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3. HEALTH EFFECTS
3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of 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 (e.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 quality factor (Q) 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 2°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
29y (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-effect levels (NOAELS) or lowest-
observed-adverse-effect levels (LOAELS) 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 concerned with
appropriate actions to take at hazardous waste sites may want information on levels of exposure

associated with more subtle effects in humans or animals (LOAELS) or exposure levels below which no
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adverse effects (NOAELS) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLSs) 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.

3.2.1 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

interpretation of any epidemiological studies of workers are factors such as the “healthy worker effect"
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(e.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
hematopoietic, 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, **Pu0,, 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 ?**Pu0, (more rapidly cleared from the lung than ?*Pu0, 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 2*Pu0,,
29py0,, or “°Pu(NO3),. The lifetime exposure studies conducted by ITRI evaluated the effects of single
exposures of adult dogs to ?*Pu0, and ***PuQ, of varying particle sizes, single exposures of juvenile and
elderly dogs to ?*’Pu0,, and repeated exposures of adult dogs to **’PuO, (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 2®PuQ,-induced health effects in the ITRI
(Muggenburg et al. 1996) and PNL (Park et al. 1997) dogs. Comprehensive reports are presently being

finalized for 2*Pu0,-exposed dogs from the ITRI and PNL facilities. At present, available **Pu0, and
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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 kBg/kg Body Weight

Exposure and conversion information Study references
28pyo,:
ITRI evaluated single inhalation exposure of young adult male and female DOE 1989; Gillett et
dogs (12-15 months of age) at two AMAD patrticle sizes, 1.6 and 2.9 um. al. 1988; Hahn et al.
Test material was prepared at high calcining temperatures (700 °C). 1991a; Muggenburg

Exposed dogs were assigned to one of six groups, which resulted in median et al. 1996
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) kBqg/kg body weight

for dogs inhaling 1.6 um AMAD particles, 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)kBqg/kg/body weight for dogs inhaling 2.9 um AMAD

particles. Because effects did not appear to depend on patrticle size, the

study authors combined the results from the separate studies.

PNL evaluated single inhalation exposure of young adult male and female DOE 1978a, 1988a,
dogs (12-20 months of age). Test material prepared at high calcining 1989; Park et al.
temperatures (750 °C). Mean ILBs of 0, 0.13, 0.68, 3.1, 13, 52, and 210 kBg 1995, 1997; Weller et
were reported for controls and 6 experimental groups (Park et al. 1997), and al. 1995a, 1996

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.

2pyo,:

ITRI evaluated single inhalation exposure of young adult male and female Diel et al. 1992; DOE
dogs (12-15 months of age) at three different AMAD particle sizes, 0.75, 1.5, 1989; Hahn et al.

and 3.0 um. Test material was prepared at high calcining temperatures 1999; Muggenburg et
(700 °C). Because effects did not appear to depend on particle size, the al. 1988, 1999

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 (5.2-9.3),

14 (10-20), and 30 (21-74) kBqg/kg body weight were reported for controls

and six experimental groups (Hahn et al. 1999; Muggenburg et al. 1999).

PNL evaluated single inhalation exposure of young adult male and female DOE 1988a, 1989;
dogs (12-20 months of age) at an AMAD particle size of 2.3 um. The test Weller et al. 1995b
material was prepared at high calcining temperatures (750 °C). Mean ILBs of

0,0.12,0.69, 2.7, 11, 41, and 213 kBg were reported for controls and

six experimental groups (Weller et al. 1995b), 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 Diel et al. 1992; DOE
dogs (12-15 months of age) at an AMAD particle size of 0.75 um. Repeated 1989

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 kBg/kg body weight in the repeatedly-exposed

dogs.
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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 kBg/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 1.5um. 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 3.0um. 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 (DOE 1988d) were converted to 0, 1.22, 3.37,
6.6, and 13.7 kBg/kg, respectively (1 uCi = 37 kBq).
2py(NO3),:
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 um. Mean ILBs of 0,0, DOE 1986b;1988b,
2+2; 8+4; 56+17; 295+67; 1,709+639; and 5,445+1,841 nCi were reported for 1989, 1994a; Park et
unexposed controls, vehicle controls, and exposed groups 1-6, respectively, al. 1995
and were converted to mean ILBs of 0, 0, 0.0069, 0.030, 0.207, 1.02, 5.91,
and 18.83 kBqg/kg body weight by converting nCi to kBqg (1 nCi = 0.037 kBq),
which were then divided b¥ a mean body weight of 10.7 kg (the reported
mean body Wei%ht for the “**Pu0,-exposed PNL dogs, which was assumed to
represent the *’Pu(NOs),-exposed PNL dogs as well since body weight data
for these dogs were not located in available study reports).

pCi = 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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2%9py(NO,), data from the dog studies consist of interim and annual reports and more recent publications

that focus on selected end points of toxicity.

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
aerosol 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, uCi/kg
lung weight, kBg, kBag/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
each 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 cumulative 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
(e.g., Sellafield). The most recent findings from these studies are summarized in Table 3-2. Collectively,
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 have been
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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 0-100 18
Design: retrospective case control 149 409 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)

98% internal lung dose from
plutonium or inbred ***Am

Reference: Gilbert et al. 1989b Internal Pu

Location: Hanford, Washington exposure (kBq) Percent
Period: 1944-1981 <0074 28.7
Design: retrospective cohort 0 0'7 4-1.47 30'
Subjects: workers at the Hanford >i.48 ' 13

plant (n=31,500, 12,600 females)
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)

In full cohort, OR for lung cancer mortality
significant at dose strata 400-644 mSyv, 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 mSv with significant dose trend;
however, there was no evidence of a positive
trend for those employed <10 years or

>25 years.

Internal OR (95% CI
lung 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
Location: Denver, Colorado

Period: 1951-1998 Dose (Sv) n (percent)

Plutonium lung radiation dose
in exposed group:

Significant elevated risk for abnormal lung
profusion score in lung dose strata >10 Sv:

Lung dose (Sv)

Design: retrospective cohort 0-28 326
Subjects: male workers at Rocky 0 194 (37%)
Flats plant (n=326) hired between

>0— 0,
1951 and 1958 with lifetime doses 19 <E'1> igz ggoﬁg
>0.1 Sv; unexposed controls 5 <10 22 (4%)
(n=194, 12 females) >10 16 (3%)

Outcome measures: lung opacity
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
Location: Los Alamos, New Mexico

Pu body burden (Bq)

>0-—<1
1-<5
5—<10
>10

OR (95%CI
1.5 (0.6-3.8)
0.9 (0.3-2.6)
1.7 (0.5-6.6)
5.3 (1.2-23.4)

SMR and MRR not significantly elevated in
plutonium workers (compared to controls):

Period: 19431990 mean 970
o - median 565
Design: retrospective cohort range 50-3.180

Subjects: adult male workers at Los
Alamos National Laboratory

Pu body dose (mSv)

exposed to plutonium in 1944-1945 mean 2.08

(n=26); controls (n=876) workers not median 1.25

exposed to plutonium range 0.1-7.2

Outcome measures: mortality

Analysis: incidence rates of exposed

group compared to controls

(adjusted for age and year of death)

Reference: Wiggs et al. 1994 Pu body

Location: Los Alamos, New Mexico  purden (Bq) n

Period: 1944-1990

Design: retrospective cohort <74 3,472
>74 303

Subjects: male workers at Los
Alamos National Laboratory
(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)

SMR MRR
Category Deaths (95% CI) (95% CI)
All deaths 7 0.43 (0.17— 0.77 (0.36—
0.88) 1.6)
All 3 0.75 (0.15- 1.5 (0.46—
cancers 2.18) 4.9)
Lung 1 0.68 (0.01- 3.31(0.44-
cancer 3.79) 25)
Prostate 1 3.42 (0.04— No data
cancer 19.04)
Bone 1 96.4 (1.26— No data
cancer 536.0)

MRR not significantly associated with
plutonium body burden (<74 Bq compared to

>74 BQ):

Category

All deaths

All cancers

Respiratory tract cancer
Lung cancers

Bone cancer
Lympho/hematopoietic
cancer
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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).

QOutcome 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
0.1+0.9 (0.01) 2.0+1.1 (3.37)

Non-external
deaths

All cancers
Pu cancers
(lung, liver,
skeletal,
lymphatic)
Lung cancers -1.0+2.7 (0.14) 7.1+3.4 (4.06)

-1.541.7 (0.79) 2.6+2.0 (1.60)
0.6+0.05 (0.05) 4.9+3.3 (2.17)

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% CI)

>0-0.2 1.4 (1.0-1.8) 0.91 (<0.91-
3.1)

>0.2-1.0 2.4 (15-3.6) 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

ERRperSv  0.23(0.16—  0.93 (0.46-

lung dose 0.33) 1.9)

ERR perGy 3.9(2.6-5.8) 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 Pu body burden (kBq) Significantly increased RR within highest
Period: 1948-1996 Males 3.78 plutonium body burden stratum:
Des!gn: retrospective cohort Females 6.05 Pu body RR males RR females
Subjects: workers at Mayak _ burden (kBg) (95% CI) (95% CI)
E_roc(ijugthn At?]souat_log 1(2;&131](_)55(2 Pu liver dose (Gy) 0-1.48 1.0 (reference) 1.0 (reference)
reéd during the perio » Males 0.47 1.4-7.40 0.9 (0.1-3.2) 7.1 (0.9-59)
Outcome measures: liver cancer Females 0.88 >7.4 9.2 (3.3-23) 66 (16-452)
mortality _ .
Analysis: relative risk for plutonium ~ N=2,207 (monitored) All workers
body burden (general linear >7.4 17 (8.0, 26)

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 lung dose (Sv)

mean (range)

All plants 3.0 (0-24)
Pu production 8.7 (0-81)
Radio-
chemical
Reactor

2.5 (0-15)
0.04 (0-0.40)

Pu body burden (kBq)

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)

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

Smoking interaction

Multiplicative
Sub-multiplicative

ERR per Sv (95% CI)

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

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

Pu body burden (kBq) 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)

Reference: Tokarskaya et al. 2006

Reactor

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

Production Association (n=44 rd
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
2.9-18.5 kBq

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)
«-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

QOutcome 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

MRR for workers monitored for plutonium were

not significant (monitored compared to not

monitored):

Category

All cancers

Lung and bronchus
cancer

Pleura cancer

Liver and gall bladder
cancer

Bone cancer

MRR (95% ClI
1.01 (0.90-1.13)

1.18 (0.97-1.42)
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:

MRR lung and
Years since MRR bronchus
first 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

Reference: McGeoghegan et al. Pu internal lung radiation

Significant (p<0.05) MRR for plutonium

2003 dose: workers compared to other radiation workers
Period: 1947-1998 Dose (mSv) (Cls not reported) with no significant trends
Design: retrospective cohort Mean 3.45 with organ-specific plutonium radiation doses:
Subjects: female workers ever Median 1:59 MRR (*p<0.01;
employed at Sellafield plant Maximum 178 Category **p<0.05)
(n=6,376). Plutonium worker cohort 4, o, 0.36 Mortality
con;nsted of 5,203 V\(orkers ever 95th% 8.89 All deaths 2.20*
monitored for plutonium exposure All cancers 3.30*
Outcome measures: mortality and Breast cancer 3.77**
cancer morbidity o Circulatory disease ~ 2.18**
Analysis: mortality and morbidity Ischemic heart 5.46*
incidence rates in plutonium workers disease
compared to other radiation and Respiratory tract 4.05
non-radiation workers 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
Subjects: workers at Sellafield plant
(n=14,319, 2,689 females) who were
employed at any time during the
period 1947-1975; plutonium worker
cohort consisted of 5,203 workers
ever monitored for plutonium

exposure

QOutcome measures: mortality and

cancer morbidity

Analysis: mortality and morbidity
incidence (1971-1986) in plutonium
workers compared to other radiation

and non-radiation workers

Cumulative Pu exposure:
Exposure (Bag) Percent

0-250 75
>250-500 13
>500-750 7
>750-1,000 2
>1,000 3

Pu internal radiation dose
(mean) :

Tissue Dose (Sv)
Bone surfaces 3,282
Lungs 45-896
Liver 421

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

ClI = 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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corroborated in three studies of Mayak workers, who received much higher internal exposures to
plutonium compared to other epidemiological cohorts (Gilbert et al. 2004; Jacob et al. 2005; Kreisheimer
et al. 2003). Cancer mortality risk was linearly related to plutonium radiation dose. Estimated excess
relative risk in these three studies (adjusted for smoking) were as follows: (1) 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 (Gilbert et al. 2004); (2) 4.50 per Gy (95% ClI. 3.15-6.10) in males (Kreisheimer et al. 2003);
and (3) 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 per Gy
or 4.3 per Gy, respectively, using a radiation quality factor of 20 for «-radiation). The excess relative risk
per Gy in Mayak workers declined strongly with attained age (Gilbert et al. 2004). 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 ***PuQ,. Decreased survival of dogs following inhalation of **Pu0O, 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 2*Pu lung burden. In the ITRI study, survival appeared to
decrease in dogs exposed to *PuO; aerosols at a median initial lung burden as low as 0.36 kBqg/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 kBg/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 2*Pu0,-exposed 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 kBg/kg (Park et al. 1997). Radiation pneumonitis, lung tumors,
bone tumors, and liver tumors were competing causes of death in the 2*®Pu0,-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
29py0,. 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 et al. 1999). 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 kBg/kg. At the highest
median initial lung burden (30 kBq/kg), postexposure survival times were as short as 105-1,525 days
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compared to 1,893-6,308 days in aerosol 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 and lung tumors were the primary cause of premature death in ITRI and PNL dogs

highly exposed to %’Pu0, aerosols.

Exposures of Dogs to “’Pu(NO;),. Decreased survival was observed in PNL dogs exposed to aerosols of
239py(NO3), resulting in initial lung burdens >1.02 kBqg/kg body weight (DOE 1986b, 1988b; Park et al.
1995). In the highest exposure group (mean initial lung burden 18.83 kBg/kg), death due to radiation
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
29py0, (Lundgren et al. 1995; Métivier et al. 1986; Oghiso and Yamada 2003a; Oghiso et 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 aerosol exposure to 2°Pu(NOs), 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 aerosols 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.
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

Comments

Exposure/ LOAEL
Duration/

Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (kBa/kg BW)  (kBg/kg BW) (kBg/kg BW) Chemical Form

ACUTE EXPOSURE

Death

1 Monkey once 8 M (fatal radiation Brooks et al. 1992
(Cynomolgus) pneumonitis) 239Pu(NO3)4

2 Monkey once 11.7 M (fatal radiation LaBauve et al. 1980
(Rhesus) pneumonitis) 239Pu02

3 Dog once 1 (decreased survival) DOE 1988a
(Beagle) 239Pu02

4 Dog once 5.91 (fatal radiation DOE 1988b
(Beagle) pneumonitis) 239Pu(NO3)4

5 Dog once 1.6 (fatal radiation Hahn et al. 1999
(Beagle) pneumonitis) 239Pu02

6 Dog once 0.77  (markedly decreased Muggenburg et al. 1996
(Beagle) survival) 238Pu02

7 Dog once 0.63  (decreased survival) Muggenburg et al. 1999
(Beagle)

239Pu02

Group mean ILB.

Group mean ILB.

Group median ILB.

Group median ILB.

Group median ILB.
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key t& Species Frequency NOAEL Less Serious Serious Reference
Ei Strai (Route) :
igure (Strain) System (kBg/kg BW) (kBg/kg BW) (kBg/kg BW) Chemical Form Comments
8 Dog once 1.02 (decreased survival at9 Park etal. 1995 Group median ILB.
(Beagle) years; 55% compared to  239Pu(NO3)4
90% in controls)
° py SI)?J-C\';?O min 1 (significantly decreased ~Park et al. 1997 Group mean ILB.
(Beagle) survival) 238Pu02
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 19 M
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 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBg/kg BW) (kBg/kg BW) (kBg/kg BW) Chemical Form Comments
12 (DBOQ o once Resp 83 (fatal radiation Muggenburg et al. 1996 LOWIe_St i“_d“]{‘dula' ILB
eagle iti resulting in fata
pneumonitis) 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 Hemato 16 37 (significantly decreased Muggenburg et al. 1999 Group median ILB.
(Beagle) lymphocyte count) 239PUO?2
14 (DBoegagle) once Hepatic  0.0069 0.028 (significantly increased Park et al. 1995 Group mean ILB.

severity of adenomatous

hyperplasia)

239Pu(NO3)4
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key 5 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBg/kg BW) (kBg/kg BW) (kBg/kg BW) Chemical Form Comments
15 (D;egagle) 050 min  Resp 0.28  (chronic radiation Park et al. 1997 O e o vy
i ,
pneumonitis) 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 1.18  (intermittent Weller et al. 1995b Mean ILB for
(Beagle) lymphopenia) 239PUO2 nonlymphopenic dogs.
Cancer
1 Dog once 0.25 (CEL: lung tumors) DOE 1988a Based on group mean
(Beagle) 239PUO2 ILB and fatal lung
u tumors.
18 Dog once 0.19  (CEL: bone tumors) DOE 1994a Group mean ILB.
239Pu(NO3)4
19 Dog once 0.19  (CEL: lung tumors) Hahn et al. 1999 Group mean ILB.
(Beagle) 239Pu02
20 Dog once 0.4 (CEL: bone tumors) Muggenburg et al. 1996 Lowest ILB at which
(Beagle) 238PUO2 tumors were detected.
0.3  (CEL: lung, liver tumors)
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Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued)

Exposure/ LOAEL

Duration/
Key 6 Species Fr(?zqouuiz;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (kBg/kg BW) (kBg/kg BW) (kBg/kg BW) Chemical Form Comments
21 Dog once 1 (CEL: bone tumors) Park et al. 1997 Group mean ILB.

10-30 min
(Beagle) 238Pu02
0.061  (CEL: lung tumors)

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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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.qg., Sellafield). The most recent findings from these studies are summarized in

Table 3-2. Study outcomes for mortality from lung or respiratory tract disease (e.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
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) did not include information regarding a possible association

between these lung abnormalities and clinical symptoms of disease.

Studies in Animals. Radiation pneumonitis has been observed following plutonium (primarily insoluble)
aerosol exposure of dogs, nonhuman primates (monkeys and baboons), and rodents. As discussed in
Section 3.2.1.1, radiation pneumonitis was identified as the primary cause of death in some dogs and
nonhuman primates that inhaled **PuQ,, 2°Pu0,, or **°Pu(N03), aerosols. Although nonfatal radiation
pneumonitis (e.g., radiation pneumonitis observed in dogs with other primary causes of death) was
observed in the ITRI and PNL dog studies, information on initial lung burdens associated with nonfatal
pneumonitis was not typically reported. Therefore, most of the available dose-response information on

plutonium-induced respiratory effects was obtained from animals with fatal radiation pneumonitis.

Results of inhalation toxicity studies in dogs show that the clinical course of radiation pneumonitis is

similar following exposure to 2*PuO, or ®*Pu0,. The typical initial presenting symptom of radiation

**DRAFT FOR PUBLIC COMMENT***



PLUTONIUM 41

3. HEALTH EFFECTS

pneumonitis is tachypnea (increased number of breaths per minute) with radiological evidence of
pulmonary interstitial infiltrate. Histopatholgical findings include interstitial pneumonia with alveolar
epithelial hyperplasia, vasculitis, inflammatory cells infiltration, and pulmonary fibrosis (Muggenburg et
al. 1996, 1999; 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
compared to that observed in ?*PuO,- or **Pu(NOs),-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 “®*Pu0, and ?°Pu(NO,), (see Section 3.4, Toxicokinetics).

Exposure of Dogs to ***PuQ,. 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 kBg/kg (Muggenburg et al. 1996). Similar observations were reported in
the PNL studies on 2®Pu0O,, with chronic radiation pneumonitis observed in dogs with initial lung
burdens >0.28 kBq/kg (Park et al. 1997).

Exposure of Dogs to °Pu0,. Chronic radiation pneumonitis also was observed in the ITRI and PNL
dogs exposed to “’PuO, aerosols. 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 et al.
1999). Death due to fatal pneumonitis occurred within 0.3-11.7 years of exposure, with the time to death
inversely related to initial lung burden (Hahn et al. 1999; Muggenburg et al. 1999). The lowest initial
lung burden causing fatal radiation pneumonitis was 1.0 kBg/kg (Muggenburg et al. 1999). The time to
death from radiation pneumonitis was not different in ITRI 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 kBqg/kg) (Diel et al. 1992). Death due to radiation pneumonitis was observed in 2°PuO.-
exposed PNL dogs at mean initial lung burdens >1 kBg/kg (DOE 1988a; Weller et al. 1995b).
Histopathologic changes to lungs included interstitial and subpleural fibrosis, alveolar hyperplasia, and

squamous metaplasia. From the available reports, it is unclear if nonfatal radiation pneumonitis was
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observed in dogs exposed to inhaled 2°Pu0O,. 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 et al. 1999). However, 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(NO3),. Radiation pneumonitis was the primary cause of death in all five dogs
that died early following exposure to 2°Pu(NOs), aerosols at levels resulting in a mean initial lung burden
of 18.83 kBq/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 **°Pu0, 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 **Pu0, that resulted in an estimated initial
lung burden of 28.5 kBg/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 kBg/kg (LaBauve et al. 1980). Dose-related increased severity of radiation pneumonitis
and pulmonary interstitial fibrosis were observed in Cynomolgus monkeys exposed to 2*Pu(NO3), at
levels resulting in initial total lung burdens >4.8 kBqg/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
observed in rats, mice, and hamsters that inhaled ?°Pu0O, (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 aerosols 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
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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 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 Bg. 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.

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

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) (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.
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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 *Pu0, and %°Pu(NO;), were lymphopenia and neutropenia,
whereas lymphopenia was the primary hematological effect of inhaled “°Pu0,. 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 ***PuQ,. Lymphopenia and neutropenia were observed in dogs exposed to “*Pu0,.
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 kBg/kg) than decreased neutrophil counts (>4.68 kBg/kg) (Park et al. 1997).

Exposure of Dogs to “*Pu0,. Lymphopenia was the primary hematological effect observed in dogs
exposed to 2°Pu0,, 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 kBag/kg (Muggenburg et al. 1999). In the PNL dogs, transient lymphopenia occurred at initial lung
burdens >0.064 kBg/kg and transient and persistent lymphopenia was noted at initial lung burdens

>0.25 kBq/kg (Weller et al. 1995b). Time to occurrence was inversely related to dose, with effects
observed within 4—-7 months in dogs with initial lung burdens >3.8 kBg/kg, and from 13 to 153 months in
dogs with initial lung burdens in the range of 0.064-1 kBg/kg (Weller et al. 1995b). Repeated inhalation
exposure to “’Pu0, 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 ***PuQ, aerosols include transient neutropenia,
leukopenia, and erythrocytosis. Transient neutropenia developed 4 months after exposure to **PuQ, in
the ITRI dogs with initial lung burdens >8.4 kBqg/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 2**Pu0O,-
exposed ITRI dogs (Muggenburg et al. 1999). Erythrocyte counts in were not affected in the 2°PuQ,-
exposed PNL dogs (DOE 1988a).

**DRAFT FOR PUBLIC COMMENT***



PLUTONIUM 45

3. HEALTH EFFECTS

Exposure of Dogs to 2*Pu(NO3). In 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 kBg/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
29py0, aerosols, but initial lung burdens resulting in this effect were not specified (LaBauve et al. 1980).
Total leukocyte count (in the absence of lymphopenia and neutropenia) was decreased in Cynomolgus
monkeys exposed to “*Pu(NO3),, 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.

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

nonhuman primates exposed to aerosols 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 (e.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
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 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 2®PuQ, aerosols (Hahn et
al. 1991a; Muggenburg et al. 1996; Park et al. 1997). Although osteodystrophy in the *®*Pu0,-exposed

ITRI dogs was often associated with bone tumors, it also occurred in the absence of bone tumors (Hahn et
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al. 1991a; Muggenburg et al. 1996). In the 2*Pu0,-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 “’Pu(NOs;), aerosols (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 aerosols of plutonium are recorded in Table 3-3 and plotted in Figure 3-1.

Hepatic Effects.

Epidemiological Studies in Humans. 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., 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 aerosols of
plutonium. Elevated serum liver enzymes and non-neoplastic liver lesions were noted in dogs exposed to
28py0, and #°Pu(N0Os),, and non-neoplastic liver lesions have been observed in dogs exposed to **Pu0,.
In addition, bile duct hyperplasia was observed in dogs treated with 2*PuO, and >**Pu(NO;),. Although
elevated 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
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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 2®Pu0,. Elevated serum alkaline phosphatase (ALP) and alanine aminotransferase
(ALT) was observed in ?*PuO,-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 kBag/kg
and in 4-6 years postexposure in dogs with higher initial lung burdens (>5 kBq/kg) (Muggenburg et 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 2®PuQ,-exposed dogs (Gillett et al. 1988).

Exposure of Dogs to 2°PuQ,. Centrilobular congestion and vacuolization were observed in dogs that
inhaled ***Pu0, (initial lung burden >1 kBg/kg), although no consistent changes in serum liver enzymes
were seen (DOE 1988a).

Exposure of Dogs to 2*Pu(NO3),. Serum liver enzymes ALP and glutamic pyruvic transaminase (GPT)
were significantly elevated In PNL dogs that inhaled **Pu(NO5),, at levels resulting in initial lung
burdens >0.19 kBg/kg (DOE 1988b, 19944; 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 2*’Pu0, (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.
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The highest NOAEL values and all reliable LOAEL values for hepatic effects in dogs and nonhuman

primates exposed to aerosols 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 disease

and exposure to plutonium among workers at these facilities.

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 “®*PuO,-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. Histopatholgical 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).
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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.

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
Ilymph 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 “®Pu0,, 2°Pu0,, or #°Pu(N0Os),. Fibrosis and loss of lung-associated and
mediastinal lymph nodes were observed in the 2*®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-neoplastic lesions in 2*Pu0,-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 ?*Pu0, (DOE 1988a; Muggenburg et
al. 1999). Sclerotic lymph nodes were observed in the groups of “’Pu(NO;).,-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 2®PuQ;- or °Pu0,-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
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to 2°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 2*°PuQ, aerosol exposure). Other reports of 2°Pu0O,-
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.

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 disease 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.
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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 (e.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
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 (e.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.e., 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). 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.e., 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 kBqg (Krahenbubhl 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 earlier analysis of the
Mayak monitoring data, Gilbert et al. (2004) and Shilnikova et al. (2003) estimated body burdens and
lung radiation doses for various categories of employment (e.g., dates, jobs, work conditions, monitoring

and autopsy data) and exposure. The estimated job category mean body burdens ranged from 0.45 to
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17.8 kBq, and the corresponding internal 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 Quality Factor of 20 for
o-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).

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. Three 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% Cl: 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.e., 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% CI: 0.08-0.17); the corresponding estimate in units of
absorbed radiation dose would be 2.2 per Gy (assuming a Quality Factor of 20 for «-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).

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; Tokarskaya et al. 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 linear model. Relative risk for liver cancer

for the entire cohort was estimated to be 17 (95% CI: 8.0-26) in association with plutonium body
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burdens >7.4 kBq; however, when stratified by gender, the relative risk estimate for females was 66 (95%
Cl: 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% ClI: 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.

U.K. 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 0 to 12 kBq, with approximately 75% of the cohort having
cumulative uptakes <250 Bg. 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.e., those
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
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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 disease (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.e., 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
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 years of monitoring.
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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 2*'Pu). Estimated effective dose equivalents for
internal o-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 >25 years.

Some of the highest exposures to plutonium at Los Alamos occurred during the period 1944-1945 (i.e.,
Manhattan 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;
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.
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A larger cohort study was examined for cancer mortality in Los Alamos workers (n=15,527 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 (e.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 et 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 >5% 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.e., 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 (7.1+3.4% per year).
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;
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a significant amount of plutonium from the relatively soluble **Pu0, and %°Pu(NOs), compounds is
distributed to bone and liver, whereas the relatively insoluble **Pu0; is primarily retained within the
lungs and associated lymph nodes (DOE 1987f, 1988a) (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.

Exposure of Dogs to ***PuQ,. Bone tumors (predominantly 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 **PuO,-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 kBq/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 2*PuO,-exposed ITRI and PNL dogs
were located in peripheral lung, rather than central airways, and the majority were classified as
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 *®*PuO,-exposed ITRI and PNL dogs (Muggenburg et al. 1996; Park et al.
1997).

Exposure of Dogs to *’PuQ,. In the dog studies performed at ITRI (DOE 1987f; Hahn et al. 1999) and
PNL (DOE 1988a, 1990a; Weller et al. 1995b), lung tumors (predominantly bronchiolo-alveolar
carcinoma) were a primary cause of death in dogs exposed to **’Pu0;, at levels resulting in initial lung
burdens as low as 1.8 kBg/kg. The highest exposure levels typically resulted in high incidences of death
due to radiation pneumonitis. At these exposure levels, 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. None of the **Pu0,-

exposed dogs died from bone tumors; the few observed liver tumors were considered to be incidental to
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death (DOE 1990a). Bone tumors were also reported as a primary cause of death in three PNL dogs from
the two lowest exposure groups (mean initial lung burdens of 0.01 or 0.064 kBg/kg (DOE 1988a). Since
bone tumors were not observed in dogs with higher initial lung burdens, these bone tumors may not have
been ?**Pu0,-induced. However, premature death due to lung tumors or radiation pneumonitis in dogs
with higher initial lung burdens may have precluded late-developing bone tumors. Details on histological
characteristics or time to occurrence for lung or bone tumors were not reported. Liver tumors were not
observed in the ?**PuO,-exposed PNL dogs. Neither bone nor liver tumors were reported in the 2°PuO,-
exposed ITRI dogs (Hahn et al. 1999).

Exposure of Dogs to *’Pu(NOs),. The pattern of tumor development in PNL dogs exposed to
29py(NO3), was similar to that of dogs exposed to “®*Pu0,, 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 