Similar increases in gastrointestinal cancer rates
in asbestos workers have been reported in other studies (Armstrong et al. 1988; Enterline et al. 1987;
Gerhardsson de Verdier et al. 1992; Jakobsson et al. 1994; Kang et al. 1997; Neugut et al. 1991;
Newhouse and Berry 1979; Pang et al. 1997; Raffn et al. 1989, 1996b; Seidman et al. 1979, 1986). Other
mortality studies (e.g., Albin et al. 1990a; Hughes et al. 1987; McDonald et al. 1993; Peto et al. 1985) of
asbestos workers, however, found no significantly increased risk for gastrointestinal or colorectal cancer.
In a meta-analysis of available cohort studies, Frumkin and Berlin (1988) calculated, for cohorts having

latent periods of 1020 years and displaying SMRs for lung cancer greater than 2, pooled SMRs of
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1.46 (95% CI, 1.00-2.13) for gastric cancer, 1.68 (1.34-2.09) for colorectal cancer, and 1.66 (1.32-2.08)
for all gastrointestinal cancers. Homa et al. (1994) found similar results in another meta-analysis of the
data. Homa et al. (1994) concluded that the results “suggested that exposure to amphibole asbestos
maybe associated with colorectal cancer, but these findings may reflect an artifact of uncertification of
cause of death”. Homa et al. (1994) also concluded that “the results also suggest that serpentine asbestos
is not associated with colorectal cancer.” Other reviewers have concluded that the available data do not
establish a causal relationship between occupational exposure to asbestos and the development of
gastrointestinal cancers (Doll and Peto 1985, 1987; Edelman 1988a, 1989; Goodman et al. 1999; Weiss
1995).

Some studies have also noted excess deaths from, or reported cases of, cancers at other sites, such as the
kidney (Enterline et al. 1987; Selikoff et al. 1979), brain (Kishimoto et al. 1992), and bladder (Bravo et al.
1988). Several cases of malignant mesothelioma of the tunica vaginalis testis have been reported in
patients with histories of occupational exposure to asbestos (Fligiel and Kaneko 1976; Huncharek et al.
1995; Serio et al. 1992). Several epidemiological studies have also reported an increased risk of laryngeal
cancer in workers exposed to asbestos (Muscat and Wynder 1991; Parnes 1990; Raffn et al. 1989; Smith
et al. 1990). In contrast, a number of other epidemiological studies have not detected statistically
significant associations between increased risk of cancers at sites other than the lung, pleura, or
peritoneum and asbestos exposure (Acheson et al. 1982; de Klerk et al. 1989; Hughes et al. 1987;
McDonald et al. 1984; Meurman et al. 1974; Molinini et al. 1992; Nicholson et al. 1979; Wignall and Fox
1982; Wortley et al. 1992).

Reviewers of the available evidence for asbestos-related cancer at sites other than the lung, pleura, and
peritoneum appear to concur that the evidence is not strong. For example, Doll and Peto (1985, 1987)
concluded from their review of the available epidemiological data and biological evidence that
misdiagnosis or chance may be the simplest and most plausible explanation of asbestos-related cancer at
any other site than the lung, pleura, or peritoneum. Kraus et al. (1995) concluded from a meta-analysis
of 31 cohort studies and 24 case-control studies that most studies did not find a statistically significant
association between occupational exposure to asbestos and laryngeal cancer and that the evidence of a
causal relationship was weak. A separate meta-analysis (Goodman et al. 1999) of asbestos-exposed
occupational cohorts resulted in a meta-SMR for laryngeal cancer of 1.57 (95% CI 0.95-2.45), suggestive
of a possible association between asbestos and laryngeal carcinoma. In this meta-analysis, there was no
clear association with urinary, reproductive, lymphatic, or hematopoietic cancers. Browne and Gee

(2000) reviewed all identified studies of asbestos workers providing data on laryngeal disease and
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concluded that the evidence did not indicate a positive association between asbestos exposure and

laryngeal cancer.

All Cancer Effect Level (CEL) values from each reliable study for cancer are summarized in Tables 3-1

and 3-2, and plotted in Figures 3-1 and 3-2.

3.2.2 Oral Exposure

Units of Exposure. The principal way that humans are exposed to asbestos by the oral route is through
ingestion of asbestos-contaminated drinking water (see Chapter 6). As discussed in Section 6.4.2, most
asbestos fibers in water are chrysotile and are <5 um in length. The concentration of asbestos in water is
generally determined by transmission electron microscopy (TEM), and the results are expressed as
millions of TEM fibers per liter (MFL). Although most laboratories currently count fibers as those
particles with lengths >5 pm and aspect ratios >3:1 (in concordance with most regulatory definitions of an
asbestos fiber), some studies have reported fiber concentrations using a lower length criterion. Since it is
very difficult to convert from MFL to other units of dose, human exposure to asbestos via drinking water
is reported below simply in terms of exposure level (MFL). In contrast, animal studies usually describe
oral exposure in terms of mass (mg/day), and it is not often possible to accurately convert from this dose
to units of exposure equivalent to those used for humans. Consequently, animal doses are reported below

in units of mg/kg/day, and information on fiber dimensions is included when available.

Overview of Oral Health Effects. Studies in humans and animals indicate that ingestion of asbestos
causes little or no risk of noncarcinogenic injury. However, there is some evidence that acute oral
exposure may induce precursor lesions of colon cancer, and that chronic oral exposure may lead to an
increased incidence risk of gastrointestinal tumors. Studies that provide quantitative data on the effects of

ingested asbestos are summarized in Table 3-3 and Figure 3-3, and the data are discussed below.

3.2.2.1 Death

No studies were located regarding death in humans or animals after acute or intermediate oral exposure to
asbestos. Feeding studies in rats and hamsters indicate that ingestion of high amounts (1% in the diet,
equivalent to doses of 500—-800 mg/kg/day) of chrysotile, amosite, crocidolite, or tremolite does not cause
premature lethality, even when exposure occurs for a lifetime (NTP 1983, 1985, 1988, 1990a, 1990b,
1990c¢).



TABLE 3-3.

Levels of Significant Exposure to Asbestos - Oral

LOAEL
. Exposure/
Keyto'  gpecies/ duration/ NOAEL Less serious Serious Reference/
figure strain  frequency  System (mg/kg/day) (mg/kg/day) (mg/kg/day) chemical form®
INTERMEDIATE EXPOSURE
Reproductive
1 Rat 2-12 wk 500 NTP 1985, 1988,
F344/N 1990b, 1990c
CHCRTRAM.
2  Hamster 3-6 wk 830 NTP 1983,
Syrian 1990a
CH AM
Developmental
3 Rat 2-12 wk 500 NTP 1985, 1988,
F344/N 1980b, 1990¢
CHCR TR AM
4 Mouse 15 d Gd1-15 33 F Schneider and
CD-1 Maurer 1977
CH
5  Hamster 3-6 wk 830 NTP 1983,
Syrian 1990a
CH AM
CHRONIC EXPOSURE
Systemic
6 Rat 25 mo Gastro 100 M Bolton et al.
Wistar 1982a
AMCR CH
7 Rat 15yr Gastro 20 M (altered permeability of Delahunty and
Sprague- the intestines) Hollander 1987
Dawley CH
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TABLE 3-3. Levels of Significant Exposure to Asbestos - Oral (continued)

a Exposure/ LOAEL
Key to Speci.esl duration/ NOAEL Less serious Serious - Reference/
figure strain frequency System (mg/kg/day) (mglka/day) (mg/kg/day) chemical form’
8 Rat 21 mo Resp 2500 M Gross et al. 1974
NS CH
Cardio 2500 M
Gastro 2500 M
Hemato 2500 M
Musc/skel 2500 M
Hepatic 2500 M
Renal 2500 M
Dermal 2500 M
g Rat 15 mo Gastro 140 M (increased DNA Jacobs et al.
MRC Hooded synthesis) 1978b
CH
10 Rat lifetime Resp 500 NTP 1985, 1988,
F344/N 1990¢
CHCRTR
Cardio 500
Gastro 500
Hemato 500
Musc/skel 500
Hepatic 500
Renal 500
Endocr 500
Dermal 500
Bd Wit 500

S103443 H1Ov3H ‘€

S01s38SV

65



TABLE 3-3. Levels of Significant Exposure to ' Asbestos - Oral (continued)

a Exposure/ LOAEL
':'fyu:: Species/  duration/ NOAEL Less serious Serious Reference/
g strain frequency System (mg/kg/day) (mg/kg/day) (mg/kg/day) chemical form®
1 Rat lifetime Resp 500 NTP 1990b
F344/N AM
Gastro 500
Hepatic 500
Renal 500
Bd Wt 500 M (15 (at weaning) to 37%
(at 8 weeks) decreased
mean body weight gain)
Bd Wt 500 F (15 (at weaning) to 25%
(at 8 weeks) decreased
mean body weight gain)
12 Hamster lifetime Resp 830 NTP 1983,
Syrian 1990a
CH AM
Cardio 830
Gastro 830
Hemato 830
Musc/skel 830
Hepatic 830
Renal 830
Endocr 830
Dermal 830
Bd Wt 830
Neurological
13 Rat lifetime 500 NTP 1985, 1988,
F344/N 1990b, 1990¢
CHCR TR AM
14  Hamster lifetime 830 NTP 1983,
Syrian 1990a
CH AM
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TABLE 3-3. Levels of Significant Exposure to Asbestos - Oral (continued)

a Exposure/ LOAEL
l:_ey to Species/  duration/ NOAEL Less serious Serious Reference/
igure strain frequency System (mg/kg/day) (mg/kg/day) (ma/kg/day) chemical form®
Cancer
15 Rat lifetime 500 M (CEL: intestinal polyps) NTP 1985
F344/N CH-l

*The number corresponds to entries in Figure 3-3.

AM = amosite; Bd Wt = body weight; Cardio = cardiovascular, CEL = cancer effect level, CH = chrysotile; CR = crocidolite; d = day(s); DNA = deoxyribonecleic acid;
Endocr = endocrine; (F) = feed; F = female; Gastro = gastrointestinal; Gd = gestation day; Hemato = hematological; I = intermediate; LOAEL =
lowest-observed-adverse-effect-level; M = male; mg/kg/day = milligrams per kilogram per day; mo = month(s); Musc/skel = musculoskeletal; NOAEL =
no-observed-adverse-effect-level; NS = not specified; Resp = respiratory; TR = tremolite; (W) = water; wk = week(s); yr = year(s)
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Figure 3-3. Levels of Significant Exposure to Asbestos - Oral
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3.2.2.2 Systemic Effects

No studies were located regarding the respiratory, cardiovascular, hematological, musculoskeletal,
hepatic, renal, endocrine, dermal, ocular, or metabolic effects in humans after oral exposure to asbestos.
Studies in rats and hamsters exposed to high doses (1% in the diet) of chrysotile, amosite, crocidolite, or
tremolite have not detected histological or clinical evidence of injury to any systemic tissues (Gross et al.
1974; NTP 1983, 1985, 1988, 1990a, 1990b, 1990c¢), with the possible exception of mild effects on the
gastrointestinal tract (see below). These findings are consistent with the concept that very few asbestos
fibers cross from the gastrointestinal lumen into the blood (see Section 3.4.1), and that the risk of
noncarcinogenic injury to tissues such as lung, heart, muscle, liver, kidney, skin, or eyes is negligible.
The highest NOAEL values and all LOAEL values from reliable studies for systemic effects are

summarized in Table 3-3 and plotted in Figure 3-3.

Gastrointestinal Effects. No studies were located regarding gastrointestinal effects in humans after
oral exposure to asbestos. Because most ingested asbestos fibers are not absorbed into the body following
oral exposure (see Section 3.4.1), the tissue most directly exposed to ingested asbestos is the
gastrointestinal epithelium. A few studies in rats have described some histological or biochemical
alterations in cells of the gastrointestinal tract after chronic exposure to oral doses of 20—-140 mg/kg/day
of chrysotile (Delahunty and Hollander 1987; Jacobs et al. 1978a, 1978b). Increased numbers of aberrant
crypt foci, putative precursors of colon cancer, were induced in rats that were administered by gavage
either a single dose (70 mg/kg/day) of chrysotile, a single dose (40 mg/kg/day) of crocidolite, or 3 doses
(33 mg/kg/day) of crocidolite, although no dose-response was noted in the single dose of crocidolite
regimen (Corpet et al. 1993). Mice that were administered either a single dose (100 mg/kg) of chrysotile
or three doses (50 mg/kg/day) of crocidolite did not show increases in aberrant crypt foci (Corpet et al.
1993). However, no excess nonneoplastic lesions of the gastrointestinal epithelium have been detected in
a number of other animal feeding studies (Bolton et al. 1982a; Donham et al. 1980; Gross et al. 1974),
including an extensive series of lifetime studies in rats and Syrian hamsters in which such effects were
carefully investigated (NTP 1983, 1985, 1988, 1990a, 1990b, 1990c). Thus, the weight of evidence
indicates that asbestos ingestion does not cause any significant noncarcinogenic effects in the

gastrointestinal system.
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Body Weight Effects. A single study reported a 15-37% decrease in body weight gain in rats
exposed to 500 mg/kg/day amosite (NTP 1990b). Changes in food consumption do not explain the
decreased body weight gain since treated rats had slightly higher food intakes than controls. Effects on
body weight gain have generally not been observed in other studies (Gross et al. 1974; NTP 1983, 1985,
1988, 1990a, 1990c). The significance of this finding, therefore, is uncertain.

3.2.2.3 Immunological and Lymphoreticular Effects

No studies were located regarding immunological or lymphoreticular effects in humans or animals after

oral exposure to asbestos.

3.2.2.4 Neurological Effects

No studies were located to indicate that ingestion of asbestos leads to neurological effects in humans. No
histological or clinical evidence of neurological injury was detected in rats or hamsters chronically
exposed to high doses (500 and 830 mg/kg/day, respectively) of chrysotile, amosite, crocidolite, or
tremolite in the diet (NTP 1983, 1985, 1988, 1990a, 1990b, 1990c). No clinical signs of neurological
damage were noted after acute exposure of rats and mice to crocidolite (160 and 50 mg/kg/day,

respectively) or to chrysotile (70 and 100 mg/kg/day, respectively) (Corpet et al. 1993).

3.2.2.5 Reproductive Effects

No studies were located regarding reproductive effects in humans after oral exposure to asbestos. In
animals, no histopathological changes in reproductive organs or effects on fertility were observed in rats
or Syrian hamsters exposed to chrysotile, amosite, crocidolite, or tremolite (500 and 830 mg/kg/day,
respectively) in the diet during gestation and lactation (through parental exposure) and throughout life
until spontaneous death (NTP 1983, 1985, 1988, 1990a, 1990b, 1990c). The highest NOAEL values from

reliable studies for reproductive effects are summarized in Table 3-3 and plotted in Figure 3-3.
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3.2.2.6 Developmental Effects

No studies were located regarding developmental effects in humans after oral exposure to asbestos. No
teratogenic effects were noted in rats or hamsters exposed to chrysotile, amosite, crocidolite, or tremolite
(500 and 830 mg/kg/day, respectively) during gestation, lactation (though parental exposure), and
throughout their lives until spontaneous death (NTP 1983, 1985, 1988, 1990b, 1990c), although standard
developmental toxicity examinations of intrauterine contents at the end of gestation were not conducted in
these bioassays. A slight reduction in pup birth weight was noted in some cases (NTP 1985, 1990a), but
it seems unlikely that this was the result of any direct effect on the fetus. In the only available standard
developmental toxicity study, no exposure-related effects on pregnancy outcome, percentages of
resorptions, fetal weight, or number of malformed fetuses were found in mice exposed from gestation
days 1 through 15 to drinking water containing 0, 1.43, 14.3, or 143 pg chrysotile asbestos/mL in
drinking water (approximate doses of 0, 0.3, 3.3, and 33 mg/kg/day, respectively) (Schneider and Maurer
1977). The highest NOAEL values from reliable studies for developmental effects are summarized in

Table 3-3 and plotted in Figure 3-3.

3.2.2.7 Cancer

As discussed in Section 3.2.1.8, a number of epidemiological studies of workers exposed to asbestos
fibers in workplace air suggest that workers may have an increased risk of gastrointestinal cancers. It is
usually assumed that any effect of asbestos on the gastrointestinal tract after inhalation exposure is most
likely the result of mucociliary transport of fibers from the respiratory tract to the gastrointestinal tract
(see Section 3.4.4). Because of these findings, a number of researchers have investigated the
carcinogenic risk (especially the risk of gastrointestinal cancer) in humans and animals when exposure to

asbestos occurs by the oral route.

Human Studies. A number of epidemiological studies have been conducted to determine if human cancer
incidence is higher than expected in geographical areas where asbestos levels in drinking water are
elevated (usually in the range of 1-300 MFL) (Andersen et al. 1993; Conforti et al. 1981; Howe et al.
1989; Kanarek et al. 1980; Levy et al. 1976; Polissar et al. 1982, 1984; Sadler et al. 1984; Sigurdson et al.
1981; Toft et al. 1981; Wigle 1977). Most of these studies have detected increases, some of which were
statistically significant, in cancer death or incidence rates at one or more tissue sites (mostly
gastrointestinal) in populations exposed to elevated levels of asbestos in their drinking water. However,

the magnitudes of the increases in cancer incidence are usually rather small, may be related to other risk
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factors such as smoking, and there is relatively little consistency in the observed increases, either within

studies (i.e., between sexes) or between studies.

The basis of these inconsistent findings is not certain. On one hand, it seems likely that at least some of
the apparent associations are random or are due to occupational exposures (Polissar et al. 1982, 1984;
Toft et al. 1981; Wigle 1977). On the other hand, failure of some studies to detect effects may be due to
lack of statistical power, stemming from limitations regarding study design, exposure level and duration,
latency since exposure, population size and mobility, population density, exposure to other risk factors,
differences in sensitivity between sexes and groups, differences in asbestos fiber types and size, and
numerous other possible confounding factors. In a review of data from eight independent
epidemiological studies, it was concluded that the number of positive findings for neoplasms of the
esophagus, stomach, pancreas, and prostate were unlikely to have been caused by chance alone (Marsh
1983). In another review, Kanarek (1989) noted that there were relatively consistent findings for
increased stomach and pancreatic cancer among the studies. However, none of the studies provided a
basis for identification of an oral exposure level that may be definitely stated as having caused increased
death from cancer. Part of the uncertainty may be attributable to differences in analytical methods used in
the different studies to measure fiber concentrations in drinking water (e.g., differences in selection of
dimensional criteria for definition of a fiber, in sampling techniques, and in processing techniques). In a
more recent review, Cantor (1997) concluded that results from epidemiologic studies of populations
exposed to high concentrations of asbestos in drinking water are inconsistent and are not adequate to
evaluate cancer risk from asbestos in drinking water, but noted that some of the results are suggestive of
elevated risks for gastric, kidney, and pancreatic cancer. Cantor (1997) further noted that the issue of

asbestos in drinking water causing these types of cancer warrants further investigation.

Animal Data. Early animal studies on gastrointestinal cancer from ingested asbestos were mostly
negative (Cunningham et al. 1977; Gross et al. 1974), although some studies yielded increases in tumor
frequency that were not statistically significant (Bolton et al. 1982a; Donham et al. 1980; Ward et al.
1980). More recently, a series of large scale, lifetime feeding studies have been performed by the
National Toxicology Program (NTP). In this series of studies, animals were exposed during gestation and
lactation (through parental diets) and throughout their lives until spontaneous death occurred. These
studies have also yielded mostly negative results, although some suggestive increases in tumor
frequencies did occur (see Table 3-4). An increased incidence of benign adenomatous polyps of the large
intestine was observed in male rats exposed to 500 mg/kg/day intermediate range chrysotile (65% of all

fibers over 10 um) in the diet (NTP 1985). These tumors were not observed either in female rats or in



Table 3-4. Summary of NTP Lifetime Asbestos Feeding Studies

Median Size Carcinogenic
Asbestos type Species length (um) distribution  effects Comments Conclusion Reference
Amosite Rat 4.37 74% >6 um  Increased C-cell Not considered Not NTP 1990b
carcinoma treatment related  carcinogenic
(males)
Increased Questionable
leukemia biological and
(males) statistical
significance
Syrian 4.37 74% >6 ym  None Did notcausea NTP 1983
hamster carcinogenic
response
Crocidolite Rat 10 73% >8 um  None Did notcausea NTP 1988
carcinogenic
response
Tremolite Rat No data 22% >5um  None Did not causea NTP 1990c
carcinogenic
response
Chrysotile Rat 0.66 30% None No evidence of  NTP 1985
(short range) >4.5 um carcinogenicity
Chrysotile Rat 0.82 60% Benign Not significant Some evidence  NTP 1985
(intermediate >5.4 ym intestinal polyps based on of
range) (males) concurrent carcinogenicity

Clitoral gland
neoplasm
(females)

controls; highly
significant based
on historical
controls

Not significant
compared to

historical controls

No evidence of
carcinogenicity
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Table 3-4. Summary of NTP Lifetime Asbestos Feeding Studies (continued)

Median Size Carcinogenic
Asbestos type Species length (um) distribution  effects Comments Conclusion Reference
Chrysotile Syrian 0.66 30% Adrenal cortical Not significant Not NTP 1990a
(short range) hamster >4.5 ym adenomas compared to carcinogenic
(males) historical controls

Chrysotile Syrian 0.82 60% Adrenal cortical Not NTP 1990a
(intermediate hamster >5.4 uym adenomas carcinogenic

range) (males

and females)
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Syrian hamsters exposed to the same diet. Aberrant crypt foci, putative precursors of colon cancer, were
induced in rats given acute doses of chrysotile (70 mg/kg/day) or crocidolite (33 mg/kg/day) by gavage
(Corpet et al. 1993). Overall, however, the data were interpreted as providing "some evidence" of
carcinogenicity for intermediate range chrysotile fibers. No tumorigenicity was noted for short-range

chrysotile (NTP 1985).

Quantitative Risk Estimate. None of the available epidemiological studies of cancer risk in humans
exposed to asbestos in drinking water are suitable for estimating quantitative dose-response relationships.
However, both EPA and the National Academy of Sciences (NAS) have sought to estimate the risk of
gastrointestinal cancer after oral exposure by extrapolating dose-response data from occupational studies
(EPA 1980a; NAS 1983). As noted before, this approach rests on the assumption that the observed
excess gastrointestinal cancer risk in the occupational studies is due to the swallowing of fibers that have
been deposited in the respiratory tract. These calculations indicate that lifetime ingestion of water
containing 1.0 MFL would produce an excess gastrointestinal cancer risk of about 3x10°-1x10"* (EPA
1980a; NAS 1983). It should be noted that this approach requires a number of assumptions, and that the
risk estimates should be considered to be only approximate. It is also important to note that if these risk
estimates are correct, then the expected relative risk of gastrointestinal cancer in populations consuming
drinking water at concentrations of 1-200 MFL would be quite low, and would likely not be consistently

detectable in epidemiological studies (NAS 1983).

Another quantitative estimate of gastrointestinal cancer risk has been calculated based on the incidence of
benign intestinal polyps in male rats exposed to 500 mg/kg/day of chrysotile (65% >10 um long) in the
diet (EPA 1985a). This calculation indicates that the lifetime excess risk from ingesting water containing

1.0 MFL would be about 1.4x107.

Figure 3-4 summarizes the risk estimates of NAS (1983) and EPA (1985a). It should be noted that these
estimates differ by several orders of magnitude. Based on extrapolation from human inhalation studies,
exposure levels of 0.0011, 0.011, 0.11, and 1.1 MFL in drinking water represent excess gastrointestinal
cancer risks of 107, 10, 107, and 10, respectively. Based on animal data, exposure levels of 0.71, 7.1,
71, and 710 MFL in drinking water represent excess gastrointestinal cancer risks of 107, 10, 10~°, and
10, respectively. There are many possible reasons for this substantial difference, including uncertainty
in each model's assumptions or conversion factors, differences in fiber potency (due to differences in type

and/or length), and inherent differences between humans and rats. Appendix D provides further details
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Figure 3-4. Summary of Calculated Gastrointestinal Cancer Risks
from Ingestion of Asbestos
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on the derivation of these risk estimates. Currently (2001), EPA is in the process of reviewing their

cancer risk estimates for exposure to asbestos fibers.

3.2.3 Dermal Exposure

The only adverse health effect that has been reported after dermal contact with asbestos is the formation
of small "warts" or corns. No quantitative dose-response data are available, but in a group of workers
installing amosite insulation in ships, nearly 60% of the people had one or more of these lesions, mostly
on the hands (Alden and Howell 1944). All of the workers with lesions reported an original pricking
sensation and the feeling of a small splinter-like foreign body. This strongly indicates that the lesions are
associated with penetration of the skin by a macroscopic spicule, although histological examination of the
corns did not reveal the presence of a fiber. The corns develop within about 10 days and are painful at
first. They later become highly cornified and do not appear to be of pathological concern (Alden and
Howell 1944; Dupre et al. 1984; Selikoff and Lee 1978).

No studies were located regarding the following health effects in humans or animals after dermal

exposure to asbestos:

3.2.3.1 Death

3.2.3.2 Systemic Effects

3.2.3.3 Immunological and Lymphoreticular Effects
3.2.3.4 Neurological Effects

3.2.3.5 Reproductive Effects

3.2.3.6 Developmental Effects

3.2.3.7 Cancer

3.3 GENOTOXICITY

The genotoxicity of asbestos has been investigated in vivo, as summarized in Table 3-5, and in vitro, as

summarized in Table 3-6.

Studies of exposed asbestos workers, residentially exposed Turkish villagers, mesothelioma patients, and
lung cancer patients suggest that asbestos is genotoxic. The number of chromosomal aberrations and the

rate of sister chromatid exchange were significantly elevated in the peripheral blood lymphocytes of



Table 3-5. Genotoxicity of Asbestos In Vivo

Species (test system) End point Results Reference Form
Mammalian cells:

Human blood leukocytes DNA strand breakage + Marczynski et al. 1994a NS
Human blood leukocytes DNA damage + Marczynski et al. 2000a NS
Human blood leukocytes DNA damage + Marczynski et al. 2000b NS
Human blood lymphocytes Chromosomal aberration + Fatma et al. 1991 NS
Human blood lymphocytes Sister chromatid exchange  + Donmez et al. 1996 AC
Human blood lymphocytes Sister chromatid exchange  (+) Rom et al. 1983 NS
Human blood lymphocytes Sister chromatid exchange  (+) Lee et al. 1999 CH
Human mesothelioma cells Chromosomal aberration + Hansteen et al. 1993 CR, AM, AN
Human mesothelioma cells Chromosomal aberration + Tiainen et al. 1989 CR, AM, AN
Human mesothelioma cells Chromosomal aberration + Tammilehto et al. 1992 NS
Human mesothelioma cells Chromosomal aberration + Pelin-Enlund et al. 1990 NS
Human mesothelioma cells Chromosomal aberration - Segers et al. 1995 CR, CH
Human mesothelioma cells Gene mutation (p53) - Kitamura et al. 1998 NS
Human mesothelioma cells Gene mutation (p53) - Ni et al. 2000 NS
Human lung carcinoma cells Gene mutation (FHIT) + Nelson et al. 1998 NS
Human lung carcinoma cells Gene mutation (p53) + Guinee et al. 1995 NS
Human lung carcinoma cells Gene mutation (p53) + Nuorva et al. 1994 NS
Human lung carcinoma cells Gene mutation (p53) + Wang et al. 1995b NS

Rat leukocytes DNA strand breakage - Marczynski et al. 1994b CR

Rat lung and liver cells DNA strand breakage + Marczynski et al. 1994b CR

Rat lung and liver cells DNA strand breakage + Marczynski et al. 1994c CR

Rat bone marrow cells Chromosomal aberration + Fatma et al. 1992 CH

Rat mesothelioma cells Chromosomal aberration + EPA 1988 CH

Rat mesothelioma cells Gene mutation (p53) - Ni et al. 2000 CR

Rat bone marrow cells Sister chromatid exchange - Varga et al. 1996a AN

Rat bone marrow cells Sister chromatid exchange  — Varga et al. 1996b CR
Mouse lung cells Gene mutation (lacl) (+) Rihn et al. 2000 CR
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Table 3-5. Genotoxicity of Asbestos In Vivo (continued)

Species (test system) End point Results Reference Form

Nonmammalian cells:

Drosophila Chromosomal aberration + Osgood and Sterling 1991 AM, CH
Drosophila Chromosomal aberration - Osgood and Sterling 1991 CR, TR

— = negative result; + = positive result; (+) = weakly positive; AC = actinolite; AM = amosite; AN = anthophyllite; CH = chrysotile; CR = crocidolite; FHIT = a tumor

suppressor gene; NS = not specified; p53 = a tumor suppressor gene; TR = tremolite
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Table 3-6. Genotoxicity of Asbestos In Vitro

Results
With Without

Species (test system) End point activation  activation = Reference Form
Prokaryotic organisms:

Salmonella typhimurium Gene mutation No data - Chamberlain and Tarmy 1977 CR, CH, AM,

S. typhimurium TA102 Gene mutation No data + Faux et al. 1994 AN

Escherichia coli CP2 Gene mutation No data - Chamberlain and Tarmy 1977 CR, AN
Mammalian cells:

Human mesothelial cells Chromosomal aberrations No data + Olofsson and Mark 1989 CR, CH, AM

Human mesothelial cells Chromosomal aberrations No data + Dopp et al. 1997 AM, CR, CH

Human mesothelial cells Chromosomal aberrations No data (+) Pelin et al. 1995a AM

Human mesothelial cells Chromosomal aberrations No data + Takeuchi et al. 1999 CR

Human lymphocytes Chromosomal aberrations No data + Valerio et al. 1980 CH

Human fibroblasts Chromosomal aberrations No data - Sincock et al. 1982 CH

Human lymphoblastoid cells Chromosomal aberrations No data + Sincock et al. 1982 CH

Human blood lymphocytes Chromosomal aberrations No data + Korkina et al. 1992 CH

Human lymphocytes Chromosomal aberrations No data + Emerit et al. 1991 CH

Human amniotic fluid cells Chromosomal aberrations No data + Dopp and Schiffman 1998 AM, CR, CH

Human promyelotic leukemia cells Chromosomal aberrations No data - Takeuchi et al. 1999 CR

Human fibroblasts Sister chromatid exchange No data - Casey 1983 NS

Human lymphoblastoid cells Sister chromatid exchange No data - Casey 1983 NS

Human peripheral lymphocyte Gene mutation (HLA-A) - Both et al. 1994 CH

Human peripheral lymphocyte Gene mutation (HLA-A) No data + Both et al. 1994 CR

Human TK®6 cells Gene mutation (HGPRT; T) No data - Kelsey et al. 1986 CR
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Table 3-6. Genotoxicity of Asbestos In Vitro (continued)

Results
With Without
Species (test system) End point activation  activation = Reference Form
Human-hamster hybrid cells Gene mutation (HGPRT) No data + Hei et al. 1992 CH
Human mesothelioma cells Gene mutation (HLA-A) No data + Both et al. 1995 CR
Human bronchial cells DNA strand breakage No data - Lechner et al. 1983 CR, CH, AM
Human mesothelial cells DNA strand breakage No data + Ollikainen et al. 1999 CR
Rat pleural mesothelial cells Chromosomal aberrations No data + Kravchenko et al. 1998 CH
Rat pleural mesothelial cells Chromosomal aberrations No data + Yegles et al. 1995 CH, CR, AM
Rat liver epithelial cells Gene mutation (HGPRT) No data - Reiss et al. 1982 CR, CH, AM
Rat fibroblast cells Gene mutation (/acl) No data + Lezon-Geyda et al. 1996 CH
Rat mesothelial cells Sister chromatid exchange No data - Kaplan et al. 1980 NS
Rat embryo cells DNA strand breakage No data + Libbus et al. 1989 CR
Rat mesothelial cells Unscheduled DNA synthesis  No data + Dong et al. 1994 CH,CR
Rat mesothelial cells Aneuploidy No data Yegles et al. 1993 CR
Mouse fibroblasts Cell transformation No data - Brown et al. 1983 CR,AM
Hamster tracheal epithelial DNA strand breakage No data - Mossman et al. 1983a CR, CH
Chinese hamster CHO xrs-5 DNA strand breakage No data + Okayasu et al. 1999a CH
Chinese hamster CHO-K1 cells Chromosomal aberrations No data + Sincock 1977 CR, CH,
Chinese hamster CHO-K1 cells Chromosomal aberrations No data + Sincock and Seabright 1975 AM, AN
Chinese hamster CHO cells Chromosomal aberrations No data + Kenne et al. 1986 CR
Chinese hamster CHO cells Chromosomal aberrations No data + Kelsey et al. 1986 CR
Chinese hamster CHO cells Chromosomal aberrations No data Sincock et al. 1982 CH
Chinese hamster V79 cells Chromosomal aberrations No data + EPA 1988j; Palekar et al. 1987 CR, CH
Chinese hamster V79 cells Chromosomal aberrations No data + Trosic et al. 1997 CH
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Table 3-6. Genotoxicity of Asbestos In Vitro (continued)

Results
With Without
Species (test system) End point activation  activation = Reference Form

Chinese hamster CHO cells Chromosomal aberrations No data + Donaldson and Golyasnya 1995  AM
Chinese hamster CHO cells Gene mutation (HGPRT) No data - Kenne et al. 1986 CR, CH, AM
Chinese hamster CCL 39 cells Gene mutation (HPRT) No data (+) Huang 1979 CR, CH, AM
Chinese hamster CHO cells Sister chromatid exchange No data - Kelsey et al. 1986 CR
Chinese hamster CHO cells Sister chromatid exchange No data - Casey 1983 NS
Chinese hamster CHO cells Sister chromatid exchange No data + Livingston et al. 1980 CR, CH, AM
Chinese hamster CHO cells Sister chromatid exchange No data + Babu et al. 1980 CH
Chinese hamster V794 cells Sister chromatid exchange No data + Price-Jones et al. 1980 CR
Chinese hamster V79 cells Sister chromatid exchange No data - Lu et al. 1994a CH
Chinese hamster V79 cells Sister chromatid exchange No data + Trosic et al. 1997 CH
Chinese hamster V79 cells Micronucleus assay No data + Lu et al. 1994a CH
Chinese hamster V79 cells Micronucleus assay No data + Lu et al. 1994b CH
Chinese hamster V79 cells Micronucleus assay No data + Keane et al. 1999 CH
Syrian hamster cells Chromosomal aberrations No data + Lavappa et al. 1975 CH
Syrian hamster cells Chromosomal aberrations No data + Oshimura et al. 1986 CH
Syrian hamster embryo cells Chromosomal aberrations No data + Dopp et al. 1995a, 1995b AM, CR, CH
Syrian hamster embryo cells Chromosomal aberrations No data + Dopp and Schiffman 1998 AM, CR, CH
Syrian hamster embryo cells Cell transformation No data + Hesterberg and Barrett 1984 CH, CR
Syrian hamster embryo cells Cell transformation No data - DiPaolo et al. 1983 AM, AN, CH,

CR
Calf thymus DNA DNA damage No data + Adachi et al. 1992a CR, CH, AM

S103443 HLIVIH '€

S0L1s39sv

— = negative result; + = positive result; (+) = weakly positive result; AM = amosite; AN = anthophyllite; CH = chrysotile; CHO = Chinese hamster ovary;
CR = crocidolite; DNA = deoxyribonucleic acid; HGPRT and HPRT = hypoxanthine-guanine phosphribosyl transferase genetic locus; HLA-A = human lymphocyte
antigen A genetic locus; NS = not specified; T = thymidine kinase genetic locus

9.



ASBESTOS 7

3. HEALTH EFFECTS

asbestos workers compared to a control population (Fatma et al. 1991). The mean sister chromatid
exchange rate was significantly increased (p=0.002) in nonsmoking asbestos insulators compared to a
control population (Rom et al. 1983). The increase in sister chromatid exchange rate was not statistically
significant in smoking asbestos insulators, and for the whole group (smokers and nonsmokers), the
increase approached statistical significance (p=0.056). A marginally significant difference (p=0.069) in
mean sister chromatid exchange rate between chrysotile-exposed workers and controls became significant
(p=0.0473) after controlling for the effects of age and smoking (Lee et al. 1999). A group of residents
from a Turkish village in which actinolite asbestos was used to paint walls and floors of homes had an
elevated mean sister chromatid exchange rate in lymphocyte cells compared with a nonexposed control
population (Donmez et al. 1996). An increased incidence of DNA double-strand breaks was noted in the
leukocytes of asbestos workers compared to controls (Marczynski et al. 1994a). Increased incidences of
DNA double strand breaks in lung and liver tissue (Marczynski et al. 1994b, 1994¢) and chromosomal
gaps and breaks in bone marrow cells (Fatma et al. 1992) were observed in rats exposed via intratracheal
instillation of crocidolite instilled intratracheally with suspensions of crocidolite and chrysotile asbestos,
respectively. In other studies, no increased frequency of sister chromatid exchange was found in bone
marrow cells from rats orally exposed to anthophyllite or crocidolite (Varga et al. 1996a, 1996b).
Asbestos induced aneuploidy in Drosophila (Osgood and Sterling 1991). In this assay system, chrysotile
was more effective than amosite, whereas crocidolite and tremolite were relatively ineffective. Several
studies have reported either chromosomal aberrations in the pleural effusion of mesothelioma patients
(Hansteen et al. 1993) or significant correlations between specific chromosomal abnormalities and lung
burden of asbestos in mesothelioma patients (Pelin-Enlund et al. 1990; Tammilehto et al. 1992; Tiainen et
al. 1989). However, it is uncertain as to whether these chromosomal abnormalities were responsible for
the development of mesothelioma, or whether the abnormalities were a result of the disease.
Chromosomal aberrations in mesothelioma cells were not found in one study of human patients (Segers et
al. 1995). Significant increases in the excretion of the DNA adduct 8-hydroxydeoxyguanosine, a marker
of DNA damage, have been observed in the white blood cells and urine of asbestos workers (Marczynski
et al. 2000a, 2000b; Tagesson et al. 1993). Abnormal p53 protein accumulation (suggestive of mutation
in the p53 tumor suppressor gene) was detected significantly more often (p=0.027) in primary tumor
tissue from lung cancer patients exposed to asbestos than in lung cancer patients without exposure
(Nuorva et al. 1994). Mutations in the p53 gene occurred more frequently in two studies of primary
tumor tissue from lung cancer patients with asbestos exposure compared with lung cancer patients
without asbestos exposure (Guinee et al. 1995; Wang et al. 1995b). In another study of tumor tissue from
lung cancer patients, asbestos exposure and smoking duration were each significantly associated (p<0.01)

with deletions in the protein coding regions of another candidate tumor suppressor gene, FHIT (Nelson et
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al. 1998). In contrast, mutations in the p53 gene were not found in tumor tissue samples from small
numbers of mesothelioma patients (Kitamura et al. 1998; Ni et al. 2000) with definite histories of asbestos

exposure or in rats with crocidolite-induced mesotheliomas (Ni et al. 2000).

Tests for gene mutations have been mixed, both i vivo and in vitro. Asbestos fibers were not mutagenic
in initial tests of standard strains of Sa/monelia typhimurium and Escherichia coli (Chamberlin and Tarmy
1977), but mutagenic responses were found in a S. fyphimurium strain, TA102, that is especially sensitive

to oxidative mutagens (Faux et al. 1994).

In vitro tests on human peripheral lymphocytes and mesothelioma cells have been mixed with both
positive and negative results for tests with crocidolite and chrysotile (Both et al. 1994, 1995; Hei et al.
1992; Kelsey et al. 1986). Studies by Both and coworkers (Both et al. 1994, 1995) suggest that
crocidolite is a more potent mutagen than chrysotile, and that asbestos susceptibility is cell line specific.
Cell line specificity may be due to differential phagocytic activity, with those cells exhibiting high levels
of phagocytosis (e.g., mesothelioma cells) being more susceptible to asbestos (Takeuchi et al. 1999) than
cells without such activity (e.g., lymphocytes). Studies in animal systems present a similar picture. Hei
and coworkers reported an increased frequency of mutations in human-hamster hybrid cells exposed to
chrysotile (Hei et al. 1992). These mutations consisted primarily of large deletions, which may not be
detected as easily in other assay systems. Marginal evidence for weak mutagenicity of chrysotile,

crocidolite, and amosite in Chinese hamster ovary (CHO) cells was reported by Huang (1979).

A large number of studies indicate that asbestos fibers can cause chromosomal aberrations in Chinese
hamster ovary (CHO) and Syrian hamster embryo (SHE) cells. The aberrations include aneuploidy
(usually polyploidy), fragmentation, breaks, rearrangements, gaps, dicentrics, inversions, and rings
(Donaldson and Golyasnya 1995; Kelsey et al. 1986; Kenne et al. 1986; Lavappa et al. 1975; Oshimura et
al. 1986; Palekar et al. 1987, 1988; Sincock 1977; Sincock and Seabright 1975; Sincock et al. 1982;
Trosic et al. 1997). Aneuploidy was also induced in rat mesothelial cells iz vitfro using crocidolite
(Yegles et al. 1993). Chromosomal aberrations have been produced by chrysotile in eight studies using
human mesothelial, lymphocyte, and amniotic fluid cells (Dopp and Schiffmann 1998; Dopp et al. 1997;
Emerit et al. 1991; Korkina et al. 1992; Olofsson and Mark 1989; Pelin et al. 1995b; Takeuchi et al. 1999;
Valerio et al. 1980), but not in two others that used fibroblast and promyelocytic leukemia cells (Sincock
et al. 1982; Takeuchi et al. 1999). The mechanism by which these clastogenic effects occur may be
related to physical interference with chromosome segregation by the asbestos fiber during the mitotic

process (Barrett et al. 1989; Malorni et al. 1990; Palekar et al. 1987).
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Results of tests for other genotoxic effects (increased sister chromatid exchange, DNA strand breaks,
DNA hydrolysis, cell transformations) have been mixed, with both negative (Brown et al. 1983; Casey
1983; DiPaolo et al. 1983; Kaplan et al. 1980; Kelsey et al. 1986; Lechner et al. 1983; Lu et al. 1994a;
Mossman et al. 1983a; Price-Jones et al. 1980) and positive (Adachi et al. 1992a; Babu et al. 1980; Dong
et al. 1994; Hesterberg and Barrett 1984; Libbus et al. 1989; Livingston et al. 1980; Okayasu et al. 1999a;
Ollikainen et al. 1999; Trosic et al. 1997) results being noted. Adachi et al. (1992a) reported DNA
damage as indicated by the formation of 8-hydroxy-2'-deoxyguanosine when fibers were incubated with
calf thymus DNA and hydrogen peroxide. DNA strand breaks were noted in rat embryo cells exposed to
crocidolite and CHO exposed to chrysotile (Okayasu et al. 1999a; Osgood and Sterling 1991). Emerit et
al. (1991) reported that chrysotile induces the formation of a clastogenic factor when cultured rat pleural
mesothelioma cells are exposed to the fibers in vitro, as ultrafiltrates of culture media from these cells
induced chromosome damage in cultures of human lymphocytes used as a test system. These effects are
equivocal, however, as there was no dose-response. Chrysotile induced increased numbers of cells with
micronuclei (Keane et al. 1999; Lu et al. 1994b) and with two or more nuclei (Lu et al. 1994a) in Chinese
hamster lung (V79) cells. Increases in unscheduled DNA synthesis have been reported using rat pleural
mesothelial cells after exposure to crocidolite and chrysotile (Dong et al. 1994). Of special interest, the
cell transformation reported by Hesterberg and Barrett (1984) was abolished when the fibers were milled

to a short length.

These observations, especially the findings of cytogenotoxicity, are consistent with the greater observed
carcinogenic potential of long asbestos fibers, and support possible mechanisms by which asbestos might

be acting.

3.4 TOXICOKINETICS

Asbestos fibers may enter the body after inhalation or oral exposures. It is unlikely that any appreciable
uptake of asbestos will occur after dermal exposure. The deposition and fate of the fiber in the lungs is
largely dependent on its size and shape. Fibers that are deposited in the respiratory tract may be removed
by mucociliary clearance or by macrophages, or they may be retained in the lung. Very few of the long
fibers are likely to move through the lungs and be distributed to tissues other than the mesothelium.
Longer fibers that are retained in the lung may undergo a number of processes including translocation,
dissolution, fragmentation, splitting, or protein encapsulation. Long fibers that reside in the lung can
become encapsulated in protein, forming what is often referred to as an "asbestos body" (the term

"ferruginous body" is used when the nature of the core fiber is not known). These bodies are golden
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brown in appearance, owing to the presence of iron. The protein coat is rich in ferritin (an iron storage
protein) possibly arising from macrophages and giant cells. The formation of asbestos bodies may
represent an attempt of macrophages to digest long fibers extracellularly (Koerten et al. 1990a, 1990b).
Fibers that are retained in the lung or mesothelium for long periods of time are capable of producing
chronic inflammation and fibrotic and tumorigenic effects. These effects may be mediated by direct
interactions between the fiber and key cellular macromolecules, or they may be mediated by the
production of reactive oxygen species and other cellular factors originating from alveolar macrophages.
Fibers that enter the gastrointestinal tract, either by ingestion or mucociliary transport from the lungs, are
mostly excreted in the feces, although a small fraction of the fibers may become lodged in cells or

penetrate the gastrointestinal lining and enter other tissues.

3.4.1 Absorption

3.4.1.1 Inhalation Exposure

When asbestos fibers are inhaled, many are deposited on the epithelial surface of the respiratory tree. The
number of fibers that are deposited, and the location within the airway where deposition occurs, is a
function of the aerodynamic properties of the fibers. In humans, the fibers depositing in the upper airway
consist mainly of relatively thick fibers (greater than about 3 um), with thinner fibers being carried deeper
into the distal airways and alveolar regions (Timbrell 1982). In rats, about 30—40% of typical fibers of
chrysotile, amosite, and crocidolite, are retained, with most of these (about 60%) being deposited in the
upper airways (nose, throat, and trachea) (Evans et al. 1973; Morgan et al. 1975). The median length for
these fibers was 1-2 um, while the median diameter was 0.2—0.4 pm. After intratracheal administration
of chrysotile and amosite asbestos fibers in hamsters, chrysotile fibers were found to be primarily located
near air duct bifurcations, while amosite fibers tended to be more distributed over the bronchial surface
(Kimizuka et al. 1992). Many of these smaller fibers deposit preferentially at bifurcations in the terminal
bronchioles and alveolar ducts (Brody 1986; Evans et al. 1973), with the number of fibers deposited at
each location decreasing in proportion to the preceding airway path length and the number of preceding

branch points (Pinkerton et al. 1986).
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3.4.1.2 Oral Exposure

Animal studies indicate that most asbestos fibers that are ingested are not absorbed across the walls of the
gastrointestinal tract (Gross et al. 1974). However, electron micrographic studies indicate that some
fibers penetrate into the gastrointestinal epithelium (Storeygard and Brown 1977; Westlake et al. 1965).
In addition, some fibers pass through the gastrointestinal wall and reach blood, lymph, urine, and other
tissues (Carter and Taylor 1980; Cunningham and Pontefract 1973; Cunningham et al. 1977; Hallenbeck
and Patel-Mandlik 1979; Patel-Mandlik and Millette 1983; Sebastien et al. 1980b; Weinzweig and
Richards 1983). The mechanism by which asbestos fibers pass through the gastrointestinal wall is not
known with certainty, but it has been noted that a wide variety of very small particles (i.e., 1 pm or less;
e.g., starch granules, cellulose particles, pollen) can cross the gut by passing between (not through) the
cells of the epithelial layer in a process termed persorption, and it seems likely that this may account for
uptake of asbestos fibers as well (Volkheimer 1974). Available data are not sufficient to make a precise
estimate of the fraction of ingested fibers that pass through the gastrointestinal wall, but there is
agreement that it is a very small amount (Sebastien et al. 1980b; Weinzweig and Richards 1983). Several
researchers have found that the average length of fibers in extra-gastrointestinal tissues or fluids is shorter
than the average length of the fibers ingested (Cunningham et al. 1977; Patel-Mandlik and Millette 1983;
Weinzweig and Richards 1983), suggesting that short fibers pass through the gastrointestinal epithelium

more easily than long fibers.

3.4.1.3 Dermal Exposure

As discussed above (see Section 3.2.3), asbestos fibers can penetrate into the skin, producing asbestos

warts. No studies were located that indicate that asbestos fibers can pass through the skin into the blood.

3.4.2 Distribution

3.4.2.1 Inhalation Exposure

As noted above, only a tiny fraction of inhaled fibers penetrate through the epithelial layer of the lungs.
No quantitative studies were located regarding the distribution of these fibers in the rest of the body after
inhalation exposure, but some appear to be retained in the pleura, with others passing into the lymphatics
(Brody 1993; Hillerdal 1980; Holt 1983; Rudd 1989). Those fibers that enter the lymphatics are

presumably able to reach other tissues of the body. Dogs exposed by nose-only inhalation to neutron-
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activated crocidolite were found to have small amounts of radioactivity in the blood, liver, head, and
gastrointestinal tract (Griffis et al. 1983). However, it is also possible that some small proportion of fibers
originally deposited in the respiratory tract may reach other tissues following mucociliary transport of

fibers to the gastrointestinal tract and uptake from that tissue (see Section 3.4.1.2).

Distribution of asbestos fibers within the lung has been investigated in a number of studies. Most fibers
deposited in the airways are removed from the lung by mucociliary transport or by macrophages (see
Section 3.4.4), but a small fraction remain in the lung for long periods (Jones et al. 1988a). In addition,
some fibers appear to pass from the lung to the pleura (Boutin et al. 1996; Hillerdal 1980; Rudd 1989;
Viallat et al. 1986). In humans, the presence of asbestos fibers in the pleura after inhalation exposure has
been demonstrated by a number of researchers (Boutin et al. 1996; Jones et al. 1980b; Roggli and Longo
1991; Sebastien et al. 1980a; Stephens et al. 1987), but some concerns have been discussed of the
possibility of contamination of tissues during pathological processing and fiber analysis (Case 1994).
Available data are not sufficient to estimate the fraction of deposited asbestos fibers that penetrate the

lung in this way, but it is probably quite small.

Intracellularly, asbestos fibers tend to be located near the nucleus. /n vifro studies have indicated that
during endocytosis, asbestos fibers were observed to be transported along the microtubule network to the
perinuclear region (Cole et al. 1991; Malorni et al. 1990). The proximity of asbestos fibers to the nucleus

may be an important factor regarding their genotoxicity and carcinogenicity.

Providing limited evidence that some transplacental transfer of asbestos fibers may occur, one group of
investigators has reported that asbestos fibers were detected more frequently and at higher mean
concentrations in human fetal and placental tissues associated with stillborn infants compared with
placental tissue associated with liveborn infants from the same hospital (Haque et al. 1991, 1992, 1996,
1998). In the latest study from this group, asbestos fibers were found in 50% of fetal digests and 23% of
placental digests from stillborn infants compared with 15% of liveborn placentas. Mean fiber
concentrations in stillborn tissues and placenta tissues were comparable to one another

(30,000-60,000 f/g), but were much greater than mean fiber concentration in liveborn placentas (19 f/g)
(Haque et al. 1998). The source of maternal exposure in these studies was unknown, but was presumed
by Haque et al. (1998) to be a mix of oral and inhalation environmental (not occupational) exposure. It is
unknown if the increased number of fibers in the stillborn fetuses is attributable to increased maternal
exposure to asbestos or to changes in fetal or placental factors, unrelated to asbestos exposure, influencing

fiber tissue accumulation.
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3.4.2.2 Oral Exposure

Asbestos fibers have been detected in blood (Weinzweig and Richards 1983) and lymph (Sebastien et al.
1980b) of rats exposed to oral doses of asbestos, suggesting that fibers penetrating the gut might be
carried to tissues throughout the body. In support of this, asbestos fibers have been detected in the lung,
kidney, liver, brain, heart, and spleen of rats that had been exposed to asbestos in the diet (Cunningham et
al. 1977; Pontefract and Cunningham 1973). Highest levels of fibers were found in the omentum (a fold
of the peritoneum connecting abdominal viscera to the stomach), supporting the idea that the fibers were
emanating from the gastrointestinal tract. Although the diet fed to the animals was prepared using corn
oil to minimize asbestos fiber inhalation, the possibility that some fiber inhalation took place cannot be

eliminated (Cunningham et al. 1977).

3.4.2.3 Dermal Exposure

No studies were located regarding distribution of asbestos fibers after dermal exposure. It is generally

considered that dermal uptake of asbestos is not significant.

3.4.2.4 Other Routes of Exposure

The distribution of asbestos fibers has been investigated in a number of studies after exposure via
intratracheal or intravenous injection. The translocation of chrysotile fibers from the lung to the pleura
and mesothelium has been observed in rats exposed by intratracheal injection (Fasske 1988; Viallat et al.
1986). Following intravenous injection of chrysotile fibers into pregnant rats, fibers were detected by
electron microscopy at higher levels in liver and lung tissue in fetuses of exposed dams compared with
levels in fetuses from nonexposed dams (Cunningham and Pontefract 1974). Asbestos fibers also were
detected in digests of fetal and placental tissue following intravenous injection of pregnant mice with
single doses of crocidolite suspensions (Haque and Vrazel 1998). These findings support those of Haque
et al. (1991, 1992, 1996, 1998), suggesting that some transplacental transfer of asbestos fibers may occur.
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3.4.3 Metabolism

3.4.3.1 Inhalation Exposure

Asbestos fibers are not metabolized in the normal sense of the word, and amphibole fibers that are
retained in the lung do not appear to undergo any major changes (Bellmann et al. 1987; Carter and Taylor
1980; Roggli et al. 1987a). However, chrysotile fibers appear to undergo some type of breakdown or
alteration in the lung. This conclusion is based primarily on measurements of asbestos levels in the lung
as a function of exposure duration. With continuing exposure of animals, amphibole levels tend to rise
linearly, whereas chrysotile levels reach a steady-state concentration within several months (Wagner et al.
1974) (see also Section 3.5.1). These data from animal studies are supported by a number of human
studies in which the ratio of amphibole to chrysotile concentration in lung tissue was much higher than
expected based on the composition of the inhaled fibers (Jones et al. 1980a, 1980b; Pooley 1976;
Stephens et al. 1987; Wagner et al. 1982a, 1982b, 1986). Long chrysotile fibers (>10 or 18 um) are
expected to accumulate in humans with continued exposure, based on observations of an association
between duration of exposure of chrysotile miners and millers and Iung chrysotile fiber concentrations
>18 pm in length (Case et al. 2000) and estimations of long clearance half times (>8 years) for lung-
sequestered fibers in chrystotile miners and millers (Finkelstein and Dufresne 1999). Finkelstein and
Dufresne (1999) discerned patterns in their data suggestive that lung concentrations of chrysotile fibers

would reach plateaus in humans after decades of exposure under occupational conditions.

The basis of this apparent loss of chrysotile fibers is not clear, but it may be related to a slow dissolution
of the fibers in tissue fluids or in macrophages (Fasske 1988; Jaurand et al. 1984), or to a separation of the
fibers into much finer component fibrils (Bellmann et al. 1987; Coin et al. 1992, 1994; Cook et al. 1982;
Roggli et al. 1987a). In the latter case, the apparent loss of fibers could be an artifact due to the inability
of normal methods for fiber isolation and quantification in tissues to detect very fine fibrils. Loss of
chrysotile has been reported to be related to the fragmentation of long fibers, resulting in the formation of
smaller fibers (Churg et al. 1989a, 1989b). There appears to be preferential clearance of short asbestos
fibers compared to long ones (Coin et al. 1992; Finkelstein and Dufresne 1999). For example, based on
an analysis of lung fiber concentrations in 72 chrysotile miners and millers, years of exposure, and time
since last exposure, long-term clearance half-times were estimated to be about 4 and 8 years for chrysotile
fibers <5 um and >10 pm in length, respectively (Finkelstein and Dufresne 1999). In contrast, clearance
half-times were about 8 and 16 years for tremolite fibers <5 um and >10 um in length, respectively.

(Short-term clearance times could not be measured in this analysis of lung fiber concentrations in
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chronically exposed miners and millers.) Long fibers that reside in the lung can form asbestos bodies.
The formation of asbestos bodies might represent an attempt by macrophages to digest these fibers

extracellularly (Koerten et al. 1990a, 1990b).

3.4.3.2 Oral Exposure

No studies were located regarding any changes in asbestos fibers in the gastrointestinal tract per se.
However, chrysotile fibers incubated in simulated gastric juice underwent leaching of magnesium ion
from the silica framework, with a resultant change in net fiber charge from positive to negative (Seshan
1983), and chrysotile fibers with altered appearance and x-ray diffraction patterns were detected in the
urine of animals (Hallenbeck and Patel-Mandlik 1979; Patel-Mandlik and Millette 1983). These
observations, although limited, suggest that chrysotile fibers undergo some metal ion exchange and
alterations in gross structure in biological fluids after oral exposure. Asbestos bodies have been detected
is tissues such as the colon (Ehrlich et al. 1992), suggesting that this process may occur in extrapulmonary

tissues as well.

3.4.3.3 Dermal Exposure

No studies were located regarding any changes in asbestos fiber composition or structure after dermal

exposure.

3.4.3.4 Other Routes of Exposure

As stated above, asbestos fibers are not metabolized in the true sense of the word; however, a number of
animal studies indicate that chrysotile fibers are physically altered in the lung after intratracheal injection.
Following phagocytosis, chrysotile fibers were observed to decrease in size, become transparent, and, in
some cases, break into fragments (Fasske 1988). Longitudinal splitting, resulting in a greater number of
thinner fibers was noted for actinolite and amosite (Cook et al. 1982), and fragmentation, resulting in
shorter fibers, was observed for chrysotile (Churg et al. 1989a, 1989b). These changes in fiber shape and

size may directly impact fiber clearance and toxicity in the lung.
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3.4.4 Elimination and Excretion

3.4.4.1 Inhalation Exposure

The principal pathway by which fibers are removed from the respiratory tract is mucociliary transport.
This is mediated by ciliated epithelial cells that produce and move the layer of mucus coating the
epithelial tissue upwards toward the throat, where it is swallowed. Fibers deposited in this mucus layer
are swallowed into the alimentary canal and most are ultimately excreted in the feces (Cunningham et al.
1976; Evans et al. 1973; Griffis et al. 1983; Morgan et al. 1978). However, a small number of fibers may
penetrate through the epithelial layers of the lung and/or the gastrointestinal tract and are transferred to
the blood and eventually to the kidney, where some of them may be excreted in the urine (Finn and
Hallenbeck 1984). In addition, some fibers are not cleared from the lung, leading to a gradual
accumulation with time (Case et al. 2000; Finkelstein and Dufresne 1999; Jones et al. 1988a; Wagner et

al. 1974).

Animal studies indicate that clearance of fibers from the upper airways generally occurs within a few
hours (Bolton et al. 1983; Evans et al. 1973). However, clearance from the lower airways is slower, with
half-times ranging up to 160 days (Bellmann et al. 1987; Coin et al. 1992; Evans et al. 1973; Morgan et
al. 1978). This slow clearance is mediated largely by macrophages, which engulf fibers in the
bronchioles and alveoli (which are not ciliated), and carry them to the ciliated portion of the airway for
transport upward (Holt 1974). Macrophages may also translocate some fibers from the lung to the pleura
(Holt 1983). The clearance of chrysotile fibers from the Iungs is dependent on fiber length. Animal and
human data indicate that long fibers (in excess of 5 or 10 pm) are cleared from the lower airways more
slowly than short fibers (Bellmann et al. 1987, 1994; Davis et al. 1986a, 1988; Finkelstein and Dufresne
1999; Morgan et al. 1978; Roggli et al. 1987a; Searl 1997; Warheit et al. 1997), probably because long
fibers cannot be easily engulfed and moved by a single macrophage (Morgan et al. 1978). Fibers less
than 1 pm in length were cleared from the rat lung with a half-life of less than 10 days, whereas fibers
longer than 16 um were cleared with a half-life of greater than 100 days (Coin et al. 1992; Searl 1997).
Pulmonary clearance half-times for asbestos fibers must be viewed with caution, however, as a first-order
kinetic model is generally not an adequate fit for the data (Hesterberg et al. 1996; Searl 1997). The
preferential clearance of chrysotile over amphiboles (Finkelstein and Dufresne 1999; Jones et al. 1994)
may be attributed to fragmentation of long fibers, resulting in the formation of shorter fibers which are

more readily engulfed and moved by a single macrophage (Jones et al. 1994).
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3.4.4.2 Oral Exposure

Nearly all asbestos fibers that are ingested are excreted in the feces. This is essentially complete within
48 hours following a single oral dose (Gross et al. 1974). Small numbers of fibers may also be excreted
in the urine (Boatman et al. 1983; Hallenbeck and Patel-Mandlik 1979), but this accounts for only a very
small fraction of the ingested dose (Cook and Olson 1979).

3.4.4.3 Dermal Exposure

No studies were located regarding excretion of asbestos fibers after dermal exposure. It is generally

considered that dermal exposure does not result in uptake of asbestos.

3.4.4.4 Other Routes of Exposure

Similar to observations made in inhalation studies, studies in which animals were exposed by
intratracheal injection indicate that chrysotile fibers are preferentially cleared from the lung over
amphiboles (Churg et al. 1989a, 1989b; Sebastien et al. 1990). The enhanced clearance was generally
attributed to fragmentation of fibers, rather than dissolution. The resulting fibers are shorter and more

readily engulfed and moved by alveolar macrophages.

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models

Physiologically based pharmacokinetic (PBPK) models use mathematical descriptions of the uptake and
disposition of chemical substances to quantitatively describe the relationships among critical biological
processes (Krishnan et al. 1994). PBPK models are also called biologically based tissue dosimetry
models. PBPK models are increasingly used in risk assessments, primarily to predict the concentration of
potentially toxic moieties of a chemical that will be delivered to any given target tissue following various
combinations of route, dose level, and test species (Clewell and Andersen 1985). Physiologically based
pharmacodynamic (PBPD) models use mathematical descriptions of the dose-response function to

quantitatively describe the relationship between target tissue dose and toxic end points.

PBPK/PD models refine our understanding of complex quantitative dose behaviors by helping to
delineate and characterize the relationships between: (1) the external/exposure concentration and target

tissue dose of the toxic moiety, and (2) the target tissue dose and observed responses (Andersen et al.



ASBESTOS 88

3. HEALTH EFFECTS

1987; Andersen and Krishnan 1994). These models are biologically and mechanistically based and can
be used to extrapolate the pharmacokinetic behavior of chemical substances from high to low dose, from
route to route, between species, and between subpopulations within a species. The biological basis of
PBPK models results in more meaningful extrapolations than those generated with the more conventional

use of uncertainty factors.

The PBPK model for a chemical substance is developed in four interconnected steps: (1) model
representation, (2) model parametrization, (3) model simulation, and (4) model validation (Krishnan and
Andersen 1994). In the early 1990s, validated PBPK models were developed for a number of
toxicologically important chemical substances, both volatile and nonvolatile (Krishnan and Andersen
1994; Leung 1993). PBPK models for a particular substance require estimates of the chemical substance-
specific physicochemical parameters, and species-specific physiological and biological parameters. The
numerical estimates of these model parameters are incorporated within a set of differential and algebraic
equations that describe the pharmacokinetic processes. Solving these differential and algebraic equations
provides the predictions of tissue dose. Computers then provide process simulations based on these

solutions.

The structure and mathematical expressions used in PBPK models significantly simplify the true
complexities of biological systems. If the uptake and disposition of the chemical substance(s) is
adequately described, however, this simplification is desirable because data are often unavailable for
many biological processes. A simplified scheme reduces the magnitude of cumulative uncertainty. The
adequacy of the model is, therefore, of great importance, and model validation is essential to the use of

PBPK models in risk assessment.

PBPK models improve the pharmacokinetic extrapolations used in risk assessments that identify the
maximal (i.e., the safe) levels for human exposure to chemical substances (Andersen and Krishnan 1994).
PBPK models provide a scientifically sound means to predict the target tissue dose of chemicals in
humans who are exposed to environmental levels (for example, levels that might occur at hazardous waste
sites) based on the results of studies where doses were higher or were administered in different species.

Figure 3-5 shows a conceptualized representation of a PBPK model.
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Figure 3-5. Conceptual Representation of a Physiologically
Based Pharmacokinetic (PBPK) Model for a
Hypothetical Chemical Substance
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Source: adapted from Krishnan et al. 1994

Note: This is a conceptual representation of a physiologically based pharmacokinetic
(PBPK) model for a hypothetical chemical substance. The chemical substance is
shown to be absorbed via the skin, by inhalation, or by ingestion, metabolized in the
liver, and excreted in the urine or by exhalation.
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3.4.5.1 Summary of PBPK Models

No PBPK models specific for asbestos were located. While a number of physiologically-based models
for deposition and clearance of inhaled insoluble material have been developed (ICRP 1994; Phalen et al.
1991; Stober and McClellan 1997; Stober et al. 1994), a direct application of these models to the kinetics

of asbestos fibers in humans has not been reported.

3.4.5.2 Asbestos PBPK Model Comparison

The available models for evaluating the dispositional kinetics of insoluble materials vary considerably in
their level of complexity, but they are predominantly based on similar basic concepts (for recent review,
see Stober and McClellan 1997). Recent models for fiber deposition in rats (Asgharian and Anjilvel
1998) have been reported, as have several models for clearance (for recent review, see Stober and
McClellan 1997). Many models focus on either deposition or clearance processes, rather than combining
the two, although recent efforts have developed lung retention models for fibers in humans and rats that

include deposition and clearance processes (Yu et al. 1996, 1997).

The most successful models divide the respiratory system into a number of compartments, with each
compartment having a distinct set of deposition or clearance parameters. Deposition models generally
divide based on the bronchiolar branch pattern, whereas clearance models tend to divide based on
anatomical clearance pathways. For example, material deposited in the tracheobronchial region clears
predominantly through the larynx and eventually to the gastrointestinal tract, doing so at a faster overall
rate than clearance from the pulmonary region. As additional knowledge of the physiology of the various
compartments is discovered, subcompartments are added, each with an additional set of parameters. By
combining the parameters from the various subcompartments and estimating the overall contribution of
that subcompartment to the total, an estimation of the overall kinetics of exposure can be achieved. The
most recent example of this approach is the POCK (physiology-oriented compartmental kinetics) model
(Stober et al. 1994), which has a large number of subcompartmental parameters, each with equations to
model particle clearance. This would allow for the modeling of disease states wherein specific aspects of
deposition and/or clearance are altered without significantly affecting the others (i.e., particle overload of
alveolar macrophages). However, to date, the majority of models have focused primarily on particles

rather than fibers (see Section 3.4.5.3 for further explanation).
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3.4.5.3 Discussion of Model

Because the biopersistence of fibers, including asbestos, is a key determinant of their toxicity, the most
appropriate models for the estimation of toxic responses are likely to be those that model the deposition
and clearance of the inhaled fibers. Existing models lack a number of features that have prevented them
from being adequately utilized to model the kinetics of asbestos exposures in humans. Perhaps the
greatest hindrance to the development of PBPK models for asbestos (i.e., their parameterization,
simulation, and validation) has been the lack of accurate exposure data to link with lung fiber burden data
in humans. Exposure assessments in human studies have been primarily based on estimates made from
descriptions of environmental conditions in the workplace, rather than direct measurements of airborne
asbestos concentration. Additionally, measurements of pulmonary fiber content in humans are generally
performed after the subject has died, often a number of years following the cessation of exposure. These
two factors combine to make accurate modeling of asbestos deposition and clearance from the existing

human data more difficult.

The majority of the existing kinetic models for describing the fate of fibers and particles within the
respiratory system were developed based on inhalation studies in rats. While this has undoubtedly led to
more accurate modeling, as the rat database is considerably more extensive than the human one, several
aspects of rodent anatomy and physiology differ significantly from the corresponding human system. In
particular, the respiratory system in rats is structured differently than humans. The rat lung possesses a
different branching pattern, which is likely to affect the deposition of the asbestos fibers. The bronchial
tree of the rat is also physically smaller than that of man. When combined with the fact that rats are
obligate nose-breathers, which is not the case for humans, this results in fibers that are respirable by
humans being not respirable by most rodents (Hofmann et al. 1989). These factors decrease the utility of

the rodent models in predicting human disposition under similar exposure conditions.

An additional difficulty with many models lies in the fact that they were developed for modeling
particles, not fibers. Differences in physical properties in these insoluble materials can influence
deposition and clearance processes in the respiratory tract. For example, particles that are too large to be
phagocytized by alveolar macrophages generally do not reach the deep lung, but instead deposit by
impaction in the nasal passages or airways. In contrast, long, thin fibers (>15 pm in length, but <3 pm in
diameter) are respirable and can reach the deep lung where they are unable to be phagocytized by
macrophages, and thus, are unable to be effectively cleared. The decreased clearance rate of fibers with

increasing fiber length is also not considered in the majority of the particle-based clearance models. Fiber
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breakdown, lengthwise or transverse, is also not factored into particle-based models. These deficiencies
make utilization of particle-based models of deposition and clearance for the prediction of the behavior of

fibers, including asbestos, problematic.

Recently, mathematical models have been developed for the deposition and retention of refractory
ceramic fibers in the alveolar region of lungs of rats (Yu et al. 1994, 1995, 1996) and humans (Yu et al.
1994, 1995, 1997). The development of the rat model was based on exposure and lung burden data
(including information on distribution of fiber sizes) from studies of rats exposed chronically to airborne
refractory ceramic fibers. The models include descriptions of deposition rates with tidal volume,
breathing frequency, air concentration of fibers of specific diameters and lengths, and alveolar deposition
fraction (a function of airway structure, lung morphometry, and ventilation parameters for fibers of
specific diameters and lengths) as explanatory variables and description of rates of three simultaneous
clearance processes (alveolar macrophage-mediated clearance, dissolution of fibers in the lung fluid, and
breakage of long fibers into shorter fibers). Rates for the removal processes in humans were extrapolated
from the rat data. The developed human model predicted lung burdens that were in general agreement
with lung fiber counts for three workers exposed to refractory ceramic fibers (Yu et al. 1997). The
development of similar rat and human models for asbestos fiber lung deposition and clearance may be
useful to more accurately predict human health risks from available data from rat inhalation bioassays.
The most useful models for deposition and clearance of asbestos fibers are likely to be complex and
should account for differences associated with different types of asbestos fibers and different size

distributions of fibers.

3.5 MECHANISMS OF ACTION

Fibers that persist within the lung or the mesothelium are capable of producing fibrogenic and
tumorigenic effects in these tissues. Although the precise mechanisms by which asbestos fibers cause
toxic injury have not been determined, data are available that indicate that both direct interaction between
fibers and cellular components and cell-mediated pathways may be involved. In addition, the physical-
chemical nature of the fiber appears to be an important determinant of toxicity. Though the various

mechanisms are likely to interact extensively, they will be discussed individually below.
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3.5.1 Pharmacokinetic Mechanisms

A number of physical and chemical properties such as fiber size, durability, and iron content are
important determinants of asbestos toxicity. The dependence of toxicity on these fiber properties is

discussed below.

Fiber Size. The size (length and diameter) of an asbestos fiber appears to be one of the most important
determinants of its toxicity. Fiber size dictates respirability, deposition, and clearance from the lung. In
general, only fibers <3 um thick are capable of reaching lower airways (Timbrell 1982). Fibers longer
than approximately 5—10 um are generally cleared more slowly than fibers shorter than 5 pm (Bellmann
et al. 1987; Finkelstein and Dufresne 1999; Hesterberg et al. 1996; Morgan et al. 1978; Roggli et al.
1987a; Searl 1997; Warheit et al. 1997). The maximum fiber length that can be engulfed by a single
macrophage is approximately 16—17 pm (Coin et al. 1992; Lippmann 1990). Asbestos-associated
diseases are attributable to fibers of different sizes. The strongest evidence for this conclusion comes
from studies in animals, where chronic inhalation exposure to dust clouds rich in long fibers (those in
excess of 5 um) produces higher incidence of lung cancer than exposure to dust clouds rich in short fibers
(mostly <5 um) (Davis and Jones 1988; Davis et al. 1986a). Asbestosis has been associated with fibers
longer than 2 um, mesothelioma with fibers longer than 5 pm, and lung cancer with fibers longer than
10 um (Lippmann 1988, 1990). The dose-response relationships for the production of mesothelioma in
rats intraperitoneally injected with amosite, chrysotile, and crocidolite were similar when doses were
expressed in terms of the number of long (>4—8 pum), thin (<0.25 pm) fibers (Davis et al. 1991a; Stanton
et al. 1981). Lippman (1988, 1990) noted that, in general, fiber widths <0.1 um have been associated
with mesothelioma, but can be larger for asbestosis and lung cancer. It should be noted, however, that
rats exposed to populations of relatively shorter and broader tremolite fibers (lengths greater than 4 pm
and width up to 1.5 pm) showed a high incidence of mesothelioma (American Thoracic Society 1990;
Stanton et al. 1981). Ultimately, the size of the fiber determines its residence time in the lung. Longer
fibers remain in the lung or mesothelium, whereas shorter fibers are cleared (Coin et al. 1992; Searl
1997). Fibers with lengths >15-20 um are incompletely ingested and dissolved by pulmonary
macrophages, which is thought to lead to chronic and persistent inflammation and tissue damage (Coin et

al. 1992; Davis 1989; Davis et al. 1986a; Eastes and Hadley 1996; Lippmann 1994).

Interestingly, Churg et al. (1989a, 1990) reported that the severity of fibrosis in asbestos workers exposed
primarily to tremolite and chrysotile, or amosite was positively correlated with lung fiber concentrations,

but was negatively correlated with fiber length. The negative correlation (while not establishing
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causation between short fibers or fiber fragments and fibrosis) suggests that short fibers may be more
important to som