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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 these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a 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.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic 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. Staffs 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.

/ e »//5/‘

Thomas R. Frieden, M. D M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry




*Legislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(3)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of 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. Section
104(i)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile
for each substance on the list. In addition, ATSDR has the authority to prepare toxicological profiles for
substances not found at sites on the National Priorities List, in an effort to .. .establish and maintain
inventory of literature, research, and studies on the health effects of toxic substances” under CERCLA
Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as otherwise
necessary to support the site-specific response actions conducted by ATSDR.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation
of available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances 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 a given hazardous compound 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 each Toxicological Profile to address child health
issues:
Section 1.6 How Can (Chemical X) Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?
Section 3.8 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.9 Biomarkers of Exposure and Effect
Section 3.12  Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY) Fax: (770)488-4178
E-mail: cdcinfo@cdc.gov Internet. http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

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
Hazards; Skin Lesions and Environmental Exposures;, Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.


mailto:cdcinfo@cdc.gov
http:http://www.atsdr.cdc.gov
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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 (ToxI’AQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

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
discases 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.

Radiation Emergency Assistance Center/Training Site (REAC/TS) provides support to the U.S.
Department of Energy, the World Health Organization, and the International Atomic Energy
Agency in the medical management of radiation accidents. A 24-hour emergency response
program at the Oak Ridge Institute for Science and Education (ORISE), REAC/TS trains,
consults, or assists in the response to all kinds of radiation accidents. Contact: Oak Ridge
Institute for Science and Education, REAC/TS, PO Box 117, MS 39, Oak Ridge, TN 37831-0117 +
Phone 865-576-3131 » FAX 865-576-9522 « 24-Hour Emergency Phone 865-576-1005 (ask for
REAC/TS) » e-mail: cooleyp@orau.gov « website (including emergency medical guidance):
http://www.orau.gov/reacts/default.htm

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:
AQEC, 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/.


mailto:cooleyp@orau.gov
http://www.orau.gov/reacts/default.htm
mailto:AOEC@AOEC.ORG
http:http://www.aoec.org
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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, 25 Northwest Point Boulevard, Suite 700, Elk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.



PLUTONIUM

This page is intentionally blank.



PLUTONIUM xi

CONTRIBUTORS

CHEMICAL MANAGER(S)/AUTHOR(S):

Sam Keith, M.S., CH.P.

Eugene Demchuk, Ph.D.

Robert L. Williams, Ph.D.

Erik Aufderheide, M.D., M.P H.

Charleton Coles, Ph.D.

ATSDR, Division of Toxicology and Environmental Medicine, Atlanta, GA

David W. Wohlers, Ph.D.
Gary L. Diamond, Ph.D.

Julie M. Klotzbach, Ph.D.
Lara L. Chappell, Ph.D.

Amy Hueber, M.L.S.

SRC, Inc., North Syracuse, NY

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS:

1. Health Effects Review. The Health Effects Review Committee examines the health effects
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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 Applied Toxicology 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 plutonium. The panel consisted of the following members:

1. Lynn Anspaugh, Ph.D., Research Professor, Department of Radiology, Radiobiology Division,
University of Utah, Salt Lake City, Utah;

2. Fletcher Hahn, D.V.M_, Ph.D., Scientist Emeritus, Lovelace Respiratory Research Institute,
Albuquerque, New Mexico;

3. Richard Leggett, Ph.D., Research Scientist, Life Sciences Division, Oak Ridge National
Laboratory, Oak Ridge, Tennessee;

4. Nicholas Priest, Ph.D., Head, Radiobiology Section, AECL Chalk River Laboratory, Chalk River,
Ontario, Canada; and

5. Ethel Gilbert, Ph.D., M.P.H., Expert (biostatistician), Radiation Epidemiology Branch, Division
of Cancer Epidemiology and Genetics, National Cancer Institute, Bethesda, Maryland.

These experts collectively have knowledge of plutonium’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.

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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PLUTONIUM 1

1. PUBLIC HEALTH STATEMENT

This public health statement tells you about plutonium and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the
nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term
federal clean-up activities. Plutonium has been found in at least 16 of the 1,689 current or former NPL
sites. Although the total number of NPL sites evaluated for this substance is not known, strict regulations
make it unlikely that the number of sites at which plutonium is found would increase in the future as more
sites are evaluated. This information is important because these sites may be sources of exposure and

exposure to this substance may be harmful.

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
normally 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. However, since plutonium is radioactive,

you can also be exposed to its radiation if you are near it.

External exposure to radiation may occur from natural or man-made sources. Naturally occurring sources
of radiation are cosmic radiation from space or radioactive materials in soil or building materials. Man-
made sources of radioactive materials are found in consumer products, industrial equipment, atom bomb

fallout, and to a smaller extent from hospital waste and nuclear reactors.

When you are exposed to plutonium, many factors will determine whether you will be harmed. These
factors include the dose (how much), the duration (how long), and how you come in contact with it. You
must also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle,

and state of health.



PLUTONIUM

1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS PLUTONIUM?

Radioactive metal Plutonium is a radioactive element. Pure plutonium is a silvery-white metal.

Exists in various
forms called
isotopes

Plutonium is not
stable

Produced in
nuclear power
plants and used
in nuclear
weapons and
batteries

Most plutonium is found combined with other substances, for example,
plutonium dioxide (plutonium with oxygen) or plutonium nitrate (plutonium
with nitrogen and oxygen).

Plutonium is usually measured in terms of its radioactivity (curies or
becquerels). Both the curie (Ci) and the becquerel (Bq) tell us how much a
radioactive material decays every second.

The most common plutonium isotope is plutonium-239.

Each radioactive isotope of an element constantly gives off radiation, which
changes it into an isotope of a different element or a different isotope of the
same element. This process is called radioactive decay.

Plutonium-238 and plutonium-239 give off alpha particles (sometimes
referred to as alpha radiation) and transform into uranium-234 and
uranium-235, respectively.

The half-life is the time it takes for half of the atoms of a radionuclide to
undergo radioactive decay and change it into a different isotope. The half-
life of plutonium-238 is 87.7 years. The half-life of plutonium-239 is
24,100 years. The half-life of plutonium-240 is 6,560 years.

Very small amounts of plutonium occur naturally. Plutonium-239 and
plutonium-240 are formed in nuclear power plants when uranium-238
captures neutrons. Plutonium is used to produce nuclear weapons.

Plutonium-238 is used as a heat source in nuclear batteries to produce
electricity in devices such as unmanned spacecraft and interplanetary
probes.

More information about the properties and uses of plutonium can be found in Chapters 4, 5, and 6.

1.2 WHAT HAPPENS TO PLUTONIUM WHEN IT ENTERS THE ENVIRONMENT?

Released during
testing of

Plutonium released during atmospheric testing of nuclear weapons, which
ended in 1980, is the source of most of the plutonium in the environment

nuclear weapons worldwide. The plutonium released during these tests was deposited on land

and water. The small amount that remains in the atmosphere continues to be
deposited as it slowly settles out.

Plutonium is also released to the environment from research facilities, waste
disposal, nuclear fuel reprocessing facilities, nuclear weapons production
facilities, and accidents at facilities where plutonium is used.
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Plutonium can be transported in the atmosphere usually when it is attached to
particles in the air. It can be deposited on land or water by settling or by rain.
Plutonium can stick to particles in soil, sediment, and water.

Plutonium isotopes will undergo radioactive decay in the environment.

For more information on plutonium in the environment, see Chapter 6.

1.3 HOW MIGHT | BE EXPOSED TO PLUTONIUM?

You may be exposed to plutonium by breathing air, drinking water, or eating food containing plutonium;

however, the levels of plutonium in air, water, soil, and food are very low.

Soil

Air

Workplace

Accident

Average plutonium levels in surface soil from fallout range from 0.01 to
0.1 picocuries (pCi) per gram of soil (1 picocurie equals one-trillionth [10'12]
of a curie).

Plutonium concentrations in air are generally low. Baseline plutonium-239
concentrations in air ranging from 1.6x1 0°t0 3.8x10° pCi per cubic meter of
air (pCi/m3) have been reported.

Persons who work at nuclear fuel and weapons production facilities have a
greater chance of being exposed than individuals in the general population.

You could be exposed to plutonium if there was an accidental release of
plutonium during use. It is very unlikely you would be exposed as the result
of a traffic accident or disposal. Plutonium transport containers are virtually
indestructible by accident or fire. The disposal site is deep underground and
away from the public.

Further information on how you might be exposed to plutonium is given in Chapter 6.
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1.4 HOW CAN PLUTONIUM ENTER AND LEAVE MY BODY?

Plutonium can
enter your body
when it is inhaled
or swallowed

Plutonium in your
body will remain
there for many
years

When you breathe air that contains plutonium, some of it will get trapped in
your lungs. Some of the trapped plutonium will move to other parts of your
body, mainly your bones and liver. The amount of plutonium that stays in
your lungs depends on the solubility of the plutonium that is in the air you
breathe.

A small amount of the plutonium you swallow (much less than 1%) will enter
other parts of your body (mainly your bones and liver).

If plutonium gets onto your healthy skin, very little, if any, plutonium will enter
your body. More plutonium will enter your body if gets onto injured skin,
such as a cut or burn.

Plutonium leaves your body very slowly in the urine and feces. If plutonium
were to enter your lungs today, much of the plutonium would still be in your
body 30-50 years later.

Further information on how plutonium enters and leaves the body is given in Chapter 3.

1.5 HOW CAN PLUTONIUM AFFECT MY HEALTH?

Plutonium may remain in the lungs or move to the bones, liver, or other body organs. It generally stays in

the body for decades and continues to expose the surrounding tissues to radiation.

Lung, liver, and
bone cancer

Affect ability to
fight infections

You may develop cancer depending on how much plutonium is in your body
and for how long it remains in your body. The types of cancers you would
most likely develop are cancers of the lung, bones, and liver. These types
of cancers have occurred in workers who were exposed to plutonium in air
at much higher levels than is in the air that most people breathe.

In laboratory animals, plutonium affected the animal’s ability to resist
disease (immune system).

More information on the health effects of plutonium is presented in Chapters 2 and 3.
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1.6 HOW CAN PLUTONIUM AFFECT CHILDREN?

This section discusses potential health effects in humans from exposures during the period from

conception to maturity at 18 years of age.

There are
differences
between children
and adult

Effects in unborn
children

Studies in young animals have shown that a larger amount of the plutonium
deposited in the lung will move to growing bones. Therefore, it is possible
that the bones of children could be more severely affected by plutonium
than the bones of adults; however, this has not been shown in humans or
laboratory animals.

Studies in animals have also shown that a larger amount of plutonium that
enters the gut of newborn animals is absorbed into the body.

We do not know if plutonium causes birth defects or affects the ability to
have children, although some plutonium that reaches the blood can be
found in ovaries and testes.

A large portion of the plutonium in the body of adults is in bone. Itis
possible that plutonium in the bones of a pregnant woman may move to the
fetus, when the calcium from the mother’s bone is being used to build the
bones of the fetus.

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

Exposure of the general population to plutonium will be small. Plutonium levels in water, air, and food

are generally low in areas that have not been contaminated by accidents or other releases of radioactive

materials.

Risk for working
adults

Risk near the
home

Risk in the air you
breathe

People working at facilities using plutonium that is not highly contained will be
more highly exposed to plutonium than the general population.

People do not generally live near facilities that use plutonium in their
operations. Some people may be slightly more exposed to plutonium due to
releases of plutonium through filtered stack-emissions or waste water. Any
releases are to be within regulatory limits. Disposal sites are deep
underground and away from the public.

Breathing plutonium-contaminated air is the most dangerous way to be
exposed to plutonium. If you know or suspect that plutonium has been
released to the air, you should leave the area immediately.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO
PLUTONIUM?

Can be measured |Plutonium can be measured in the urine and feces even at very low levels.
in urine and feces | These measurements can be used to estimate the total amount of
plutonium that has entered the body.

The levels of plutonium in body can be used to predict the kind of health
effects that might develop from that exposure.

Plutonium inside |Some sensitive equipment can measure the weak gamma rays that travel
the body can be |to the outside of the body after they are released from plutonium and other
detected from radioactive materials inside the body. In the United States, this equipment
outside the body |is only available in a few locations.

Further information on how plutonium can be measured in exposed humans is presented in

Chapters 3 and 7.

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),
the Food and Drug Administration (FDA), and the U.S. Nuclear Regulatory Commission (USNRC).

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), the National Institute for Occupational Safety and Health
(NIOSH), and the FDA.

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value that is usually based on levels that
affect animals; they are then adjusted to levels that will help protect humans. Sometimes these not-to-
exceed levels differ among federal organizations because they used different exposure times (an 8-hour

workday, a 24-hour day, or a work-year), different animal studies, or other factors.

Recommendations and regulations are also updated periodically as more information becomes available.

For the most current information, check with the federal agency or organization that provides it.
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The USNRC has recommended the following radiation exposure limits for the general public and for

workers:

General public 0.1 rem/year for the general public and 0.5 rem/year for people who work
with medical patients. These regulations are for all forms of radiation
combined, so they are not only for plutonium.

Workers 5 rem/year for workers in industries where exposure to radiation may occur
and 0.5 rem for the pregnancy period following the declaration of pregnancy
by a woman in an industry where exposure to radiation may occur.

These recommended radiation exposure limits are for all forms of radiation combined and are not specific
to plutonium. The limits are expressed in units called rem (roentgen equivalent man). A rem is a
radiation unit that expresses the radiation equivalent dose to a particular organ or tissue. The limits on
equivalent dose are used to calculate the limits on the amount of radioactive substances that can be

inhaled or ingested.

Additional information on governmental regulations regarding plutonium can be found in Chapter 8.

1.10 WHERE CAN | GET MORE INFORMATION?

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

environmental quality department, or contact ATSDR at the address and phone number below.

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

substances.

Toxicological profiles are also available on-line at www atsdr.cdc.gov and on CD-ROM. You may

request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information and technical


http:www.atsdr.cdc.gov
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assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing

to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Environmental Medicine
1600 Clifton Road NE

Mailstop F-62

Atlanta, GA 30333

Fax: 1-770-488-4178

Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www.ntis.gov/
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO PLUTONIUM IN THE
UNITED STATES

Plutonium is primarily a human-made radioactive element of the actinide series and was the first human-
made element to be synthesized in weighable amounts. Plutonium was first synthesized by the
bombardment of uranium with deuterons (*H) by Seaborg and co-workers in 1940. Although 20 isotopes
of plutonium (*****’Pu) have been identified, the alpha-emitting ***Pu and **Pu isotopes are the ones most
commonly encountered and widely studied for potential adverse health effects. The isotope **’Pu was
first used in fission weapons beginning in 1945 and is produced during the bombardment of uranium
(***U) by neutrons in nuclear reactors. Approximately one-third of the total energy produced in a typical
commercial nuclear power plant comes from the fission of **’Pu produced from *’U. The isotope ***Pu
has been used as a heat source in nuclear batteries to produce electricity in devices such as unmanned
spacecraft and interplanetary probes. Plutonium is a carefully regulated material under government and
International Atomic Energy Agency (IAEA) control and has no commercial usage, with the exception of
small quantities used in research laboratories. Approximately 1,855 metric tons of plutonium was
estimated to exist worldwide at the end of 2003; most of which was found in spent fuel from nuclear
power plants. A plutonium production rate of 70—75 metric tons/year was estimated for reactors

worldwide 1n 2003.

The main sources of plutonium in the environment are releases from research facilities, nuclear weapons
testing, waste disposal, nuclear weapons production facilities, and accidents. Atmospheric testing of
nuclear weapons, which ended in 1980, is the source of most of the plutonium in the environment
worldwide, which released approximately 10,000 kilograms of plutonium. Trace amounts of plutonium
(including **Pu, ***Pu, **’Pu, and **'Pu) are found worldwide, mostly due to fallout from atmospheric
nuclear testing. Trace amounts of >**Pu are found in naturally occurring uranium ores, although in such
small amounts that extraction is not practical. Small amounts of ***Pu also exist in nature from remnants
of primordial stellar nucleosynthesis and from “natural” reactors such as the Oklo natural reactor in the
African nation of Gabon, which existed about 2 billion years ago. Plutonium released to the atmosphere
reaches the earth's surface through wet and dry deposition to the soil and surface water. Once in these
media, soluble plutonium can sorb to soil and sediment particles or bioaccumulate in terrestrial and

aquatic food chains.
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Humans may be exposed to plutonium by breathing air, drinking water, or eating food containing
plutonium; however, the levels of plutonium in air, water, soil, and food are generally very low, and of
little health consequence. Average plutonium levels in surface soil from fallout range from 0.01 to

0.1 picocuries (pCi) per gram of soil (1 picocurie equals one-trillionth [107*] of a curie). In general,
plutonium concentrations in air are low. Baseline **Pu concentrations in air ranging from 1.6x10° to

3.8x10° pCi per cubic meter of air (pCi/m’) have been reported.

2.2 SUMMARY OF HEALTH EFFECTS

Risks for adverse outcomes of plutonium exposures are strongly dependent on radiation doses received by
specific tissues and organ systems. Most of the body burden of plutonium resides in the skeleton and
liver, and following inhalation exposures, in the lung and lung-associated lymph nodes. As a result, these
tissues receive relatively high radiation doses following exposures to plutonium. Radiation-induced
toxicity to these tissues has been documented in human epidemiological studies and in animal models.
The relatively high radiation doses received by bone, liver, and lung lend greater credibility to the
epidemiological findings for these tissues than for outcomes in other tissues that receive much smaller
radiation doses. All epidemiological studies that have reported adverse outcomes in these tissues have
studied populations (i.e., workers in plutonium production and processing facilities) that experienced
exposures and radiation doses that greatly exceed those experienced by the general public. Accordingly,
risks for these outcomes in the general population are substantially lower than reported for these more

highly exposed worker populations.

Death. Possible associations between exposure to plutonium and mortality have been examined in
studies of workers at the U.S. plutonium production and/or processing facilities (Hanford, Los Alamos,
Rocky Flats), as well as facilities in Russia (e.g., Mayak) and the United Kingdom (e.g., Sellafield). The
Mayak studies provide relatively strong evidence for an association between cancer mortality (bone, liver,
lung) and exposure to plutonium. Plutonium dose-response relationships for lung cancer mortality have
been derived from studies of Mayak workers, who received much higher uptakes of plutonium compared
to other epidemiological cohorts (i.¢., mean body burdens 0.09-9.2 kBq, with much higher individual
exposures [up to 470 kBq] in relatively large numbers of these workers). Excess relative risk (ERR)
estimated in three studies (adjusted for smoking) were 3.9 per Gy (95% confidence interval [CI]: 2.6—
5.8) in males, and 19 per Gy (95% CI: 9.5-39) in females (attained age 60 years), 4.50 per Gy (95% CI:
3.15-6.10) in males, and 0.11 per Sv (95% CI: 0.08-0.17) or 0.21 per Sv (95% CI: 0.15-0.35),

depending on the smoking-radiation interaction model that was assumed (these estimates per Sv
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correspond to 2.2 or 4.3 per Gy, respectively, assuming a radiation weighting factor of 20 for «-radiation).
The ERR per Gy in Mayak workers declined strongly with attained age. In a recent cohort mortality
study of the Mayak workers, significant plutonium dose-response relationships (p<0.001) were found for
deaths due to lung or liver cancer, and for deaths in which bone cancer was considered a contributing
cause. At attained age of 60 years, ERRs for lung cancer were 7.1 per Gy (95% CIL: 4.9-10) in males and
15 per Gy (95% CI: 7.6-29) in females. Averaged-attained age ERRs for liver cancer were 2.6 per Gy
(95% CI: 0.7-6.9) for males and 29 per Gy (95% CIL:. 9.8-95) for females, and averaged-attained age
ERRs for bone cancer were 0.76 per Gy (95% CI: <0-5.2) for males and 3.4 per Gy (95% CI: 0.4-20)
for females. Elevated risks for bone cancer were observed only for workers with plutonium doses
exceeding 10 Gy. For lung and bone cancer, the ERR declined with attained age, and for lung cancer, the

ERR declined with age at first plutonium exposure.

Decreased survival was noted in beagle dogs exposed to plutonium aerosols (***Pu0O,, **Pu0Q,, or
**Pu(NO,),) at levels resulting in initial lung burdens in the range of >1 kBq/kg body weight. Early
deaths were attributed to radiation pneumonitis and decreased survival late in life was typically associated

with tumor development.

Cancer. Possible associations between exposure to plutonium and cancer mortality and morbidity have
been examined in studies of workers at the U.S. plutonium production and/or processing facilities
(Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia (Mayak) and the United Kingdom
(e.g., Sellafield). Compared to studies of U K. and U.S. facilities, the Mayak cohorts had relatively high
uptakes of plutonium (i.e., mean body burdens as high as 9.2 kBq, with much higher individual uptakes
[up to 470 kBq] in relatively large numbers of these workers). Collectively, the Mayak studies provide
evidence for an association between cancer mortality (lung, liver, bone) and uptake of plutonium. Studies
of UK. and U.S. facilities have examined cohorts of workers who had substantially lower estimated
plutonium uptakes and corresponding internal radiation doses than the Mayak cohorts (e.g., Sellafield:

<1 kBq in 97% of the assessed workers; Los Alamos: mean body burden 0.970 kBq, range 0.05—

3.18 kBq). Although a significantly higher incidence of cancer mortality in certain groups of plutonium
workers has been found in some studies, higher cancer incidence and/or risks for tissues that received the
highest plutonium radiation doses (i.¢., lung, liver, bone) have not been found, making causal connections
of these outcomes to plutonium exposure more uncertain. The Sellafield study is by far the strongest of
these studies and did not find associations between plutonium exposure and cancers to tissues receiving

the highest radiation doses from plutonium.
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Plutonium dose-response relationships for lung cancer mortality and morbidity have been corroborated in
four Mayak studies. Estimated excess relative risk in these four studies (adjusted for smoking) were as
follows: (1) 3.9 per Gy (95% CIL: 2.6-5.8) in males and 19 per Gy (95% CI: 9.5-39) in females;

(2) 7.1 per Gy (95% CI. 4.9-10) in males and 15 per Gy (95% CI: 7.6-29) in females at attained age of
60 years; (3) 4.50 per Gy (95% CI: 3.15-6.10) in males; and (4) 0.11 per Sv (95% CI: 0.08-0.17) or
0.21 per Sv (95% CI: 0.15-0.35), depending on the smoking-radiation interaction model that was
assumed (these estimates per Sv correspond to 2.2 or 4.3 per Gy, respectively, assuming a radiation

weighting factor of 20 for «-radiation).

The risks of mortality and morbidity from bone and liver cancers have also been studied in Mayak
workers. Increasing estimated plutonium body burden was associated with increasing liver cancer
mortality, with higher risk in females compared to males. Relative risk for liver cancer for a cohort of
males and females was estimated to be 17 (95% CI: 8.0-26) in association with plutonium uptakes

>7 .4 kBq; however, when stratified by gender, the relative risk estimates for females was 66 (95% CI:
16-45) and higher than for males, 9.2 (95% CI: 3.3-23). Risk of bone cancer mortality in this same
cohort (n=11,000) was estimated to be 7.9 (95% CI. 1.6-32) in association with plutonium uptakes

>7.4 kBq (males and females combined). Risks of leukemia mortality, in the same cohort, were not
associated with internal plutonium exposure. In a case control study of Mayak workers, the odds ratio for
liver cancer was 11.3 (95% CI: 3.6-35.2) for subjects who received doses >2.0-5.0 Gy (relative to 0—

2.0 Gy) and the odds ratios for hemangiosarcomas were 41.7 (95% CI. 4.6-333) for the dose group >2.0—
5.0 Gy, and 62.5 (95% CI. 7.4-500) for the dose group >5.0-16.9 Gy; doses were estimated based on
periodic urine sampling. A study reported averaged-attained age ERRs for liver cancer of 2.6 per Gy
(95% CIL:. 0.7-6.9) for males and 29 per Gy (95% CI. 9.8-95) for females, and averaged-attained age
ERRs for bone cancer of 0.76 per Gy (95% CI. <0-5.2) for males and 3.4 per Gy (95% CI: 0.4-20) for
females. Elevated risks for bone cancer were observed only for workers with plutonium doses exceeding
10 Gy. For lung and bone cancer, the ERR declined with attained age, and for lung cancer, the ERR

declined with age at first plutonium exposure.

Consistent with findings from human epidemiological studies, results of animal studies show that tissue
location of plutonium-induced cancer is compound-dependent. A significant amount of plutonium from
relatively soluble ***Pu(NOs), and **PuO, (more soluble than **Pu0Q, due to higher specific activity of
*¥Pu compared to ***Pu) is distributed to bone and liver. In contrast, relatively insoluble **Pu0Q; is
primarily retained in lung and associated lymph nodes, with approximately 10, 1, 0.2, and 0.002%

relocating to liver, skeleton, spleen, and kidney, respectively. Bone tumors (predominantly
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osteosarcomas) were the primary cause of cancer deaths in dogs exposed once to >**PuQ, aerosols; lung
tumor incidences were also relatively high in these dogs, and liver tumors appeared to be a contributing
cause of death in a few **Pu0,-exposed dogs. The pattern of tumor development in dogs exposed to
**Pu(NOs), was similar to that of dogs exposed to **PuQ,, with tumors observed in lung, bone, and liver
(principally of bile- duct epithelium). Bone tumors were the main cause of death in the exposure groups
with mean initial lung burdens of 1 and 5.9 kBg/kg. In contrast to the high incidences of bone tumors in
the dogs exposed to ***Pu0; or **Pu(NO;), acrosols, cancer deaths in dogs exposed to acrosols of the
relatively insoluble ***Pu0, were predominantly associated with lung tumors consisting mainly of
papillary adenocarcinomas based on a lifespan composite study. Tumor incidences at other sites in the
**Pu0,-exposed dogs were not statistically significantly different from those of controls. Earlier and

shorter studies reported bronchiolo-alveolar carcinoma as the most frequently identified cancer type.

Respiratory Effects. Possible associations between exposure to plutonium and respiratory tract
disease have been examined in studies of workers at U.S. plutonium production and/or processing
facilities (Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia (Mayak) and the United
Kingdom (e.g., Sellafield). Collectively, these studies have not found significant associations between
mortality rates from respiratory tract disease, other than cancer, and exposures to plutonium among
workers at these facilities. Possible associations between exposure to plutonium and pulmonary fibrosis
were examined in a cohort of workers (n=326) at Rocky Flats. The study assessed lung interstitial
abnormalities from the most recent available x-rays in relation to estimated lung equivalent dose from
plutonium. Estimated lung equivalent doses ranged from O to 28 Sv (approximately 73% <1 Sv). The
odds ratio (adjusted for age, smoking status, and evidence from pleural abnormalities from possible
asbestos exposure) was significant for the dose group 210 Sv (5.3, 95% CI: 1.2-23.4). A report of one
study was based on scoring radiographs for the severity of chest abnormalities considered consistent with
fibrosis, and did not include information regarding a possible association between these lung

abnormalities and clinical symptoms of disease.

Radiation pneumonitis has been observed following inhalation exposure of dogs, nonhuman primates
(monkeys and baboons), and rodents to plutonium (primarily insoluble) compounds, and was identified as
primary, major contributing, or incidental cause of death in some dogs and nonhuman primates that
inhaled ***Pu0,, **Pu0Q,, or *’Pu(NO;). Results of lifetime studies in dogs indicate that radiation
pneumonitis in the *Pu0,-exposed dogs occurred at lower ILBs and had a shorter time to onset
compared to Z**PuQ,- or *’Pu(NO;)s-exposed dogs. This observation is consistent with the toxicokinetic

differences observed for inhaled plutonium compounds, showing that inhaled **PuQ, is cleared from the
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lung more slowly than **Pu0, and **Pu(NOs),. The radiation pneumonitis/pulmonary fibrosis
progressively impaired lung function, including alveolar-capillary gas exchange, resulting in increases in
respiratory rate, minute volume, arterial CO, pressure, and lung stiffness, along with decreases in tidal
volume and arterial O, pressure. Increases in radiation dose and dose rate corresponded to reduced times
to the onset of symptoms and increased severity of effects. Radiation pneumonitis tended to be observed

at lower ILBs in the 0.75 and 1.5 pm AMAD groups than in the 3.0 um AMAD group.

Hematological Effects. Possible associations between exposure to plutonium and mortality from
hematopoietic diseases have been examined in studies of workers at plutonium production and/or
processing facilities in the United States (Rocky Flats), United Kingdom (Sellafield). Collectively, these
studies have not found significant associations between mortality rates from diseases of blood or blood-

forming organs and exposures to plutonium among workers at these facilities.

Compound- and dose-dependent decreased numbers of selected white blood cells were observed in dogs
exposed to plutonium aerosols. Primary hematological effects following pulmonary deposition of ***Pu0Q,
and “’Pu(NOs), were lymphopenia and neutropenia, whereas lymphopenia was both the first biological
effect to be observed and the primary hematological effect of inhaled ***PuQ,. Persistent hematological
effects occurred in ***Pu0,- and *’PuQ,-exposed dogs with initial lung burdens as low as 0.28 kBqg/kg
initial lung burdens that elicited hematological effects in ***Pu(NO;),-exposed dogs appeared to be
somewhat higher (mean initial lung burdens >5.91 kBq/kg. For **°Pu0Q,-exposed dogs, the time of onset
for significant lymphopenia was inversely related to dose (112 days, 180 days, 1 year, or up to 5 years for
ILBs of 29, 14, 6.4, and 3.7 kBg/kg lung, respectively). Decreased lifespan was observed, although some
of these dogs exhibited a return to normal lymphocyte counts after 5 years. No changes in red blood cell
counts were observed through year 7 other than a compensatory increase in animals with pneumonitis or
pulmonary fibrosis. Plutonium accumulated in the lymph nodes of the ***Pu0Q,-exposed dogs, resulting in
lymphoid atrophy and fibrosis, especially in the trachiobronchial region. The lymphopenia was
considered to be the result of lymphocytes being irradiated as they passed through pulmonary lymph

nodes.

Hepatic Effects. Possible associations between exposure to plutonium and mortality from liver
disease (e.g., liver cancer) have been examined in studies of workers at U.S. plutonium production and/or
processing facilities (Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia (Mayak) and the

United Kingdom (e.g., Sellaficld). Collectively, these studies have not found significant associations
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between mortality rates for liver disease, other than cancer, and exposures to plutonium among workers at

these facilities.

Elevated serum liver enzymes (indicative of adverse liver effects),were the most consistent indicators of
non-neoplastic liver effects in dogs exposed to aerosols of ***Pu0, and *’Pu(NOs), at levels resulting in
mean initial lung burdens >0.36 and >0.19 kBq/kg, respectively. No consistent changes in serum liver
enzymes were seen in > PuQ,-exposed dogs. Although elevated liver enzymes may serve as indicators of
hepatotoxicity, clinical signs of liver dysfunction (i.e., ascites, icterus clotting disorders) were not

observed in the **PuQ,-exposed dogs.

Musculoskeletal Effects. Possible associations between exposure to plutonium and mortality from
bone disease (¢.g., bone cancer) and other musculoskeletal diseases have been examined in studies of
workers at U.S. plutonium production and/or processing facilities (Hanford, Los Alamos, Rocky Flats), as
well as facilities in Russia (Mayak) and the United Kingdom (e.g., Sellafield). Collectively, these studies
have not found significant associations between mortality rates for bone or musculoskeletal disease, other
than cancer, and exposures to plutonium among workers at these facilities. Radiation osteodystrophy,
observed in dogs with high intakes of plutonium, would be expected in humans following intake of large

amounts of plutonium.

Radiation osteodystrophy, characterized by peritrabecular fibrosis, osteosclerosis, and osteoporosis, was
observed on necropsy in dogs exposed to *PuQ,. The incidence and severity was dose-related and was
seen at mean initial lung burdens as low as 1.17 kBg/kg; necrotic osteoblasts and empty lacunac near
endosteal surfaces were observed at relatively high initial lung burdens. Although osteodystrophy in
“*Pu0, exposed dogs was often associated with bone tumors, it also occurred in the absence of bone

tumors. Radiation osteodystrophy has also been reported in dogs that inhaled **Pu(NO;),.

Immunological Effects. Possible associations between exposure to plutonium and mortality from
immunological or lymphoreticular disecases have been examined in studies of workers at plutonium
production and/or processing facilities in the United States (Rocky Flats) and the United Kingdom
(Sellafield). Collectively, these studies have not found statistically significant associations between
mortality rates from diseases of the immunological or lymphoreticular systems and exposures to

plutonium among workers at these facilities.
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Histopathologic lesions of lymph nodes, particularly tracheobronchial lymph nodes, have been observed
following exposure of dogs to aerosols of “*Pu0,, ***Pu0,, or **Pu(NO;),. Fibrosis and loss of lung-
associated and mediastinal lymph nodes were observed in dogs exposed to **PuQ, at levels resulting in
mean initial lung burdens >10 kBg/kg. Severity of non-neoplastic lesions was dose-related, progressing
from lymphoid atrophy of medullary cords to significant lymph node atrophy with hypocellular scar
tissue replacing lymphoid tissue. Similar dose-related atrophy and fibrosis of lung-associated,
mediastinal, sternal, and hepatic lymph nodes were observed in dogs exposed to »’Pu0Q,. Sclerotic lymph
nodes were observed in the groups of **Pu(NO;),-exposed dogs with mean initial lung burdens

>5.91 kBg/kg, but lymph node lesions in these dogs were considered less severe than those observed in

“¥Pu0;- or *’Pu0,-exposed dogs.

Results of studies on immunological function indicate that inhalation exposure to **PuQ, impairs T-cell
response to antigens, as indicated by decreased response to antigen. A study detected accelerated aging of
the T-cell response to mitogenic stimulation in dogs that had been exposed to **Pu0Q, 10 years carlier.
Other reports of ***Pu0,-induced effects from plutonium exposure include decreases in pulmonary

alveolar macrophages in mice and depressed antibody-forming cells in hamsters.

Cardiovascular Effects. Possible associations between exposure to plutonium and cardiovascular
disease have been examined in studies of workers at production and/or processing facilities in the United
Kingdom (Sellafield). One study compared mortality rates between plutonium workers and other
radiation workers within a cohort of Sellafield workers and found the mortality rate ratios were
significantly elevated for cerebrovascular disease (1.27, p<0.05) in a cohort of Sellafield workers. The
cumulative internal uptakes of plutonium in the cohort were estimated to range from 0 to 12 kBq, with
approximately 75% of the cohort having cumulative uptakes <250 Bq. Another study compared mortality
rates between plutonium workers and other radiation workers within a cohort of Sellafield workers and
found that morality rate ratios for plutonium workers were significantly elevated for deaths from

circulatory disease (2.18, p<0.05) and ischemic heart disease (4.46, p<0.01).

No significant changes in cardiovascular function were seen in dogs exposed to **PuQ, at initial lung
burdens up to and including those resulting in radiation pneumonitis; observed right ventricular

hypertrophy was most likely a compensatory response to decreased respiratory function.

Gastrointestinal Effects. Gastrointestinal effects were observed in rats following oral administration

of **Pu/kg (as plutonium citrate) by gavage. Effects included mild hypertrophy of the crypts of the small
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intestine in neonatal rats that received an oral dose of 5,300 kBq ***Pu/kg; total obliteration of epithelial
cells and crypts, combined with intestinal hemorrhaging, were noted in rats that received 17,400 kBq
“*Pu/kg. Increased neutrophils were noted on the surface epithelium and superficial cellular layers of the
large intestine in adult rats given 155 uCi **PuQ,/kg (5,740 kBq/kg). This effect was noted at 3 (but

not 6) days posttreatment.

2.3 MINIMAL RISK LEVELS (MRLs)

Inhalation MRLs

No acute-, intermediate-, or chronic-duration inhalation MRLs were derived for plutonium due to the lack
of suitable human or animal data regarding health effects following inhalation exposure to plutonium.
The strongest evidence for plutonium exposure-response and radiation dose-response relationships in
humans is for cancers of the lung, liver, and bone. Although non-neoplastic lesions have been observed
in animals exposed to 2¥py0,, *’Pu0,, and 239Pu(N 0;),, these lesions occurred in association with acute

exposures that also resulted in fatal cancers.

Oral MRLs

No acute-, intermediate-, or chronic-duration oral MRLs were derived for plutonium due to the lack of
suitable human or animal data regarding health effects following oral exposure to plutonium. No data are
available on exposure- and radiation dose-response relationships in humans for oral exposures to
plutonium. Animal studies of health effects of oral exposures to plutonium have not examined major
health outcomes that would be expected to occur from absorbed plutonium (e.g., effects on skeleton, liver,

and lymphopoietic systems).
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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 plutonium. 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 at the end of this profile.

Plutonium (Pu) is a radioactive element and a member of the actinides in the periodic table. Although
trace amounts of plutonium exist naturally in the environment, the plutonium in the environment today
has been (and continues to be) formed primarily from anthropogenic activity related to nuclear fission.
Environmental plutonium levels are generally low and not of significant health concern. Anthropogenic
isotopes with masses ranging from 228-247 have been produced and recorded on the chart of the
nuclides; however, *Pu and **Pu, in their oxide and nitrate forms, are the plutonium isotopes most
widely used in health effects studies. They are also the dominant isotopes that contribute to
environmental and occupational exposure. Plutonium nitrates are associated with dissolving uranium-
plutonium metal matrices after plutonium is produced in a nuclear reactor or by an accelerator.
Plutonium oxides form on the surface of plutonium metal and are released through the machining of

plutonium metal parts or the incomplete fissioning of plutonium during weapons detonation.

Most plutonium isotopes emit a high energy (generally >5 MeV) alpha particle and low energy (<20 keV)
gamma and x-rays as they transform into uranium. The others (**' Pu and ***Pu) undergo beta minus
decay and transform into isotopes of americium. The radiation dose from plutonium can be designated as
either external (if the material is outside the body) or internal (if it is inside the body). The total radiation
dose is the sum of external and internal radiation doses. The external dose from most plutonium isotopes
is low because the x- and gamma-rays are of very low branching intensity and energy and the high energy
alpha particles travel only very short distances and can only affect the outermost (epidermal) layers of
intact skin even when in direct dermal contact. External beta emissions from isotopes such as **'Pu can
travel slightly farther and may even penetrate the outer dermal layers, but are generally not of significant
health concern unless a beta-emitting plutonium isotope comes into direct contact with the skin. Extreme
skin contamination from plutonium-produced alpha and beta radiation, which could potentially occur in

accidents or the workplace, might induce dermal and subdermal effects such as erythema, ulceration, or
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even tissue necrosis. Internally deposited plutonium, however, possesses the potential to produce
significant health effects via transfer of energy from alpha particles to nearby cellular molecules. Once
plutonium is internalized, the distribution, retention, and excretion kinetics, paired with the plutonium

decay and energy deposition parameters, determine how the radiation dose increases over time.

In radiation biology, the term absorbed dose refers to the amount of energy deposited by radiation per unit
mass of material (¢.g., tissue), and is expressed in units of rad or gray (Gy) (see Appendix D for a detailed
description of principles of ionizing radiation). One Gy is equivalent to 100 rad. Because alpha radiation
is more biologically damaging internally than other types of radiation (i.e., x-rays, gamma rays, beta
particles), a given absorbed dose (rad or Gy) is multiplied by a radiation weighting factor of 20 for alpha
radiation or 1 for x-rays, gamma rays, and beta particles to obtain a quantity that expresses, on a common
scale for all ionizing radiation, the biological damage (dose equivalent in units of rem or Sievert [Sv]) to a
particular tissue. One Sv is equivalent to 100 rem. The committed dose equivalent is typically the
radiation dose to a particular organ or tissue that is received from an intake of radioactive material by an
individual during the 50-year period following the intake. The internal dose from plutonium is estimated
using the quantity of material entering the body (via inhalation, ingestion, or dermal absorption), the
biokinetic parameters for plutonium (distribution, retention, and excretion), the energies and intensities of
the various radiations emitted, and the parameters describing the profile of absorbed energy within the
body. For example, for a person who inhales a given activity of ***Pu (measured in becquerel [Bq] or
curies [Ci]), a certain portion is retained and the body will absorb all of the alpha and beta energy emitted
and some of the gamma energy in a pattern reflecting the temporal and spatial (tissue) distribution of the
Py (which might be a function of age), the isotope decay rate, the production and decay rates of the
progeny radionuclides, and radiation energy absorption factors. Each tissue, therefore, receives a tissue-
specific radiation dose. The effective dose reflects the integration of dose over the time interval of
interest and a tissue weighting factor scheme based on the relative sensitivities of the tissues and organs.
Radiation-induced adverse health effects are related to the extent of molecular damage resulting from
both direct ionization of atoms within range of the emitted radiation energy and interaction of radiation-
produced free radicals with nearby molecules. Tissue damage occurs when the molecular damage is

sufficiently extensive and insufficiently repaired in a timely manner.

Uptake-to-dose conversion factors (dose coefficients) are typically expressed in terms of committed dose
equivalent per unit intake of activity (Sv/Bq). Age-specific dose coefficients for isotope-specific
inhalation and/or ingestion are available in U.S. EPA Federal Guidance Report Number 11 (EPA 1988b);
U.S. EPA Federal Guidance Report Number 13 (EPA 1999) and supplemental CD (EPA 2002);
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International Commission on Radiological Protection (ICRP) publications 56 (ICRP 1990), 71 (ICRP
1996a), and 72 (ICRP 1996b); and the ICRP CD-ROM system (ICRP 2001).

3.2 DISCUSSION OF HEALTH EFFECTS OF PLUTONIUM 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-cffect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious” or "serious" effects. "Serious" effects are those 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. LOAELs 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 concemed 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
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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.

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.

3.21 Inhalation Exposure

Possible associations between exposure to plutonium and adverse health outcomes have been examined in
studies of workers at the U.S. plutonium production and/or processing facilities (Hanford, Los Alamos,
Rocky Flats), as well as facilities in Russia (e.g., Mayak) and the United Kingdom (e.g., Sellafield).
Strengths and weaknesses of each study must be considered in interpreting the overall weight of evidence
for plutonium-associated health outcomes in these populations. Studies that have individual subject
plutonium dose or exposure measurements and that present exposure- or dose-response analyses are much
stronger than those that simply compare risks for a group of exposed subjects with those for a group of
unexposed subjects. A common study design has been to construct plutonium worker cohorts based
solely on whether the individuals had been monitored for plutonium. However, this strategy may result in
inclusion of workers who have been monitored but never experienced an internal plutonium deposition.
The magnitude of the doses received in the study population is also an important design factor. In
general, studies of populations that experienced relatively small plutonium radiation doses have limited
statistical power for detecting plutonium effects; this includes all of the U.S. and U K. worker studies.
Failure to find significant associations between plutonium exposure and/or radiation dose in low-dose
studies does not mean that such associations do not exist. In addition to statistical power, biological
plausibility of findings must be considered. Effects observed in organs that receive relatively large
plutonium radiation doses (e.g., lung, liver, bone) are more credible than effects observed in organs that
are likely to have received relatively small plutonium radiation doses and may have been caused by other
uncontrolled factors in the study (e.g., other forms of radiation, chemical exposures). Similarly,
associations to plutonium exposure are more uncertain when observed effects are limited to tissues that
receive relatively small doses of plutonium (i.e., in the absence of effects in tissues that received much
higher plutonium radiation doses). Elevated risk in plutonium-exposed workers does not necessarily
imply causal association to plutonium. Demonstration of a consistent increase in risk in association with
increasing plutonium radiation dose is far stronger evidence of a causal relationship than a simple
elevation of risk in an exposed group compared to an unexposed referent group. Common to the

iterpretation of any epidemiological studies of workers are factors such as the “healthy worker effect"
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(c.g., relatively low mortality or morbidity rates in workers because of loss of unhealthy workers from the
working population), false positive findings attributable to assessments of multiple outcomes in a single
study, and adequate treatment of confounding and co-variables that may affect the measured outcome

independently or in association with plutonium radiation dose.

Numerous animal studies are available regarding adverse health effects following inhalation exposure to
plutonium compounds; studies were conducted in nonhuman primates, dogs, and rodents. The discussion
of animal studies in this profile has primarily focused on the wealth of information that has developed on
the toxicology of plutonium in beagle dogs exposed by inhalation. The series of lifetime dog studies,
conducted by the Inhalation Toxicology Research Institute (ITRI) and Battelle Pacific Northwest
Laboratory (PNL) as a multi-laboratory effort during the 1950s through the 1990s, provide the most
complete evaluations of the adverse health effects associated with inhaled plutonium compounds. Dogs
were selected as the experimental model for these studies based on their relatively long life span (12—

15 years) and physiologic and anatomical features common to dogs and humans (particularly regarding
hematopoictic, pulmonary, and skeletal systems) (DOE 1989). Although conducted by two different
laboratories, the ITRI and PNL studies used similar experimental protocols and evaluated the same
comprehensive toxicological end points, providing an extensive database on the toxicity of inhaled
plutonium. Therefore, information provided in the following sections primarily relies on data from the
lifetime exposure studies in the ITRI and PNL dogs; results of inhalation studies conducted in rodents and

nonhuman primates are briefly reviewed and included as supportive data.

The most widely studied plutonium compound, ***Pu0Q., is only moderately soluble, which results in long-
term retention in the lung following inhalation exposure. Other plutonium compounds assessed in
lifetime dog studies include **PuQ, (more rapidly cleared from the lung than **PuQ, due to much higher
specific activity, which results in fragmentation) and **Pu(NOs), (more chemically soluble than *Pu0,).
Studies conducted by PNL investigated the effects of single inhalation exposures of adult dogs to ***Pu0,,
“*Pu0,, or *’Pu(NO;),. The lifetime exposure studies conducted by ITRI evaluated the effects of single
exposures of adult dogs to ***Pu0, and *Pu0Q, of varying particle sizes, single exposures of juvenile and
elderly dogs to ***Pu0,, and repeated exposures of adult dogs to ***Pu0O, (Table 3-1). An overview of the
complete series of lifetime exposure studies conducted by both PNL and ITRI was published by DOE
(1989). A substantial amount of health effects data for the Pu-exposed dogs is available. In addition,
comprehensive reports were published in the late 1990s for ***Pu0,-induced health effects in the ITRI
(Muggenburg et al. 1996) and PNL (Park et al. 1997) dogs. A comprehensive report has recently been
finalized for *°Pu0O,-exposed dogs from the ITRI facility (Muggenburg et al. 2008). At present, available
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Table 3-1. Selected Exposure Details from the ITRI and PNL Dog Studies and
Conversion Procedures Used to Compare Initial Lung Burden in Common

Units of kBq/kg Body Weight

Exposure and conversion information

Study references

238Pqu:

ITRI evaluated single inhalation exposure of young adult male and female
dogs (12—-15 months of age) at two AMAD patrticle sizes, 1.6 and 2.9 um.
Test material was prepared at high calcining temperatures (700 °C).
Exposed dogs were assigned to one of six groups, which resulted in
median ILBs (range) of 0 (0), 0.36 (0.10-0.69), 1.05 (0.77-1.55),

2.84 (1.85—4.06), 5.99 (4.42-8.42), 11.2 (8.59-15.2), and 23.7 (15.3-45.4)
kBa/kg body weight for dogs inhaling 1.6 um AMAD patrticles, and 0 (0),
0.47 (0.15-0.77), 1.35 (0.84—1.70), 3.00 (2.39-3.79), 7.02 (4.07-9.37),
12.6 (10.4-15.6), and 25.4 (19.7-43.1) kBg/kg/body weight for dogs
inhaling 2.9 ym AMAD particles. Because effects did not appear to depend
on particle size, the study authors combined the results from the separate
studies.

PNL evaluated single inhalation exposure of young adult male and female
dogs (12-20 months of age). Test material prepared at high calcining
temperatures (750 °C). Mean ILBs of 0, 0.13, 0.68, 3.1, 13, 52, and
210 kBqg were reported for controls and 6 experimental groups (Park et al.
1997), and were converted to mean ILBs of 0, 0.01, 0.061, 0.28, 1.17, 4.68,
and 18.9 kBg/kg body weight by dividing the reported ILBs by the reported
median body weight of 11.1 kg at aerosol exposure.

239Pqu:

ITRI evaluated single inhalation exposure of young adult male and female
dogs (12—-15 months of age) at three different AMAD particle sizes, 0.75,
1.5, and 3.0 ym. Test material was prepared at high calcining
temperatures (700 °C). Because effects did not appear to depend on
particle size, the study authors combined the results. Median ILBs (range)
of 0 (0), 0.19 (0.026-0.35), 0.63 (0.37-0.96), 1.6 (1.0-2.4), 3.7 (2.6—-4.8),
6.3 (6.2-9.3), 14 (10-20), and 30 (21-74) kBq/kg body weight were
reported for controls and six experimental groups.

PNL evaluated single inhalation exposure of young adult male and female
dogs (12-20 months of age) at an AMAD particle size of 2.3 um. The test
material was prepared at high calcining temperatures (750 °C). Mean ILBs
of 0,0.12, 0.69, 2.7, 11, 41, and 213 kBq were reported for controls and
six experimental groups, and were converted to mean ILBs of 0, 0.01,
0.064, 0.25, 1.0, 3.83, 19.9 kBq/kg body weight by dividing the reported
ILBs by the reported mean body weight of 10.7 kg at the time of aerosol
exposure.

ITRI evaluated single and repeated exposure of young adult male and female
dogs (12—-15 months of age) at an AMAD particle size of 0.75 um.
Repeated exposures were once every 6 months for a total of 20 exposures.
A mean ILB of 3.9 kBg/kg was reported for dogs exposed once; the mean
total alveolar deposition was 5.3 kBqg/kg body weight in the repeatedly-
exposed dogs.

DOE 1989; Gillett et
al. 1988; Hahn et al.
1991a; Muggenburg
et al. 1996

DOE 1978a, 1988a,
1989; Park et al.
1995, 1997; Weller et
al. 1995a, 1996

Diel et al. 1992; DOE
1989; Hahn et al.
1999; Muggenburg et
al. 1988, 1999

DOE 1988a, 1989;
Weller et al. 1995b

Diel et al. 1992; DOE
1989
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Table 3-1. Selected Exposure Details from the ITRI and PNL Dog Studies and
Conversion Procedures Used to Compare Initial Lung Burden in Common
Units of kBq/kg Body Weight

Exposure and conversion information Study references

ITRI evaluated single exposure of juvenile male and female dogs (3 months DOE 1989, 1994b
of age) at an AMAD particle size of 1.5 ym. The dogs were placed into one
of eight groups based on intended ILB, resulting in mean ILBs of 0, 0.018,
0.11,0.37,1.1, 2.3, 3.7, 7.0, or 19 kBg/kg body weight.

ITRI evaluated single exposure of aged male and female dogs (7—10 years of DOE 1988d, 1989
age) at an AMAD of 3.0 um. The dogs were placed into one of five groups
based on intended ILB. The reported mean ILBs of 0, 0.033, 0.091, 0.18,
and 0.37 uCi/kg body weight were converted to 0, 1.22, 3.37, 6.6, and
13.7 kBg/kg, respectively (1 uCi = 37 kBq).

ITRI evaluated single inhalation exposures of beagle dogs (n=108 exposed  Muggenburg et al.
and 18 controls for each sex) using three separate particle sizes (0.75, 1.5, 2008
and 3.0 um AMAD with individual particle activities from 0.048 to 7.4 mBq),
and four to eight graded exposure levels for each particle size (with median
ILBs of 0.16, 0.63, 1.6, 3.7, 6.4, 14, and 29 kBq/kg lung). ILB was
measured after allowing time for mucociliary clearance using **yp
incorporated into the 2Fpy particles as a tracer. Animals were followed until
death. Information was collected on retention, distribution, respiratory
function, and pathology. Data by time after exposure and particle size
include percent activity retention, activity distribution and retention in five
types of lymph nodes, lymphocyte counts, surviving fraction, lung dose,
lung tumor probability, occurrence of radiation pneumonitis and its impact
on respiratory function, malignant and benign tumors by organ system and
type, causes of death, and competition between pneumonitis and lung
cancer, Particle size was converted to activity, with 0.75 and 3.0 pm
AMAD particles containing 0.048 and 7.4 mBq of **Pu, respectively.

ZPu(NO,)4:

PNL evaluated single exposure of young adult male and female dogs (17— Dagle et al. 1996;
22 months of age) at an AMAD patrticle size of 0.81 ym. Mean ILBs of 0, 0, DOE 1986b;1988b,
212; 844; 56+17; 295+67; 1,709+639; and 5,445+1,841 nCi were reported 1989, 1994a; Park et
for unexposed controls, vehicle controls, and exposed groups 1-6, al. 1995
respectively, and were converted to mean ILBs of 0, 0, 0.0069, 0.030,
0.207,1.02, 5.91, and 18.83 kBq/kg body weight by converting nCi to kBqg
(1 nCi = 0.037 kBq), which were then divided by a mean body weight of
10.7 kg (the reported mean body weight for the ***Pu0,-exposed PNL
dogs, which was assumed to represent the “*Pu(NO;)-exposed PNL dogs
as well since body weight data for these dogs were not located in available
study reports).

MCi = microCurie; AMAD = activity median aerodynamic diameter; ILB = initial lung burden; ITRI = Inhalation
Toxicology Research Institute; kBq = kiloBequerel; PNL = Pacific Northwest Laboratory
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“*Pu(NOs), data from the dog studies consist of interim and annual reports and more recent publications
that focus on selected end points of toxicity. The presentation of health effects in the dog studies from
ITRI and PNL in this Toxicological Profile for Plutonium focuses primarily on results of the available

comprehensive reports and secondarily on results of interim data.

Inhalation exposures in the dog studies were quantified using radiological measurements to estimate
initial plutonium burdens (activity or activity-per-body weight or activity-per-organ weight), rather than
acrosol concentrations of plutonium. In the ITRI and PNL studies, exposure groups were defined as
ranges or group means based on initial plutonium burdens. However, over the 30-year time span of
publications, initial plutonium burdens were quantified using several different units (e.g., uCi, uCikg
lung weight, kBq, kBg/kg body weight, total kBq deposited in the lung); thus, data obtained from a single
study may have been reported in several different publications over a span of time during which changes
may have been made in conventions for reporting initial lung burdens. The convention of kBg/kg body
weight has been selected to express initial lung burden for the ITRI and PNL dog studies summarized in
this toxicological profile for plutonium. Table 3-1 summarizes reported initial lung burden data from
cach of these studies, as well as any additional data used for conversions to the convention of kBg/kg
body weight. Selected interim and final reports and all publicly-available comprehensive reports were
consulted for relevant exposure and health effects data. It should be noted that for a particular study,
various reports may vary slightly in estimated initial lung burdens. In this toxicological profile for
plutonium, the most recent publications typically served as the definitive source of initial lung burden

data.

As discussed in Section 3.5, Mechanisms of Toxicity, plutonium-induced health effects are considered to
be the result of energy deposited by alpha particle emissions in tissues that retain plutonium for extended
periods (i.e., lung, bone, liver following inhalation exposure). Similar health effects would be expected

from any alpha-emitting source that would result in similar cuamulative tissue-specific radiation dose and

dose rate.

3.2.1.1 Death

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and mortality
have been examined in studies of workers at the U.S. plutonium production and/or processing facilities
(Hanford, Los Alamos, Rocky Flats), as wells as facilities in Russia (Mayak) and the United Kingdom

(c.g., Sellafield). The most recent findings from these studies are summarized in Table 3-2. Collectively,
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of

Plutonium

Reference, study location,

period, and study description Dose measurement®

Findings and interpretation

United States:

Reference: Brown et al. 2004 Internal lung
Location: Denver (Rocky Flats), dose (mSv) Percent
Colorado 0 54
Period: 1951-1989

. i 0-100 18
Design: retrospective case control

. >100-400 13
Subjects: workers at Rocky Flats

>400-644 5

Plant, cases (n=180, 7 females); ~644-900 5
controls (n=720, 24 females) who >940 5
also worked at the plant and were
matched with cases for age, birth
year, and gender
Outcome measures: lung cancer
mortality
Analysis: incidence OR for
cumulative internal lung dose,
cumulative penetrating dose, period
of first hire, and employment years
(logistic regression models, adjusted
for birth year and smoking)

plutonium or inbred 1Am

Reference: Gilbert et al. 1989b
Location: Hanford, Washington

Internal Pu
exposure

Period: 1944-1981 (kBa) Percent
Design: retrospective cohort <0074 28 7
Subjects: workers at the Hanford 0.074-1.47 30
plant (n=31,500, 12,600 females) >'1 48 ' 13
who were hired during the period ' '
1944-1978.

Outcome measures: cancer mortality
Analysis: trend test for mortality
ratios stratified by external radiation
dose or internal Pu exposure
(adjusted for age, calendar year,

sex, and number of years
monitored)

98% internal lung dose from

In full cohort, OR for lung cancer mortality
significant at dose strata 400-644 mSy, but
was not significantly elevated at higher doses;
there was no significant trend with dose. When
restricted to subjects employed for 15—

25 years, OR was significant at dose strata
>644 mSyv with significant dose trend,
however, there was no evidence of a positive
trend for those employed <10 years or

>25 years.
Internal
lung OR (95% CI
dose OR (95% CI) full employed 15—
(MSv) cohort 25 years
0 1.0 (reference) 1.0 (reference)
0-100 1.42 (0.87-2.33) 1.14 (0.46-2.86)
>100-400 1.60 (0.83-3.10) 2.11 (0.86-5.20)
>400-644 2.71 (1.20-6.09) 2.74 (0.92-8.19)
>644-900 2.30 (0.96-5.53) 3.20 (1.15-8.94)
>940 1.48 (0.56-3.89) 5.04 (1.55-
16.40)

No evidence for statistically significant excess
cancer mortality or trend in cancer mortality
with external radiation or Pu internal deposition
(i.e., all cancers, digestive tract, lung,
lymphatic and hematopoietic, prostatic).
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of
Plutonium

Reference, study location,
period, and study description Dose measurement® Findings and interpretation

Reference: Newman et al. 2005 Plutonium lung radiation dose Significant elevated risk for abnormal lung
Location: Denver, Colorado in exposed group: profusion score in lung dose strata >10 Sv:
Period: 1951-1998 Dose (Sv) n (percent) Lung dose (Sv) OR (95% ClI

Design: retrospective cohort »

Subjects: male workers at Rocky 8 28 ?gi (37%) ?9:;1 2) g Eggzgg;

Flats plant (n=326) hired between >0-1 187 (36% : -

1951 and 1958 with lifetime doses (36%)  5-<10 17(0.5-6.6)

) 1—<5 101 (19%) >10 5.3 (1.2-23.4)

>0.1 Sv; unexposed controls 0

(n=194, 12 females) 5-<10 22 (4%)

Outcome measures: lung opacity 210 16 (3%)

profusion score (based on most

recent x-ray) for assessment of

pulmonary fibrosis

Analysis: multivariate logistic

regression to test association

between plutonium radiation dose

categories and disease prevalence

(covariates: age at x-ray, smoking

status, evidence of pleural

abnormalities [surrogate for

asbestos exposure])

Reference: Voelz et al. 1997 Pu body burden (Bq) SMR and MRR not significantly elevated in
Location: Los Alamos, New Mexico mean 970 plutonium workers (compared to controls):
Period: 1943-1990 median 565 SMR MRR
Design: retrospective cohort range 50-3 180 Category Deaths (95% CI) (95% CI)
Subjects: adult male workers at Los ' All deaths 7 0.43 (0.17- 0.77 (0.36—
Alamos National Laboratory Pu body dose (mSv) 0.88) 16)
exposed to plutonium in 1944-1945 mean 208 All 3 0.75(0.15— 1.5 (0.46—
(n=26); controls (n=876) workers not median 125 cancers 2.18) 4.9)
exposed to plutonium range 0.1-7.2 Lung 1 0.68 (0.01— 3.31(0.44-
Outcome measures: mortality cancer 3.79) 25)
Analysis: incidence rates of exposed Prostate 1 3 42' (0.04- No data
group compared to controls cancer ’ 19 04)

(adjusted for age and year of death) Bone y 96.4 (126— No data

cancer 536.0)

Reference: Wiggs et al. 1994 Pu body MRR not significantly associated with
Location: Los Alamos, New Mexico burden (Bq) n plutonium body burden (<74 Bq compared to
Period: 1944-1990 <74 3472 >74 Bq):

Des?gn: retrospective cohort 574 3’03 Category MRR (95% C|
Subjects: male workers at Los All deaths 0.89 (0.69—1 14
Alamos National Laboratory Al cancers ' ' '

(n=15,727 employed 1943-1973).
Plutonium worker cohort consisted
of 3,775 workers ever monitored for
plutonium exposure

Outcome measures: mortality
Analysis: incidence rates for workers
with plutonium whole-body
deposition =74 Bg compared to

<74 Bq (adjusted for age and year of
death)

Respiratory tract cancer

Lung cancers

Bone cancer

Lympho/hematopoietic
cancer

( )
1.07 (0.67-1.69)
1.77 (0.79-3.96)
1.78 (0.79-3.99)
not reported (n=0)
0.34 (0.05-2.24)
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of
Plutonium

Reference, study location,
period, and study description

Dose measurement®

Findings and interpretation

Reference: Wing et al. 2004
Location: Hanford, Washington
Period: 1944-1994

Design: retrospective cohort
Subjects: workers at the Hanford
plant (n=26,389, 8,145 females) who
were hired during the period 1944—
1978. Plutonium worker cohort
consisted of workers in routine
plutonium-associated jobs (n=3,065)
or non-routine jobs (n=8,266).
Outcome measures: cancer mortality
Analysis: multivariate regression to
test association between length of
employment in jobs with plutonium
exposure potential and mortality rate
(covariates: age, race, gender, birth
date, socioeconomic status,
employment status)

Russia:

Reference: Gilbert et al. 2004
Period: 1955-2000

Design: retrospective cohort
Subjects: workers at Mayak
Production Association (n=21,790,
5,332 female) employed during the
period 1948-1972

Outcome measures: lung cancer
mortality

Analysis: risk per unit of plutonium
radiation dose (Poisson regression
models, adjusted for age, gender,
year of death, age at hire)

Not reported

Pu lung dose
(Gy)

<DL

>0-0.2

>0.2-1.0

>1.0-3.0

>3.0-5.0

>5.0

n

1,560 (25%)
3,688 (60%)
688 (11%)
163 (2.6%)
39 (0.6%)
55 (0.9%)

mean: 0.24 Gy (lung)
mean: 1.84 kBq (body)

Workers in the plutonium-associated jobs
category had lower death rates from all
cancers, cancers of the lung, and “plutonium-
cancers” (lung, liver, bone, and connective
tissue) than other Hanford workers. Trends for
increased mortality and duration of routine
plutonium-associated jobs were as follows:

Percent increase (£ SE) in
mortality per year in
plutonium jobs (LRT for trend
at 1 df; higher value means
stronger association with job
duration)

Age <50 years Age >50 years
Non-external 0.1+0.9 (0.01) 2.0+1.1(3.37)
deaths
All cancers  -1.5+1.7 (0.79) 2.6+2.0 (1.60)
Pucancers 0.6+0.05(0.05) 4.9+3.3 (2.17)
(lung, liver,
skeletal,
lymphatic)
Lung cancers -1.0+2.7 (0.14) 7.143.4 (4.06)

Cancer mortality risk was linearly related to
plutonium radiation dose. Excess relative risk
per Gy declined strongly with attained age
(Gilbert et al. 2004). Increased ERR for lung
cancer mortality in association with increasing
lung dose (per Gy attained at age 60 years):

Lung dose RR males RR females
(Gy) (95% CI) (95% ClI)

>0-0.2 1.4(1.0-1.8) 0.91(<0.91—-

3.1)

>0.2-1.0 2.4(1.5-3.6) 16(6.1-37)

>1.0-3.0 10 (6.3-15)

>3.0-5.0 19 (9.5-35)

>1.0-5.0 15 (3.0-38)

>5.0 33 (14-67) 250 (110-660)

ERRperGy 4.7(3.3-6.7) 19(9.5-39)
lung dose
ERR perSv  0.23(0.16— 0.93 (0.46—
lung dose 0.33) 1.9)
ERRperGy 3.9(26-58) 19(7.7-51)
lung dose
(for subjects
with
smoking
data,
adjusted for
smoking)
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of

Plutonium

Reference, study location,
period, and study description

Dose measurement®

Findings and interpretation

Reference: Gilbert et al. 2000
Period: 1948-1996

Design: retrospective cohort
Subjects: workers at Mayak
Production Association (n=11,000)
hired during the period 1948—-1958
Outcome measures: liver cancer
mortality

Analysis: relative risk for plutonium
body burden (general linear
regression model adjusted for age,
gender, year of death, external
radiation)

Reference: Jacob et al. 2005
Period: 1948-1998

Design: retrospective cohort
Subjects: male workers at Mayak
Production Association (n=5,058)
employed during the period 1948—
1972

Outcome measures: lung cancer
mortality

Analysis: excess relative risk per
plutonium dose unit (Sv)
(mechanistic multistage regression
model, adjusted for age and
multiplicative or sub-multiplicative
interaction with smoking)

Reference: Koshurnikova et al. 2000

Period: 1948-1996

Design: retrospective cohort
Subjects: workers at Mayak
Production Association (n=11,000)
hired during the period 1948—-1958
Outcome measures: bone cancer
mortality

Analysis: relative risk for plutonium
body burden (general linear
regression model adjusted for age,
gender, year of death, external
radiation)

Pu body burden (kBq)

Males 3.78
Females 6.05
Pu liver dose (Gy)

Males 0.47
Females 0.88

n=2,207 (monitored)

Pu lung dose (Sv)

mean (range)

All plants 3.0 (0-24)

Pu production 8.7 (0-81)

Radio-
chemical

Reactor

2.5 (0~15)

Pu body burden (kBq)

0.04 (0-0.40)

Males 3.78
Females 6.05
Pu bone surface dose (Gv)
Males 2.99
Females 5.56

n=2,207 (monitored)
Bone surface dose from
Gilbert et al. (2000)

Significantly increased RR within highest
plutonium body burden stratum:

Pu body RR males RR females
burden (95% Cl) (95% CI)
(kBq)

0-1.48 1.0 (reference) 1.0 (reference)

1.4-7.40 0.9(0.1-3.2) 7.1(0.9-59)

>7.4 9.2 (3.3-23) 66 (16-452)

All workers

>7.4 17 (8.0, 26)

Significant ERR for lung cancer mortality in
association with plutonium dose (per Sv),
adjusted for smoking:

Smoking interaction = ERR per Sv (95% Cl)

0.21 (0.15-0.35)
0.11 (0.08-0.17)

Multiplicative
Sub-multiplicative

Significantly increased RR for bone cancer
mortality within highest plutonium body burden
stratum:

Pu body burden (kBgq) RR (95% CI)

0-1.48 1.0 (reference)
1.48-7.40 0.9 (0.05-5.5)
>7.4 7.9 (1.6-32)
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of

Plutonium

Reference, study location,
period, and study description

Dose measurement®

Findings and interpretation

Reference: Kreisheimer et al. 2003

Pu lung dose (Gy)

Period: 1948-1999

Design: retrospective cohort
Subjects: male workers at Mayak
Production Association (n=4,212)
hired during the period 1948—-1958
Outcome measures: lung cancer
mortality

Analysis: excess relative risk per
plutonium dose unit (Gy, Sv)
(general linear regression models,
adjusted for age and multiplicative
interaction with smoking)

Reference: Shilnikova et al. 2003
Period: 1949-1997

Design: retrospective cohort
Subjects: workers at Mayak
Production Association (n=21,557,
24.2% female) employed during the
period 1948-1972

Outcome measures: cancer mortality
Analysis: regression models,
(adjusted for age, gender, year of
death, age at hire)

Reactor

Reference: Tokarskaya et al. 2006

Period: 1972-1999 Quartile
Design: retrospective case-control 1st
Subjects: workers at Mayak 2nd

Production Association (n=44 d
cases); controls (n=111) workers not 4th
exposed to plutonium matched for
year of birth, gender, year of starting
work, work assignment

Outcome measures: liver cancer
morbidity

Analysis: OR for plutonium liver
dose (Gy) (logistic regression model,
adjusted for alcohol consumption,
y-radiation dose)

Pu production
Radiochemical

0.450
0.140
Not reported

Pu body burden
2.9-18.5kBq

Cumulative lung Pu dose:
0.28-1.92 Gy

(hired 1948-1954)

Pu liver dose
(Gy)

0

0-0.07

>0.07-0.54

>0.54-16.9

Significant ERR for lung cancer mortality:
ERR unit ERR (95% CI

ERR per Gy 4.50 (3.15-6.10)
ERR per Sv (assuming 0.23 (0.16-0.31)
a-radiation quality
factor=20)

Increased risk of plutonium cancers (i.e., lung,
liver or skeletal) in association with increased
internal exposure (p<0.001). Increased risk of
leukemia in association in increasing external
gamma radiation dose (p=0.04), but not for
internal exposure to plutonium.

Significant ORs for liver cancers:
Pu liver dose (Gy) OR (95% CI)

All liver cancers

0-2.0 1.0 (reference)
>2.0-16.9 11.3 (3.6-35.2)
Hemiangiosarcomas

0-2.0 1.0 (reference)
>2.0-5.0 41.7 (4.6-333)
>5.0-16.9 62.5 (7.4-500)
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of

Plutonium

Reference, study location,

period, and study description Dose measurement®

Findings and interpretation

United Kingdom:

Reference: Carpenter et al. 1998
Period: Before 1976—-1988

Design: retrospective cohort
Subjects: workers at U.K. nuclear
facilities during the period before
1976-1980 (n=40,761,

3,366 females). Plutonium worker
cohort consisted of 12,498 workers
ever monitored for plutonium
exposure

Outcome measures: cancer mortality
Analysis: mortality incidence rates in
workers monitored for plutonium
exposure compared to workers not
monitored (adjusted for age, gender,
year of death, social class)

Not reported

Reference: McGeoghegan et al. Pu internal lung radiation

2003 dose:
Period: 1947-1998 Dose (mSv)
Design: retrospective cohort Mean 345
Subjects: female workers ever Median 1'59
employed at Sellafield plant Maxi 1.78
(n=6,376). Plutonium worker cohort a>o<|mum
consisted of 5,203 workers ever Sth% 0.36

95th% 8.89

monitored for plutonium exposure
Outcome measures: mortality and
cancer morbidity

Analysis: mortality and morbidity
incidence rates in plutonium workers
compared to other radiation and
non-radiation workers

MRR for workers monitored for plutonium were
not significant (monitored compared to not
monitored):

Category MRR (95% CI
All cancers 1.01 (0.90-1.13)
Lung and bronchus

cancer 1.18 (0.97-1.42)

Pleura cancer

Liver and gall bladder
cancer

Bone cancer

1.97 (0.71-5.49)

2.00 (0.59-6.38)
1.01 (0.12-7.35)

Trends for all cancers were statistically
significant (p<0.05), while those for lung and
bronchus cancer were not:

Years since MRR lung and
first MRR bronchus
monitored all cancers* cancer

<10 0.79 0.95

10-19 0.95 1.26

>20 1.20 1.26

Number of MRR lung and
years MRR bronchus
monitored all cancers* cancer

<10 0.85 1.09

10-19 0.92 0.99

>20 1.15 1.45

Significant (p<0.05) MRR for plutonium
workers compared to other radiation workers
(Cls not reported) with no significant trends
with organ-specific plutonium radiation doses:

MRR (*p<0.01;
Category p<0.05)
Mortality
All deaths 2.20*
All cancers 3.30*
Breast cancer 3.77*
Circulatory disease 2.18**
Ischemic heart 5.46*
disease
Respiratory tract 4.05
disease
Digestive system 0.65
disease
Morbidity

Breast cancer 2.61**
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Table 3-2. Summary of Human Epidemiology Studies of Health Effects of

Plutonium

Reference, study location,

period, and study description Dose measurement®

Findings and interpretation

Reference: Omar et al. 1999
Period: 1947-1992
Design: retrospective cohort

Cumulative Pu exposure:
Exposure (Bq) Percent

Subjects: workers at Sellafield plant 2;%28500 Zg
(n=14,319, 2,689 females) who were >500-750 7
employed at any time during the

period 1947-1975; plutonium worker :25000_01'000 g

cohort consisted of 5,203 workers
ever monitored for plutonium

exposure Pu internal radiation dose

Outcome measures: mortality and ~ (mean) :
cancer morbidity Tissue Dose (Sv)
Analysis: mortality and morbidity Bone surfaces 3282
incidence (1971-1986) in pluto_nlgm Lungs 45-896
workers compared to other radiation .
e Liver 421

and non-radiation workers . .

Digestive tract 8

Whole body 219-355

Significant (*p<0.01; **p<0.05) MRR for
plutonium workers compared to other radiation
workers (Cls not reported). Significant
negative trend for deaths from all cancers with
internal plutonium plus external radiation
doses (trend tests for internal plutonium doses,
alone, were not reported). No other significant
dose trends.

Category MRR
All cancers 1.05
Breast cancer 7.66*
Not cancer 0.98

Cerebrovascular disease  1.27**
Respiratory tract disease 0.88
Digestive system disease 0.60**

@1 kBg=0.027 uCi; 1Gy=100 rad; 1 Sv=100 rem

Cl = confidence interval; df = degrees of freedom; DL = detection limit; ERR = excess relative risk; LRT = likelihood
ratio test; MRR = mortality and/or morbidity rate ratio; OR = odds ratio; RR = relative risk; SE = standard error
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these studies provide evidence for an association between cancer mortality (bone, liver, lung) and
exposure to plutonium. Plutonium dose-response relationships for lung cancer mortality and morbidity
have been corroborated in four Mayak studies (Gilbert et al. 2004; Jacob et al. 2005; Kreisheimer et al.
2003; Sokolnikov et al. 2008). Estimated excess relative risk in these four studies (adjusted for smoking)
were as follows: (1) 3.9 per Gy (95% CI. 2.6-5.8) in males and 19 per Gy (95% CIL: 9.5-39) in females
(Gilbert et al. 2004); (2) 7.1 per Gy (95% CI: 4.9-10) in males and 15 per Gy (95% CI. 7.6-29) in
females at attained age of 60 years (Sokolnikov et al. 2008); (3) 4.50 per Gy (95% CI:. 3.15-6.10) in
males (Kreisheimer et al. 2003); and (4) 0.11 per Sv (95% CI: 0.08-0.17) or 0.21 per Sv (95% CI: 0.15-
0.35) (Jacob et al. 2005), depending on the smoking-radiation interaction model that was assumed (these
estimates per Sv correspond to 2.2 or 4.3 per Gy, respectively, assuming a radiation weighting factor of
20 for a-radiation). The excess relative risk per Gy in Mayak workers declined strongly with attained age

(Gilbert et al. 2004).

The risks of mortality and morbidity from bone and liver cancers have also been studied in Mayak
workers (Gilbert et al. 2000; Koshurnikova et al. 2000; Shilnikova et al. 2003; Sokolnikov et al. 2008;
Tokarskaya et al. 2006). Increasing estimated plutonium body burden was associated with increasing
liver cancer mortality, with higher risk in females compared to males. Relative risk for liver cancer for a
cohort of males and females was estimated to be 17 (95% CI: 8.0-26) in association with plutonium
uptakes >7.4 kBq; however, when stratified by gender, the relative risk estimate for females was 66 (95%
CI: 16-45), while for males, it was lower at 9.2 (95% CI: 3.3-23; Gilbert et al. 2000). Risk of bone
cancer mortality in this same cohort (n=11,000) was estimated to be 7.9 (95% CI. 1.6-32) in association
with plutonium uptakes >7.4 kBq (males and females combined; Koshurnikova et al. 2000). Risks of
leukemia mortality in the same cohort were not associated with internal plutonium exposure (Shilnikova
etal. 2003). In a case control study of Mayak workers, the odds ratio for liver cancer was 11.3 (95% CI:
3.6-35.2) for subjects who received doses >2.0-5.0 Gy (relative to 0-2.0 Gy), and the odds ratios for
hemangiosarcomas were 41.7 per Gy (95% CI: 4.6-333) for the dose group >2.0-5.0 Gy and 62.5 per
Gy (95% CI. 7.4-500) for the dose group >5.0-16.9 Gy. Doses were estimated based on periodic urine
sampling (Tokarskaya et al. 2006). Sokolnikov et al. (2008) reported averaged-attained age ERRs for
liver cancer of 2.6 per Gy (95% CIL: 0.7-6.9) for males and 29 per Gy (95% CIL: 9.8-95) for females, and
averaged-attained age ERRs for bone cancer of 0.76 per Gy (95% CI. <0-5.2) for males and 3.4 per Gy
(95% CI. 0.4-20) for females. Elevated risks for bone cancer were observed only for workers with
plutonium doses exceeding 10 Gy. For lung and bone cancer, the ERR declined with attained age, and for

lung cancer, the ERR declined with age at first plutonium exposure.


http:3.15%e2%80%936.10
http:0.08%e2%80%930.17

PLUTONIUM 35

3. HEALTH EFFECTS

Epidemiological studies of cancer mortality and morbidity are described in detail in the discussion of

cancer from inhaled plutonium (Section 3.2.1.7).

Studies in Animals.

Exposure of Dogs to “*Pu0Q,. Decreased survival of dogs following inhalation of ***PuQ, was observed
in the ITRI and PNL studies (Muggenburg et al. 1996; Park et al. 1997). In both studies, postexposure
survival decreased with increasing initial **Pu lung burden. In the ITRI study, survival appeared to
decrease in dogs exposed to **PuQ; acrosols at a median initial lung burden as low as 0.36 kBq/kg body
weight, although it was most apparent at median initial lung burdens >1.05 kBg/kg (Muggenburg et al.
1996). At a mean initial lung burden of 23.7 kBqg/kg, mean postexposure survival was only 1,316 days
(range: 536-1,517 days), whereas mean survival of vehicle-exposed controls was 4,580 days (range:
3,694-5,694 days). In the ***PuO,-cxposed dogs at PNL, mean initial lung burdens ranged from 0.01 to
18.9 kBg/kg body weight and survival was decreased at all levels, but statistically significantly decreased
only at mean initial lung burdens >1.17 kBq/kg (Park et al. 1997). Radiation pneumonitis, lung tumors,
bone tumors, and liver tumors were competing causes of death in the ***PuQ,-exposed dogs of both ITRI

and PNL (Muggenburg et al. 1996; Park et al. 1997).

Exposures of Dogs to “’Pu0,. Premature death was also observed in dogs exposed to aerosols of
PuQ,. In the ITRI studies, a dose-related decrease in mean survival time was observed, with survival
time inversely related to initial lung burden (Hahn et al. 1999; Muggenburg ¢t al. 1999, 2008). Decreased
postexposure survival was evident at a median initial lung burden as low as 0.63 kBg/kg. Survival ranged
from 152 to 5,941 days in dogs with initial lung burdens between 1 and 10 kBq/kg. At the highest
median initial lung burden (29 kBg/kg), postexposure survival times were as short as 105-1,525 days
compared to 1,893-6,308 days in acrosol vehicle-exposed controls. In the PNL dogs, survival times were
decreased at mean initial lung burdens >1 kBg/kg body weight (DOE 1988a; Weller et al. 1995b).
Radiation pneumonitis/interstitial fibrosis and lung tumors were the primary cause of premature death in
ITRI and PNL dogs highly exposed to ***PuQ, aerosols. The first two effects are shown together since
the inflammation from radiation pneumonitis is constant due to long-term plutonium retention, and long-

term inflammation always resulted in interstitial fibrosis.

Exposures of Dogs to “’Pu(NO;),. Decreased survival was observed in PNL dogs exposed to acrosols of
**Pu(NOs), resulting in initial lung burdens >1.02 kBq/kg body weight (DOE 1986b, 1988b; Park et al.
1995). In the highest exposure group (mean initial lung burden 18.83 kBq/kg), death due to radiation
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pneumonitis was noted as early as 14 months postexposure (DOE 1988b). Radiation pneumonitis was the
primary cause of early deaths. Lung tumors and bone tumors were the primary causes of death among

dogs that either did not develop radiation pneumonitis or survived the condition (Park et al. 1995).

Exposure of Other Laboratory Animal Species. Decreased survival has been observed in rats exposed to
**Pu0, (Lundgren ct al. 1995; Métivier et al. 1986; Oghiso and Yamada 2003a; Oghiso ct al. 1994b,
1998; Sanders and Lundgren 1995; Sanders et al. 1976, 1988a, 1988b, 1993b), mice (Lundgren et al.
1987), hamsters (Lundgren et al. 1983; Sanders 1977), and baboons (Metivier et al. 1974, 1978b). In
these animal species, death was usually caused by radiation pneumonitis accompanied by edema, fibrosis,
and other signs of respiratory damage. Three Cynomolgus monkeys died at 155, 188, and 718 days,
respectively, after acrosol exposure to Z"Pu(NO;), at levels projected to produce an initial total lung

burden of 40 kBq (1.1 uCi); each was diagnosed with radiation pneumonitis (Brooks et al. 1992).

The highest NOAEL values and all reliable LOAEL values for deaths in each species and duration

category are recorded in Table 3-3.

All reliable LOAEL values for death in dogs and nonhuman primates exposed to acrosols of plutonium

are recorded in Table 3-3 and plotted in Figure 3-1.

3.2.1.2 Systemic Effects

No studies were located regarding dermal/ocular effects in humans or animals after inhalation exposure to

plutonium.

Respiratory Effects.

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and
respiratory tract disease have been examined in studies of workers at U.S. plutonium production and/or
processing facilities (Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia (Mayak) and the
United Kingdom (e.g., Sellaficld). The most recent findings from these studies are summarized in
Table 3-2. Study outcomes for mortality from lung or respiratory tract disease (¢.g., cancer and other
causes) are described in Section 3.2.1.1 (Brown et al. 2004; Carpenter et al. 1998; Gilbert et al. 1989b,
2004; Jacob et al. 2005; Kreisheimer et al. 2003; McGeoghegan et al. 2003; Omar et al. 1999; Wiggs et
al. 1994; Wing et al. 2004). Collectively, these studies have not found statistically significant



Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

a
Key to Species
Figure (Strain)

Exposure/ LOAEL
Duration/
Fr((;‘louu(i:;:y NOAEL Less Serious Serious Reference

System (kBq/kg) (kBg/kg) (kBg/kg) Chemical Form Comments

ACUTE EXPOSURE

Death

1 Monkey once
(Cynomolgus)

2 Monkey once
(Rhesus)

3 Dog once
(Beagle)

4 Dog once
(Beagle)

5 Dog once
(Beagle)

6 Dog once
(Beagle)

7 Dog Once
(Beagle)

8 M (fatal radiation

pneumonitis)

11.7 M (fatal radiation

5.91

0.77

0.63

pneumonitis)

(decreased survival)

(fatal radiation
pneumonitis)

(fatal radiation
pneumonitis)

(markedly decreased
survival)

(fatal radiation
pneumonitis)

(decreased survival)

Brooks et al. 1992
239Pu(NO3)4

LaBauve et al. 1980

239Pu02

DOE 1988a Group mean ILB.
239Pu02

DOE 1988b Group mean ILB.
239Pu(NO3)4

Hahn et al. 1999 Group median ILB.
239Pu02

Muggenburg et al. 1996 Group median ILB.
238Pu02

Muggenburg et al. 2008 Group median ILB.
239Pu02
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key td Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain)  (Route) i
g System (kBg/kg) (kBq/kg) (kBg/kg) Chemical Form Comments
9 Dog once 1.02 (decreased survivalat9 Parketal 1995 Group median ILB.
(Beagle) years; 55% compared to  239pu(NO3)4
90% in controls)
8 Dog ?8?;0 min 1 (significantly decreased ~ Park etal. 1997 Group mean ILB.
(Beagle) survival) 238PUO2
Systemic
10 Monkey once .
Resp 1.9M 4.8 M (pulmonary lesions Brooks et al. 1992
(Cynomolgus) consisting of interstitial 239Pu(NO3)4
fibrosis and alveolar
epithelial proliferation)
Hemato 19M
1" Dog once Hemato 1.02 591 (significantly decreased DOE 1988b Group mean ILB.
(Beagle) lymphocyte, neutrophil, 239Pu(NO3)4

total leukocyte counts)
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key to Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBq/kg) (kBq/kg) (kBg/kg) Chemical Form Comments
12 (DB°9 " once Resp 83 (fatal radiation Muggenburg et al. 1996 Lowest individual ILB
eagle neumonitis resulting in fata
P ) 238Pu02 radiation pneumonitis.
Group median ILB for
hemato and hepatic
effects.
Hemato 1 (decreased lymphocyte
count)
Hepatic 5 (increased serum liver
enzymes: ALP, ALT)
13 Dog Once Resp 063 16 (fatal radiation Muggenburg et al. 2008 Group median ILB
(Beagle) pneumonitis) 239PUO2
Hemato 1.6 3.7 (significantly decreased
lymphocyte count)
14 Dog once Hepatic ~ 00069 0028 (significantly increased Park et al. 1995 Group mean ILB.
(Beagle) severity of adenomatous 239Pu(NO3)4
hyperplasia)

S103443 HLIVIH €

WNINOLNTd
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr((;‘ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBq/kg) (kBq/kg) (kBg/kg) Chemical Form Comments
15 (DB°egagle) 0080 i Resp 028 (chronic radiation Park et al. 1997 grsc’pllifatrgfya”hLLnE]’aft%r
neumonitis :
P ) 238Pu02 and hepatic effects.
Hemato 0.28  (lymphopenia)
Musc/skel 0.28 1 (radiation
osteodystrophy)
Hepatic 0.28 (increased serum liver
ALT and ALP)
16 Dog once Hemato  0.075 118 (intermittent Weller et al. 1995b Mean ILB for
(Beagle) lvmphobenhia nonlymphopenic dogs.
ymphopenia) 239Pu02
Cancer
17 (DB°egagle) once 025 (CEL: lung tumors) DOE 1988a IEI’_aBSZ?] 5’?a?arf’m$”ea”
239Pu02 tumors.
18 Dog once 019 (CEL: bone tumors) DOE 1994a Group mean ILB.
239Pu(NO3)4
19 Dog once 0.4 (CEL: bone tumors) Muggenburg et al. 1996 Lowest ILB at which
(Beagle) 538PUO2 tumors were detected.
0.3 (CEL: lung, liver tumors)
2 (I:I)_D,oegag|e) onee 0.63 (CEL: lung tumors) Muggenburg et al. 2008 Group median ILB

239Pu02

S103443 HLIVIH €
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

(continued)

Exposure/ LOAEL

Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBq/kg) (kBq/kg) (kBg/kg) Chemical Form Comments
21 Dog once Park et al. 1997 Group mean ILB.

: 1 CEL: bone tumors
(Beagle) 10-30 min ( )

0.061 (CEL: lung tumors)

238Pu02

a The number corresponds to entries in Figure 3-1.

ALP = alkaline phosphatase; ALT = alanine aminotransferase; BW = body weight; CEL = cancer effect level, Hemato = hematological; ILB = initial lung burden; kBg/kg BW = initial
lung burden in kilobecquerel/kilogram body weight; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); NOAEL = no-observed-adverse-effect level; Resp =

respiratory
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Figure 3-1 Levels of Significant Exposure to Plutonium - Inhalation
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associations between mortality rates from noncancer respiratory tract diseases and exposure to plutonium

among workers at these facilities.

Possible associations between exposure to plutonium and pulmonary fibrosis was examined in a cohort of
workers (n=326) at Rocky Flats (Newman et al. 2005). The study assessed lung interstitial abnormalities
from the most recent available x-rays in relation to estimated lung equivalent doses from plutonium.
Estimated lung equivalent doses ranged from 0 to 28 Sv (approximately 73% <1 Sv). The odds ratio
(OR) (adjusted for age, smoking status, and evidence from pleural abnormalities from possible asbestos
exposure) was significant for the dose group with lung equivalent doses >10 Sv (OR 5.3, 95% CI. 1.2—
23.4). The report of Newman et al. (2005) was based on scoring radiographs for the severity of chest
abnormalities consistent with fibrosis, and did not include information regarding a possible association

between these lung abnormalities and clinical symptoms of discase.

Studies in Animals. Radiation pneumonitis has been observed following plutonium (primarily insoluble)
acrosol exposure of dogs, nonhuman primates (monkeys and baboons), and rodents. As discussed in
Section 3.2.1.1, radiation pneumonitis was identified as primary, major contributing, or incidental cause

of death in some dogs and nonhuman primates that inhaled 2Py, *Pu0,, or 239Pu(N03)4 aerosols.

Muggenburg et al. (2008) studied the effect of plutonium ILB and radiation dose on radiation
pneumonitis in beagles as part of a plutonium lifespan composite study. The relationship between
pneumonitis induction and the cause of death was reported to be a function of the plutonium ILB, the
resulting cumulative radiation dose, and the particle size to some extent. Increased ILB and plutonium
dose rate were associated with the fraction of animals with radiation pneumonitis as primary, major
contributing, or incidental cause of death. A trend was observed for the induction of radiation
pneumonitis at lower ILBs in the 0.75 and 1.5 ym AMAD groups than in the 3 pm AMAD group. At
radiation doses sufficient to produce radiation pneumonitis, the resulting inflammation was a chronic
symptom due to long-term retention of **PuQ, in the lung. As a result, *’PuO--induced radiation
pneumonitis was always associated with pulmonary fibrosis. The radiation pneumonitis/pulmonary
fibrosis progressively impaired lung function, including alveolar-capillary gas exchange, resulting in
increases in respiratory rate, minute volume, arterial CO, pressure, and lung stiffness, along with
decreases in tidal volume and arterial O, pressure. Symptoms in order of decreasing frequency were
tachypnea, increased breath sounds, body weight loss, anorexia, dyspnea, cyanosis, bradycardia, and

discharge from the nose, eyes, or mouth. Increasing radiation dose and dose rate corresponded to
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progressively shorter times to onset of symptoms and increased severity of effects (Muggenburg et al.
2008).

Results of inhalation toxicity studies in dogs show that the clinical course of radiation pneumonitis is
similar following exposure to **PuQ, or **PuQ,. The typical initial presenting symptom of radiation
pneumonitis is tachypnea (increased number of breaths per minute) with radiological evidence of
pulmonary interstitial infiltrate. Histopathological findings include interstitial pneumonia with alveolar
epithelial hyperplasia, vasculitis, inflammatory cells infiltration, and pulmonary fibrosis (Muggenburg et
al. 1996, 1999, 2008; Park et al. 1997). Results of the ITRI and PNL studies indicate that radiation
pneumonitis in the *°Pu0,-exposed dogs occurred at lower initial lung burdens and had a shorter time to
onset of symptoms (Muggenburg et al. 2008) compared to that observed in **Pu0Q,- or **Pu(NO;),-
exposed dogs. This observation is consistent with toxicokinetic differences observed for inhaled
plutonium compounds, showing that inhaled **Pu0, is cleared from the lung more slowly than ***Pu0O,

and *Pu(NO;), (see Section 3.4, Toxicokinetics).

Exposure of Dogs to “*Pu0Q,. In the ITRI ***Pu0, dog studies, the first symptom of radiation
pneumonitis (tachypnea) was observed at approximately 600 days after initial exposure (Muggenburg et
al. 1996). Pulmonary function tests performed periodically over several years on a subgroup of dogs with
radiation pneumonitis (mean initial lung burden 28 kBg/kg) showed progressive changes in lung function
including decreased dynamic lung compliance, decreased CO diffusing capacity, increased alveolar-
arterial pO,, pulmonary edema (a near terminal event), and decreased arterial pO, (terminal event).
Pulmonary interstitial or septal fibrosis was observed at necropsy in all dogs with radiation pneumonitis;
severity was dose-related. Radiation pneumonitis was the primary cause of death in eight dogs with
initial lung burdens of 8.3-45 kBqg/kg (Muggenburg et al. 1996). Similar observations were reported in
the PNL studies on ***PuQ,, with chronic radiation pneumonitis observed in dogs with initial lung

burdens >0.28 kBqg/kg (Park et al. 1997).

Exposure of Dogs to ”’Pu0Q,. Chronic radiation pneumonitis also was observed in the ITRI and PNL
dogs exposed to **PuQ, acrosols. In the ITRI studies, tachypnea was first observed in cases of nonfatal
radiation pneumonitis approximately 1 year after exposure (Muggenburg et al. 1988). Morphological
changes to the lung included alveolar epithelial hyperplasia and interstitial fibrosis (Muggenburg ¢t al.
2008). Radiation pneumonitis was observed in dogs dying from 0.3 to 11.7 years after inhaling **Pu0,,
with the time to death inversely related to initial lung burden (Hahn et al. 1999; Muggenburg et al. 1999,
2008). The lowest initial lung burden causing fatal radiation pneumonitis was 1.0 kBg/kg (Muggenburg
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ctal. 1999, 2008). The time to death from radiation pneumonitis was not different in I'TRI dogs
administered a single exposure (initial lung burden of 3.9 kBg/kg) or repeated exposures (7-10 semi-
annual exposures for a mean total lung burden of 5.3 kBg/kg) (Diel et al. 1992). Death due to radiation
pneumonitis was observed in ***Pu0,-exposed PNL dogs at mean initial lung burdens >1 kBq/kg (DOE
1988a; Weller et al. 1995b). Histopathologic changes to lungs included interstitial and subpleural
fibrosis, alveolar hyperplasia, and squamous metaplasia. Radiation pneumonitis and lung cancer were
competing causes of death in dogs that inhaled **PuQ,. The frequencies of both radiation pneumonitis
and lung cancer were the same in dogs receiving an average ILB of 3.7 kBq/kg from **’PuQ,. At higher
doses, radiation pneumonitis occurred more frequently to the point that dogs died without signs of cancer
at an average ILB of 29 kBq/kg. At lower doses, cancer occurred more frequently and radiation
pneumonitis was not observed at average ILBs <0.63 kBg/kg (Muggenburg et al. 2008). In the ITRI
dogs, radiation pneumonitis occurred at similar initial lung burdens whether the dogs were exposed as
juveniles, young adults, or elderly adults (DOE 1988d, 1989, 1994b; Hahn et al. 1999; Muggenburg ¢t al.
1999). Radiation pneumonitis-induced death occurred earlier in the dogs exposed as elderly adults than in

the dogs exposed as young adults (DOE 1988d).

Exposure of Dogs to “’Pu(N0O3),. Radiation pneumonitis was the primary cause of death in all five dogs
that died early following exposure to > Pu(NO;), acrosols at levels resulting in a mean initial lung burden
of 18.83 kBg/kg; death was noted as early as 14-months postexposure (DOE 1988b; Park et al. 1995).
Data on the time to onset and clinical progression of disease or histopathologic findings were not

reported.

Exposure of Other Laboratory Animal Species. Baboons that inhaled **Pu0Q, displayed a pattern of
respiratory disease similar to that observed in dogs. Radiation pneumonitis-induced mortality was
observed in one baboon within 400 days following exposure to **’Pu0Q, that resulted in an estimated initial
lung burden of 28.5 kBq/kg body weight (Metivier et al. 1974, 1978b). Higher initial lung burdens
resulted in earlier death from radiation pneumonitis accompanied by pulmonary edema. Radiation
pneumonitis and pulmonary fibrosis were also reported in Rhesus monkeys at initial lung burdens of

14.8 or 26.64 kBqg/kg (LaBauve et al. 1980). Dose-related increased severity of radiation pneumonitis
and pulmonary interstitial fibrosis were observed in Cynomolgus monkeys exposed to ***Pu(NOs), at
levels resulting in initial total lung burdens >4.8 kBg/kg (based on reported initial lung burdens and mean
body weight) (Brooks et al. 1992). Monkeys with the highest initial lung burdens exhibited extensive
alveolar septal fibrosis and zonal pleural fibrosis accompanied by lymphocytic infiltrates and epithelial

hyperplasia of alveolar lining cells. Radiation pneumonitis and pulmonary fibrosis have also been
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observed in rats, mice, and hamsters that inhaled **PuO, (DOE 1986d; Lundgren et al. 1983, 1987, 1995;
Oghiso et al. 1994b; Sanders 1977, Sanders and Mahaffey 1979).

The highest NOAEL values and all reliable LOAEL values for respiratory effects in dogs and nonhuman

primates exposed to acrosols of plutonium are recorded in Table 3-3 and plotted in Figure 3-1.

Cardiovascular Effects.

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and
cardiovascular disease have been examined in studies of workers at production and/or processing
facilities in the United Kingdom (Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999). These studics
are summarized in Table 3-2 and study outcomes for mortality from cardiovascular disease are described
in Section 3.2.1.1. Omar et al. (1999) compared mortality rates between plutonium workers and other
radiation workers within a cohort of Sellafield workers and found that the mortality rate ratios were
significantly elevated for cerebrovascular disease (1.27, p<0.05) in a cohort of Sellafield workers. The
cumulative internal uptakes of plutonium in the cohort were estimated to range from 0 to 12 kBq, with
approximately 75% of the cohort having cumulative uptakes <250 Bq. McGeoghegan et al. (2003)
compared mortality rates between plutonium workers and other radiation workers within a cohort of
Sellafield workers and found that morality rate ratios for plutonium workers were significantly elevated

for deaths from circulatory disease (2.18, p<0.05) and ischemic heart disease (4.46, p<0.01).

Studies in Animals. No significant changes in cardiovascular function were seen in the ITRI dogs
exposed to ’Pu0, at initial lung burdens up to and including those resulting in radiation pneumonitis;
observed right ventricular hypertrophy was most likely a compensatory response to decreased respiratory

function (Diel et al. 1992; Muggenburg et al. 1999).

Gastrointestinal Effects. Possible associations between exposure to plutonium and mortality from
diseases of the gastrointestinal tract have been examined in studies of workers at plutonium production
and/or processing facilities in the United Kingdom (Sellafield) (McGeoghegan et al. 2003; Omar et al.
1999). These studies are summarized in Table 3-2 and study outcomes for mortality are described in
Section 3.2.1.1. Collectively, these studies have not found statistically significant associations between
mortality rates from diseases of the digestive tract and exposure to plutonium among workers at these

facilities.
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No reports were located regarding gastrointestinal effects in animals exposed to plutonium aerosols.

Hematological Effects. Possible associations between exposure to plutonium and mortality from
hematopoictic diseases have been examined in studies of workers at plutonium production and/or
processing facilities in the United States (Rocky Flats) (Wiggs et al. 1994) and the United Kingdom
(Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999). These studies are summarized in Table 3-2
and study outcomes for mortality are described in Section 3.2.1.1. Collectively, these studies have not
found statistically significant associations between mortality rates from diseases of blood or blood-

forming organs and exposure to plutonium among workers at these facilities.

Studies in Animals. Inhalation exposure of dogs to plutonium compounds produced adverse
hematological effects, specifically decreased numbers of lymphocytes, neutrophils, and leukocytes.
Primary hematological effects of inhaled ***PuQ, and **Pu(NO;), were lymphopenia and neutropenia. In
contrast, lymphopenia was the only hematological effect of inhaled **PuQ,. The lymphopenia was
considered the result of lymphocytes being irradiated as they passed through plutonium-containing
pulmonary lymph nodes. Effects were not observed on other blood cell types, perhaps the result of the
small fraction of ***PuQ, that translocated to bone or bone marrow (Muggenburg ct al. 2008). No fatal
cancers of the hematopoietic system were reported in studies of dogs or monkeys exposed to plutonium.
Effects of plutonium compounds on functions of circulating immunological cells are discussed in

Section 3.2.1.2, Immunological and Lymphoreticular Effects.

Exposure of Dogs to “*Pu0,. Lymphopenia and neutropenia were observed in dogs exposed to **PuQs.
In the ITRI dogs, dose-dependent decreases in lymphocyte and neutrophil counts occurred during the first
year following exposure at initial lung burdens equal to 1 kBg/kg (Muggenburg et al. 1996). Similar
results were observed in the PNL dogs, although decreased lymphocyte counts were observed at a lower

initial lung burden (>0.28 kBq/kg) than decreased neutrophil counts (>4.68 kBq/kg) (Park et al. 1997).

Exposure of Dogs to “’Pu0Q,. Lymphopenia was both the first biological effect to be observed and the
primary hematological effect observed in dogs exposed to **PuQ,, although leukopenia, and transient
neutropenia have also been reported. Chronic lymphopenia developed during the first year of exposure in
the ITRI dogs with initial lung burdens >3.7 kBq/kg (Muggenburg et al. 1999, 2008). In the PNL dogs,
transient lymphopenia occurred at initial lung burdens >0.064 kBq/kg and transient and persistent
lymphopenia was noted at initial lung burdens >0.25 kBq/kg (Weller et al. 1995b). The time of

occurrence for significant lymphopenia was inversely related to dose (112 days, 180 days, 1 year, or up to
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5 years for respective average initial lung burdens of 29, 14, 6.4, and 3.7 kBg/kg). Although the
lymphocyte counts returned to normal after 5 years for some of these animals, all experienced a
shortening of life. No changes in red blood cell counts were observed through year 7 other than a
compensatory increase in animals with pneumonitis or pulmonary fibrosis. In addition to lymphopenia,
plutonium accumulated in the pulmonary lymph nodes of the **PuQ,-exposed dogs. This resulted
initially in corticomedullary lymphoid atrophy and fibrosis in the hilar areas, especially in the
trachiobronchial region, and progressed to relatively complete atrophy and focal scarring (Muggenburg et
al. 2008). Repeated inhalation exposure to *’Pu0Q, produced lymphopenia in dogs with total lung burden
of 5.3 kBg/kg (Diel et al. 1992).

Other hematological effects observed in dogs exposed to **’Pu0Q, acrosols include transient neutropenia,
leukopenia, and erythrocytosis. Transient neutropenia developed 4 months after exposure to 2" PuQ, in
the I'TRI dogs with initial lung burdens >8 4 kBq/kg, although the duration of the effect was not reported
(Weller et al. 1995b). A reduction in total leukocytes was also observed in the PNL dogs at the “higher”
(not otherwise specified) initial lung burden levels (Park et al. 1997). Erythrocytosis, secondary to
decreased diffusing capacity of the lungs due to radiation pneumonitis, was reported in the **PuQ,-
exposed ITRI dogs (Muggenburg et al. 1999, 2008). Erythrocyte counts in were not affected in the
#*Pu0,-cxposed PNL dogs (DOE 1988a).

Exposure of Dogs to “’Pu(NOs). Tn PNL dogs exposed to inhaled **’Pu(NO;)., hematological effects
were the first exposure-related effect observed. Lymphopenia, leukopenia, and neutropenia occurred
4 weeks after exposures resulting in initial lung burdens >5.91 kBq/kg (DOE 1988b). Leukopenia was

characterized by decreased numbers of neutrophils, lymphocytes, monocytes, and eosinophils.

Exposure of Other Laboratory Animal Species. Lymphopenia was noted in Rhesus monkeys exposed to
**Pu0, aerosols, but initial lung burdens resulting in this effect were not specified (LaBauve ct al. 1980).
Total leukocyte count (in the absence of lymphopenia and neutropenia) was decreased in Cynomolgus
monkeys exposed to > Pu(NOs),, but the initial lung burdens at which the effect was noted were not

specified (Brooks et al. 1992).

The highest NOAEL values and all reliable LOAEL values for hematological effects in each species and

duration category are recorded in Table 3-3.
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The highest NOAEL values and all reliable LOAEL values for hematological effects in dogs and

nonhuman primates exposed to acrosols of plutonium are recorded in Table 3-3 and plotted in Figure 3-1.

Musculoskeletal Effects.

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and mortality
from bone disease (¢.g., bone cancer) and other musculoskeletal diseases have been examined in studies
of workers at U.S. plutonium production and/or processing facilities (Hanford, Los Alamos, Rocky Flats),
as well as facilities in Russia (Mayak) and the United Kingdom (e.g., Sellafield). The most recent
findings from these studies are summarized in Table 3-2. Study outcomes for mortality (e.g., bone
cancer) are described in Section 3.2.1.1 (Carpenter et al. 1998; Koshurnikova et al. 2000; McGeoghegan
etal. 2003; Omar et al. 1999; Wiggs et al. 1994; Wing et al. 2004). Collectively, these studies have not
found statistically significant associations between mortality rates for noncancer bone or musculoskeletal
disease and exposure to plutonium among workers at these facilities (McGeoghegan et al. 2003; Omar et

al. 1999; Wiggs et al. 1994).

Studies in Animals. Radiation osteodystrophy, characterized by peritrabecular fibrosis, osteosclerosis,
and osteoporosis, was observed on necropsy in ITRI and PNL dogs exposed to ***Pu0Q, acrosols (Hahn et
al. 1991a; Muggenburg et al. 1996; Park et al. 1997). Although osteodystrophy in the ***PuQ,-exposed
ITRI dogs was often associated with bone tumors, it also occurred in the absence of bone tumors (Hahn et
al. 1991a; Muggenburg et al. 1996). In the ***PuQ,-exposed PNL dogs, radiation osteodystrophy was
observed at initial lung burdens >1.17 kBq/kg (Park et al. 1997). The incidence and severity of
osteodystrophy was dose-related and necrotic osteoblasts and empty lacunae near endosteal surfaces were
observed at high (not otherwise specified) initial lung burdens (Park et al. 1997). Radiation
osteodystrophy has also been reported in dogs exposed to 2*Pu(NO;), acrosols (DOE 1986b, 1989).

Information on plutonium-induced bone tumors is reviewed in Section 3.2.1.7, Cancer.

The highest NOAEL values and all reliable LOAEL values for musculoskeletal effects in each species

and duration category are recorded in Table 3-3.

The highest NOAEL values and all reliable LOAEL values for musculoskeletal effects in dogs and

nonhuman primates exposed to acrosols of plutonium are recorded in Table 3-3 and plotted in Figure 3-1.



PLUTONIUM 50

3. HEALTH EFFECTS

Hepatic Effects.

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and mortality
from liver disease (¢.g., liver cancer) have been examined in studies of workers at U.S. plutonium
production and/or processing facilities (Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia
(Mayak) and the United Kingdom (e.g., Sellafield). The most recent findings from these studies are
summarized in Table 3-2. Study outcomes for mortality (e.g., liver cancer) are described in

Section 3.2.1.1 (Carpenter et al. 1998; Gilbert et al. 1989b, 2000; McGeoghegan et al. 2003; Omar et al.
1999; Wiggs et al. 1994; Wing et al. 2004). Collectively, these studies have not found statistically
significant associations between mortality rates for noncancer liver disease and exposure to plutonium
among workers at these facilities (McGeoghegan et al. 2003; Omar et al. 1999; Wiggs et al. 1994).
Studies of liver cancer morbidity among Sellafield and Mayak workers are described in Table 3-2 and in

greater detail in Section 3.2.1.7 (McGeoghegan et al. 2003; Omar et al. 1999; Tokarskaya et al. 2006).

Studies in Animals. Adverse effects on the liver have been observed in dogs exposed to acrosols of
plutonium. Elevated serum liver enzymes and non-neoplastic liver lesions were noted in dogs exposed to
“*Pu0, and *’Pu(NOs)., and non-neoplastic liver lesions have been observed in dogs exposed to **Pu0,.
In addition, bile duct hyperplasia was observed in dogs treated with ***PuQ, and °Pu(NOs),. Although
clevated liver enzymes and non-neoplastic liver lesions indicate are indicative of plutonium-induced
hepatotoxicity, clinical signs of liver dysfunction (i.e., ascites, icterus, clotting disorders) have not been
observed (Park et al. 1997; Weller et al. 1995b). Information on plutonium-induced liver tumors is

reviewed in Section 3.2.1.2, Cancer.

Exposure of Dogs to “*Pu0,. Elevated serum alkaline phosphatase (ALP) and alanine aminotransferase
(ALT) was observed in **PuQ,-exposed ITRI and PNL dogs over the entire range of initial lung burdens
(=0.36 kBg/kg) (Muggenburg et al. 1996; Park et al. 1997; Weller et al. 1995b). The increased enzyme
activity exhibited a biphasic (early and late effects) response that was dependent on time and exposure
level (Park et al. 1997; Weller et al. 1995a). The time to occurrence was inversely related to initial lung
burden, with elevations observed by 6-8 years postexposure in dogs with initial lung burden of 1 kBq/kg
and in 4-6 years postexposure in dogs with higher initial lung burdens (=5 kBg/kg) (Muggenburg ¢t al.
1996). The most common non-neoplastic liver lesion was nodular hyperplasia (or adenomatous
hyperplasia), followed by vacuolar degeneration (Muggenburg et al. 1996). Periportal fibrosis and biliary
fibrosis were also observed in ***PuQ,-exposed dogs (Gillett et al. 1988).
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Exposure of Dogs to “’Pu0,. Centrilobular congestion and vacuolization were observed in dogs that
inhaled **PuQ, (initial lung burden >1 kBq/kg), although no consistent changes in serum liver enzymes
were seen (DOE 1988a).

Exposure of Dogs to *’Pu(NOs),. Serum liver enzymes ALP and glutamic pyruvic transaminase (GPT)
were significantly elevated In PNL dogs that inhaled **Pu(NO;),, at levels resulting in initial lung
burdens >0.19 kBq/kg (DOE 1988b, 1994a; Park et al. 1995). Bile duct hyperplasia was reported in
controls and plutonium-exposed dogs and did not appear to exhibit dose-related increased incidence or
severity (Dagle et al. 1996). However, the severity of observed nodular hyperplasia was significantly

higher in dogs with mean initial lung burdens ranging from 0.028 to 1.02 kBg/kg (Dagle et al. 1996).

Exposure of Other Laboratory Animal Species. Degenerative liver lesions (hepatic degeneration,
necrosis, fibrosis, and amyloidosis) were reported in Syrian hamsters exposed to ***PuO, (once or
repeatedly every other month for a total of seven doses over 12 months) at a target >*°Pu lung burden of
1.8 kBg/hamster; it was noted that the lesions observed in these hamsters were typical of those usually

seen in aged Syrian hamsters (Lundgren et al. 1983).

The highest NOAEL values and all reliable LOAEL values for hepatic effects in each species and

duration category are recorded in Table 3-3.

The highest NOAEL values and all reliable LOAEL values for hepatic effects in dogs and nonhuman

primates exposed to acrosols of plutonium are recorded in Table 3-3 and plotted in Figure 3-1.

Renal Effects. Possible associations between exposure to plutonium and mortality from diseases of
the kidney and genitourinary tract have been examined in studies of workers at plutonium production
and/or processing facilities in the United States (Rocky Flats) (Wiggs et al. 1994) and the United
Kingdom (Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999). These studies are summarized in
Table 3-2 and study outcomes for mortality are described in Section 3.2.1.1. Collectively, these studies
have not found significant associations between mortality rates from kidney or genitourinary tract discase

and exposure to plutonium among workers at these facilities.
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Endocrine Effects.

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and mortality
from endocrine disorders have been examined in studies of workers at plutonium production and/or
processing facilities in the United Kingdom (Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999).
These studies are summarized in Table 3-2 and study outcomes for mortality are described in

Section 3.2.1.1. Collectively, these studies have not found significant associations between mortality

rates from endocrine disorders and exposures to plutonium among workers at these facilities.

Studies in Animals. Hypoadrenocorticism was reported in >**Pu0,-exposed PNL dogs (n=6) with
individual initial lung burdens in the range of 1-25 kBg/kg body weight and was considered the cause of
death in 3 of the 6 dogs (Park et al. 1997). The time to detection of hypoadrenocorticism ranged from
1,263 to 4,616 days after exposure; physical symptoms included depression, weakness, dehydration,
bradycardia, and anorexia. Laboratory findings in affected animals (hemoconcentration, altered serum
Na:K ratio, hypochloremia, hypoglycemia, metabolic acidosis, and hypercalcemia) were consistent with
adrenal cortical insufficiency. Cardiovascular changes (bradycardia and other cardiac arrhythmias) were
consistent with hypoadrenocorticism-induced hypokalemia. Histopathological findings included bilateral
adrenal cortex atrophy with capsular thickening and fibrosis, and mononuclear cell infiltration. Results of
ACTH response tests indicated that hypoadrenocorticism resulted from adrenal cortical insufficiency
rather than from altered pituitary function. Based on the presence of anti-adrenal antibodies in serum,
hypoadrenocorticism may have resulted from an autoimmune disorder caused by radiation damage to the

lymphatic system (Park et al. 1997).

3.2.1.3 Immunological and Lymphoreticular Effects

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and mortality
from immunological or lymphoreticular diseases have been examined in studies of workers at plutonium
production and/or processing facilities in the United States (Rocky Flats) (Wiggs et al. 1994) and the
United Kingdom (Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999). These studies are
summarized in Table 3-2 and study outcomes for mortality are described in Section 3.2.1.1. Collectively,
these studies have not found statistically significant associations between mortality rates from diseases of
the immunological or lymphoreticular systems and exposures to plutonium among workers at these

facilities.
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Studies in Animals. As discussed in detail in Section 3.4, Toxicokinetics, inhaled plutonium compounds
are translocated to tracheobronchial lymph nodes, resulting in a high tissue concentration of plutonium
and sclerotic atrophy of lymph nodes. Exposure of lymphocytes in plutonium-laden tracheobronchial
lymph nodes is considered the probable cause of lymphopenia in the plutonium-exposed dogs (Ragan et
al. 1976). Effects of inhaled plutonium on the number lymphocytes circulating in blood are reviewed in

Section 3.2.1.2, Hematological Effects.

Histopathologic lesions of lymph nodes, particularly tracheobronchial lymph nodes, have been observed
following exposure to 8py0,, #Pu0,, or 239Pu(N 05)4. Fibrosis and loss of lung-associated and
mediastinal lymph nodes were observed in the ***PuQ,-exposed ITRI dogs with the highest initial lung
burdens, although specific levels resulting in this effect were not specified (Muggenburg et al. 1996).
Severity of non-ncoplastic lesions in ***PuQ,-exposed PNL dogs was related to dose, progressing from
lymphoid atrophy of medullary cords at an initial lung burden of 0.061 kBg/kg to significant lymph node
atrophy with hypocellular scar tissue replacing lymphoid tissue at higher (not otherwise specified) initial
lung burdens (Park et al. 1997). Similar dose-related atrophy and fibrosis of lung-associated, mediastinal,
sternal, and hepatic lymph nodes were observed in dogs exposed to *’PuQ, (DOE 1988a; Muggenburg ct
al. 1999, 2008). Sclerotic lymph nodes were observed in the groups of **Pu(NO;)s-exposed PNL dogs
with mean initial lung burdens >5.9 kBg/kg, but lymph node lesions in these dogs were considered less

severe than those observed in Z*PuQ,- or 239Pqu-exposed dogs (DOE 1986b, 1989).

Results of studies on immunological function indicate that inhalation exposure to *’PuQ, impairs T-cell
response to antigens, as indicated by decreased response to antigen (DOE 1978a). Davila et al. (1992)
detected accelerated aging of the T-cell response to mitogenic stimulation in dogs that had been exposed
to *’Pu0, 10 years earlier at levels resulting in mean initial lung burdens >6.5 kBq (0.61 kBq/kg,
assuming a body weight of 10.7 kg at time of *’Pu0Q, aerosol exposure). Other reports of ***Pu0,-
induced effects from plutonium exposure include decreases in pulmonary alveolar macrophages in mice

(Moores et al. 1986) and depressed antibody-forming cells in hamsters (Bice et al. 1979).

The highest NOAEL values and all reliable LOAEL values for immunological and lymphoreticular

effects in each species and duration category are recorded in Table 3-3.
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3.2.1.4 Neurological Effects

Possible associations between exposure to plutonium and mortality from brain or neurological diseases
have been examined in studies of workers at plutonium production and/or processing facilities in the
United States (Rocky Flats) (Wiggs et al. 1994) and the United Kingdom (Sellafield) (McGeoghegan et
al. 2003; Omar et al. 1999). These studies are summarized in Table 3-2 and study outcomes for mortality
are described in Section 3.2.1.1. Collectively, these studies have not found statistically significant
associations between mortality rates from diseases of the central or peripheral nervous systems and

exposures to plutonium among workers at these facilities.

3.2.1.5 Reproductive Effects

Possible associations between exposure to plutonium and mortality from diseases of the genitourinary
tract and diseases of pregnancy have been examined in studies of workers at plutonium production and/or
processing facilities in the United States (Rocky Flats) (Wiggs et al. 1994) and the United Kingdom
(Sellafield) (McGeoghegan et al. 2003; Omar et al. 1999). These studies are summarized in Table 3-2
and study outcomes for mortality are described in Section 3.2.1.1. Collectively, these studies have not
found statistically significant associations between mortality rates from genitourinary tract discase or

diseases of pregnancy and exposures to plutonium among workers at these facilities.

No studies were located regarding reproductive effects in animals following inhalation exposure to

plutonium compounds.

3.2.1.6 Developmental Effects

No studies were located regarding developmental effects in humans or animals following inhalation

exposure to plutonium compounds.

3.2.1.7 Cancer

Epidemiological Studies in Humans. Possible associations between exposure to plutonium and cancer
mortality and morbidity have been examined in studies of workers at the U.S. plutonium production
and/or processing facilities (Hanford, Los Alamos, Rocky Flats), as well as facilities in Russia (Mayak)
and the United Kingdom (¢.g., Sellafield). The most recent findings from these studies are summarized in

Table 3-2. Compared to studies of U.K. and U.S. facilities, the Mayak cohorts had relatively high
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exposures to plutonium (i.e., mean body burdens ranging from 0.09 to 9.2 kBq, with individual exposures
as high as 470 kBq (Krahenbuhl et al. 2005). Collectively, the Mayak studies provide evidence for an
association between cancer mortality and exposure to plutonium. Plutonium dose-response relationships
for lung cancer mortality have been corroborated in three Mayak studies (Gilbert et al. 2004; Jacob et al.
2005; Kreisheimer et al. 2003). Studies of U K. and U.S. facilities have examined cohorts of workers
who had substantially lower estimated plutonium exposures and corresponding internal radiation doses
than the Mayak cohorts (¢.g., Sellafield: body burdens <1 kBq in 97% of the assessed workers [Omar et
al. 1999]; Los Alamos: mean body burden 0.970 kBq, range: 0.05-3.18 kBq [Voelz et al. 1997]).
Although a significantly higher incidence of cancer mortality in certain groups of plutonium workers has
been found in some studies, higher cancer incidence and/or risks for tissues that received the highest
plutonium radiation doses (i.c., lung, liver, bone) have not been found, making causal connections of
these outcomes to plutonium exposure more uncertain (Brown et al. 2004; Carpenter et al. 1998; Gilbert

et al. 1989b; McGeoghegan et al. 2003; Omar et al. 1999; Wing et al. 2004).

Mayak Production Association Workers. Studies of mortality of plutonium workers at Russian facilities
are summarized in Table 3-2 (Gilbert et al. 2000, 2004; Jacob et al. 2005; Koshurnikova et al. 2000;
Kreisheimer et al. 2003; Sokolnikov et al. 2008). The total Mayak cohort includes approximately

22,000 workers; plutonium monitoring data exist on approximately 28% of subjects (Gilbert et al. 2004).
However, reliability of the monitoring data varies across subjects, which introduces uncertainty into
stratification of the cohort by estimated plutonium body burden or internal radiation absorbed dose (i.c.,
Gy) or effective dose equivalents (i.e., Sv). These data yielded estimates of mean plutonium body
burdens in the full cohort that ranged from 0.9 to 9.2 kBq (Krahenbuhl et al. 2005). The mean body
burden, based on data considered to be the most reliable, was 9.2 kBq (range: 0-469 kBq, n=805). In an
carlier analysis of the Mayak monitoring data, Gilbert et al. (2004) and Shilnikova et al. (2003) estimated
body burdens and lung radiation doses for various categorics of employment (¢.g., dates, jobs, work
conditions, monitoring and autopsy data) and exposure. The estimated job category mean body burdens
ranged from 0.45 to 17.8 kBq, and the corresponding intemal absorbed doses to the lung ranged from
0.016 to 2.91 Gy. The corresponding effective dose equivalents are 0.32 and 58 Sv (assuming a radiation
weighting factor of 20 for «-radiation). The mean body burden for the monitored fraction of the cohort
(n=6,193) was 1.84 kBq, and the corresponding internal lung absorbed dose was 0.24 Gy (Gilbert et al.
2004). Sokolnikov et al. (2008) applied recently improved individual dose estimates to 5,572 of the
Mayak workers with confirmed plutonium exposure and estimated that the mean plutonium dose to the

lung was 0.19 Gy (0.14 Gy for males and 0.29 Gy for females).
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Collectively, the Mayak studies provide evidence for increased risk of cancer mortality (bone, liver, lung)
in association with increased internal plutonium-derived radiation dose and/or body burden, with
approximately 4-fold higher risks in females compared to males. Four studies estimated lung cancer
mortality risk among Mayak workers and yielded similar estimates of excess relative risk per Gy of
internal lung dose. Gilbert et al. (2004) estimated the excess lung cancer mortality risk (per Gy attained at
age 60 years) for essentially the entire cohort of Mayak workers (n=21,790) to be approximately 4.7 per
Gy (95% CI. 3.3-6.7) in males, and 19 per Gy (95% CI: 9.5-39) in females. Adjustment for smoking,
based on risk estimates in subgroups for which smoking data were available, decreased these estimates
only slightly: males, 3.9 per Gy (95% CI: 2.6-5.8); and females, 19 (95% CI: 7.7-51). Cancer mortality
risk was linearly related to plutonium radiation dose. Excess relative risk per Gy declined strongly with
attained age (Gilbert et al. 2004). Kreisheimer et al. (2003) examined lung cancer mortality risk for a
subset of male Mayak workers (n=4,212) and estimated smoking-adjusted excess relative risk to be

4.50 per Gy (95% CI: 3.15-6.10). Jacob et al. (2005) used a mechanistic (i.¢., multi-stage physiological)
model to estimate smoking-adjusted lung cancer mortality risk in a similar cohort (n=5,058) and found
the excess relative risk to be 0.11 per Sv (95% CIL: 0.08-0.17); the corresponding estimate in units of
absorbed radiation dose would be 2.2 per Gy (assuming a radiation weighting factor of 20 for
c-radiation). An alternative model that treated smoking as a multiplicative risk factor (rather than
additive), yielded an estimated excess relative risk of 0.21 per Sv (95% CI: 0.15-0.35), which
corresponds to approximately 4.3 per Gy, very close to the estimates from Gilbert et al. (2004) and
Kreisheimer et al. (2003). Sokolnikov et al. (2008) estimated ERRs of 7.1 per Gy (95% CI: 4.9-10) in
males and 15 per Gy (95% CI: 7.6-29) in females at attained age of 60 years among 5,572 of the Mayak
workers with confirmed plutonium exposure. A significant dose-response was noted and lung cancer risk
was reasonably described by a linear function. The ERR declined with attained age and age at first

plutonium exposure.

Risks of mortality and morbidity from bone and liver cancers have also been studied in Mayak workers
(Gilbert et al. 2000; Koshurnikova et al. 2000; Shilnikova et al. 2003; Sokolnikov et al. 2008; Tokarskaya
etal. 2006). Increasing estimated plutonium body burden was associated with increasing cancer
mortality, with higher risk in females compared to males. Gilbert et al. (2000) examined liver cancer
mortality in a cohort of Mayak workers (n=11,000). Mean plutonium body burdens for the cohort were
estimated to have been 3.78 kBq in males and 6.05 kBq in females. The corresponding absorbed
radiation doses to liver were 0.47 Gy in males and 0.88 Gy in females. A model in which liver cancer
risk was treated as a quadratic function of plutonium body burden achieved better fit to the data than a

lincar model. Relative risk for liver cancer for the entire cohort was estimated to be 17 (95% CI: 8.0-26)
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in association with plutonium body burdens >7.4 kBq; however, when stratified by gender, the relative
risk estimate for females was 66 (95% CI: 16-45) and higher than for males (9.2; 95% CI. 3.3-23).

Risk of bone cancer mortality in this same cohort (n=11,000) was estimated to be 7.9 (95% CI. 1.6-32)
in association with plutonium body burdens >7.4 kBq for males and females combined (Koshurnikova et
al. 2000). Risks of leukemia mortality, in the same cohort, were not associated with internal plutonium
exposure (Shilnikova et al. 2003). Liver cancer risk was examined in a case-control study of Mayak
workers (Tokarskaya et al. 2006). The case group consisted of histologically-confirmed cases of
malignant liver tumors (n=44) diagnosed during the period 1972-1999. These were matched to members
of a control group (n=111) for years of birth, gender, years of hire, and job assignments. Estimated
absorbed radiation doses to the liver from plutonium ranged from 0 to 16.9 Gy (the 4™ quartile range was
0.54-16.9 Gy). When stratified by absorbed radiation dose to the liver, the odds ratio for liver cancer was
11.3 (95% CI: 3.6-35.2) for subjects who experienced >2.0-5.0 Gy (relative to 0-2.0 Gy). Odds ratios
for hemangiosarcomas were 41.7 (95% CI. 4.6-333) for the dose group >2.0-5.0 Gy, and 62.5 (95% CI:
7.4-500) for the dose group >5.0-16.9 Gy. Sokolnikov et al. (2008) reported averaged-attained age
ERRs for liver cancer of 2.6 per Gy (95% CIL. 0.7-6.9) for males and 29 per Gy (95% CI: 9.8-95) for
females, and averaged-attained age ERRs for bone cancer of 0.76 per Gy (95% CI: <0-5.2) for males and
3.4 per Gy (95% CI. 0.4-20) for females. Elevated risks for bone cancer were observed only for workers
with plutonium doses exceeding 10 Gy. For lung and bone cancer, the ERR declined with attained age,

and for lung cancer, the ERR declined with age at first plutonium exposure.

UK. Atomic Energy Authority and Atomic Weapons Establishment Workers. Studies of mortality of
plutonium workers at U K. facilities are summarized in Table 3-2 (Carpenter et al. 1998; McGeoghegan et
al. 2003; Omar et al. 1999). Although several studies have examined mortality rates in workers at the
Sellafield nuclear facility (Douglas et al. 1994; McGeoghegan et al. 2003; Omar et al. 1999; Smith and
Douglas 1986), the McGeoghegan et al. (2003) and Omar et al. (1999) studies attempted to estimate risks
in association with plutonium exposures, as opposed to radiation exposures, in general. Omar et al.
(1999) identified a cohort of plutonium workers as a subset (n=5,203) of workers who had been
monitored at any time for exposure to plutonium (e.g., urinalysis). An analysis of monitoring data on
these subjects provided estimates of internal uptakes of plutonium (Omar et al. 1999). Cumulative
internal uptakes were estimated to range from O to 12 kBq, with approximately 75% of the cohort having
cumulative uptakes <250 Bq. Cumulative radiation dose equivalents for plutonium were estimated to be
approximately 3,280 Sv for bone surfaces, 44.5-896 Sv for lung, and 421 Sv for liver; however, analyses
of dose trends were of the combined dose equivalents from plutonium and external radiation. In a

comparison of mortality rates for plutonium workers compared to other radiation workers (i.c., those
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never monitored for plutonium exposure), mortality rate ratios were not significant for deaths from cancer
(1.05, all causes of cancer) or all causes other than cancer (0.98). Mortality rate ratios significantly
decreased in association with increasing effective dose equivalents for plutonium and external radiation
combined (trends for plutonium doses were not reported). However, when stratified by specific causes of
death, mortality rate ratios were not significantly elevated (p=>0.05) for the tissues that received the
highest plutonium radiation doses (lung, 1.12; liver, 0.85; bone, 0.00), nor were there significant positive
trends with radiation dose (external plus internal plutonium dose). The mortality rate ratio was
significantly elevated for breast cancer (7.66, p<0.01) and cerebrovascular disease (1.27, p<0.05).
McGeoghegan et al. (2003) examined cancer mortality in a cohort of female Sellafield workers (n=6,376),
from which a subset (n=837) of women who had been monitored for plutonium exposure was identified
as plutonium workers. This cohort overlapped considerably with that studied by Omar et al. 1999).
Effective dose equivalents to the lung from plutonium were estimated to have ranged up to 178 mSv
(mean: 3.45 mSv, 5"-95" percentile range: 0.36-8.89 mSv). Comparisons of mortality rates between
plutonium workers and other radiation workers yielded significantly elevated mortality rate ratios for all
deaths (2.20, p<0.01), all cancers (3.30, p<0.01), breast cancer (3.77, p<0.05), circulatory disease (2.18,
p<0.05), and ischemic heart discase (4.46, p<0.01). Mortality rate ratios were not elevated for cancers in
tissues that received the highest plutonium radiation doses (lung, 2.36; bone; 0.00; digestive organs
including liver, 3.90). Excess relative risks (per Sv) were estimated for external radiation, but not for
plutonium, and were not statistically significant. Collectively, the Omar et al. (1999) and McGeoghegan
et al. (2003) studies did not find elevated mortality rate ratios for the tissues that received the highest
plutonium radiation doses among plutonium workers compared to other radiation workers (lung, liver,
bone), and did not find significant positive trends in cancer mortality or incidence in these tissues with
plutonium radiation dose. Although both studies found elevated mortality rate ratios in other selected
organ categories (e.g., breast cancer), the associations between these outcomes and plutonium exposure
are more uncertain, given the negative findings for lung, liver, or bone, and that other tissues, such as
breast, received a much smaller radiation dose. The findings for all cancers and breast cancer may also
have been influenced by the relatively low standardized mortality ratios (<100) for these end points in the
other radiation workers (the comparison cohort to the plutonium workers), indicative of a “healthy worker

effect”, that was not evident in the plutonium worker cohort.

Carpenter et al. (1998) examined cancer mortality in workers at U.K. nuclear facilities (n=40,761) from
which a subset (n=12,498), who had been monitored for plutonium exposure, was identified as plutonium
workers. Plutonium exposures (i.€., Bq) or doses (i.e., Gy, Sv) were not included in this analysis;

however, the number of years since first monitored or the total number of years monitored were


http:0.36%e2%80%938.89

PLUTONIUM 59

3. HEALTH EFFECTS

considered as surrogates for duration of plutonium exposures. Mortality rates for plutonium workers

were not significantly elevated when compared to workers who were never monitored for radiation
exposure (to any nuclide). However, when stratified by number of years since monitored or by number of
years monitored, significant trends were found for increasing mortality rate ratios (monitored compared to

never monitored) for all cancers (p<0.05) in association with increasing vears of monitoring.

U.S. Nuclear Facilities (Hanford, Los Alamos, Rocky Flats). Lung cancer mortality in plutonium
workers employed at the Rocky Flats nuclear weapons plant has been examined in a case-control study
(Brown et al. 2004). Lung cancer cases (n=180) were employed at the Rocky Flats facility for at least

6 months during the period 1952—-1989, when plutonium pits were fabricated at the facility. The control
group (n=720) consisted of Rocky Flats workers who were matched with cases for age, birth, year, and
gender. Internal lung radiation doses in the cohort derived primarily from exposures to *Pu, **’Pu, **'Pu,
" Am, and **U; however, 98% of the internal effective dose equivalents in cases (96% in controls) were
estimated to have come from Pu and **' Am (inbred from **'Pu). Estimated effective dose equivalents for
internal c-radiation (cases plus controls) ranged from 0 (54%) to >940 mSv (5%). In the full cohort, the
odds ratio for lung cancer mortality was significant for the internal lung dose strata 400-644 mSv, but
was not significantly elevated at higher doses; there was no significant trend with dose (2.71, 95% CI:
1.20-6.09); the odds ratios were <1 for most dose categories for persons employed for <15 or >25 years.
When the analysis was restricted to workers employed at the facility for 15-25 years, a significant trend
was evident for increasing odds ratio in association with increasing internal lung effective dose

equivalents; however, there was no evidence of a positive trend for those employed for <10 or 225 years.

Some of the highest exposures to plutonium at Los Alamos occurred during the period 1944-1945 (ie.,
Manbhattan Project) when occupational safety procedures for handling of plutonium were not as complex
or well-regulated as more recent procedures (Hempelmann et al. 1973). A small cohort of adult males
(n=26) who worked at the Los Alamos facility at that time have been followed and assessed for health
effects (Hempelmann et al. 1973; Voelz and Lawrence 1991; Voelz et al. 1997). Based on urine
monitoring (up to 1994) and/or postmortem tissue analyses, plutonium body burdens ranged from 50 to
3,180 Bq (median: 565 Bq), and effective dose equivalents ranged from 0.2 to 7.2 Sv (median: 1.25 Sv;
Voelz et al. 1997). Mortality in the group was compared to that in a group of workers (n=876) employed
at Los Alamos during the same period who had no history or evidence of exposure to plutonium (Voelz et
al. 1997). At the time of the study (1994), seven deaths had occurred; three from cancer (bone, lung,
prostrate), two from diseases of the circulatory system, one from respiratory disease, and one from

external causes. The single bone cancer death greatly exceeded expected numbers (0.01 deaths;
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standardized mortality ratio [SMR]=96; 95% CI: 1.26-536). Similarly the lower 95% confidence limit
on the mortality rate ratio for bone cancer was >1. Standard mortality ratios and mortality rate ratios for

other deaths were not statistically significant.

A larger cohort study was examined for cancer mortality in Los Alamos workers (n=135,527 males)
employed at the facility during the period 1943-1973 (Wiggs et al. 1994). From this larger cohort, a
subset (n=3,775) had been monitored for plutonium exposure and, on that basis, were identified as
plutonium workers in the study. Mortality incidence rates for plutonium workers who were estimated to
have internal plutonium depositions >74 Bq (n=303) were compared to workers with depositions <74 Bq
(n=3,472). Cancer mortality rate ratios were not statistically significant (¢.g., all cancers, cancers of the

respiratory tract or lung, bone, or lymphopoietic and hematopoietic systems).

Workers at the Hanford plutonium production and processing facility have been examined for possible
associations between cancer mortality and exposure to ionizing radiation (Gilbert et al. 1989b; Wing and
Richardson 2005; Wing ¢t al. 2004). Gilbert et al. (1989b) examined mortality in association with
external radiation exposure and internal plutonium among workers at the Hanford plant. From the total
cohort of workers (n=31,500), a subset of workers who had confirmed plutonium depositions (n=457)
were identified. The cohort was stratified into exposure categories based internal depositions relative the
maximum permissible body burden (MPBB) at that time (1,480 Bq): no evidence of deposition,
deposition <5% of MPBB (<74 Bq), or deposition 25% of MPBB. Approximately 30% of the confirmed
depositions were between 5 and 99% of the MPBB (74-1,465 Bq) and 1.3% were >100% of the MPBB.
The study found no evidence for statistically significant excess cancer mortality or trends in cancer
mortality with external radiation or Pu internal deposition (i.¢., for all cancers, or cancers of the digestive
tract, lung, lymphatic and hematopoietic tissues, or prostate). Wing et al. (2004) examined mortality in
association with duration of engagement in plutonium-associated jobs as a surrogate for plutonium
exposure or dose estimates. From the total cohort of workers (n=26,389), subsets of workers who had
activities in routine plutonium-associated jobs (n=3,065) or nonroutine jobs (n=8,266) were identified (of
these, only 377 had confirmed systemic plutonium deposition). Workers in the plutonium-associated jobs
category had lower death rates from all cancers, cancers of the lung, and “plutonium-cancers” (lung, liver,
bone, and connective tissue) than other Hanford workers. However, a significant trend for increased
mortality from nonexternal causes of death with increasing duration at routine plutonium-associated jobs
was observed (1.1% increase in mortality per year, standard error [SE]=0.06). When stratified by age, the
trend was stronger among workers >50 years of age (2.0+£1.1% per year), compared to ages <50 years

(0.1+0.9% per year). The strongest trend was for lung cancer (7.143.4% per year).
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Studies in Animals. Consistent with findings from human epidemiological studies, results of animal
studies show that tissue location of plutonium-induced cancer is compound dependent. Compound-
related differences in cancer location reflect differences in distribution of plutonium following inhalation;
a significant amount of plutonium from the relatively soluble **PuQ, and **Pu(NO;), compounds is
distributed to bone and liver. In contrast, the relatively insoluble **PuQ, is primarily retained within the
lungs and associated lymph nodes (DOE 1987f, 1988a), with approximately 10, <1, 0.2, and 0.002%
relocating to liver, skeleton, spleen, and kidney, respectively (Muggenburg et al. 2008) (see Section 3.4,
Toxicokinetics). Experiments in the ITRI and PNL dogs provide the most extensive database on
radiation-induced cancer following inhalation exposure to plutonium. Information on plutonium-induced

cancer as a primary cause of death is reviewed in Section 3.2.1.1.

In addition, Muggenburg et al. (2008) provided evidence against the “hot particle” theory, which
hypothesized that larger particles with higher activity and less uniform distribution might be more likely
to cause cancer than smaller, more uniformly dispersed particles. The authors exposed dogs to three
uniform sizes of plutonium particles (0.75, 1.5, and 3.0 um AMAD, representing activities spanning more
than 2 orders of magnitude from 0.048 to 7.7 mBq) and conducted a composite lifespan study. They
found that smaller and more uniformly distributed particles have the same or greater potential to produce

neoplasms than less uniformly distributed larger particles.

Exposure of Dogs to “*PuQ,. Bone tumors (predominantly osteosarcomas) were the primary cause of
cancer deaths in dogs exposed once to ***Pu0Q, aerosols; lung tumor incidences were also relatively high
in these dogs and liver tumors appeared to be a contributing cause of death in a few ***Pu0Q,-exposed dogs
(Muggenburg et al. 1996; Park et al. 1997). In the ITRI study (Muggenburg et al. 1996), initial ***Pu lung
burdens ranged from 0.15 to 43.1 kBg/kg. Incidences of bone, lung, and liver tumors as the cause of
death were 93/144, 36/144, and 2/144 dogs, respectively. The tumors appeared beginning at about

3 years postexposure; liver tumors appeared later than bone and lung tumors. In the PNL study (Park et
al. 1997), mean initial ***Pu lung burdens ranged from 0.01 to 18.9 kBq/kg. Incidences of bone, lung, and
liver tumors were 34/116 (29%), 31/116 (27%), and 8/116 (7%, respectively. More deaths were due to
bone tumors than lung tumors, although the average cumulative alpha radiation dose to the lung was
higher than that to the skeleton. Bone tumors occurred more frequently in the axial skeleton than in the
appendicular skeleton (Park et al. 1997). One of 20 control dogs was euthanized due to lung tumors and

1 control dog had a nonfatal liver tumor. Most lung tumors in the **Pu0Q,-exposed ITRI and PNL dogs

were located in peripheral lung, rather than central airways, and the majority were classified as



PLUTONIUM 62

3. HEALTH EFFECTS

bronchoalveolar carcinomas and papillary adenocarcinomas (Muggenburg et al. 1996; Park et al. 1997).
No single histopathological type of liver tumor was identified as the most frequent. Bile duct tumors
were also observed in the *Pu0,-exposed ITRI and PNL dogs (Muggenburg et al. 1996; Park et al.
1997).

Exposure of Dogs to “’Pu0Q,. In contrast to the high incidences of bone tumors in the dogs exposed to
¥Pu0, or **Pu(NO;), acrosols, cancer deaths in dogs exposed to acrosols of the relatively insoluble
**Pu0, were predominantly associated with lung tumors, as reported in a 20-year lifespan composite
study (Muggenburg et al. 2008). The study included 18 control dogs and 108 **PuQ,-exposed dogs per
sex, including seven dose groups with average ILBs of 0.16, 0.63, 1.6, 3.7, 6.4, 14, and 29 kBg/kg lung.
A total of 125 of the ***Pu0,-exposed dogs developed primary lung tumors and died between days 1,086
and 6,123 after receiving radiation lung doses between 1.7 and 80 Gy. The lowest absorbed dose for
radiation pneumonitis in the dogs was in excess of 10-fold higher than that reported for humans by

Newman et al. (2005).

Most of the lung cancers were papillary adenocarcinomas (n=70) followed by bronchiolo-alveolar
carcinomas (n=40) and adenosquamous carcinomas (n=22). The frequency of lung cancer occurrence
exceeded that of radiation pneumonitis at the lower doses, but radiation pneumonitis dominated at doses
above an ILB of 3.7 mBq/kg; there was insufficient time for cancer development at ILBs >14 kBq/kg
(Muggenburg et al. 2008). Earlier and shorter studies reported bronchiolo-alveolar carcinoma as the most
frequently identified cancer type. (DOE 19871, 1988a, 1990a; Hahn et al. 1999; Weller et al. 1995b). At
exposure levels used in those studies, surviving dogs were at high risk for lung tumors. In the dog study
performed at PNL (DOE 1988a, 1990a; Weller et al. 1995b), death due at least in part to lung tumors was

noted in 52/116 plutonium-exposed dogs versus 4/20 control dogs.

Among the various studies, few dogs died from tumors of the bone, liver, or kidney where the respective
radiation doses to those organ systems were approximately 2, 4, or 5 orders of magnitude lower than that
to the lungs. Although up to 10 and 1% of the plutonium deposited in the lung relocated to liver and
skeleton, respectively, tumor incidences in liver and skeleton of plutonium-exposed were not significantly
different from those of controls (Muggenburg et al. 2008). Although bone tumors were reported as a
primary cause of death in three PNL dogs from the two lowest exposure groups (mean ILBs of 0.01 or
0.064 kBg/kg (DOE 1988a), they were not observed in dogs with higher ILBs and may not have been
**Pu0,-induced. Death due to radiation pneumonitis in dogs with higher ILBs would be expected to

preclude late-developing lung tumors or tumors in organs where significantly lower radiation doses would
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make them relatively unlikely to occur. Time-to-death in dogs with primary lung tumors ranged from
1,086 days for a bronchioloalveolar carcinoma at 1.7 Gy to 6,123 days for a squamous cell carcinoma at
80 Gy. Neither bone nor liver tumors were reported in the ***PuQ,-exposed ITRI dogs (Hahn et al. 1999;
Muggenburg et al. 2008).

Exposure of Dogs to “’Pu(NO;),. The pattern of tumor development in PNL dogs exposed to
“*Pu(NO;), was similar to that of dogs exposed to ***PuQ,, with tumors observed in lung, bone, and liver
(principally of bile-duct epithelium) (Dagle et al. 1996; DOE 1988b, 1994a). Bone tumors were the main
cause of death in the exposure groups with mean initial lung burdens of 1.02 and 5.91 kBg/kg, exposure
levels at which incidences of dogs with bone tumors were 10/20 and17/20, respectively (DOE 1994a).
Three of 20 dogs in the next lower exposure group (initial lung burden of 0.19 kBg/kg) also exhibited
bone tumors. No bone tumors were observed in the lowest exposure groups (mean initial lung burdens of
0.028 or 0.0069 kBg/kg) or control dogs. Bone tumors were found in axial and appendicular skeleton and
primarily consisted of osteogenic sarcomas arising from endosteal surfaces (DOE 1994a). In an interim
report (DOE 1988b), lung tumors were a main cause of early death in 2/20, 6/20, and 11/20 dogs in the
groups with mean initial lung burdens of 0.19, 1.02, and 5.91 kBqg/kg, respectively. Final lung tumor
incidences were not located in available reports of **’Pu(NOs),-exposed PNL dogs. Incidences of liver
tumors were 1/20, 0/20, 3/20, 3/20, 3/20, 5/20, and 0/20 in unexposed controls, vehicle controls, and low-
to-high exposure groups (mean initial body burdens of 0.0069, 0.030, 0.19, 1.02, and 5.91 kBg/kg),
respectively (DOE 1994a). At the highest exposure level, early deaths from other causes may have

precluded the development of liver tumors.

Exposure of Other Laboratory Animal Species. Lung tumors have been associated with exposure to
**Pu0, aerosols in rats (Dudoignon et al. 2001, 2003; Herbert ct al. 1993; Lundgren ct al. 1995; Oghiso
and Yamada 2003a; Oghiso et al. 1994b, 1998; Sanders and Lundgren 1995; Sanders and Mahaffey 1979;
Sanders et al. 1988a, 1988b, 1993b), mice (Lundgren et al. 1987), and primates (Hahn et al. 1984;
Metivier et al. 1974). Two of 32 baboons developed lung tumors following exposure to > PuQ, aerosols
at levels resulting in initial ***Pu lung burdens ranging from 10.6 to 267 kBq/kg lung (Metivier et al.

1974). Lung tumors have also been reported in rats exposed to >*PuQ, acrosols (Sanders ct al. 1977).

Hamsters appear to be resistant to lung tumor induction following inhalation of plutonium. No
statistically significant increases in tumor incidence occurred in lifetime studies of Syrian hamsters
exposed once or repeatedly (seven exposures during 12 months) to ***PuQ, or **Pu0, aerosols at levels

resulting in initial or reestablished ***Pu or **’Pu lung burdens ranging from 52 to 130 kBq/kg (Sanders



PLUTONIUM 64

3. HEALTH EFFECTS

1977). Hamsters were also resistant to radiation-induced lung cancer following exposure to other alpha-
emitting radionuclides, such as radon and radon daughters (Agency for Toxic Substances and Disease

Registry/EPA 1990).

All cancer effect levels (CELs) for dogs and nonhuman primates exposed to acrosols of plutonium

compounds are recorded in Table 3-3 and plotted in Figure 3-1.

3.2.2 Oral Exposure
3.2.2.1 Death

No studies were located regarding death or lifespan shortening in humans after oral exposure to

plutonium.

In neonatal rats, given a single 1.2x10* kBq ***Pu /kg dose (as plutonium citrate) by gavage,
45% mortality was observed by 2 weeks postexposure; no deaths were reported following dosing at

3.7 kBq/kg (Fritsch et al. 1987).

3.2.2.2 Systemic Effects

No studies were located regarding respiratory, cardiovascular, hematological, musculoskeletal, hepatic,

renal, or dermal/ocular effects in humans or animals after oral exposure to plutonium.

Gastrointestinal Effects. No studics were located regarding gastrointestinal effects in humans after

oral exposure to plutonium.

Gastrointestinal effects were observed in neonatal rats following oral administration of ***Pu/kg (as
plutonium citrate) by gavage (Fritsch et al. 1987). Mild hypertrophy of the crypts of the small intestine,
which form the secretions of the small intestine, was observed in the rats receiving a 5,300 kBq ***Pu/kg
dose. Total disappearance of epithelial cells and crypts, combined with intestinal hemorrhaging, was
observed in rats that received 17,400 kBq “*Pu /kg (Fritsch et al. 1987). Increased neutrophils were
noted on the surface epithelium and superficial cellular layers of the large intestine in adult rats given
155 pCi **PuOy/kg (5,740 kBg/kg) (Sullivan et al. 1960). This effect was noted at 3 (but not 6) days

postexposure.
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No studies were located regarding the following health effects in humans or animals after oral exposure to

plutonium:

3.2.2.3 Immunological and Lymphoreticular Effects
3.2.2.4 Neurological Effects

3.2.2.5 Reproductive Effects

3.2.2.6 Developmental Effects

3.2.2.7 Cancer

3.2.3 Dermal Exposure
3.2.3.1 Death

No studies were located regarding death or the shortening of lifespan in humans or animals after dermal

exposure to plutonium.

3.2.3.2 Systemic Effects

No studies were located regarding respiratory, cardiovascular, gastrointestinal, hematological,
musculoskeletal, hepatic, renal, or dermal/ocular effects in humans or animals after dermal exposure to

plutonium.

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

exposure to plutonium:

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

3.2.4 Other Routes of Exposure
Numerous health effects studies are available for plutonium-injected animals. Results of the injection

studies support the findings from the inhalation studies. For example, bone and liver tumors were

observed in dogs exposed to aerosols of ***PuQ, or “’Pu(NO;), that resulted in toxicologically significant
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systemic distribution of plutonium (see Section 3.2.1). Similarly, bone and liver tumors were associated
with intravenous injection of ***Pu (as plutonium citrate) in dogs (Lloyd et al. 1993, 1995a, 1999a, 1999b;
Taylor et al. 1991). Detected plutonium levels in testes and ovaries of mice intravenously injected with
»°Pu (as the citrate) provide suggestive evidence that internalized plutonium could result in the irradiation
of germ cells (Green et al. 1976, 1977). However, Brooks et al. (1979) noted the lack of significantly
increased frequency of chromosomal aberrations in spermatogonia of rodents following intravenous
injection of ***Pu (as the citrate) at levels high enough to induce marked life shortening and increased
cancer incidence. Collectively, these results indicate that irradiation from internalized plutonium is not of

particular reproductive toxicity concern.

Because adequate information is available regarding health effects in animals following inhalation
exposure to acrosols of plutonium compounds that resulted in toxicologically significant levels of
internalized plutonium, the results of the injection studies are not presented in detail in this toxicological

profile for plutonium.

3.3 GENOTOXICITY

Abundant information is available regarding the genotoxicity of ionizing radiation (refer to the
Toxicological Profile for lonizing Radiation for a detailed discussion of the genotoxic effects of various
forms of ionizing radiation). The genotoxicity of alpha radiation from plutonium sources has been
investigated in various groups of plutonium workers, as well as i» vivo animal studies and a variety of
in vitro test systems. Tables 3-4 and 3-3 present the results of in vivo and in vitro genotoxicity studies,

respectively.

Although epidemiological studies do not provide conclusive evidence that plutonium produces genetic
damage in humans, results of some studies provide suggestive evidence of dose-related increases in
chromosomal aberrations in plutonium workers with measurable internalized plutonium. For example,
Livingston et al. (2006) examined relationships between external radiation dose, internal radiation dose,
and frequencies of chromosomal aberrations and micronuclei in peripheral blood lymphocytes of a group
of 30 retired plutonium workers with dosimetrically-estimated internal and external radiation doses

>(0.5 Sv, another 17 workers with predominantly external radiation doses <0.1 Sv, and 21 control subjects
with no history of occupational radiation exposure. Frequency of chromosomal aberrations was

positively correlated with the bone marrow dose (alpha radiation from internalized plutonium; 168 mSv
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Table 3-4. Genotoxicity of Plutonium /n Vivo
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Species (test system) End point Results  Reference
Mammalian systems:

Human (peripheral Chromosomal aberrations + Schofield 1980

blood lymphocytes)

Human (peripheral Chromosomal aberrations +) Brandom et al. 1990; Hande et al.

blood lymphocytes) 2003, 2005; IAEA 1979; Livingston et
al. 2006; Mitchell et al. 2004;
Okladnikova et al. 2005; Tawn et al.
1985; Whitehouse et al. 1998

Human (whole blood) Chromosomal aberrations - Hempelmann et al. 1973; Voelz et al.
1979

Monkey (peripheral ~ Chromosomal aberrations + Brooks et al. 1992; LaBauve et al.

blood lymphocytes) 1980

Mouse (testes) Chromosomal aberrations + Beechey et al. 1975; Generoso et al.
1985; Pomerantseva et al. 1989

Mouse (testes) Chromosomal aberrations - Brooks et al. 1979; Searle et al. 1976

Mouse (bone marrow) Chromosomal aberrations + Svoboda et al. 1987

Chinese hamster Chromosomal aberrations - Brooks et al. 1979

(testes)

Chinese hamster Chromosomal aberrations + IAEA 1976b, 1976e

(liver cells)

Chinese hamster Chromosomal aberrations + DOE 1976

(blood cells)

Syrian hamster (lung Chromosomal aberrations + Stroud 1977

cells)

Mouse (pulmonary Micronuclei + Talbot et al. 1986, 1989

alveolar

macrophages)

Mouse (male germ Dominant lethal + IAEA 1976k; Liining et al. 1976;

cells) Pomerantseva et al. 1989

Mouse (male germ Dominant lethal - Searle et al. 1976

cells)

Mouse (ovaries) Dominant lethal +) Searle et al. 1982

— = negative result; + = positive result; (+) = positive or marginal result
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Table 3-5. Genotoxicity of Plutonium /n Vitro
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(TA100, TA98, TA1535,

TA1537, TA1538, TA2420,

TA2421)

Result
With Without
Species (test system) End point activation activation Reference
Mammalian cells:
Human (peripheral blood Chromosomal No data + Purrott et al. 1980
lymphocytes) aberrations
Human (lymphoblastic cell Chromosomal No data + DOE 1980h
line) aberrations
Mouse (10T1/2, 3T3 cells) Chromosomal No data + Nagasawa et al. 1990a
aberrations
Mouse (bone marrow) Chromosomal No data + Kadhim et al. 1992
aberrations
Chinese hamster (M3-1 cells) Chromosomal No data + Welleweerd et al. 1984
aberrations
Chinese hamster (V79 cells) Chromosomal No data + Griffin et al. 1994
aberrations
Chinese hamster (ovary K-1  Chromosomal No data + Nagasawa et al. 1990b
cells) aberrations
Human (peripheral blood Sister chromatid No data + Aghamohammadi et al.
lymphocytes) exchanges 1988
Mouse (10T1/2, 3T3 cells) Sister chromatid No data + Nagasawa et al. 1990a
exchanges
Chinese hamster (ovary cells) Sister chromatid No data + Nagasawa and Little
exchanges 1992; Nagasawa et al.
1990b
Human (peripheral blood Micronuclei No data + Bilbao et al. 1989
lymphocytes)
Human (embryonic skin Gene mutation No data + Chen et al. 1984
fibroblasts)
Chinese hamster (ovary cell Gene mutation No data + Barnhart and Cox 1979;
line) DOE 1980h
Chinese hamster (V79-4 cells) Gene mutation No data + Thacker et al. 1982
Chinese hamster (V79-4 cells) DNA double-strand  No data + Jenner et al. 1993
breaks
Chinese hamster (V79-379A DNA double-strand No data + Fox and McNally 1990
lung fibroblasts) breaks
Chinese hamster DNA damage No data + Prise et al. 1987
(V79-379A cells)
Mouse-rat (hybrid cell line) Reduction in radio- No data + Robertson and Raju 1980
resistance
Prokaryotic organisms:
Salmonella typhimurium Gene mutation No data - DOE 1980h

— = negative result; + = positive result



PLUTONIUM 69

3. HEALTH EFFECTS

median dose to the bone marrow), but not with the external radiation dose. Frequency of micronuclei did

not differ significantly among the three study groups.

Significantly increased frequencies of symmetrical and asymmetrical chromosomal aberrations were
reported among workers at the Sellafield (United Kingdom) plutonium facility with internalized
plutonium in excess of 20% of the maximum permissible body burden (Tawn et al. 1985). Frequencies of
symmetrical aberrations were significantly higher at retesting 10 years later, although no significant
external radiation exposure had occurred during the 10-year interim (Whitehouse et al. 1998). This
finding is consistent with the hypothesis that internally-deposited plutonium irradiates hemopoietic

precursor cells (Whitehouse et al. 1998).

Internal plutonium dose-related increased frequencies in chromosomal aberrations have also been
reported in peripheral blood lymphocytes of plutonium workers with estimated plutonium body burdens
as high as 15.5 kBq from exposure at the Mayak plutonium facilities in Russia (Hande et al. 2003, 2005;
Mitchell et al. 2004; Okladnikova et al. 2005). The increased frequencies of chromosomal aberrations in
the Mayak workers persisted many years following the cessation of exposure (Hande et al. 2003, 2005;
Mitchell et al. 2004).

Significantly increased frequencies of chromosomal aberrations were observed among Rocky Flats
(Colorado) plutonium workers with internal plutonium burdens >740 Bq (Brandom et al. 1990; IAEA
1979). Conversely, among Manhattan Project plutonium workers followed for up to 32 years, no
apparent correlation was found between the frequency of chromosomal aberrations and plutonium body

burdens in the range of 0.185-15.4 kBq (Hempelmann et al. 1973; Voelz et al. 1979).

Open wounds represent a significant route through which plutonium workers might be exposed to
plutonium alpha particles. Chromosomal aberrations were observed in lymphocytes among eight
plutonium workers in the United Kingdom occupationally exposed to plutonium with the primary routes
of exposure through wounds, punctures, or abrasions (estimated plutonium body burdens from 0.78 to
1.5kBq). In exposed individuals, the number of dicentric aberrations averaged 5 per 500 cells, while the
natural population background frequency of this aberration is 1 per 4,000 cells (Schofield 1980; Schofield
ctal. 1974).

Results of in vivo genotoxicity studies in laboratory animals consistently reveal alpha radiation-induced

dose-related increases in the frequency of chromosomal aberrations following internalization of
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plutonium. Chromosomal aberrations were observed in monkeys and hamsters following inhalation
exposure to plutonium. Increases in chromosomal aberrations in blood lymphocytes were seen in
immature Rhesus monkeys exposed to **PuQ, at concentrations resulting in initial lung burdens of 1.9—
19 kBq ***Pu/kg body weight (LaBauve ct al. 1980) and Cynomolgus monkeys exposed to > Pu(NOs), at
a concentration resulting in a projected initial lung burden of 40 kBq (Brooks et al. 1992), but not at lower
levels. Dose-related increases in the frequency of chromosomal aberrations were observed in Chinese
hamster blood cells 30 days after exposure of the animals at acrosol concentrations resulting in deposition
of 370-9600 kBq ***Pu/g of lung tissue (DOE 1976). Increases in chromosomal aberrations in bone
marrow cells were observed in mice following intravenous injection of **Pu (as the citrate) at 13 kBq
**Pu/kg body weight (Svoboda et al. 1987). The highest incidence of these mutations was observed in
the early days postinjection. Increased frequency of chromosomal aberrations was observed in liver
tissue of Chinese hamsters intravenously given **°Pu or ***Pu (as the citrate or the dioxide) to achieve
levels ranging from 0.026 to 0.74 kBq **Pu or ***Pu/g of liver tissue (DOE 1976) or 74 kBq > Pu/kg
body weight (IAEA 1976b). The frequency of aberrations was much higher in hamsters exposed by
intravenous injection to **°Pu or ***Pu (as the citrate) than in hamsters exposed to ***PuQ, or ***Pu0O,
(IAEA 1976a, 1976b). Stroud (1977) reported significantly increased frequency of chromosomal
aberrations in lung cells of Syrian hamsters following inhalation exposure to ***PuQ,-ZrO, particles at a

level resulting in initial ***Pu lung burden of approximately 5.2 kBq.

The induction of micronuclei in pulmonary alveolar macrophages (PAM) was noted in mice exposed to
**Pu0, or *’Pu 0, acrosols under exposure conditions that resulted in mean initial lung deposits of
approximately 550 and 580 Bq, respectively (approximately 22 and 24 Bg/kg body weight, respectively)
(Talbot et al. 1989). Micronuclei in PAM of control mice averaged <0.1%, whereas peak incidences of
micronuclei in the ***Pu0,- and **’Pu0,-exposed mice reached 3 and 5%, respectively, at 21 days

postexposure.

Increased frequency of chromosomal aberrations have been observed in spermatogonia of rodents
following parenteral administration of plutonium compounds at activity levels much higher than those
known to cause marked life shortening and increased cancer incidence. Markedly increased frequencies
of chromosomal aberrations were observed in spermatogonia of mice receiving a single intraperitoneal
injection of ***Pu(NOs), at ***Pu activity levels >231 kBq/kg body weight (Pomerantseva ct al. 1989).
Increased frequency of reciprocal translocations in spermatogonia was observed in male mice 6—18 weeks
after intravenous injection of “’Pu (as the citrate) at 370 kBq **°Pu/kg body weight (Beechey et al. 1975).

An increase in the frequency of heritable translocations was also observed in spermatogonia of male mice



PLUTONIUM 71

3. HEALTH EFFECTS

intravenously injected with ***Pu (as the citrate) at 370 kBq **Pu/kg body weight (Generoso ct al. 1985).
The frequency of translocations increased as a function of time and dose. However, induction of
reciprocal translocations was not significant in male mice intravenously injected with 150 kBq **Pu/kg
body weight (Searle et al. 1976). No statistically significant increases in the incidence of chromosomal
aberrations per spermatogonia cell were observed in mice or hamsters following intravenous
administration of *’Pu (as the citrate) at activity levels (ranging from 22 to 74 kBq **Pu/kg body weight)

high enough to induce marked life shortening and increased cancer incidence (Brooks et al. 1979).

Dominant lethality has been observed in plutonium-exposed mice. Fetal intrauterine death occurred in
female mice mated with male mice that had received *°Pu (as the citrate) at levels ranging from 3.7 or
18.5 kBq 4 weeks prior to mating (IAEA 1976k; Liining et al. 1976). The effects of the dominant lethal
mutations were also observed when untreated females were mated with male mice from the F; generation.
Exposure of male mice to higher doses of ***Pu resulted in sterility 12 weeks postexposure (IAEA 1976k;
Liining et al. 1976). Pomerantseva et al. (1989) reported the induction of dominant lethal mutations in
male mice that had been administered single intraperitoneal injection of **Pu(NO;), at levels

>0.925 kBg/g body weight 2-22 weeks prior to mating; males receiving 1.85 kBq/g body weight became
sterile 9 weeks postinjection. Exposure of female mice to plutonium also resulted in dominant lethal
mutations (Searle et al. 1982). Intravenous injection of female mice with **Pu (as the citrate) at 740 kBq
**Pu/kg body weight resulted in marked oocyte killing and subsequently reduced number of mice which
became pregnant, compared with the controls. Both pre- and postimplantation dominant lethals were

induced when mating occurred at long periods (12 weeks) after intravenous exposure to plutonium.

Consistently positive genotoxicity results have been reported in various test systems exposed to the alpha
radiation from plutonium compounds i# vifro (see Table 3-5). Chromosomal aberrations were reported in
human peripheral blood lymphocytes and lymphoblasts (DOE 1980h; Purrott et al. 1980); bone marrow
and 10T1/2, 3T3 cells from mice (Kadhim et al. 1992; Nagasawa et al. 1990a); and M3-1, V79, and ovary
K-1 cells from Chinese hamsters (Griffin et al. 1994; Nagasawa et al. 1990b; Welleweerd et al. 1984).
Sister chromatid exchanges were noted in plutonium-exposed human peripheral blood lymphocytes
(Aghamohammadi et al. 1988), mouse 10T1/2, 3T3 cells (Nagasawa et al. 1990a), and Chinese hamster
ovary cells (Nagasawa and Little 1992; Nagasawa et al. 1990b). Bilbao et al. (1989) reported plutonium-
induced micronuclei in human peripheral blood lymphocytes. Other positive genotoxicity results include
gene mutation in human and hamster cell lines (Barnhart and Cox 1979; Chen et al. 1984; DOE 1980h;
Thacker et al. 1982), DNA double-strand breaks in Chinese hamster V79-4 and V79-379A cells (Fox and
McNally 1990; Jenner et al. 1993), DNA damage in Chinese hamster V79379A cells (Prise et al. 1987),
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and reduction in radio-resistance in mouse-rat (hybrid) cell line (Robertson and Raju 1980). Results were
negative for plutonium-induced gene mutation in several strains of Salmonella typhimurium (DOE

1980h).

3.4 TOXICOKINETICS

Studies of the toxicokinetics of plutonium have focused on two general classes of compounds: highly
insoluble compounds (e.g., PuO,) and soluble compounds (¢.g., Pu[NOs]4, plutonium citrate complexes).
However, factors other than solubility affect the behavior of plutonium in biological systems. These
include: (1) hydrolysis reactions at physiological pH that yield highly insoluble polymers from soluble
Pu(1V); (2) particle size, which affects deposition characteristics in the respiratory tract and absorption
rates from the lung and gastrointestinal tract; (3) firing temperature at which the PuQ, was formed, which
may affect particle surface characteristics and susceptibility to physical transformation reactions that
increase mobility and absorption; and (4) isotope specific activity, which can affect the intensity of
radiation of the particles and rates of radiolytic fragmentation of particles in tissues. These various
factors give rise to toxicokinetics of the various plutonium compounds that are not easily distinguished
solely on the basis of water solubility. The toxicokinetics of inhaled ***Pu0, is distinctly different from
that of inhaled **PuQ, having a similar particle size range (>1 pm). Inhaled ***PuO, that deposits in the
lung is much more rapidly absorbed and distributed to liver and skeleton (predominantly) compared to
“°Pu0,. As a result, deposition of similar initial lung burdens of the two isotopes will result in long-term
(c.g., chronic) radiation doses to liver and skeleton (i.e., bone and marrow) that are higher, and lung doses
that are lower, following exposures to ~**PuQ, compared to > PuQ,. The consequences of these different
radiation doses are distinct patterns of health effects that have been observed in controlled lifetime studies
in animals, with more prominent lung effects following exposures to >*PuQ,.and more prominent effects
on bone, marrow, and liver following exposures to >*PuQ, (see Section 3.2.1). The kinetics, distribution,

and health outcomes of inhaled ***Pu(NOs), are similar to those of ***Pu0Q,.

3.4.1 Absorption
3.4.1.1 Inhalation Exposure

Evidence for absorption of inhaled plutonium in humans derives from several types of measurements:
(1) measurements of fecal and urinary excretion of plutonium following occupational inhalation
exposures (Carbaugh and La Bone 2003; DOE 1985k, 1991¢; James et al. 2003; Kathren and Mclnroy
1991; Kurihara et al. 2002; McInroy et al. 1991; Voelz et al. 1979; Woodhouse and Shaw 1998);
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(2) postmortem plutonium levels in tissues of workers exposed to airborne plutonium (Filipy and Kathren
1996; Filipy et al. 1994; Hahn et al. 2003, 2004; Kathren and McInroy 1991; Khokhryakov et al. 2005;
Mclnroy et al. 1989, 1991; Romanov et al. 2003; Voelz et al. 1997); (3) in vivo chest radiation
measurements (**' Am) following occupational exposures to airborne **'Pu (Carbaugh and La Bone 2003;
DOE 1991¢); and (4) experimental studies in which iz vivo blood, urine, and organ x-ray emission were

measured in subjects who inhaled **’Pu nitrate (Etherington et al. 2003; Hodgson et al. 2003).

Inhaled plutonium particles that deposit in the respiratory tract are subject to three general distribution
processes: (1) bronchial and tracheal mucociliary transport to the gastrointestinal tract; (2) transport to
thoracic lymph nodes (e.g., lung, tracheobronchial, mediastinal); or (3) absorption by blood and/or lymph
and transfer to other tissues (e.g., bone, liver). The above processes apply to all forms of deposited
plutonium, although the relative contributions of each pathway and rates associated with each pathway
vary with the physical characteristics (¢.g., particle size), chemical form (degree of water solubility), and
radiological characteristics (¢.g., specific activity). The various processes that contribute to the
elimination of plutonium from the respiratory tract give rise to multi-phasic lung retention kinetics. In
most studies of lung retention, at least two kinetic components are evident. The faster phase is thought to
be contributed by relatively rapid mechanical clearance mechanisms (e.g., mucociliary transport) and
absorption to blood of soluble or relatively rapidly dissolved insoluble material deposited in the lung.
The slower phase is contributed by the transformation and dissolution and/or mechanical clearance (e.g.,

phagocytic) of highly insoluble particles.

Etherington et al. (2003) measured plutonium kinetics in two adult subjects who inhaled an aerosol of
ST2¥Ppy(NO;), (activity median acrodynamic diameter [AMAD]=1.1 um; geometric standard deviation
[GSD]=1.2). Lung, liver, and urine plutonium levels were estimated from K x-ray emission from the
decay of **’Pu; blood plutonium levels were measured by mass spectrometry of ***Pu. Initial lung
burdens were estimated to be 8 kBq *’Pu and 35 ng **Pu. Lung retention half-times, estimated from
observations made up to 120 days following the exposure, were 1.6-3.0 days (20%) for the fast phase,
and 280-430 days (80%) for the slow phase. Longer-term observations of lung retention kinetics are
available from studies of accidental inhalation exposures to plutonium oxide containing **'Pu (Carbaugh
and La Bone 2003; DOE 1991¢). In these studies, lung plutonium burdens were inferred from
measurements of external radiation emitted by **' Am, a gamma-emitting daughter of **'Pu. Estimated

lung retention half-times for 10 subjects ranged from 14 to 80 years.
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The relatively long retention kinetics of inhaled plutonium particles in the lung is thought to reflect, in
part, rates of physical transformation and dissolution of the particles. Various estimates have been made
for these rates, based on modeling of data on urinary excretion and tissue burdens of plutonium following
inhalation exposures (James et al. 2003; Khokhryakov et al. 2005). Based on an analysis of data from
535 autopsies of plutonium workers, particle dissolution half-times were estimated to range from
approximately 5-6 years, for exposures to highly insoluble plutonium oxides, to 1-2 years for exposures
to more soluble forms (e.g., plutonium nitrate; Khokhryakov et al. 2005). James et al. (2003) estimated
the lung dissolution half-time to be approximately 7 years in a subject who inhaled PuO, ceramic

particles.

Absorption of inhaled PuO, has been studied in various nonhuman primate species (Brooks et al. 1992;
LaBauve et al. 1980; Lataillade et al. 1995; Metivier et al. 1974, 1978b; Stanley et al. 1982). Observed
lung retention kinetics were biphasic. The slow-phase retention half-time in baboons exposed to >**Pu0Q,
(count median acrodynamic diameter [CMAD]=2.1 um#1.3 standard deviation [SD]) was estimated to be
approximately 400 days (range: 200-600 days), based on measurements made during the first 30—

170 days after exposure (Metivier et al. 1974); however with longer observation periods (>200—

300 days), the half-time was estimated to be approximately 1,000 days (Metivier et al. 1978b). Lataillade
et al. (1995) estimated the lung retention half-time in baboons that inhaled an acrosol of an industrial
PuO, (AMAD=1.9 um+1.7 SD) consisting primarily of ***Pu and **’Pu (94 w%, 0.2 w% ***Pu); the
estimated half-time was approximately 66 days, for an observation period of 180 days. Slow-phase lung
retention half-times measured in Cynomolgus monkeys exposed to an aerosol of **’Pu0,

(AMAD=1.6 um; GSD=1.6) ranged from 300 to 1,800 days (LaBauve et al. 1980). In Rhesus monkeys
exposed to ’Pu0Q, from industrial ball milling processes (AMAD=1.5 ng=1.6 SE), the slow-phase lung
retention half-time was estimated to be approximately 300 days (Stanley et al. 1982). Lung plutonium
burdens have also been measured at various times in Cynomolgus monkeys exposed to acrosols of
Pu(NOs)s (AMAD=06 um; GSD=2.1); based on these data, the slow-phase retention half-time was
approximately 200-300 days (Brooks et al. 1992).

Numerous studies have examined the lung deposition and kinetics of absorption of inhaled plutonium in
dogs (Bair et al. 1962b; Dagle et al. 1996; Guilmette et al. 1984, 1987; Mewhinney and Diel 1983;
Muggenburg et al. 1996; Park ct al. 1997). Inhaled acrosols of ***PuQ, were more rapidly cleared from
the lung than acrosols of **’Pu0, of similar particle size distributions (Guilmette ct al. 1984; Park et al.
1997). This difference has been attributed to radiolytic fragmentation of particles in the lung, resulting in

more enhanced particle dissolution and absorption from the lung (Mewhinney and Diel 1983). Lung
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retention half-times following exposure of young adult beagles to acrosols of ***Pu0,

(AMAD=1.6 ym+1.2 SD) were 86 days (32%) and 1,386 days (Guilmette et al. 1984). In comparison,
lung retention half-times following exposure of young adult beagles to aerosols of ***Pu0Q,

(AMAD=1.8 um+1.9 SD) were 174 days (84%) and 908 days (Park et al. 1997). The corresponding
times to achieve 50% of initial lung burdens are approximately 500 days for exposure to **’Pu0Q, and
250 days for exposure to ***Pu0Q, (Park et al. 1997). Mewhinney and Diel (1983) analyzed data on lung
retention in beagles exposed to ***PuQ, of various particle sizes (AMAD 0.7, 1.7, 2.7 um) in order to
estimate fragmentation rates of the deposited particles. Estimated fragmentation rates appeared to
increase with time after exposure and particle size. Corresponding fragmentation half-times at 100 days
postexposure were 100-250 days and, at 500 days postexposure were 50-120 days. Particle size (AMAD
0.7-2.7 pm) had little effect on long-term lung retention (Mewhinney and Diel 1983). In beagles, short-
term (i.c., <1 month) lung retention of inhaled ***Pu0, was influenced by acrosol particle size
distribution, with faster clearance from the lung as particle size decreased (Bair et al. 1962b). Long-term
lung retention in beagles is also influenced by particle size. In beagles that were exposed to **’Pu0,, the
slow phase lung retention half-times were 700 days (90%, AMAD=0.9 um+1.4 SD), 1,400 days (68%,
AMAD=1.6 um+1.2 SD), and 1,800 days (78%, AMAD=2.8 um+1.2 SD) (Guilmette ¢t al. 1984). The
method used to produce PuQ, also appears to affect the absorption of inhaled PuQ,. Oxides produced at
high temperature (i.¢., high-fired, ¢.g., 1,000 °C) had longer lung retention than oxides produced at low
temperature (i.e., low-fired, ¢.g., 350 °C) (Bair et al. 1973).

Inhaled aerosols of ***Pu(NO;), are also more rapidly cleared from the lung than aerosols of ***Pu(NOs),
(Dagle et al. 1983, 1996). In beagles, this difference was most pronounced in the first 30 days
postexposure, during which approximately 80% of the initial lung burden from **Pu(NO;), was cleared
compared to approximately 40% from **Pu(NQ;),. Retention half-times were similar (x130-150 days)

for the two isotopes, for observations extending from 30 days to 1 year.

3.4.1.2 Oral Exposure

Absorption of plutonium accumulated in shellfish (mollusks) has been studied in humans. Adult subjects
ingested winkles (six males, two females) or cockles (five males, one female) containing *****'Pu that
were collected from marine waters near the British Nuclear Fuels facility at Sellafield, Cumbria (Hunt
1998; Hunt et al. 1986, 1990). The range of the ingested activity of *****Pu was 6-16 Bq. Serial
24-hour urine samples were collected from each subject for up to 7 days after they ingested the mollusks.

The fraction of the activity absorbed was estimated as the ratio of the observed cumulative urinary
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excretion of ***"**Pu to that of the excretion predicted to occur if absorption had been complete. The
latter was predicted using kinetic models of excretion of absorbed plutonium (Durbin 1972; Talbot et al.
1987, 1993). The reported mean absorption fraction was 1.7x10 (range: 0.2x107-4.9x10™) for subjects
who ingested winkles. The estimated mean absorption fraction for subjects who ingested cockles was
3.4x10™ (range up to 7x10™) based on the kinetic model of Durbin (1972), which predicts approximately
1.1% of the body burden eliminated in 7 days, or 1.9x10™* (range up to 3.9x10™), based on the kinetic
model of Talbot et al. (1987, 1993), which predicts approximately 2% of the body burden eliminated in

7 days.

Gastrointestinal absorption was also measured in three adult male volunteers following ingestion of a
plutonium citrate solution along with food (Popplewell et al. 1994). Based on comparisons between
measured urinary plutonium excretion for 8 or 9 days postingestion and similar assessments following
intravenous injection of plutonium citrate 6 months later, calculated fractional absorption of ingested

plutonium ranged from 2x10™ to 9x10™,

The gastrointestinal absorption fraction has also been estimated in human populations, based on analyses
of inhalation and ingestion intakes, biological monitoring of plutonium excretion in urine or
measurements of body burdens at autopsy. These estimates rely on model-based assumptions regarding
the deposition of inhaled plutonium and the absorption fraction for plutonium deposited in the respiratory
tract. Sun and Meinhold (1997) conducted an analysis of data on 34 residents of Rongelap Island who
were exposed to plutonium fallout during and following the nuclear bomb detonations in the Marshall
Islands. Based on measurements of urinary plutonium excretion and assumptions regarding the
deposition and absorption of inhaled plutonium, the gastrointestinal absorption fraction (for diet and soil,
combined) was estimated to be approximately 4.2x10” (range: 1.7x107-7.1x10™*). Mussalo-Rauhamaa
et al. (1984) conducted an analysis of plutonium body burdens in Finnish Lapps and, along with estimates
of inhalation and dietary intake of plutonium (primarily from consumption of reindeer), and assumptions
regarding climination rate of plutonium, estimated the gastrointestinal absorption fraction to range from

approximately 8x10™ to 9x10™.

The gastrointestinal absorption of plutonium has been studied in nonhuman primates, dogs, and a variety
of rodent species. Most of these studies have estimated absorbed plutonium as the sum of the plutonium
burden in major tissue depots (e.g., liver and skeleton), plus the plutonium excreted in urine. Double
isotope techniques have also been used to estimate the gastrointestinal absorption of plutonium in

nonhuman primates (USNRC 1992). In this study, **Pu(VI) bicarbonate was administered orally and
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“%Pu(VI) bicarbonate (or ***Pu) was administered intravenously to baboons and the gastrointestinal
absorption fraction was estimated from the retention ratios for the two isotope ratios in tissues and
cumulative excretion ratio in urine. Absorption was estimated to be 0.22% of the oral dose in fasted
baboons and 0.011% in fed baboons. Gastrointestinal absorption of plutonium was measured in adult
marmosets that received single gavage doses of either **Pu citrate or *Pu citrate added to powdered
potato, and was based on levels of activity measured in tissues (mainly liver and skeleton) following
sacrifice (Ham et al. 1994). Absorption was approximately 0.24% of the dose when administered as

plutonium citrate and 0.14% of the dose when administered in potato powder.

In addition to the above studies conducted in nonhuman primates, gastrointestinal absorption of
plutonium, in various isotopic and chemical forms, has been measured in pigs, dogs, and various rodent
species. Results from these studies support the following general conclusions regarding factors that affect
absorption: (1) in general, absorption of plutonium citrate tends to be greater than nitrate, which is
greater than plutonium oxide (PuQ,) (Sullivan 1980a); (2) most estimates of absorption of plutonium
citrate and nitrate in adult animals are <0.1% of the dose; (3) fasting tends to increase absorption
(Bhattacharyya et al. 1986; USNRC 1992); (4) absorption is 10-1,000 times greater in neonates compared
to adults, depending on the animal species and chemical form of plutonium (Sullivan 1980a, 1980b;
Sullivan and Gorham 1983; Sullivan ¢t al. 1985); (5) iron deficiency increases absorption in juvenile rats
and administration of ferric iron (Fe*") to iron-deficient rats decreases absorption (Sullivan and Ruemmler
1988); and (6) absorption of plutonium in surface dusts (e.g., bomb test sites) in guinea pigs was <0.001%
of the dose (Harrison ¢t al. 1994).

3.4.1.3 Dermal Exposure

Occupational accidents have resulted in dermal exposures and/or penetration of plutonium into skin
wounds and subsequent systemic absorption of plutonium (Mclnroy et al. 1989; Woodhouse and Shaw
1998). In one case, postmortem measurements of *°Pu levels in tissues, measured 17 years following the
incident, showed that liver contained approximately 41% of the body burden and skeleton contained 49%
of the body burden (Mclnroy et al. 1989). Woodhouse and Shaw (1998) reported urinary excretion of
plutonium during 20-30-year periods following various wound-related exposures to PuQO, (oxalate),
Pu(NO;),, or plutonium metal. Systemic absorption of ***Pu was estimated to have been approximately
0.001%. Plutonium absorption through the intact human palmar skin was estimated to have been

0.0002%/hour when applied as the nitrate (10 pug Pu) in a 0.4 N nitric acid solution for 8 hours (Langham
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1959) and approximately 0.001%/hour following contamination of finger skin with Pu(NQO;), in 9% HCl
(Lister et al. 1963).

Studies conducted in rodents have shown that dermal absorption of plutonium is accelerated when
plutonium is applied to the skin in an acid medium and increases with severity of acid burns (ICRP 1986).
Plutonium has been found to migrate down hair follicles (AEC 1955) and into sweat and sebaceous

glands (AEC 1970b).

3.4.2 Distribution
3.4.2.1 Inhalation Exposure

Information on the general pattern of distribution of absorbed plutonium in humans is available from
direct measurements of plutonium in human autopsy tissues. Such measurements generally reflect the
long-term distribution pattern, in some cases being heavily influenced by discrete exposure events that
occurred years before death. Although some uncertainty exists regarding the relative contributions of
inhalation and oral exposures to the tissue distributions observed in the autopsy studies (in particular,
those of general populations), the finding of substantial amounts of plutonium in thoracic lymph nodes is

considered to be indicative of inhalation exposures to insoluble plutonium compounds.

Much more detailed information on the extra-respiratory distribution of inhaled plutonium derives from
numerous studies that have been conducted in animals, including nonhuman primates, dogs, and various
rodent species. The dog studies are of particular relevance to our understanding of the toxicology of

inhaled plutonium. Beginning in the early 1950s, the U.S. government initiated several life-span studies
of the toxicology of inhaled plutonium in beagles (DOE 1989). The results of these studies form part of

the basis for our understanding of the toxicity and carcinogenicity of inhaled plutonium (see Section 3.2).

Organ Distribution of Absorbed Plutonium in Humans. Information on tissue distribution of plutonium
in humans has come from the analysis of plutonium levels in postmortem tissue samples. Postmortem
studies have included workers exposed occupationally (Filipy and Ford 1997; Filipy and Kathren 1996;
Filipy et al. 1994; James et al. 2003; Mclnroy et al. 1989, 1991; Suslova et al. 2002), as well as studies of
the populations from the general public (Bunzl and Kracke 1983; Ibrahim et al. 2002; Kawamura and
Tanaka 1983; Mussalo et al. 1981; Mussalo-Rauhamma et al. 1984; Nelson ¢t al. 1993; Popplewell et al.
1985; Singh and Wrenn 1983; Yamamoto ¢t al. 2008a). Collectively, these studies have shown that

approximately 95% of the systemic (i.e., absorbed) plutonium burden is found in skeleton (=45%), liver
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(=45%), and skeletal muscle (=5%). A substantial fraction of the total body burden (e.g., 20-70%) has
also been found in the respiratory tract (including associated lymph nodes) in workers who experienced
inhalation exposures (James et al. 2003; Mclnroy et al. 1989). Autopsy studies of subjects from the
general public have found respiratory tract plutonium burdens ranging from approximately 3 to 6% of the
combined burdens of respiratory tract, liver and skeleton (Ibrahim et al. 2002; Kawamura and Tanaka
1983; Singh and Wrenn 1983). Yamamoto et al. (2008a) also evaluated the activity ratios of **’Pu/**Pu
in autopsy samples from individuals surrounding the Semipalatinsk Nuclear Test Site in the former Soviet
Union. They determined that both isotopes were present at highest concentrations in liver followed by
lungs and kidney, and that the isotopic ratios ranged from 0.088 to 0.207, which were consistent with

values obtained elsewhere from exposure to atomic weapons fallout.

The highest concentrations of absorbed plutonium are usually found in liver, bone, and spleen (Filipy and
Ford 1997, Filipy et al. 1994; Mclnroy et al. 1991; Yamamoto et al. 2008a). However, concentrations of
plutonium in the respiratory tract and associated lymph nodes can exceed that of other tissues when
exposures occur from inhalation (Mclnroy et al. 1991; Singh and Wrenn 1983). Skeletal:liver
concentration ratios measured in tissues from deceased plutonium workers ranged from approximately
0.05 to 1 (Filipy and Kathren 1996). Tissue:liver concentration ratios in a deceased plutonium worker
were as follows: tracheobronchial lymph node [TBLN], 100; lung, 2.6; pituitary, 1.1; skeleton, 0.23;
spleen, 0.22; and other soft tissues <0.2 (Mclnroy et al. 1991). An analysis of tissue plutonium levels in a
group of deceased plutonium workers (n=69-137) found the following soft tissue:liver concentration
ratios: skeleton (0.2) and spleen (0.05-0.08); ratios for other tissues were <0.05 (Filipy and Ford 1997,
Filipy et al. 1994).

The above estimates reflect measurements made at autopsy and not initial distributions of absorbed
plutonium or redistribution of plutonium over time. Although processes involved in the distribution,
initial deposition, and redistribution of absorbed plutonium are not clearly defined, available human and
animal data collectively provide some insight. Inhaled plutonium that has entered the blood appears to be
largely bound to transferrin and becomes associated with iron-binding proteins such as ferritin and
lipofuscin upon entering hepatocytes (Stevens et al. 1968; Stover 1968a; Suslova et al. 2002; Taylor et al.
1991). Based on regression analysis of autopsy data from Mayak workers, approximately 50 and 38% of
the plutonium entering the blood from the lung initially deposited in the liver and skeleton, respectively
(Suslova et al. 2002). Liver retention decreased linearly from 50% at the beginning of exposure to 42% at
25 years postexposure, during which time skeletal deposition increased from 38 to 50%. This

redistribution of approximately 8% of the total systemic content from liver to skeleton during the 25-year
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postexposure period represents a translocation rate of approximately 0.32% per year. Redistribution of
plutonium from other soft tissue is expected to contribute to increased skeletal content over time as well.
Considerable effort and progress has been made in developing models that simulate the distribution and

climination kinetics of absorbed plutonium. These models are described in greater detail in Section 3.4.5.

Organ Distribution of Absorbed Plutonium in Animals. Numerous studies conducted in various animal
models, including nonhuman primates, rodents, and dogs, provide additional evidence for distribution of
absorbed plutonium to thoracic lymph nodes, liver, and skeleton, following inhalation exposures to
plutonium aerosols (Bair et al. 1962b, 1966, Buldakov et al. 1972; Dagle ¢t al. 1986; Guilmette et al.
1984; Lataillade et al. 1995; Mewhinney and Diel 1983; Morin et al. 1972; Muggenburg et al. 2008;
Nenot et al. 1972; Park et al. 1972; Sanders 1973; Sanders and Mahaffey 1979; Sanders et al. 1977).
These observations are consistent with the larger body of observations of the distribution of plutonium
following parenteral administration of plutonium compounds (Bair et al. 1973; DOE 1989; Vaughan et al.

1973).

Studies conducted in animals have also shown that particle size and physical and chemical form of
inhaled plutonium influence both the kinetics and patterns of tissue distribution of plutonium.
Muggenburg et al. (2008) showed that, for monodisperse particles of 0.75, 1.5, or 3.0 um AMAD, the
smallest particles were most rapidly removed from the lungs during the first few hundred days.
Thereafter, removal of the larger particles was more rapid than that of the smaller particles; this trend
persisted past 6,000 days. The rate of particle distribution from the lung was greatest to the skeleton
followed by liver and spleen. Activity (as percent ILB) in the skeleton increased to 1% at 6,000 days.
Activity in the liver reached 10% at 1,500 days and slowly decreased thereafter. Activity in the spleen
reached 0.2% at 1500 days and likewise slowly decreased afterward. Activity in the kidney initially
reached 0.002% and then slowly decreased. In general, exposures to more insoluble forms of Pu (e.g.,
Pu0,) result in distribution (percent of ILB) of plutonium from the lungs to thoracic lymph nodes
comparable to that of the liver and greater compared to that of more soluble Pu(IV) complexes (e.g.,
citrate, nitrate) (Bair et al. 1966, 1973; DOE 1988b, 1989; Morin et al. 1972; Muggenburg et al. 2008;
Park et al. 1972). The highest concentrations of plutonium in lymph nodes were observed initially in
thoracic lymph nodes. Levels in selected lymph nodes increased to 10% ILB after 500 days (thoracic
lymph nodes), 10% ILB at 6,000 days (mediastinal lymph nodes), 1% ILB at 2,000 days (hepatic lymph
nodes), 0.1% ILB at 6,000 days (sternal lymph nodes), and 0.01% ILB at 300 days (retropharyngeal
lymph nodes) (Muggenburg et al. 2008). Whereas plutonium concentrations in the thoracic lymph nodes

of **Pu0,-exposed dogs remain high during lifetime observation, Mewhinney and Diel (1983)
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demonstrated that the concentrations in the thoracic lymph nodes of ***PuO,-exposed dogs rapidly
increased to peak levels (approximately 10% of the initial lung burden) within the first year postexposure,
then declined to <5% of the initial lung burden during the next 3 years. This difference in retention of
plutonium by the thoracic lymph nodes is thought to result from radiation fragmentation and subsequent
dissolution of the resulting smaller ***Pu particles, lymphatic transport to systemic circulation, and
subsequent deposition principally in liver and skeleton (Mewhinney and Diel 1983). The method used to
produce PuQ, also appears to affect the distribution of inhaled plutonium oxide. Distribution to thoracic
lymph nodes, bone, and liver was greater when exposure was to chemically prepared oxides or to air-
oxidized or low-fired plutonium compared to the high-fired forms (Bair et al. 1973; Sanders and

Mahaffey 1979).

Distribution of PuQ, from the respiratory tract and associated lymph nodes is affected by the size of the
particles initially deposited in the lung. Larger particle sizes (e.g., 2-4 um MMD) deposited in the
alveolar region of the lung undergo less extensive mucociliary transport to the gastrointestinal tract and
more extensive transfer into bronchial lymph nodes (Bair et al. 1962b, 1973; Guilmette et al. 1984). On
the other hand, transfer to extra-respiratory tissues is augmented with decreasing particle size (e.g., <2 pm
mass median diameter [MMDY]) (Bair et al. 1973; DOE 1989). Plutonium deposited in lung from
exposure to *PuQ, or **’Pu(NOs), is rapidly and more extensively distributed to extra-respiratory tissues
than is *’Pu0, (Dagle et al. 1983, 1996; Guilmette ct al. 1984; Park et al. 1997). For example,

1,000 days after beagles were exposed to acrosols of similarly sized particles of ***Pu0Q, or ***Pu0Q,, liver
and skeletal burdens (fraction of initial lung burden) were approximately 100 times higher in dogs
exposed to **Pu0Q,, and lung burdens were approximately 3—5 times higher in dogs exposed to **’Pu0Q,
(Guilmette et al. 1984; Park et al. 1997). The isotope effect is thought to result from the relatively high
specific activity of *** Pu, which contributes to radiolytic fragmentation of Pu-containing particles in lung
and lymph nodes, augmenting transport and distribution to lymph and blood (Bair et al. 1973; Diel and
Mewhinney 1983). The distribution kinetics of inhaled 239Pu(N03)4 more closely resemble those of
“*Pu0, than *°Pu0, (Dagle et al. 1983, 1996; Park ct al. 1995).

Distribution of inhaled ***Pu0, to bone is influenced by age. In immature dogs, a 5-fold increase in
distribution to the bone was seen compared to that in young adult dogs (DOE 1986¢). These observations
are consistent with similar observations made following parenteral administration of Pu(IV) (Bruenger et

al. 1991a) and reflect higher bone turn-over in juveniles (see Distribution within Bone).
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Maternal-fetal Transfer of Plutonium. Absorbed matemnal plutonium can be transferred to the placenta
and fetus (Lund and Tkatchev 1996; Prosser et al. 1994; Russell et al. 2003). Analyses of plutonium
concentration in the placenta from a live birth that occurred 12 years following a work-related accidental
inhalation exposure to plutonium found concentration ratios for placenta:maternal (estimated maternal
body burden per kg body weight) of 0.16—0.27 (Russell et al. 2003). Analyses of plutonium in a sample
of aborted fetuses from the general public found fetal:maternal concentration ratios to be <0.2 (Prosser et
al. 1994). Studies in which animals received parenteral injections of plutonium (in most cases, as
plutonium citrate) confirm that absorbed plutonium can be transferred to the fetus (Green et al. 1979;
Kubota et al. 1993; Morgan et al. 1992; Paquet et al. 1998; Russell et al. 2003; Weiss and Walburg 1978).
This distribution pathway would be expected after inhalation exposure. In baboons, fetal:maternal whole
body concentration varied with the period of gestation at which the parenteral injection of plutonium
occurred and were highest when plutonium was administered during early gestation: day 22,
fetal:maternal=4; day 38, fetal:maternal=0.13; and day 106, fetal:maternal=0.04 (Russell et al. 2003,
attributed to Andrew et al. 1977). A similar pattern has been observed in other animal species, and is
thought to reflect distribution and dilution of plutonium initially transferred to the fetal-placental unit, as
fetal growth progresses. A larger fraction of an administered maternal dose of plutonium is transferred to
fetal-placental tissues during late pregnancy. In baboons that received a single intravenous injection of
plutonium citrate during the 3™ month of pregnancy, approximately 3—4% of the activity was transferred
to the fetus within 7 days postadministration (Paquet et al. 1998). The fetal:maternal whole-body
concentration ratio was approximately 1.3 and the tissue distribution in the fetus was similar to that
observed in adult animals, with the skeleton and liver accounting for most of the plutonium activity in the
fetal body. Fetal-placental burden was approximately 1% of the administered plutonium dose in guinea
pigs, mice, and rats that received an injection of plutonium citrate during late pregnancy (Kubota et al.
1993; Morgan et al. 1991). Maternal-fetal transfer of plutonium, administered as an intravenous injection
of plutonium citrate on day 16 of pregnancy was dose-dependent in mice, and ranged from approximately
5% of the dose following administration of 0.1 uCi/kg (3.7 kBg/kg) to approximately 1% following
administration of 27 pCi/kg (100 kBg/kg; Weiss and Walburg 1978). The highest concentrations of
plutonium in the fetal-placental unit are found in the yolk sac; however, as organogenesis progresses,
plutonium is also found in other tissues, with the largest fraction of the fetal burden in liver and bone

(Green et al. 1979; Kubota et al. 1993; Morgan et al. 1991; Paquet et al. 1998).
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3.4.2.2 Oral Exposure

Studies of the distribution of plutonium in humans exposed to plutonium solely through the ingestion
pathway have not been reported. Studies conducted in nonhuman primates, dogs, and various rodent
species have shown that plutonium absorbed from the gastrointestinal tract is distributed predominantly
(=90%) to liver and skeleton. A study conducted in fasted adult baboons (n=4) found that, 46 days after a
single gavage dose of ’Pu(VI) carbonate, approximately 90% of total body burden was in the skeleton
and liver, and that the skeletal:liver plutonium ratio (total burden) was approximately 1.2 (range: 0.7-1.7;
USNRC 1992). Skeletal:liver ratios ranging from 1 to 4 have been observed in dogs, following oral
exposures to plutonium bicarbonate and nitrate (Sullivan 1980a; Sullivan and Gorham 1983; Toohey et al.

1984), and values ranging from 1 to 8 have been observed in rats and mice (Sullivan et al. 1985).

3.4.2.3 Dermal Exposure

Occupational accidents have resulted in dermal exposures and/or penetration of plutonium into skin
wounds and subsequent systemic absorption of plutonium (Mclnroy et al. 1989; Woodhouse and Shaw
1998). In one case involving a plutonium-contaminated finger wound, postmortem measurements of
“*Pu levels in tissues, measured 17 years following the incident, showed that 41 and 49% of the body
burden were contained in the liver and skeleton, respectively; another 6.6% was associated with muscle
tissue (Mclnroy et al. 1989). In a similar case of a plutonium-contaminated left finger wound (Popplewell
and Ham 1989), postmortem measurements taken 18 years postaccident revealed a total estimated
plutonium body burden of 2.4 kBq. The left arm axillary lymph nodes accounted for approximately 76%
of the total body burden; other sites of deposition included skeleton (13%), left hand (5.5%), liver (4.5%),
and left arm flesh (1%).

3.4.2.4 Other Routes of Exposure

Plutonium tissue distributions (postmortem) have been measured following intravenous injection of
Pu(IV) citrate into subjects suffering from chronic disorders (Langham et al. 1980). Various analyses and
summaries of these data have been published (AEC 1971; Durbin 1972; Kathren 2004; Leggett 1985).
Postmortem tissue plutonium measurements for seven subjects have been reported; data for five of the
subjects were obtained 1 year following exposure, data for the other two subjects were obtained 7 or

21 years after exposure. Approximately 66% of the injected dose was found in skeleton (most of which

appeared to be associated with bone marrow) and 20-40% in liver (Langham et al. 1980).
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Postmortem plutonium tissue distributions were also measured in healthy subjects receiving a single
intravenous injection of »*’Pu(IV) citrate (Newton ct al. 1998; Warner et al. 1994). As much as 73% of
the injected **"Pu dose was found in the liver at 7-230 days postinjection; approximately half of the liver
»7Pu concentration was achieved within the first 2 days postinjection (Newton ct al. 1998). Early
gonadal uptake of **’Pu in four healthy males was in excess of 0.05%; mean retention between 30 and

86 days postinjection was approximately 0.015% (Warner et al. 1994).

Distribution of plutonium following intravenous injection of plutonium has been studied in nonhuman
primates, dogs, and rodents (¢.g., Bair et al. 1973; Bruenger et al. 1991a; Durbin et al. 1972, 1997,
Guilmette et al. 1978; Polig 1989; Polig et al. 2000; USNRC 1992).

3.4.3 Metabolism

Plutonium metabolism in physiological systems consists, primarily, of hydrolytic reactions and formation
of complexes with protein and nonprotein ligands. Plutonium can exist in oxidation states [II-VI in
solution; however, under most (if not all) physiological conditions, the predominant state is Pu(IV)
(Gorden et al. 2003). At neutral pH, Pu(IV) ion rapidly undergoes hydrolysis to monomeric and insoluble
polymeric plutonium hydroxides (¢.g., nPu|OH],) (Taylor 1973). Pu(IV) forms complexes with a variety
of physiological proteins, including albumin, globulins (e.g., transferrin), ferritin, and various low
molecular weight proteins (Gorden et al. 2003; Lehmann et al. 1983; Stevens et al. 1968; Stover et al.
1968a; Taylor 1973). The dissociation constant of Pu(IV)-transferrin complex has not been measured;
however, the complex appears to be less stable than Fe(IT)-transferrin complex (Kg=107* M) (Aisen and
Listowsky 1980; Turner and Taylor 1968). As a result, binding of Fe(Ill) to transferrin can influence the
degree of binding of Pu(IV). Excess iron results in reduced binding of plutonium to transferrin (Turner
and Taylor 1968). Plutonium also forms complexes with nonprotein ligands, polycarboxylates (e.g.,
citrate, lactate). The stability constants for the mono- and di-citrate complexes are approximately

10" and 10°°M, respectively (Taylor 1973).

3.4.4 Elimination and Excretion

Kinetics of elimination of absorbed plutonium reflect relatively long retention times of plutonium in liver
(half-time >9 years) and skeleton (half-time >20 years; ICRP 1994a, 1996a, 2001) (Leggett 1985), the
dominant sites of accumulation of absorbed plutonium. Analyses of data on excretion and tissue burdens
of plutonium in humans have contributed to the development of mechanistic models of plutonium kinetics

(see Section 3.4.5). These models predict observed multi-phasic elimination kinetics, reflecting the
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variation in kinetics and relative sizes of the major tissue depots for plutonium, with the half-time for the
dominant kinetic process estimated to be 50-100 years (ICRP 1972, 1979, 1994a; Khokhryakov et al.
2002; Leggett 1985). This general pattern of multi-phasic elimination with a dominant slow phase would
be expected to apply to absorbed plutonium regardless of the route of exposure. However, with inhalation
exposure, additional processes influence the elimination kinetics, including physical transformation and
dissolution of particles deposited in the lung, which can provide a source of replenishment of plutonium

to blood and other tissues (see Section 3.4.1.1).

3.4.4.1 Inhalation Exposure

Following inhalation exposure to PuQO,, plutonium is excreted in feces and urine (DOE 1991¢;
Khokhryakov et al. 2004; Kurihara et al. 2002; Voelz et al. 1979). Excretion in feces peaks within 2—

5 days following exposure, reflecting bronchial and tracheal mucociliary transport of deposited plutonium
particles to the gastrointestinal tract (Kurihara et al. 2002); however, it persists for years after cessation of
exposure (DOE 1991¢; Khokhryakov et al. 2004; Voelz et al. 1979). In observations made on retired
plutonium workers (n=19, >40 years following retirement), the median value for fecal:urine excretion
ratio was 0.57 (GSD: 1.12; mean=0.83+0.73 SD) (Khokhryakov et al. 2004). Observations made at
carlier times yielded higher ratios, indicating a gradual decline in the ratio with time. Group mean
fecal:urine ratios in 345 workers (2-30 years postexposure) ranged from approximately 0.7 to 1.4 and
were similar for oxides and nitrates (Khokhryakov et al. 2004). Voelz et al. (1979) determined a median

fecal:urine ratio of 0.30 for 12 former workers in the United States.

Kinetics of urinary excretion of inhaled plutonium reflect the kinetics of dissolution and absorption of
plutonium particles deposited in the lung (half-times 1-20 years) and the relatively long retention times of
plutonium in liver (half-time >9 years) and skeleton (half-time >20 years) (ICRP 1994a, 1996a).
Following inhalation exposure to ***PuQ, ceramic particles, plutonium was not detected in urine until
123 days after exposure and peak excretion rates occurred approximately 1,000 days following exposure
(James et al. 2003). The delay in observed urinary excretion is thought to reflect, in part, the relatively
slow dissolution kinetics of the particles (half-time ~7 years) (James et al. 2003). Over longer periods of
time following exposure, urinary excretion of plutonium exhibits multi-phasic kinetics, with declining
rates over time (Kathren and Mclnroy 1991; Suslova et al. 2006, Woodhouse and Shaw 1998). Repeated
measurements of urinary plutonium excretion in 6 workers who experienced inhalation exposures to
aerosols of plutonium nitrate showed that excretion rate declined with a mean half-time of 12 years

(95% CI: 10-16 years), when measured at times 1,000-9,000 days postexposure (Woodhouse and Shaw
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1998). Suslova et al. (2006) measured urinary plutonium excretion and terminal body burdens in

187 healthy plutonium workers. When expressed as a fraction of terminal body burden (measured at
autopsy), the mean excretion rate was 1.5x10” d”' (GSD=1.78); this corresponds to a urinary climination
halftime of approximately 127 years. The excretion rates were higher in workers who died of
malignancies, cardiovascular or respiratory tract disease (2.1x107 d”', half-time: 90 years), or liver
disease (2.6x10” d', half-time: 73 years). Excretion rates among workers exposed primarily to more
soluble forms of plutonium (e.g., plutonium nitrate; 1.4x10” d”', half-time: 136 years) were
approximately twice those of workers exposed primarily to plutonium metal and oxides (0.7x10” d,
half-time: 271 years). Kathren and Mclnroy (1991) analyzed data on urinary excretion of plutonium and
postmortem tissue levels in five plutonium workers (four of whom were exposed to plutonium by the
inhalation route) and concluded that body burdens were consistent with biphasic urinary elimination
kinetics with approximate half-times of 40 and 100 years. Etherington et al. (2003) measured urinary and
blood plutonium kinetics in two adult subjects who inhaled an acrosol of *"**Pu(NO;),

(AMAD=1.1 um; GSD=1.2). Urinary clearance (expressed as a fraction of blood plutonium burden
excreted per day) ranged from 0.03 to 0.1 d”' during the first 30 days following exposure (corresponding
half-times are 7-23 days). Medical follow-up studies have been conducted on persons exposed to
plutonium during work related to the Manhattan Project (Voelz and Lawrence 1991; Voelz et al. 1979,
1985, 1997). Leggett (1985) reported an analysis of a subset of 12 subjects (Voelz et al. 1979), 30 years
following the conclusion of the exposure period, and estimated urinary and fecal clearance (fraction of
blood burden) to be 0.06 and 0.024 d™', respectively (corresponding half-times are approximately 12 and
29 days).

Studies conducted with nonhuman primates have confirmed that the relatively slow excretion and
elimination kinetics of inhaled plutonium arise from long retention times in lung, liver, and skeleton
(Brooks et al. 1992; LaBauve et al. 1980; Lataillade et al. 1995; Metivier et al. 1978b; Stanley et al.
1982). Studies conducted in dogs (i.¢., beagles) have shown that lung retention is a greater contributor to
slow elimination of ***PuQ, than it is for **Pu0,, **Pu(NO;),, or **Pu(NO;),, which are more rapidly
absorbed and distributed to the liver and skeleton. In beagles, during the first few days following
inhalation exposure to PuQ, or Pu(NQ;),, fecal excretion is the dominant excretory pathway, reflecting
mucociliary clearance of deposited plutonium to the gastrointestinal tract where the absorbed fraction is
relatively low (e.g., <1%). Following this period of relatively rapid clearance of plutonium from the
respiratory tract, fecal excretion declines and urinary excretion makes a larger contribution to ¢limination
of the body burden, equaling or exceeding fecal excretion (Bair et al. 1973; Mewhinney and Diel 1983).

However, both fecal and urinary excretion rates (percent of body burden/day) decline over time and vary
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with different chemical and physical forms and isotopes of plutonium. Bair et al. (1973) compared
urinary excretion kinetics during the first 100 days following exposures of beagles to **’PuQ, (MMD 1-
5 um), *’Pu0, (MMD 0.1 um), **PuO, (MMD 0.1 um), or **’Pu(NOs), (MMD 0.12 pm). Urinary
excretion of plutonium (per cent of body burden, 50-100 days postexposure) following exposure to
“*Pu0, (MMD 1-5 um) was slower (x5-10x107% body burden/day) than following exposure to >*PuO,
(MMD 0.1 um; ~#1x107% body burden/day), ***Pu0, (*2-3x107% body burden/day) or **Pu(NO;), (~1-
2x107°% body burden/day).

3.4.4.2 Oral Exposure

Enhanced urinary excretion of >*”*Pu was observed in humans during 7 days following ingestion of
mollusks containing *****Pu (Hunt 1998; Hunt ct al. 1986, 1990). Excretion of plutonium in urine was
also observed in the first 24 hours following an oral dose of ***Pu(VI) bicarbonate (or **Pu(VI)
bicarbonate) administered to baboons (USNRC 1992). Priest et al. (1999) observed urinary excretion of
plutonium in a human who ingested plutonium-contaminated sediments. Studies conducted in dogs and
various rodent species have shown that following ingestion, absorbed plutonium is excreted in urine

(Sullivan 1980a; Sullivan et al. 1985).

3.4.4.3 Dermal Exposure

Occupational accidents have resulted in dermal exposures and/or penetration of plutonium into skin
wounds and subsequent systemic absorption of plutonium (Mclnroy et al. 1989; Woodhouse and Shaw
1998). In one case, postmortem measurements of *°Pu levels in tissues, measured 17 years following the
incident, showed that liver contained approximately 41% of the body burden and skeleton contained 49%
of the body burden (Mclnroy et al. 1989). Woodhouse and Shaw (1998) reported urinary excretion of
plutonium during 20-30-year periods following various wound-related exposures to PuO, (oxalate),
Pu(NOs),, or pluto<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>