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2. HEALTH EFFECTS

2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
plutonium Its purpose is to present |evels of significant exposure to
pl ut oni um based on toxicol ogi cal studies, epidem ol ogi cal
i nvestigations, and environmental exposure data. This information is
presented to provide public health officials, physicians, toxicologists,
and other interested individuals and groups with (1) an overal
perspective of the toxicology of plutoniumand (2) a depiction of
significant exposure |levels associated with various adverse health
ef fects.

Plutoniumis a radi oactive el enent. Radi oactive elenents are those
t hat undergo spontaneous transformati on (decay) in which energy is
rel eased (enmitted) either in the formof particles, such as al pha or
beta particles, or waves, such as gamm or X-ray. This transformation
or decay results in the formation of new el enments, sonme of which may
t henmsel ves be radi oactive, in which case they will al so decay. The
process continues until a stable (nonradi oactive) state is reached (see
Appendi x B for nore information).

Radi onucl i des can produce adverse health effects as a result of
their radioactive properties. Wth toxicity induced by the chem cal
properties of an element or its conpounds, the adverse effects are
characteristic of that specific substance. Wth toxicity induced by
radi oacti ve properties, the adverse effects are independent of the
chem cal toxicity and are related to the anbunt and type of radiation
absorbed by the target tissues or organs. Wile the chenical properties
affect the distribution and biological half-life of a radionuclide and
i nfl uence the retention of the radionuclide within a target organ, the
damage froma type of radiation is independent of the source of that
radi ati on. The adverse health effects reported in Chapter 2 are rel ated
to the radi oactive properties of plutoniumrather than its chem ca
properties. In this profile, there is little or no specific information
regarding the influence of plutoniumon specific target organs in
hurmans, |eading to reproductive, devel opnmental, or carcinogenic effects.
There is evidence, however, fromthe |arge body of literature concerning
radi oacti ve substances that al pha radiation can affect these processes
in humans (BEIR IV 1988; UNSCEAR 1982) ( see Appendix B for additional
i nformati on on the biological effects of radiation).

Pl utoniumexists in several isonmeric forns, the nost inportant of
whi ch are plutonium 238 and pl utoni um 239. Wen pl utoni um decays, it
emts primarily al pha particles (ionized heliumatons), except for
pl ut oni um 241 whi ch decays by beta em ssion. Al pha particles are highly
i oni zing and, therefore, damaging, but their penetration into tissue is
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slight. Biological damage is limted to cells in the imediate vicinity
of the al pha-emtting radioactive nateri al

The potential for adverse health effects caused by the plutonium
i sotopes i s dependent on several factors including solubility,
distribution in the various body organs, the biological retention tine
in tissue, the energy of the radioactive em ssion, and the half-life of
the isotope (EPA 1977). A potential health hazard results when
pl utoniumis inhal ed and deposited in lung tissue or is ingested or
enters the body through wounds. Subsequent translocation of sonme of the
plutoniumfromthe lungs to tissues and organs distant fromthe site of
entry results in radiation damage to these tissues as well as to the
lung. For the two nost studied isotopes, plutonium 238 and pl utonium
239, radioactive half-life (86 and 24,000 years, respectively) and
bi ol ogical retention tine are very long, resulting in prol onged exposure
of body organs to al pha radiation (EPA 1977). Pl utonium isotopes
general ly exist as conplexes with other elenents or conpounds (see
Chapter 3 for information on chem cal and physical properties of
pl ut oni um and pl ut oni um conpounds). Pl utoni um 238 compounds and certain
pl ut oni um 239 conpounds, such as the nitrate forns, are nore soluble in
lung tissue than plutonium 239 dioxide. Thus, plutonium 239 dioxide
will be retained longer in lung tissue follow ng inhalation than the
nore sol uble forms, plutonium 238 conpounds or plutonium239 nitrate.
I nsol ubl e plutoniumis inhaled as particles. Particle size determ nes
deposition patterns and consequently, clearance patterns fromthe | ung;
therefore, particle size is directly related to retention and the
resulting radiol ogi cal dose. These characteristics also affect the
toxicity and target organs of the various isotopes.

Nuner ous studi es have been conducted in | aboratory animals to
devel op a better understanding of the physiological effects of exposure
to plutonium These studies have increased our understandi ng of the
deposition of plutoniumin various body organs and of the tinme of
retention, as well as providing an extensive database on the adverse
health effects of plutonium The rel evant toxicol ogical properties of
pl ut oni um and significant health effects related to exposure to
pl ut oni um are described in this chapter.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
l'iving or working near hazardous waste sites, the data in this section
are organi zed first by route of exposure -- inhalation, oral, and dernma
-- and then by health effect -- death, systenic, imrunol ogical
neur ol ogi cal , devel opnental, reproductive, genotoxic, and carci nogenic
effects. These data are discussed in terns of three exposure periods --
acute, internediate, and chronic.
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Level s of significant exposure for each exposure route and duration
(for which data exist) are presented in tables and illustrated in
figures. The points in the figures show ng no-observed-adverse- ef f ect
| evel s (NOAELS) or | owest-observed-adverse-effect |evels (LOAELS)
reflect the actual |evels of exposure used in the studies. LOAELs have
been classified into "l ess serious" or "serious" effects. These
distinctions are intended to help the users of the docunment identify the
| evel s of exposure at which adverse health effects start to appear,
determ ne whether or not the intensity of the effects varies with dose
and/ or duration, and place into perspective the possible significance of
these effects to human heal t h.

The significance of the exposure |levels shown in the tables and
figures may differ depending on the user's perspective. For exanple,
physi ci ans concerned with the interpretation of clinical findings in
exposed persons or with the identification of persons with the potenti al
to devel op such di sease nay be interested in | evels of exposure
associated with “serious” effects. Public health officials and project
managers concerned with response actions at Superfund sites nmay want
information on | evels of exposure associated with nore subtle effects in
humans or animals (LOAEL) or exposure |evels bel ow which no adverse
effects (NOAEL) have been observed. Estimates of |evels posing mninma
risk to humans (M ninmal Ri sk Levels, MRLs) are of interest to health
professionals and citizens alike.

The activity of radioactive elenments has traditionally been
specified in curies (C). The curie is approximately 37 billion
di sintegrations (decay events) per second (3.7x10x' dps). In discussing
plutonium a smaller unit, the picocurie (pC) is used, where 1 pG is
equal to 1x10™ G . In international usage, the S.I. unit (the
International Systemof Units) for activity is the Becquerel (Bqg), which
is equal to one disintegration per second or about 27 pC. (Information
for conversion between units is given in Chapter 9 and Appendix B.) In
the text of this profile units expressed in pC are followed by units in
Bg contained in parentheses. The activity concentration is a
description of the anpunt of plutoniumdeposited in |lungs after
i nhal ati on exposure or administered to animals by the oral route or by
ot her routes of exposure rather than an expression of dose. In
radi ati on biology, the termdose refers specifically to the anount of
energy inparted by the enmtted radiation that is absorbed by a
particular tissue or organ. This dose is expressed in rads (G ays).

2.2.1 Inhal ation Exposure

Nunerous inhal ation studies in rats, mice, hansters, dogs, and

nonhuman pri mates have been, conducted or are still on-going. In the
majority of these studies, the test animals received a single inhalation
exposure to either plutonium 238 or plutonium 239, adm nistered as the
di oxide, the citrate, or the nitrate. Observation continued, or is
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continuing, for the lifespan of the aninals. Anpbng the issues studied
were the conparative toxicity of plutonium 238 and pl utonium 239, the
ef fect of particle size on deposition and expressed toxicity, the effect
of age at first exposure, the target organs and tine-course of the

di sease process, and the differences in species sensitivity. In each
case, animals were exposed by inhalation to an aerosol of plutonium
particles of different aerodynam c sizes and to different anmounts of
radi oactivity in the aerosol. Environmental levels (i.e., the anpunt of
pl utoni umradi oactivity present in the aerosol) were usually not given.
Rat her, the anpbunt of plutoniumwas expressed as a "lung burden" or
"initial alveolar deposition" or "initial lung deposition," i.e., the
total anpbunt of radioactivity retained in the lung after the exposure.
Wor ki ng from experinment-specific body wei ghts, plutonium deposition
levels in this profile have been expressed as pC pl utoniunf kg body

wei ght. When literature val ues were expressed as "radi oactivity per
gram of lung tissue," these values were also converted to pGi

pl ut oni um kg body weight if lung weight or ratio of lung weight to body
wei ght was given. Health effects associated wi th plutoni um deposition
in units of pC plutonium kg body weight, for acute, internedi ate, and
chroni ¢ exposure duration (for which data exist) are presented in Table
2-1 and illustrated in Figure 2-1.

2.2.1.1 Deat h

Anal yses of nortality anobng persons chronically exposed to
pl utoniumin the workplace have been conducted. In the three
occupational cohorts studied (Los Al anpbs Laboratory, Rocky Flats
facility, and Hanford Plant), there were consistently fewer deaths than
expected based on data for United States white males (G | bert and Marks
1979; Voelz et al. 1983a, 1983b; WIkinson et al. 1987). This
phenonmenon is generally attributed to the "healthy worker effect,” which
hol ds that individuals in the work force are healthier than those in the
general popul ation. However, in a refined cohort fromthe Rocky Flats
facility, the nortality of plutoniumexposed workers was conpared to
t hat of unexposed workers fromthe sane plant. It was reported that
death fromall causes was el evated in exposed individuals but the
i ncrease was not statistically significant (WIkinson et al. 1987).

Statistically significant decreases in nmean survival tine in
treated animals conpared to controls have been reported in rats, nice,
hanst ers, dogs, and baboons followi ng a single, acute inhalation
exposure to plutonium 239 or plutonium238. A single exposure to
pl ut oni um 239 resulting in deposition | evel s ranging from2.3x10* to
7.2x10° pG (8.5x10° to 2.7x10°Bq)/ kg body wei ght produced a decrease
in survival time in rats (Metivier et al. 1986; Sanders et al. 1976,
1988), in mice (Lundgren et al. 1987), in hanmsters (in the high-dose
group, males only) (Sanders 1977), in dogs (Dagle et al. 1988;
Muggenburg et al. 1987a; Park et al. 1988), and in baboons (Metivier et



TABLE 2-1. Health Effects Associated with Plutonium Deposition - Inhalation

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serlous Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
ACUTE EXPOSURE
Death
1 Rat 1d 1.7x10% 4.9%105 (dec lifespan) Metivier et al. 23%py0,
1986
2 Rat 1d 2.5x10% (dec lifespan)  Sanders et al. 238pyo,
30 min 1977
3 Mouse 1d 2.1x10% (dec lifespan) Lundgren et al. 23%9pu0,
1987
4 Hamster 1d 2.1x10% (dec lifespan)  Sanders 1977 239pup,
30 min
5 Dog 1d 6.2x103 (dec lifespan) Park et al. 1988 239PuO2
3 Dog 1d 2.8x10% (dec lifespan) Park ot al. 1988 233puo,
Systemic
7 Rat. id Resp 1.6x10€ (pneumonitis) Sanders and 239py0,
30 min Mahatfey 1979
8 Rat 1d Resp 1.6x105 (fibrosis) Sanders et al. 239py0,
1988
9 Rat, 1d Resp 6.3x105 (pneumonitis) Sanders et al. 238E’u02
30 min Other 2.5x108 1977
10 Rat 1d Resp 4.3x105 (inc collagen ct) Metivier et al. 2:’gPqu
1978a
11 Mouse 1d (days) Resp 3.6x103  8.4x105 (biochem effects) Talbot and 239py0,
Other 8.4x105 (inc lung wt) Moores 1985
12 Hamster ldose Resp 1.4x108 (metaplasia) Sanders 1977 238py0,
30 min Other 1.4x108
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TABLE 2-1 (contipued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
13 Hamster 1d Resp 1.4x10% (pneumonitis) Sanders 1977 2391‘u02
30 min Other 1.4x106
14 Dog 1d Resp 1.0x105 (pneumonitis) Muggenburg et 239PuO2
al. 1987a
15 Dog 1d Resp 1.3x105 (pneumonitis) Dagle et al. 23%u(No,),
Hemato 1.3x105 (lymphopenia) 1988
Hepatic 4.6x10% (altered enz) N
16 Dog 1d Hemato 6.1x10% (lymphopenia) Park et al. 1988 23%pyo,
Hepatic 6.1x103 (inc enzymes) :é
5 239 fa Iy
17 Dog id Resp . 4.6x10° (pneumonitis) Park et al. 1988 PuO, o o
Hemato 6.1x107 (dec lymphocytes)
Hepatic 4.6x105 m
2|
18 Dog id Resp 1.1x10% (dec resp funct) Muggenburg et 239Pu02 g
al. 1988 —
w
19 Dog 1d 1.0x105 (fibrosis) Mewhinney et al. 238pu0,
1987a
Immunological
20 Mouse 1d 4.5x10% (dec macrophage) Moores et al. 239PuO2
1986
21 Hamster 1d 7.1x10% (dec Ab form cell) Bice ot al. 1979 23%9puo,
22 Dog 1d 1.7x103 (lymphadenopathy) Park ot el. 1988 z”Pqu
23 Dog 1d 6.1x10% (lymphadenopathy) Park et al. 1988  238PuO,




TABLE 2-1 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
Cancer
24 Rat 1d 3.1x10% (CEL-lung) Sanders et al. 238pu0,
30 min 1977
25 Rat 1d 4,3x10% (CEL-1lung) Sanders et al. 23%py0,
1988
26 Rat id 1.7x10% (CEL-1lung) Mativier et al. 239pu0,
1986
‘27 Dog 14 2.3x10% (CEL-skeletal)  Dagle et al. 23%py(Ko,),
1988
28 Dog 1d 1.4x103 (CEL-skeletel)  Park et al. 1988 23%pu0,
29 Dog 1d 2.1x10* (CEL-lung) Muggenburg et 239pu0,
al. 1987=
30 Dog 1d 1.9x10* (CEL-liver) Gillett st al. 238pyo,
1988
3 Dog 1d 8.7x10% (CEL-lung) Park et al. 1988 23%Puo,
INTERMEDIATE EXPOSURE
Death
32 Mouse 1 yr 4.1x105 (dec lifespan) Lundgren et al. 239p40,
bimonthly 1987
33 Hamster lyr 7.1x10% Lundgren et al. 239PuO2

bimonthly

1983
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TABLE 2-1 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Raference Species
Systemic
34 Hamster 1 yr Resp 1.4x10% (pneumonitis) Lundgren et al. 239PuO2
bimonthly 1983
Cancer
3s Rat Multiple 8.6x10% (CEL-lung) Sanders end 239py0,
Mahaffey 1981
36 Mouse 1 yr 1.8x10% (CEL-lung) Lundgren et al. 239PuO2
bimonthly : 1987

Ab form cell = antibody forming cells; biochem = biochemical; CEL = cancer effect level; ct = count; d = day; dec = decreased; enz = enzymes;
funct = function; Hemato = hematological; inc = increased; LOAEL = lowest observed adverse effect level; min = minute; NOAEL = no observed
adverse effect level; Resp = respiratory; wt = weight; yr=year
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al. 1974). In all species tested, death occurred within 1 to 3 years
after exposure and was usually caused by radi ati on pneunonitis
acconpani ed by edema, fibrosis, and other signs of respiratory danage.
Survival tinme decreased in a dose-related manner at deposited levels in
excess of approxi mately 1x10* pC (3. 7x10° Bq) pl utoni um 239 di oxi de/ kg
body wei ght.

Simlar results were observed in aninals given a single, acute
i nhal ati on exposure to plutonium 238, as the nore sol ubl e di oxi de or
nitrate (Mewhinney et al. 1987a; Park et al. 1988; Sanders 1977; Sanders
et al. 1977). Studies in dogs (Park et al. 1988) and hansters (Sanders
1977) have denonstrated that plutonium 239 was nore toxic than
pl ut oni um 238. The primary cause of death in aninals treated with
pl ut oni um 238 was al so radi ati on pneunonitis.

Exposure of hansters for an internedi ate duration (once every ot her
nmonth for a total of seven doses over 12 nonths) to plutonium 239
dioxide resulted in a statistically significant decrease in nedian
survival time only in the highest exposure group [at deposition |evels
of 3.5x10° pG (1.3x10* Bg) plutoni um 239/ kg body wei ght] (Lundgren et
al . 1983). Hansters receiving | ower exposures [at deposition |evels of
1.4x10%or 7.1x10° pC (5.2x10° or 2.6x10° Bqg) pl utoni um 239/ kg body
wei ght] had survival tinmes conparable to controls. Simlar exposure of
m ce (once every other nonth for a total of six doses over 10 nmonths) to
pl utoni um 239 [at deposited | evels of 1.8x104, 8.1x104, or 4.1x10° pC
(6. 7x10°, 3.0x10°, or 1.5x10°Bq) pl utonium 239/ kg body weight] resulted
in statistically significant decreases in survival in all three exposure
groups (Lundgren et al. 1987).

2.2.1.2 Systemic Effects

No studies were | ocated regarding gastrointestinal, cardiovascular,
renal, or dernal/opular effects in hunmans or animals after inhal ation
exposure to plutonium

Respiratory Effects. No studies were |ocated concerning
respiratory effects in hunans after inhalation exposure to plutonium

Radi ati on pneunonitis, characterized by al veol ar edema, fibrosis,
and, in sone cases, pulnonary hyperplasia and netapl asia, has been
observed in dogs, mce, rats, hansters, and baboons foll owi ng exposure
to high levels of plutonium 239 or piutonium 238 di oxi de. |In dogs,
radi ati on pneunonitis and pul nonary fibrosis were two of the primary
causes of death anong hi gh-dose groups receiving a |lung deposition of
approxi mately 1.0x10° pC (3.7x10'Bg) pl ut oni um 238/ kg body wei ght
(Mewhi nney et al. 1987a) or 1.0x10° to 4.6x10° pCG (3.7x10° to 1.7x10°
Bg) pl utonium 239/ kg body wei ght (Miuggenburg et al. 1987a; Park et al.
1988). The time to death was inversely related to the initial |ung
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burden; dogs that received approxi mately 1.0x10° pC (3. 7x10°Bq)

pl ut oni um 238/ kg body wei ght were dead by 600 days post-exposure, while
t hose receiving 2.1x10° pG (7.8x10° Bg) pl utoni um 238/ kg body wei ght
survived 1,000 to 2,000 days (Mewhinney et al. 1987a). In dogs. neither
the size of the particles (Miggenburg et al. 1987a) nor the age of the
animal at initiation of treatnment (CGuilnette et al. 1987; Miggenburg et
al. 1987b) altered the course of the respiratory effects. The pattern
of disease in dogs 8 to 10 years old (Miggenburg et al. 1987b) and

i mature dogs (Guilnette et al. 1987) was simlar to that seen in young
adult dogs, that is, radiation pneunbnitis occurred in the high-exposure
groups resulting in shortened survival tinmes. Lung carcinomas were
observed in | ower exposure groups in which dogs survived for a | onger
period of time (see Section 2.2.1.8 Cancer and Table 2-1).

Rats al so devel oped radi ati on pneunonitis within 12 nonths after a
single exposure that resulted in a deposited |evel of approximately
1.6x10° pG (5.9x10°Bqg) pl utoni um 239/ kg body wei ght (Sanders and
Mahaf fey 1979). However, in another study, tenporarily increased
col | agen deposition, but not pneunpnitis, occurred in rats follow ng
deposition of 2.810° to 2.7x10°pCi (1.0x10° to 1.0x10° Bqg) pl utoni um
239/ kg body weight (Metivier et al. 1978a). Radi ation pneunobnitis and
fibrosis were the major pathol ogi cal findings and causes of death in
mal e hansters at deposited level's of 1.4x10° pC (5.2x10"° Bg) pl utonium
239/ kg body weight (Sanders 1977) or 1.7x10°pG (6.3x10°Bq) pl utoni um
238/ kg body wei ght (Mewhi nney et al. 1986).

Baboons and nonkeys di spl ayed a respiratory di sease pattern simlar
to that seen in dogs and rodents. Sonme baboons died of radiation
pneunoni tis acconpani ed by pul nonary edena within 50 days after a single
exposure to plutoni um 239 di oxi de at deposited | evels of 2.88x10° to
7.2x10° pG (1.1x10* to 2.7x10° Bg)/ kg body weight (Metivier at al.

1974; 1978b). Radi ation pneunonitis and pul nonary fibrosis were al so
seen in Rhesus nonkeys exposed to plutonium dioxi de at deposited |evels
of 3.4x10%°to 2.3x10° pC (1.3x10° to 8.5x10° Bg)/ kg body wei ght (Hahn et
al . 1984; LaBauve et al. 1980). Death from pul nonary fibrosis occurred
in Rhesus nonkeys follow ng |ung deposition of 3.4x10° pG (1.3x10° Bq)
pl ut oni um 239 di oxi de/ kg body wei ght (Hahn et al. 1984).

At | evels bel ow those that caused acute radiation pneunonitis,
chronic al pha irradiation of lung tissue fromthe deposited plutonium
produced interstitial fibrosis. The term nal stage of
pneunoni tis/fibrosis was characterized by an increased respiratory rate
and decreased pul nonary conpliance. The cardi opul nonary function of
sone of the dogs in the study by Miuggenburg et al. (1986) was studied
further (Muggenburg et al. 1988). Pul nonary dysfunction was observed in
t hese animal s and appeared to be a chronic form of radiation pneunonitis
or pulmonary fibrosis. The authors noted that this chronic lung injury
occurred at |ower doses or after a long | atency period and, unlike the
radi ati on pneunonitis that was fatal to dogs usually within | -2 years,
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occurred over the sane tinme period and sane doses as the pul nonary
car ci noma.

Exposure of hanBters to plutonlun}239 d|0X|de [ at tlssue dep03|t|on
|l evel s of 1.4x10° 7.1x10% or 3.5x10° pC (5.2x10% 2.6x10°, or 1.3x10°
Bq) pIutonlun}239/kg body wei ght, once every other nonth for a total of
seven doses over 12 nont hs] resuited in several respiratory effects over
lifetime observation (Lundgren et al. 1983). Radi ation pneunonitis was
observed at all dose | evels. Bronchiolar hyperplasia was seen in al
groups, including controls, but incidences were statistically
significantly increased over controls only in the highest dose group.
The hi ghest dose group al so showed a statistically significant increase
in al veol ar squanous netapl asia (Lundgren et al. 1983).

In a simlar experinent, mce were exposed (once every other nonth
for a total of six doses over 10 nmonths) to plutonlun}239 d|0X|de
resultlng in dep05|t|on | evel s ranging from1.8x10' to 4.1x10° pCi
(6.7x10° to 1.5x10"Bqg) pl utoni um 239/ kg body wei ght, and were observed
for life (Lundgren et al. 1987). Radiation pneunonitis and fibrosis
were seen only in the highest dose group. However, the incidence of
bronchi al hyperpl asia was statistically S|gn|f|cant in the md- and
hi gh- dose gr oups [at deposition |levels of 8.1x10° or 4.1x10° pCi
(3.0x10°or 1.5x10" Bg) pl utonium 239/ kg body wei ght]. The highest
NCQAEL values and all reliable LOAEL values for respiratory effects in
each species and duration category are recorded in Table 2-1 and plotted
in Figure 2-1.

Hemat ol ogi cal Effects. No studies were | ocated regarding
hemat ol ogi cal effects in humans after inhalation exposure to plutonium

In on-going studies in dogs (Dagle et al. 1988; Park et al. 1988;
Ragan et al. 1986) the earliest observed biological effect was in the
hemat opoi eti ¢ system Aerosols of plutonium 239 or plutonium 238, as
the dioxide (Park et al. 1988), or plutonium?239 nitrate (Dagle et al
1988) were each administered at six treatnent |levels. Wth plutonium
239 or plutonium 238, as the dioxide, |ynphopenia occurred in the four
hlghest exposur e groups [ at dep03|ted | evel s of approximtely 6.1x10° to
4.6x10° pC (2.3x10° to 1.7x10" Bg) pl utonium kg body wei ght] (Park et
al. 1988), but only in the two hi ghest dose gr oups with plutonium 239
nitrate [1 3x10°-to 4.3x10° pC (4.8x10° to 1.6x10" Bg) pl utoni um 239
nitrate/ kg body weight] (Ragan et al. 1986). The |ynphopenia was doserel at ed
and correlated both in nmagnitude and time of appearance postexposure
with the initial lung burden for each plutoniumisotope. The
hi ghest NOAEL values and all reliable LOAEL val ues for hematol ogica
effects in each species and duration category are recorded in Table 2-1
and plotted in Figure 2-1.



24
2. HEALTH EFFECTS

Hepatic Effects. No studies were |ocated regarding hepatic effects
in humans after inhalation exposure to plutonium

In a study by Dagle et al. (1988), increases in liver enzynes
occurred in dogs after a single _exposure that resulted in deposition
| evel s above 4.4x10° pG (1.6x10° Bg) plutonium 239 nitrate/ kg body
wei ght, conpared to untreated controls. In dogs, 4 to 13 years
follomnng a single inhalation exposure to pIutonlun}239 d|0X|de [ at
dep03|ted lung tissue levels of 2.4x10" to 8.7x10° pC (8.9x10° to
3.2x10° Bq) pl utoni um 239/ kg body weight] the livers were congested,
granul ar, and pignmented (Park et al. 1988).

Exposure of Syrian hansters to plutonium 239 di oxi de (once every
other nonth for a total of seven doses over 12 nonths) resulted in a
statistically significant increase in degenerative I|ver | esi ons |n tine
hi ghest exposure group [at deposition |evels of 3.5x10° pCG (1.3x10°Bq)
pl ut oni um 239/ kg body wei ght] (Lundgren et al. 1983). These | esions
i ncl uded degeneration, necrosis, fibrosis, and anyl oi dosis. However,
Lundgren stated that the | esions observed in these hansters were typica
of those usually seen in aged Syrian hansters ansters rece|V|n9 | ower
| evel s of deposited radioactivity [1.4x10° or 7.1x10° pG (5.2x10%or
2. 6x10° Bg) pl utoni um 239/ kg body wei ght] exhibited nonsignificant
increases in liver |esions.

Muscul oskel etal Effects. No studies were |ocated regarding
muscul oskel etal effects in humans after inhal ati on exposure to
pl ut oni um

I nvestigations of the radiation effects of plutoniumin | aboratory
animal s indicated that translocation of plutoniumfromthe lungs to
other tissues was dependent on several factors including the solubility
of the plutoniumisotope or conpound. Translocation to the bone
occurred with plutoniumcitrate and with plutoniumnitrate (Bair et al
1973). By 4,000 days post-exposure, osseous atrophy and radiation
ost eodystrophy occurred in dogs given a single inhalation exposure to
pl utoni um 238 dioxide (Gllett et al. 1988). The dose which resulted in
t hese specific effects was not reported. For further discussion of this
study see Section 2.2.1.8.

2.2.1.3 | mmunol ogi cal Effects

No studies were |ocated regarding the i munol ogical effects in
humans after inhal ation exposure to plutonium

Pl ut oni um 239 was transported to the tracheobronchial and
medi asti nal | ynph nodes where it concentrated with tinme, often reaching
hi gher levels in the | ynph nodes than in the lungs (Bair et al. 1973).
Lynphadenopat hy was associated with a high concentration of plutoniumin
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the thoracic and hepatic | ynph nodes of dogs at lung tissue deposition
levels as low as 1.7x10° pG (6.3x10" Bg) pl utoni um 239 di oxi de/ kg body
wei ght or 6.1x10°pC (2.3x10% Bg) pl utoni um 238 di oxi de/ kg body wei ght
(Park et al. 1988). Radiation-related effects in dogs included atrophy
and fibrosis of the tracheobronchial |ynph nodes (Gllett et al. 1988).
Decreases in pul nonary al veol ar nacrophages in nice (Mores et al. 1986)
and depressed-anti body-formng cells in hansters (Bite et al. 1979) were
reported. In addition, decreases in primry antibody responses in dogs
(Morris and Wnn 1978) were al so reported. The hi ghest NOAEL val ues and
all reliable LOAEL val ues for inmunol ogical effects in each species and
duration category are recorded in Table 2-1 and plotted in Figure 2-1.

No studies were located regarding the followi ng effects in humans or
animal s after inhalation exposure to plutonium

2.2.1. 4 Neur ol ogi cal Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
2.2.1.7 Genotoxic Effects

Epi dem ol ogi cal studies have thus far been limted and have not
establ i shed conclusively a direct associ ati on between pl utoni um exposure
by the inhalation route and increases in genetic effects. A doserel ated
i ncrease in chronosomal aberrations was observed anong 343
pl ut oni um exposed workers at the Rocky Flats facility. In this group,
system ¢ and lung plutoni um burdens of 18.6 to 571.4 pG (0.69 to 21.2
Bg) plutonium kg body wei ght were estimated based on urine anal yses and
I ung deposition estimates (Brandomet al. 1979). Because the
frequencies of aberrations were relatively |low and the dose estimates
i mpreci se, the authors advised caution regardi ng use of the data. A
study of blood |ynmphocyte chronosonmes of 54 plutoniumworkers in the
Uni ted Ki ngdom was conducted by Tawn et al. (1985). (This study is a
continuation of that reported in Schofield (1980).) Systenic body
burdens of 114 to >570.8 pC (4.3 to >21.1 Bqg) plutoniunf kg body wei ght
were estimated based on urine anal yses. Wile sone differences in the
di stribution of aberrations were seen in the radiation exposed groups,

t he authors concluded that significant deposits of plutoniumdid not
cause an increase in aberrations. In other studies, Manhattan Project

pl ut oni um wor kers (26 individuals) were followed for 27 to 32 years; no
apparent correl ati on was observed between the frequency of chronpsona
aberrations and pl utoni um body burdens [71.4 to 3.1x10° pC (2.6 to
114.8 Bqg) plutonium kg body wei ght based on urine anal yses] (Henpel mann
et al. 1973; Voelz et al. 1979).

Chromosonal aberrations were observed i n Rhesus nonkeys and Chi nese
hanmsters foll owi ng inhal ati on exposure to plutonium Increases in
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hronosomal aberrations in blood | ynphocytes were seen in inmature

Rhesus nonkeys in the hi gh-exposure groups exposed for a si ngl e day to
plutonlun}239 di oxi de [deposited | evels of 5x10* to 5x10° pC (1.9x10°

to 1.9x10" Bg) pl utoni um 239 di oxi de/ kg body weight] at 1 and 3 nonths
post - exposure, but not at |lower |evels (LaBauve et al. 1980). Doserel ated
increases in the frequency of chronmpbsonmal aberrations were

observed in Chinese hanster blood cells 30 days after exposure of the
animals to pIutonlun1at deposited | evel s of 1x10" to 2.6x10° pCi

(3.7x10° to 9.6x10° Bg) pl utoni um 239 di oxide/g of lung tissue (Brooks

et al. 1976a).

2.2.1.8 Cancer

Epi deni ol ogi cal studi es of occupational cohorts exposed to pl utonium
have been conducted at two plutonium processing plants, the Los Al anps
Nati onal Laboratory and the Rocky Flats Nucl ear Wapons Pl ant. A causal
i nk between pl utoni um exposure and cancer has not been denonstrated in
t hese studies, although there are sonme suggestions of effects. A
prospective nortality study was begun in 1952 on a group of 26 subjects
who worked with plutoniumat Los Al anpbs Laboratory during World Var 11
in the Manhattan Project. They have now been studied for 37 years
(Voelz et al. 1985). Foll ow up has included extensive nedical
exam nations and urine analyses to estimate plutonium body burdens,
whi ch showed system c pl utoni um deposition ranging from 2,000 to 95 000
pCG (74 to 3,500 Bg) plutoniumwi th a nmean of 26,000 pGi (9 6x10° Bq)
pl ut oni um Nbrtallty in this group as conpared to that of United States
white males in the general population was significantly | ess than
expected (2.0 vs. 6.6). In addition, no malignant neopl asns have
occurred during this extensive period of followup. Despite the fact
that this study involves only a small nunber of individuals, it provides
i nformati on about those who have encountered relatively high plutonium
exposures (resulting in deposition of up to 95,000 pG) and have been
foll owed over a considerable length of tine. A study of an additional
cohort of 224 Los Al anps nal e workers was begun in 1974 (Voelz et al
1983a). Average whol e body deposition was estinmated at 19,000 pCG (700
Bg) plutonium Mrtality, adjusted for age and year of death, was
conpared to that of United States nmales in the general popul ation.

Armong the cohort, 43 deaths were observed as conpared to 77 expected.
The nunber of deaths due to malignant neopl asns anong the cohort was

al so considerably | ower than expected (8 vs. 15) including only one |ung
cancer death vs. five expected.

The studies at the Rocky Flats facility consisted of nortality
studi es of workers at the plant (Voelz et al 1983b; WIkinson et al.
1987) and a study of residents living downwind fromthe facility
(Johnson 1981, 1988). Voelz et al. (1983b) reported the results of a
study of 7,112 workers enpl oyed at the Rocky Flats facility during 1952-
1979. (Observed deaths were significantly | ower than expected (452 vs.
831). Mualignant neoplasns were al so | ower than expected (107 vs. 167).
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In a re-analysis of the same Rocky Flats cohort, WIkinson et al.
(1987) investigated nortality patterns anmong those enpl oyed at the
facility for at least 2 years. This reduced the cohort size to 5,413
white mal es. Conparisons of nortality through 1979 were nade with
expected nortality for United States males in the general popul ation.
In addition, enployees were ranked according to plutonium body burden,
estimated by urinalyses, as either less than 2,000 pG (74 Bg) or
greater than 2,000 pC (74 Bqg) plutonium body burden. Conparisons were
made between these two exposure groups. When the cohort with at |east 3
years of enploynent was conpared to United States white nmales, the
observed nortality was | ess than expected. However, the incidences of
beni gn and unspeci fied neopl asns were greater than expected. These
conclusions regarding nortality are in conplete agreenment with Voel z et
al. (1983b). However, when the cohort reported by WIkinson et al.
(1987) was categorized by exposure [l ess than or greater than 2,000 pCi
(74 Bg)] and the two groups conpared, it was reported that the group
with greater exposure had slightly elevated risk for nortality from al
causes of death and fromall |ynphopoietic neoplasnms (WIkinson et al.
1987). However, the nortality ratios for |lung, bone, and liver cancer
were not el evated. The aut hors cautioned that conparisons between the
two exposure groups were often based on snall nunbers of cases, so the
preci sion of these observations is |ow. There were only four cases of
cancers classified as | ynphopoietic neoplasnms. In addition, they
suggested that the results could have been confounded by external

radi ati on exposure (fromworking in the plutoniumfacility) or by
potential interaction between plutoniumradiation and external

radi ati on.

A study of cancer nortality for 1969-1971 in residents near the
Rocky Flats facility indicated a somewhat hi gher incidence than normal
for all cancers in individuals living in the areas contam nated with
pl ut oni um (Johnson 1981). Tunors of the gonads (testes and ovaries),
liver, pancreas, and brain contributed to the higher incidence, whereas
t he incidences of |lung and bone tunors, frequently observed in
| aboratory ani mal studies, were not eievated. In a re-analysis of the
1969-1971 data, as well as cancer nortality in 1979-1981 (a nore
appropriate cancer |atency period for the Rocky Flats area
contam nation), Crunp et al. (1987) did not find an increase in the
i kel i hood of devel opi ng cancer for those living near the Rocky Flats
facility. Crunp et al. (1987) attributed the findings of Johnson (1981)
to the lack of consideration of confounding urban factors in the design
of the study.

Case control studies have been conducted to eval uate the incidence
of brain tunors and nel anomas, in order to exam ne the potenti al
associ ations with plutoni umexposure. The study of brain tunors at the
Rocky Flats facility and nel anomas at Los Al anps did not reveal an
associ ation of either disorder with plutoniumexposure (Reyes et al.
1983; Acquavella et al. 1983a).
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Two epi dem ol ogy studi es have been conducted on a cohort of workers
at the Hanford Plant, which produced plutoniumin nuclear reactors.
Because pl utoni um exposure was mnimal, the studies primarily related to
external radiation. Radiation work at Hanford includes reactor
operation, chenical separation, fuel fabrication, and research. The
radiation is primarily ganma, but al so includes neutron, X-radiation,
and tritiumexposure (G lbert and Marks 1979). Exposure |evels of
pl ut oni um were not reported and individuals w th plutonium body burdens
conprised | ess than 3% of the cohort. In one study, a cohort of 12,500
white mal e workers enployed at the Hanford Plant for at |east 2 years
was anal yzed for nortality as well as cause of death (Gl bert and Marks
1979). The nean dose was reported to be 4.75 rem Mortality from al
causes was significantiy less than that of United States white nal es.
Death from mal i gnant neopl asns of the pancreas and multiple nyel ona
occurred at rates higher than expected; deaths fromthese causes
occurred in the group with a dose greater than 15 rem This correlation
was based on a small nunmber of deaths (three each for cancer of the
pancreas and nmultiple nyeloma vs. 1 and 0.5 expected, respectively);
however, only the increase in the incidence of nmultiple nyel ona was
statistically significant.

In a re-evaluation of the Hanford cohort, which included
approxi mately 28,000 nmal e and fermal e workers, Kneale et al. (1981)
detected a significant increase in the cancers in radiosensitive tissues
in workers exposed to external radiation. Radiosensitive tissues
grouped together in their anal yses included cancers of the stonach,
| arge intestine, pancreas, pharynx, |lung, breast, reticul oendotheli al
system (I ynphona, nyel oma, nyel oid | eukeni a and others), and thyroid.
Appr oxi mat el y 50% of these cancers were in the |ung; however, snoking
hi stories were not considered in the analysis. O the male popul ati on,
only 3% or 225 nmen had definite evidence of internal radiation. Due to
this fact the authors stated that they could safely assune that the
i nci dence of cancer frominternal radiation was small conpared with that
associ ated with external radiation.

Studi es have indicated that plutoniumis a lung, skeletal, and |iver
carcinogen in animls depending on its chemcal form route of exposure,
and species. Inhaled plutonium239 dioxide is insoluble and is retained
primarily in the lungs and associ ated | ynph nodes (Miggenburg et al.
1987a; Park et al. 1988). Inhaled plutonium?238 is solubilized and is
subsequently translocated fromthe lung to the bone and liver (Gllett
et al. 1988). Wile the pattern of nonmalignant toxicity anong the
| aboratory species tested was simlar (i.e., radiation pneunonitis and
pul nonary fibrosis occurred in the higher radiation dose groups in all
species tested), species differences in the induction of cancer were
apparent. Wth the exception of Syrian hansters, cancer devel oped in
animals in the | ower exposure groups or in aninmals that survived initial
radi ati on damage to the | ungs.
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Experinments in dogs have provided the npst extensive database on
radi ati on-i nduced cancer follow ng inhalation exposure to plutonium
The nost frequently observed cancer in dogs treated with pl utonium 239
di oxi de was lung cancer. The ngjority of lung tunors in dogs were
bronchi ol ar-al veol ar carcinomas. In dogs treated wi th plutonium 238 or
the nore soluble forns of plutonium 239, such as the nitrate, plutonium
translocates fromthe lungs to other sites, where |liver and bone tunors,
in addition to lung tunors, have been reported.

Lung tunmors were the primary cause of death in dogs exposed to
plutonlun}239 dioxide at an initial |ung deposition as |low as 2.1x10"
pC (7.8x10° Bg) plutoni um 239/ kg body wei ght (Miggenburg et al. 1987a;
Park et al. 1988). In the study by Park et al. (1988), early deaths
anong dogs in the highest dose group receiving pIutoniun}239 resulted
fromradi ati on pneunonitis acconpani ed by respiratory dysfunction,
fibrosis, focal hyperplasia, and netaplasia. Increases in the incidence
of Iung cancer were statlstlcally S|gn|f|cant at three | ower doses of
6.2x10° pCG /kg (2. 3x10 Bg/ kg), 2.4x10" pCi/kg (8.9 Bg/kg), and at
8. 7x10" pCGi / kg (3. 2x10° Bq/kg)/kg body wei ght. The first Iung tunor was
found in a dog that died 37 nonths foll owi ng exposure; ultinmately, after
16 years post-exposure, 55 of the 136 dogs had |ung tunors.

Wth exposure to plutonium 238 di oxide, the primary cause of cancer
deat hs was osteosarcomas rather than lung tunors. However, lung tunors
frequently devel oped in dogs given a single inhalation exposure to
plutonlun}238 d|0X|de resulting in lung deposition levels as |ow as
1.4x10° pG (5.2x10" Bq) pl ut oni um 238/ kg body weight (Gllett et a
1988; Park et al. 1988). In the on-going study by Gllett et al.

(1988), of 144 dogs at the beginning of the experinment, 112 died by day
4,000 post-exposure; of these, 100 had osteosarcomas and 28 had | ung
cancer. Wth increasing tine after exposure, liver lesions increased in
severity, with the first liver tunor observed after 3,000 days; the
occurrence of primary liver tunors after inhalation exposure to

pl ut oni um 238 had not been reported previously.

Ost eosarcomas were the principal cause of death anong dogs glven a
S|ngle i nhal ati on exposure resultlng in deposited levels of 2.3x10° to
1.3x10° pG (8.5x10° to 4.8x10° Bg) plutonium 239 nitrate/ kg body
wei ght, al though sone lung tunors were observed (Dagl e et al 1988).

All dogs in the highest exposure group [4.2x10°pC (1.6x10°Bq)

pl ut oni um 239 nitrate/ kg body weight] died of radiation pneunonitis.
Cancer nortality in the three | owest exposure groups were conparable to
controls.

Statistically significant increases in |ung cancer, have been
reported in rats, with lung deposition levels of 3.1x10* pG (1.1x10° Bq)
plutonlun}238/kg body wei ght (Sanders et al. 1977) or greater than 3x10
pC (1.1x10° Bg) pl utoni um 239/ kg body wei ght (Sanders and Mahaffey
1979; Sanders et al. 1988). Wiile pulnmonary tunors in mce exposed to
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pl ut oni um 239 di oxide increased with increasing initial |ung deposition,
the incidence of lung tunors in any treated group was not statistically
significantly different fromthe untreated controls (Lundgren et al
1987).

The pul nonary toxicity of plutonium 239 di oxi de in Rhesus nonkeys
and baboons was simlar to that of other species; however, they appear
to be |l ess sensitive to radiation-induced |ung tunors than dcgs and
rats. A primary lung tunor occurred in one of nine Rhesus nonkeys that
survived for 9 years post-treatnent (Hahn et al. 1984). Two of 32
baboons developed l ung tunors (Metivier et al. 1974) at deposition
| evel s of 2.88x10°to 7.2x10° pC (1.06x10" to 2.67x10° Bg) pl ut oni um 239
di oxi de/ kg body wei ght; these deposition |evels are conparable to those
that resulted in lung tunors in dogs.

Syrian hanmsters appear to be resistant to lung tunor induction
follow ng inhalation of plutonium 239 or plutonium 238 particles.
Hansters were also resistent to radiation-induced |Iung cancer follow ng
exposure to other al pha-emtting radionuclides, such as radon and radon
daughters (ATSDR 1990). No statistically significant increases in tunor
i ncidence occurred in lifetinme studies in hanmsters that had received a
singl e inhal ati on exposure to plutoni um 238 di oxi de or pIutonluni239
di oxi de at Iung depOS|t|on | evel s of approximtely 1.4x10°to 1.7x10°
pC (5.2x10° to 6.3x10" Bq) pIutoniun}238/kg body wei ght (Mewhi nney et
al . 1987a; Sanders 1977) or 1.4x10° pG (5.2x10" Bg) pl utoni um 239/ kg
body meight (Sanders 1977).

Exposure of Syrian hansters for an internediate duration (once
every other nmonth for a totnl of seven doses over 12 nonths} to
pIutoniun}239 d|0X|de at dep03|ted Ievels of 1.4x10%, 7.1x10° or
3.5x10° pG (5. 2x107, 2. 6x10°, or 1.3x10" Bq) plutoniunikg body wei ght,
resulted in several respiratory effects (see Section 2.2.1.2), but no
lung tunors were observed in this study (Lundgren et aI. 1983). The
authors stated that the Syrian hanster may be an i nappropriate animal
nodel for lung cancer induction with al pha emtters.

Exposure of mce to plutonium 239 dioxide for an intermediate
duration (once every other nonth for a t ot al of si x doses over 10
nDnthsg at dep03|ted | evel s of 1.8x10° 8.1x10% or 4.1x10° pC (6. 7x10%
3.0x10°, or 1.5x10° Bq) pIutonlun}239/kg body melght resulted in
significant | ung tunor devel oprment in the two | ower dose groups
(Lundgren et al. 1987). Early nortality precluded tunor devel opnent in
t he hi ghest dose group. Pul nonary tunors (adenonas and adenocar ci nonas)
were seen in less than 2% of controls but in 13% of | ow dose animals and
18% of m d-dose ani nmal s.

In a study designed to investigate the effect of tenporal dosedistribution,
rats were exposed to plutonium 239 di oxi de once a nonth
for 3 nmonths with lung deposition levels totaling 8.6x10" pG (3.2x10°
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Bg) pl utonium 239/ kg body wei ght, or once a meek (for up to 22 weeks)
with lung depcsition totaling 1. 3x10° to 4.0x10° pC (4.8x10° to 1.5x10°
Bg) pl utoni um 239/ kg body wei ght (Sanders and Mahaffey 1961). Lung
tunmor occurrence ranged from 19 to 60%in treated animals with tunors
primarily categorized as adenocarci nomas and squanous carci nomas. No
significant difference in lung tunor incidence was observed in nice
exposed once a week versus mce exposed once a nonth for 3 nonths.
Based on total alveol ar deposition, a dose-dependent increase in the
i ncidence of all lung tunors was observed. Untreated controls were

i ncluded in the study, but tunor incidence for these aninmals was not
reported.

2.2.2 Oral Exposure

Exposure by the oral route may occur; however, absorption of

pl utoniumfromthe gastrointestinal tract appears to be linmted (see
Section 2.3). Health effects associated with oral exposure to plutonium
are presented in Table 2-2 and Figure 2-2.

2.2.2.1 Deat h

No studies were | ocated regarding death or |ifespan shortening in
humans after oral exposure to plutonium

Neonatal rats were given 3.3x10° pG (1.2x10°Bq) pl utoni um 238
citrate/ kg body wei ght by gavage (Fritsch et al. 1987). This single
exposure to plutoniumresulted in the death of 45% of the treated
ani mal s by 2 weeks post - exposur e. No deaths were reported in groups
gi ven 1x10°pG (3. 7x10° Bg) pl utoni um 238/ kg (Fritsch et al. 1987).

2.2.2.2 System c Effects

No studies were |ocated regarding respiratory, cardiovascular,
hemat ol ogi cal , nuscul oskel etal, hepatic, renal, or dermal/ocul ar effects
in humans or animals after oral exposure to plutonium

Gastrointestinal Effects. No studies were | ocated regarding
gastrointestinal effects in humans after oral exposure to plutonium

Gastrointestinal effects wer e observed in neonatal rats follomnng
adnmi ni stration by gavage of 1x10° or 3.3x10° pG (3. 7x10°or 1.2x10' Bq)
pl utoni um 238 citrate/ kg body weight (Fritsch et al. 1987). In the
| ower treatment group, nild hypertrophy of the crypts of the smal
intestine, which formthe secretions of the small intestine, was
observed 11 days post-exposure. Total di sappearance of epithelial cells
and crypts, conbined with intestinal henorrhagi ng, was observed in the
hi gher treatnment group, also sacrificed at 11 days. However, neonat al
rodents have i mmature and poorly enclosed crypts in the snall intestine,



TABLE 2-2.

Levels of Significant Exposure to Plutonium - Oral

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Species
ACUTE EXPOSURE
Death
1 Rat (G) 1d 1.0x105 3.0x108 Fritsch et al. 238py citrate
1987
Systemic
2 Rat (G) 1d Gastro 1.6x10!1 (path change) Sullivan et al. 239py0,
1960
3 Rat (G) 1d Gastro 1.0x10% (hypertrophy) 3.3x108 (intestinal Fritsch et al. 238py, citrate
hemor) 1987
Other 1.0x105 3.3x108 (growth
inhibit)

d = day; (G) = gavage; Gastro = gastrointestinal; hemor = hemorrhaging; inhibit = inhibition; LOAEL = lowest observed adverse effect level;
NOAEL = no observed adverse effect level; path = pathological
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which is the main site of plutoniumretention follow ng oral exposure
(see Section 2.3.2.4), as conpared to other neonatal nammal s.

Therefore, neonatal rats could be expected to be nore sensitive to the
radi ol ogi c effects of plutoniumthan other neonates or adult mamral s
(Fritsch et al. 1987). Gastrointestinal effects have al so been observed
in adult rats given 1.6x10" pG (5.7x10° Bg) pl utoni um 239 di oxi de/ kg
body weight. At 3 days post-exposure, there was an increase in
neutrophils on the surface epitheliumand superficial cellular |ayers of
the large intestine (Sullivan et al. 1960). At 6 days post-exposure
this increase was no | onger observed.

O her Systemic Effects. No studies were |ocated regarding ot her
effects in humans or animals after oral exposure to plutonium
No studies were located regarding the following health effects in
humans or aninals after oral exposure to plutonium

2.2.2.3 I'mmunol ogi cal Effects

2.2.2.4 Neurological Effects
2.2.2.5 Devel opnental Effects
2.2.2.6 Reproductive Effects
2.2.2.7 CGenotoxic Effects
2.2.2.8 Cancer

2.2.3 Dermal Exposure

2.2.3.1 Death

No studies were |ocated regardi ng death or the shorteni ng of
lifespan in humans or aninals after dermal exposure to plutonium
2.2.3.2 Systemic Effects

No studies were | ocated regarding respiratory, cardiovascul ar,
gastrointestinal, hematol ogical, muscul oskel etal, hepatic, renal, or
dermal /ocul ar effects in humans or aninmals after dermal exposure to
pl ut oni um

No studies were located regarding the following health effects in
humans or aninmals foll ow ng dermal exposure to plutonium
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O her Routes of Exposure

Health effects associated with plutonium adninistered by injection
are presented in Table 2-3 and Figure 2-3.

2.2.4.1 Deat h

No studies were |ocated regarding death or |ifespan shortening in
humans after exposure to plutonium by other routes.

A significant decrease in |ifespan was observed in rats, mce, and
hansters follomﬂng a single injection of plutonium239 at concentrations
rangi ng from 2x10°to 7.5x10" pC (7.4x10°to 2.8x10° Bqg) pl utoni um
239/ kg body weight given as the citrate (intravenous) or dioxide
(intraperitoneal) (Ballou et al. 1967; Brooks et al. 1983; Sanders
1973a; Svoboda et al. 1980a, 1980b). Survival tinmes decreased with
increasing doses in rats and hansters (Brooks et al. 1983; Sanders
1973a). Death resulted from bone marrow hypopl asia in hansters
approxi mtely 400 days follow ng an intravenous exposure [2x107 pCi
(7.4x10°Bq) plutonium 239 citrate/ kg body wei ght] (Brooks et al. 1982).
In rats injected intraperitoneally at concentrations up to 8.3x10° pG
(3.1x10° Bg) pl utoni um 239 di oxi de/ kg body weight, death resulted mainly
fromlarge malignant abdomi nal tunors acconpani ed by henorrhage-i nduced
anem a approxi mately 350 to 580 days post-exposure (Sanders 1973a).

An age-dependent effect on lethality was observed in rats injected
intravenously with 6x10°to 9x10’ pC (2.2x10° to 3.3x10° Bq) pl utoni um
239/ kg body weight as the nmononeric (citrate) or polymeric (nitrate)
forms (Mahl um and Si kov 1974). Neonates were nore susceptible to the
| ethal effects of the nonomeric form of plutonium?239, while adults and
weanl i ngs were nore susceptible to the polyneric form

Ani mal studies indicate that the polynmeric (nitrate) fornms of
pl ut oni um 239 and pl utoni um 238 are nore acutely toxic than the
correspondi ng nononeric (citrate) forns (see Section 2.3.2.4). In rats,
30-day LD,s for the monomeric [9.7x10" pG (3.6x10° Bg)/kg] and



TABLE 2-3.

Bealth Effects Associated with Plutonium Administration - Other Routes of Exposure

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCiskg) Reference Species
ACUTE EXPOSURE
Death
1 Rat (Iv) 1d 1.3x108 Ballou et al. 238py citrate
1967
2 Rat (IV) 1d 9.7x107 (30 day LD59) Mahlum and Sikov  23%Pu citrate
1974
3 Rat (IV) 1d 9.8x107 (30 day LD50) Mahlum and Sikov  238py nitrate
1969a
4 Rat (Iv) 1d 1.6x108 (30 day LD50) Mahlum and Sikov  238Pu citrate
1969a
5 Rat (IV) 1d 4.7x107 (30 day LD50) Mahlum and Sikov 239y nitrate
1974
6 Rat (Ivy 1d 7.9x107 (dec lifespan) Ballou et al. 239py citrate
1967
7 Mouse (Iv) 1ud 4.9x10% (dec lifespan) Svoboda et al, 23%py citrate
1980a
e Hamster (IV) 1d 2.0x10% (dec lifespan) Brooks et al. 239py citrate
1983
Systemic
9 Human (Iv) 1id Hemato 7.3x103 Langham et al. 238py or 239y
1980 citrate
10 Rat (IP) 1d Resp 8.3x106 Sanders 1975a 239pu0,
11 Rat (IV) 1d Musc/skel 1.8x107 (dec break Sikov and Mahlum 23%u citrate
strength) 1976
12 Rat (Iv) 1d Hemato 3.6x107 (dec WBC & Ballou et al. 238py; citrate

Hepatic

RBC count)
7.5x107 (liver damage)

1967
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TABLE 2-3 (continued)

] Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious Chemical
Key Species Duration Effect (pCi/kg) (pCi/kg) (pCi/kg) Reference Specles
13 Rat (Ip) 1id Resp 2.0x10°% (pneumonitis) Sanders 1973a 23%pu0,
Hemato 8.2x10% (lymphopenia)
14 Mouse (Iv) 1d Hemato 3.6x105 (dec stem cells) Svoboda et al. 239y citrate
1987
15 Hamster (IV) 1d Hepatic 2.0x10% (hep degener) Benjamin et al. 239y citrate
1976
16 Dog (IV) 1d Musc/skel 3.0x105 1.0x105 (fractures) Taylor et al. 239py citrate
1962
17 Dog (SB) 1d Derm/oc 9.8x10% (scarring) Dagle et al. 23%9py nitrate
1984
18 Dog (Iv) 1d Hemato 9.0x105 2.9x10% (dec Dougherty and 239p,; citrate
lymphocytes) Rosenblatt 1971
19 Dog (IV) 1d Musc/skel 1.0x105 Bruenger et al. 239py citrate
1978
20 Dog (IV) 1d Hepatic 3.0x10% (func impair) Cochran et al,. 239py citrate
1962
21 Dog (Ivy)y 1id Hepatic 6.3x102 1.9x103 (nodules) Taylor et al. 239py citrate
1986
Immunological
22 Dog (SB) 1d 7.5x105 (scarred Dagle et al. 23%py oxide
lymph nodes) 1984
Developmental
23 Rabbit (IV) 9,15,27,9 1.0x107 (fetal lethal) Kelman et al. 239py citrate

15-28 Gd

1982a
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TABLE 2-3 (continued)

Exposure LOAEL (Effect)
Figure Frequency/ Less Serious Serious Chemical
Key Species Duration (pCi/kg) (pCi/kg) Reference Specien
Cancer
24 Rat (IT) 1d 8.2x10% (CEL-1lung) Sanders 1975b 2390,
25 Rat (Iv) 1d 3.0x105 (CEL-skeletal) Sikov ot al. 239py citrate
1978a
26 Rat (IP) 1d 2.0x105 (CEL- Sanders 1973 23%py0,
abdominal)
27 Rat (IP) 14 3.6x10% (CEL-mammary) Sanders 1974 238pyo,
28 Mouse (IP) 1d 3.2x10% (CEL-skeletal) Taylor et al. 239py citrate
1983
29 Mouse (IV) 1d 4,9x106 (CEL-leukemia) Svoboda et al. 239py citrate
1981
30 Hamster (IV) 1d 2.0x108 (CEL-skeletal, Brooks et al. 239y citrate
liver) 1983
31 Dog (Iv) 14 1.0x10% (CEL-skeletal) Mays et al. 1987 239y citrate
32 Dog (IvV) 1d 1.9x103 (CEL-1liver) Taylor et al, 239py citrate

INTERMEDIATE EXPOSURE
Cancer

33

Mouse

(IP)

8 wk
2 d/wk
16 d

5.0x104

(CEL-leukemia)

1986

Humphreys et al.
1987

239py nitrate

break = breaking; CEL = cancer effect level; d = day; dec = decreased; Derm/oc = dermal/ocular; func impair = functional;
hematological; hep degener = hepatic degeneration; (IP) = intraperitoneal;

(IT) = intratracheal;

Hemato =

(IV) = intravenous; LD50 = dose which

produces lethal effects in 50% of the animals; LOAEL = lowest observed adverse effect level; Musc/skel = musculoskeletal; NOAEL = no observed
adverse effect level; RBC = red blood cell; Resp = respiratory; (SB) = subcutaneous; WBC = white blood cell; wk = week
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polymeric [4.7x10" pC (1.7x10° Bg)/kg] forns of plutonium 239 were

| ower than 30-day LD ;s for the corresponding fornms of plutonium 238

[ monormeric, 1.6x10°pC (5.9x10° Bq)/kg; polymeric, 9.8x10" pC (3.6x10°
Bg)/ kg] (Mahlum and Si kov 19696; 1974).

Plutonium 239 is nore acutely toxic than an equival ent picocuric
anount of plutonium 238 (Ballou et al. 1967). Survival times in rats
given a single intravenous injection of 7.9x10" to 1.3x10°pC
(2.9x10°t 0 4.8x10° Bq) plutonium 239 citrate/ kg body wei ght were
decreased, while survival times of rats adninistered equival ent anounts,
on a radioactivity basis, of plutonium 238 citrate were not reduced
(Ballou et al. 1967).

2.2.4.2 Systemc Effects

No studi es were | ocated regarding cardi ovascul ar or
gastrointestinal effects in humans or animals after exposure to
pl ut oni um by ot her routes.

Respiratory Effects. No studies were |ocated regarding respiratory
effects in humans after exposure to plutonium by other routes.
Increases in the incidence of pneunonitis, inflammation, and edena
were observed in the lungs of rats follow ng admnistration of 2x10° pC
(7.4x10° Bg) pl utoni um 239 di oxi de/ kg body wei ght as a single
intraperitoneal injection (Sanders 1973a). However, the statistical
significance of these increases in respiratory effec,ts could not be
determ ned based on the reported data.

Hemat ol ogi cal Effects. No acute effects, as nmeasured by eval uation
of hemat ol ogi cal end points, occurred in a case study of 18 humans
following a single intravenous injection at levels ranging from 4x10° to
7.3x10° pG (1.5x10° to 2.7x10° Bq) pl utonium 238 or -239 citrate/kg
body wei ght (Langhamet al. 1980). (Wile reported in a nenori al
publication that republished Dr. Langham's work, this particul ar study
was conducted in the early 1950s.) Thirty years follow ng exposure to
plutonium 4 of the 18 individuals were still alive. One case could not
be located for follow up. The authors reported that plutonium could not
be considered a contributing factor to the cause of death in the 13
cases (Rowl and and Durbin 1976).

Aneni a was observed in |aboratory aninmals following a single
injection of plutonium 238 or -239. Rats given a single i ntraperitonea
injection of plutonium 239 dioxide [8x10° pCi (3.0x10° Bq)/kg] or a
single intravenous injection of plutonium?238 citrate [3.6x10" pC
(1.3x10° Bq)/kg] devel oped, anenmia (Ballou et al. 1967; Sanders 1973a;
Sanders and Jackson 1972). In rats exposed intravenously, a decrease in
vi abl e bone marrow with repl acenment of nmarrow by a calcified plug
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acconpani ed the anemia (Ballou et al. 1967). Anem a, characterized by
decreases in red blood cell volune, acconranied by increases in the
nunber of new red bl ood cells (retlculocvtes) was observed in dogs
exposed to a single intravenous injection of 2. 9x10° pCG (1.1x10° Bq)
pl utoni um 239 citrate/ kg (Dougherty and Rosenblatt 1971).

A decrease in the nunmber of white blood cells, which continued to
decrease with tine post- exposure, was observed inrats given a single
i ntravenous injection of 3.6x10° pC (1.3x10° Bq) pl ut oni um 238
citrate/kg (Ballou et al. 1967). Lynphopenla was observed in rats given
a single intraperitoneal injection of 8.2x10° pC (3.0x10° Bq)
pl ut oni um 239 di oxi de/ kg (Sanders 1973a; Sanders and Jackson 1972).
Decreased white blood cel | counts were also observed in dogs given a
single intravenous injection of 2.9x10° pC (3.7x10° Bg) pl utoni um 239
citrate/ kg (Dougherty and Rosenblatt 1971).

Svoboda and co-workers (1979, 1980a, 1980b, 1982a, 1983, 1985,
1987) have conduct ed extensive research on mice concerning the effects
of plutonium 239 on stemcells, the blood producing cells of the bone
marrow. These effects on bone marrow are considered to be "prel eukem c”
by these authors (Svoboda and Kot askova 1982). Adnlnlstratlon of
mononeric plutonium 239 citrate [3. 6x10° pCi (1.3x10° Bg)/kg] as a
single intravenous injection resulted in a decrease in the nunber of
hemat opoi etic stemcells of the bone marrow in nmice as soon as 4 weeks
after exposure (Svoboda et al. 1987). This initial damage in one
portion of the bone marrow appeared to be partially conpensated, as
exhibited by a slight increase in the nunber of stemcells (due to
increased proliferative activity) in another part of the tissue by
approxi mately 30 weeks post-exposure; however, the nunber of stemcells
was still less than the nunber observed in untreated controls (Svoboda
and Kot askova 1982; Svoboda et al. 1979). The aut hors hypot hesi ze t hat
persi stent radiological damage to the stemcells from plutonium 239 nmay
lead to an early stage of |eukem a (Svoboda and Kot askova 1982). A
simlar decrease in stemcells was reported in mce given a single
|ntravenous |nject|on of polynerlc pl utoni um 239 nitrate [5x106 to
1.5x10" pG (1.9x10° to 5.6x10° Bq)/kg] (Joshima et al. 1981).

Muscul oskel etal Effects. No studies were |ocated regarding
muscul oskel etal effects in humans after exposure to pl utoni um by, ot her
rout es.

I ncreased nunbers of spont aneous fractures occurred in dogs glven a
single intravenous injection of 1x10° to 3x10° pC (3.7x10° to 1.1x10°
Bg) plutonium 239 citrate/ kg body weight (Ta, et al. 1962). Total
i nci dence of fractures decreased with decrea: dose with onIy one
fracture observed in the two | owest treatment groups [l x10° and 3x10°
pC (3.7x10° and 1. 1x10* Bg) pl utoni um 239/ kg] conbi ned.
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The anatom cal range of the fractures increased with increasing dose.
Pl ut oni um exposure did not result in growh retardation in neonatal dogs as
nmeasured by the growth of |ong bones (Bruenger et al. 1978).

Age- dependent differences in the nuscul oskel etal effects induced by
pl ut oni um have been observed in adult, weanling, and neonatal rats given
singl e |ntravenous i nj ections of pIutonlunwat concentrations ranging
from 6x10° to 9x107 pG (2. 2x10° to 3.3x10° Bqg) pl utoni um 239/ kg body
wei ght, administered in the nononeric or the polyneric fornms (Mahl um and
Si kov 1969b; Si kov and Mahl um 1976). Weanlings were nore susceptible to
t he nmuscul oskel etal effects of plutonium (Mahlum and Si kov 1?69b),
possibly due to the rapid growh of the bone cells, and greater
radi osensitivity of these cells to plutonium An increase in the
i nci dence of spontaneous fractures was observed in weanlings, but not in
adults or neonates, given the nononeric form of plutonium 239 (Sikov and
Mahl um 1976). A decrease in the breaking strength of the fenmur was
observed in weanling and adult rats, but was nore pronounced in
weanl i ngs (Si kov and Mahlum 1976). In neonatal rats, the only
muscul oskel etal effects, which were mld and sporadlc ver e observed |n
t he hi gher treatnment groups administered greater than 6x10° pG (2.2x10°
Bg)/ kg (Si kov and Mahl um 1976; Mahl um and Si kov 1969b).

Hepatic Effects. No studies were |located regarding hepatic effects
in humans after exposure to plutonium by other routes.

Hepati c danage was observed in rodents after a single intravenous
injection of high | evels of plutonium Severe hepatic degeneration
occurred in hansters observed for life foll owing adm nistered | evels as
| ow as 2x10° pG (7.4x10* Bq) pl ut oni um 239 citrate/ kg body melght
(Benjan1n et al. 1976). A single intravenous injection of 7. 5x10" pGi
(2.8x10° Bg) plutonium239 citrate/kg resulted in damage to the |iver
parenchynma of rats as early as 15 days post-exposure (Ballou et al.
1967) .

In studies in which dogs were given a single intravenous injection
of plutonium 239 citrate, hepatic effects were observed to be doserel at ed.
No hepatic effects were reported in dogs given 630 pC (23 Bq)
pl ut oni un kg body weight (Taylor et al. 1986), while gross and
m croscopic |liver nodul es and/or hyperpla3|a wer e observed by year 8
following injection of 1.9x10° to 3x10° pC (7.0x10" to 1.1x10°Bq)
plutonlun}239/kg (CDchran et al. 1962; Taylor et al. 1986). At higher
| evel s [1x10°and 3x10° pC (3. 7x10° and 1.1x10° Bg) pl utoni um 239/ kg],
functional inmpairment of the liver was observed 4 years post-exposure
(Cochran et al. 1962). Sone of the animals at the highest treatnent
|l evel [3x10° pCi (1.1x10° Bq)/kg] had functional inpairnent, as well as
shrunken livers and ascites, which the authors described as indicative
of deconpensated cirrhosis .(Cbchran et al. 1962).
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Renal Effects. No studies were |located regarding renal effects in
humans after exposure to plutonium by other routes.

MIld to severe chronic nephritis was observed in Sprague Dawl ey
rats following a single intraperitoneal injection of 2x10°pC (7.4x10°
Bg) plutonium 239 di oxi de (Sanders 1973a). However, the statistical
significance of these renal effects could not be det ermi ned based on the
reported data. In addition, renal nephritis may be a commbn occurrence
in the strain of rats used in this study.

Dermal / Ocul ar Effects. No studies were | ocated regarding
dermal / ocul ar effects in humans after exposure to plutonium by other
routes.

Loss of hair, thickening of the dernms, and focal scarring were
observed around subcut aneous i npl ant s of pIutonlun}239 i n dogs
admi ni stered pIuton|un1d|OX|de [7. 5x10 pC (2.8x10* Bg)/kg] or
plutoniumnitrate [9.8x10°pCG (3.6x10° Bg)/kg] (Dagle et al. 1984).
These effects may have resulted from exposure to plutonium however, the
statistical significance of these dermal effects could not be detern ned
based on the reported data.

O her Systenmic Effects. Qther system c effects have been observed
inrats followng a single injection of plutonium Mesothelial
hyperpla3|a was observed in rats injected intraperitoneally with 8x10°
pC (3.0x10° Bg) pl utoni um 239 d|0X|de/kg (Sanders and Jackson 1972).

A srngle i ntravenous injection of 6x10° to 9x10' pG (2.2x10°

3.3x10° Bq) pl utonium 239 citrate/kg, administered as either the
monomneric or polymeric form resulted in a sex-related decrease in

wei ght gain in weanling rats; the decrease |n wei ght gain in nales
occurred at a | ower |evel [6x10 pC (2.2x10° Bg)/kg] than in femal es
(1.8x10" pC (6.7x10° Bq)/kg] (Mahl um and Si kov 1974). As seen with
muscul oskel etal effects (see previous section), weanlings were nore
susceptible to a decrease in weight gain follomﬂng exposure to plutonium
than adults or neonates. A decrease in weight gain was observed in

adul t rats following a single intravenous injection of 1.8x10" pCi

(6. 7x10° Bq) plutonium 239/ kg or greater, adnministered in the nononeric
form but was not observed follow ng admini stration of the pol ymeri c
form Decreased weight gain in neonatal rats was observed only
follow ng | ethal doses of plutonium 239 (Mahlum and Si kov 1974).

2.2.4.3 Immunol ogi cal Effects

No studies were | ocated regarding i munol ogi c effects in humans
after exposure to plutonium by other routes.
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Ef fects on sone tissues of the i mune system have been observed in
dogs followi ng a single subcutaneous injection of 7.4x10° pG (2.7x10°
Bg) pl utonium 239 di oxide/ kg (Dagle et al. 1984). The regional |ynph
nodes, which drained the injection sites of plutonium were reduced in
size in six of eight dogs exposed and in five of the dogs the |ynph
nodes consi sted of only scar tissue (Dagle et al. 1984).

2.2.4. 4 Neur ol ogi cal Effects

No studi es were |ocated regardi ng neurol ogical effects in humans or
animal s after exposure to plutonium by other routes.

2.2.4.5 Devel opnental Effects

No studi es were |ocated regarding devel opnmental effects in humans
after exposure to plutonium by other routes.

Rabblts wer e glven a single intravenous injection of 1x10" or 4x10’
pCi (3.7x10° or 1.5x10°Bq) plutonium 239/kg, adm nistered in the
mononeric form on various days of gestation (Kelnan et al. 1982a)

Fetal weights of the offspring of does given 4x10" pG (1.5x10° Bq)

pl ut oni um 239/ kg were significantly decreased conpar ed to the fetal

wei ghts of the offspring of does given 1x10’" pG (3.7x10° Bqg) pl utoni um
239/ kg or the offspring of untreated controls In contrast, fetal

wei ghts of does given 1x10" pC (3.7x10° Bq) plutonlun}239/kg wer e
significantly increased above controls. The nunber of litters
conta|n|ng dead fetuses was significantly increased in the group of dans
gi ven 1x10’ pCG (3. 7x10° Bq) plutonlun}239/kg on gestatlon days 15 to
28. Rabbits given either 1x10" or 4x10"pC (3.7x10° or 1.5x10° Bqg)/kg

on gestation days 9 to 28 had significantly fewer fetuses. No
teratogenic effects of plutonium 239 were observed (Kel man et al

1982a) .

2.2.4.6 Reproducti ve Effects

No studies were |ocated regarding reproductive effects in humans
after exposure to plutonium by other routes.

In mice, doninant lethality has been shown to result from pl utonium
exposure. Fetal intrauterine deaths occurred in female mce nmated with
mal e mce treated 4 weeks prior to mating. Male mce were glven
(|ntravenously) pIutonlun}239 at levels ranging from1.6x10° to 1.6x10’
pCi (5.9x10° to 5.9x10° Bg) pl utoni um 239/ kg body wei ght (Luning et al.
1976a, 1976b). The effects of the dom nant |ethal nutations were al so
observed when untreated fenmal es were mated with male nmice fromthe Fl
generation. Exposure of male nice to higher doses of plutonium 239
resulted in sterility 12 weeks post-exposure (LiUning et al. 1976a,
1976b). Exposure of fermale mice to plutoniumalso resulted in dom nant
|l ethal nmutations (Searle et al. 1982). Female mce intravenously
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injected with 2x10" pC (7.4x10° Bg) plutonium 239 citrate/ kg body

wei ght exhi bited a marked oocyte killing which resulted in a reduction
in the nunber of mce which becanme pregnant, conpared with the controls.
Both pre- and post-inplantation dom nant |ethals were induced at |ong
periods (12 weeks) after intravenous exposure to plutonium

2.2.4.7 Genotoxic Effects

Open wounds represent a significant route through which plutonium
wor kers m ght be exposed to plutonium al pha-particles. Chronosoma
aberrations were observed in | ynphocytes anpng 8 pl utoni umworkers in
t he United Kingdom occupationally exposed to plutoniumw th the primary
routes of exposure through mounds punctures, or abra3|ons [ estinat ed
body burdens from 2.1x10" to 4x10" pG (7.8x10° to 1.5x10° Bg) pl utonium
based on urine anal yses]. In exposed individuals the nunber of
dicentric aberrations averaged 5 per 500 cells, while the natural
popul ati on background frequency of this aberration is 1 per 4,000 cells
(Schofield 1980; Schofield et al. 1974).

I ncreased chronosomal aberrations were observed in liver tissue of
Chi nese hansters intravenously given plutonium 239 or plutonlun}238 as
t he C|trate or the di oxi de, to achieve levels ranging from 7x10° to
2x10* pG (2.6x10'to 7. 4x10° Bq) plutonlun}239 or pIutonlun}238/g of
liver tissue (Brooks et al. 1976a) or 2x10° pC (7.4x10" Bqg) pl utonium
239 citrate/ kg of body weight (Benjamn et al. 1976). The frequency of
aberrations was nuch higher in hansters exposed by intravenous injection
to plutonium 239 or plutonium?238 citrate, than in hanmsters exposed to
pl ut oni um 239 or pl utonium 238 di oxi de (Brooks et al. 1976b). No
statistically significant increases in the incidence of chronosomnai
aberrati ons per spermatogonia cell were observed in nice or hansters
follomnng i ntravenous administration of plutonium239 citrate [2x10° pC
(7.4x10" Bq) pl utonium 239/ kg body weight], conpared to untreated
controls (Brooks et al. 1979).

O her genetic effects attributed to plutoniumare doni nant
lethality and chronpsone transl ocations in spermatocytes. Fetal
intrauterine death occurred in female mce mated with male nice treated
4 weeks prior to nating. Male mce were glven (|ntravenously)
plutonlun}239 at levels ranging from1.6x10° to 1.6x10" pG (5.9x104 to
5.9x10° Bqg) pl utoni um 239/ kg body wei ght (Luning et al. 1976a, 1976b).
The effects of the doninant |ethal nutations were al so observed when
untreated females were nated with male mce fromthe Fl generation
Exposure of male mice to higher doses of plutonium 239 resulted in
sterility 12 weeks post-exposure (Luning et al. 1976a, 1976b).

I ncreased frequency of reciprocal translocations in spermatogonia
was observed in nale mce 6 to 18 weeks after intravenous injection of
1x10" pC (3. 7x10° Bqg) pl utoni um 239 citrate/ kg body wei ght (Beechey et
al. 1975). An increase in the frequency of heritabl e translocations was
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al so observed in male mice intravenously injected with 1x10" pCi
(3.7x10° Bg) plutonium 239 citrate/ kg body wei ght (Generoso et al.
1985). The frequency of translocations increased as a function of tinme
and dose. However, induction of reciprocal translocations was not
significant in mal e mce intravenously injected with 4x10° pG (1.5x10°
Bg) plutonium 239/ kg body weight (Searle et al. 1976).

Exposure of mice to 3.6x10° pC (1.3x10" Bg) pl utoni um 239
citrate/ kg body weight resulted in increased chronosomal aberrations in
bone marrow cells (Svoboda et al. 1987). The hi ghest incidence of these
mut ati ons was observed in the early days followi ng exposure to
p! ut oni um

2.2.4.8 Cancer

No studies were |ocated regarding cancer effects in humans after
exposure to plutonium by other routes.

Foll owi ng a single intravenous |nJect|on of pIutonlun}239 citrate,
osteosarcomas were found in mce [3. 2x10 pC (1.2x10* Bg)/kg] (Tayl or
et al. 1983), rats [ 3x10° pO (1:1x10* Bq)/kg] (Sikov et al. 1978a),
hanBters [2x10 pO (7.4x10" Bq)/ kg] (Brooks et al. 1983), and dogs
[1x10"pCi (3.7x10°Bq)/kg] (Mays et al. 1987). Latency periods for the
i nduction of these bone tunmors were not reported. However, |ifespan was
significantly shortened only in hansters. Lifespan studies in beagle
dogs provi ded evidence that certain skeletal sites were nore prone to
devel op pl utoni uminduced osteosarconmas than others (Mller et al
1986). In these dogs, nobst osteosarcomas originated in trabecul ar
(spongy) bone areas, such as the ends of |ong bones, the pelvis,
vertebrae, and the area surrounding the marrow of the bone (endost eal
surfaces) (Mller et al. 1986). Because these areas nay have a greater
bl ood flow, a greater anopunt of plutonium may deposit in these areas of
t he bone (see Section 2.3.2.4).

I nduction of osteosarcomas following a single injection of
pl ut oni um 239 appeared to be age-dependent as well as sex-dependent. A
statistically significant increase in the incidence of bone tunmors was
observed in adult and weanling rats given a single intravenous injection
of 3x10° pG (1.1x10* Bq) pIutonlun}239 C|trate/kg (Slkov et al. 1978a).
At higher levels [3x10° to 3x10" pCi (1.1x10° to 1.1x10° Bq) pl ut oni um
239/ kg via intracardiac injection], a nonsignificant increase in the
i nci dence of bone tumors was observed in neonatal rats. The anatonmica
distribution of these bone tunors was markedly influenced by age at tine
of injection. In neonates one-third of all tunors were in the head
whil e ol der groups had bone tunors primarily in the extremties or
vertebrae (Sikov et al. 1978a). A statistically significant increase in
t he incidence of bone t'unors was observed in female mice, but not in
mal e mice given a single |ntraper|toneal i njection of pIutonlun}239
citrate (9x105 pC (3.3x10" Bq)/kg] (Taylor et al. 1981a). Fenal es may
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be nore sensitive to the toxic bone effects followi ng a single exposure
to plutonium 239 because the induction of osteosarcomas could be
estrogen related (Taylor et al. 1981a).

Li ver tunors have been observed in dogs following a single

i ntravenous injection of plutonium239. A statistically significant
increase in the incidence of hepatic tunDrs nDstIY bil e duct tunors,
has been observed in dogs given 1.9x10°pC (7 0x10" Bq) plutonlun}239
citrate/ kg body weight (Taylor et al. 1986). These tunors were observed
primarily in the | ower dose groups followi ng |long | atency periods. Mst
of the liver tunors observed were in dogs sacrificed due to bone cancer;
however, liver tunors were primary liver tunors and not netastases.

Li ver and bone tunors were observed in hansters admi nistered a
single intravenous injection of 2x10° pG (7.4x10* Bg) pl utoni um 239/ kg
body wei ght, administered as plutoniumcitrate (mononeric) (Brooks et
al . 1983) However, in hansters given a single intravenous injection of
2x10° pGi (7. 4x10° Bq) pl ut oni um 239 di oxi de/ kg (pol yneric), a
significant increase in the incidence of liver tunors was observed with
no acconpanyi ng bone tunors (Brooks et al. 1983).

No concl usi ve evidence exists that plutoniuminduces |eukenia in
| aboratory animals. However, in mce with a high spontaneous incidence
of leukema (ICR mce), adn1n|strat|on of pIutonlun1as a single
i ntravenous injection [4 4x10° pCi (1.8x10°Bq) pl utoni um 239
citrate/ kg] decreased the |atency period for the appearance of |eukem a
(Svoboda et al. 1981).

Vari ous types of tunors have been observed in rats followi ng a
single intraperitoneal injection of plutoniumdioxide. A dose-dependent
increase in the incidence of nesothelioms and soft-tissue sarcomas was
observed in rats given 2x10° to 8x10° pG (7.4x10° to 3.0x10° Bq)
pl ut oni um 239 di oxi de/ kg (Sanders 1973). Death in many of the treated
rats resulted fromlarge malignant abdomi nal tunors. |t appears that
pl ut oni um 239 particles, adm nistered as plutoni um di oxi de, can produce
nmesot heli omas in the abdomi nal cavity, but a greater radiation dose is
needed to i nduce nmesotheliomas than is needed to i nduce sarconas
(Sanders 1973). An increase |n t he |nC|dence of mamrary tunors was
observed in rats given 3.6x10° pG (1.3x10° Bg) pl utoni um 238 di oxi de/ kg
(Sanders 1974).

2.3 TOXI CKI NETI CS

In radiation biology the termdose has a specific neani ng. Dose
refers to the anmount of radiation absorbed by the organ or tissue of
interest and is expressed in rads (grays). For exanple, estimation of
this radiation dose to lung tissue or specific cells in the lung froma
gi ven exposure to plutoniumis acconplished by nodeling the sequence of
events involved in the inhalation, deposition, clearance, and decay of
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plutoniumwi thin the lung. While based on the current understandi ng of

| ung norphonetry and experinmental data on pl utoniumtoxicokinetics,

di fferent nodel s nmake different assunptions about these processes,
thereby resulting in different estinmates of dose and risk. O her nodels
estimate dose fromingestion of plutonium These nodels are described
in nunmerous reports including Bair (1985), EPA (1988), ICRP (19783,
Janes (1988), and NEA/ OECD (1983). In this section the toxicokinetics
of plutoniumis described based on the avail abl e experi nental data

rat her than on descriptions derived from nodel s.

2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The nost common route of exposure to plutoniumis inhalation. The
absorption of plutoniumfollow ng inhalation was dependent on its
physi cochemni cal properties including isotope nunber, the mass deposited,
val ence, chemnical compound, and particle size (Bair et al. 1962b;
Quilnette et al. 1984). Dependi ng on the plutoniumconpound, it may be
either soluble or insoluble. Plutoniumas the citrate or nitrate was
nore sol ubl e than the dioxi de conmpound. Pl utonium di oxi des prepared at
tenperatures of 700°C or higher had a slower absorption rate conpared to
air-oxidized forns (Sanders and Mahaffey 1979). The absorption of
pl ut oni um was al so dependent upon its respirable fraction, or that
fraction of the total concentration of plutoniumwhich my deposit in
the nonciliated part of the lung. The respirable fraction of plutonium
is conposed of particles |ess than 10 pm Activity Medi an Aerodynam c-
Di aneter (AVMAD), which indicates that only particles | ess than 10 pm
AMAD woul d be retained in the nonciliated part of the Iung and woul d be
avail abl e for absorption (NEA/ CECD 1981; Vol chok et al. 1974).

The nore soluble the formof plutonium the nore rapidly and
extensively it was absorbed by the lungs (Ballou et al. 1972; Dagle et
al . 1985). The insoluble forns of plutoniumwere absorbed fromthe
lungs very slowy (Bair et al. 1962b; Bair and Wllard 1962; CGuilnette
et al. 1984; Park et al. 1985) with the majority being deposited in the
tracheobronchi al region and then renoved by the rnucociliary apparatus.

I nsoluble particles nmay be engul fed by macrophages and al veol ar cells
(Metivier et al. 1980a; Sanders and Adee 1970) and taken up into the
reticul oendot helial system (Leggett 1985).

Pl ut oni um 238 admi ni stered as the soluble nitrate or as the |ess
sol ubl e di oxide formto dogs was absorbed fromthe lungs nore rapidly
than the corresponding forms of plutonium 239, possibly due to the | ower
mass of plutonium 238 (Da,gle et al. 1983; Park et al. 1972) or nore
l'ikely, due to the higher specific activity of plutonium238. However,
when plutonium 239 nitrate was adm nistered to rats, it was absorbed
nore readily than the plutonium 238 nitrate (Mxrin et al. 1972).
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2.3.1.2 Oal Exposure

Absorption of plutoniumfromthe gastrointestinal tract was mnina
and was dependent on age, chenical properties, stonach content. dietar?
iron intake, and nutritional factors (Bonford and Harri son 1986;
Harrison et al. 1986; Stather et al. 1980; Sullivan and Ruenml er 1988;
Sullivan et al. 1983; Weks et al. 1956). Oxidation state,
adm ni stration nedia, extent of polyner formation, rate of hydrol ysis,
and mass administered did not appear to effect the absorption of
plutonium (Carritt et al. 1947; Harrison and David 1987; Larsen et al.
198i; Stather et al. 1980, 1981).

Absorption of plutoniumwas slightly increased when adm nistered in
a citrate or nitrate solution and when adninistered as a very acidic
solution (Weks et al. 1956). Absorption of 0.003 to 0.01% of the
adm ni stered plutoniumcitrate or nitrate has been reported in rats and
hansters (Carritt et al. 1947; David and Harrison 1984; Katz et al
1955; Stather et al. 1981).

The absorption of plutoniumafter oral adm nistration was age-rel ated
in laboratory animals. From 3 to 6% of admi nistered plutonium
may be absorbed by neonatal rats, hansters, guinea pigs, and dogs
(Cristy and Leggett 1986). A rapid decrease in absorption has been seen
with increasing age. In hansters between 1 day and 30 days of age,
absorption of plutoniumdecreased from3.5 to 0.003% of the adm nistered
dose (David and Harrison 1984).

Gastroi ntestinal absorption increased when plutoni um was
adm ni stered on an enpty stomach. In hansters that had been fasted for
8 to 24 hours, absorption increased to 0.1 to 0.15% of the adninistered
plutoniumcitrate or ascorbate conpared to 0.01%in aninmals which had
not been fasted (Harrison et al. 1986).

Absorption of plutoniumfromthe gastrointestinal tract was
dependent on iron status. A four-fold increase in plutonium absorption
occurred in rats that were iron deficient conpared to those with nornal
iron status (Ragan 1977; Sullivan et al. 1986). Absorption of plutonium
i n nursing neonates of iron deficient danms was twi ce as nuch as neonates
of iron-replete dans (Sullivan et al. 1986).

2.3.1.3 Der mal Exposure

The absorption of plutoniumfollow ng dermal exposure was very
limted. The anmount absorbed depended on the thickness of the skin, the
area of the skin exposed, the mass applied, the integrity of the skin,
and the solution in which the plutoniumis dissolved. Plutonium
absorption through the intact palmar skin of a human was found to be
| ess than 0.0002% hr when administered as the nitrate in a 0.4Nnnitric
acid solution (Langham 1959). Pl utonium has been found to mgrate down
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hair follicles (Weks and Gakl ey 1955) and into sweat and sebaceous
gl ands (Bul dakov et al. 1970).

2.3.1. 4 O her Routes of Exposure

The absorption of plutonium after exposure was dependent on the
route of admnistration. Intravenous injection delivered pl utonium
directly into the blood streamwhere it may then distribute in the body.
Injection of plutoniuminto the peritoneal cavity (Sanders 1975a;
Sanders and Jackson 1972) or into the nuscle (Nenot et al. 1972)
resulted in phagocytosis of particles which then enter the blood stream
t hrough the |ynphatics. Intranmuscul ar injection of plutonium 238
citrate to nonkeys resulted in absorption of 95% of the adm nistered
dose fromthe site of injection in 10 days (Durbin et al. 1985).
Absorption of plutoniumafter intraperitoneal injection was
dependent on iron status. A two-fold increase in plutonium absorption
occurred in rats which were iron-deficient conpared .to those with norma
iron status (Ragan 1977).

Absor ption of plutoniumthrough wounds has occurred i n hunmans
occupational |y exposed (Hamond and Putzier 1964). Experiments in
ani mal s where plutonium 239 as the nitrate or di oxide was injected under
t he skin have been conducted to sinmulate this exposure. Fromthese
studies it has been found that about 80% of the adm nistered plutonium
nitrate or dioxi de was absorbed (Dagle et al. 1984).

2.3.2 Distribution

2.3.2.1 Inhal ati on Exposure

The distribution of plutoniumfollow ng absorption fromthe |ungs
was dependent on the physicochemnical form deposited. In general
pl utoniumwas distributed to the skeleton, liver, and |ynph nodes;
however, some plutonium has been found in all tissues. Information from
humans who have been occupationally exposed to plutoniumindicated that
t he hi ghest concentrations of the absorbed plutoniumwere found in the
tracheal - bronchi al | ynph nodes, followed by the liver, skeleton, and
ki dneys (Lagerquist et al. 1973). However, a nore recent study by
Mcinroy et al. (1989) reports that plutoniumdeposition in a snal
nunber of former nuclear industry workers was greatest, exclusive of the
respiratory tract, in the skeleton followed by the liver, striated
muscl e, and ot her organs and tissues. These authors suggested that
muscl e and other soft tissues may act as a |ong-term storage depot for
pl utonium Results fromstudies in |aboratory animals indicated that
absorption of the nore soluble fornms of plutoniumled to greater
distribution in the skeleton and liver (Dagle et al. 1985; Mirin et al.
1972), while the | ess soluble dioxide formwas distributed to a greater
extent to the trachea-bronchial |ynph nodes and the liver (Bair et al.
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1966; Park et al. 1972). Distribution to the bone was greater with

pl utoni um 238 nitrate than with plutonium 239 (Mxrin et al. 1972) and
with the air-oxidized formof both plutonium 238 and pl utoni um 239
conpared to the high-fired form (Sanders and Mahaffey 1979).

Particle size did not appear to affect distribution to the liver
and skeleton in dogs (Guilnette et al. 1984). An age-related effect on
distribution to the bone was reported by GQuilnette et al. (1986). In
i mat ure dogs, a five-fold increase in distribution to the bone was seen
conpared to that in young adult dogs. Most infornmation available on the
di stribution of plutoniumfollow ng inhalation exposure is from studies
where plutonium 239 di oxi de was adm nistered in a single dose to dogs.
Additional information is also avail able on other chem cal conpounds,
and i sotopes in rodent species (Bul dakov et al. 1972; Nenot et al. 1972;
Sanders 1973b; Sanders et al. 1977).

The distribution of plutoniumw thin the lungs after inhalation
exposure was al so dependent on several variables. In rats a nore
uni f orm exposure of lung cells occurred from adm nistration of the
air-oxidized formconpared to the high-fired form (Sanders and Mahaf f ey
1979). Initially after exposure to the dioxide form
distribution in the lungs of hansters was randomw th particles
becom ng nore clunped with tinme (Diel et al. 1981).

The distribution of plutoniumin the |iver differed between the
nitrate and di oxide forns. Admi nistration of the nitrate formto dogs
resulted in diffusely distributed activity found as single tracks, while
adm nistration of the dioxide formresulted in |localized activity found
as "al pha stars" w th radi oaut ography (Dagle et al. 1985).

2.3.2.2 Oral Exposure

In rats and dogs follow ng absorption of plutoniumfromthe
gastrointestinal tract, up to 95% of the absorbed dose has been found to
be distributed to the skeleton (Carritt et al. 1947; Larsen et al. 1981;
Toohey et al. 1984). Plutoniumwas also distributed to a |l ess extent to
the liver, carcass, and soft tissues (Carritt et al. 1947; Katz et al.
1955; Larsen et al. 1981; Sullivan et al. 1984). The distribution of
pl ut oni um 237 in a bicarbonate solution admnistered via a gelatin
capsul e was greatest to the axial skeleton (Toohey et al. 1984).

2.3.2.3 Dernal Exposure

At early tines after dermal exposure of rabbits to plutoni um 239
nitrate, activity in blood was uniformy distributed, but I|ater changed
to a nonuniformdistribution (Khodyreva 1966). Distribution of

pl utoni um was greatest to the skeleton followed by nuscle tissue, |iver
ki dney, spleen, heart, and lungs (Khodyreva 1966). In an earlier study
inrats, the absorption of plutoniumthrough intact skin did not appear
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to result in distribution to the liver as conpared to absorption through
ski n danaged by punctures or wounds where deposition in the |iver was
seen (Cakl ey and Thonpson 1956).

2.3.2.4 O her Routes of Exposure

The distribution of plutoniumwas studied in termnally il
patients who had been given an intravenous injection of plutonium
(Langham et al. 1980). Bl ood concentrations decreased rapidly (0.3%
remai ned in the blood after 30 days). At death, which occurred from 16
to 450 days after injection, an average of 56% of the adninistered
pl utoniumwas in the bone marrow and on bone surfaces, while 23% was in
the liver (Langhamet al. 1980).

Al t hough exposure by injection routes in hunans is not likely, data
fromdistribution studies in |aboratory animals provides insight into
t he toxicokinetics of plutoniumin the body. In dogs, once plutonium
entered the blood stream it was bound to transferrin, a serumtransport
protein (Stevens et al. 1968). Plutonium conpeted with iron for the
transferrin in the blood. If transferrin was saturated with iron, then
nore pl utoni um woul d deposit in the Iiver and not in the bone (Ragan
1977). Simlar binding of plutoniumto transferrin was observed in
human bl ood serum (Stover et al. 1968a).

In |aboratory aninmals that received plutonium by intravenous
i njection, nost plutoniumwas deposited in the liver and skeleton. No
differences in distribution between plutonium238 and pl utoni um 239 were
reported in mce (Andreozzi et al. 1983); however, Ballou et al. (1967)
reported that in rats deposition in the |iver and other soft tissues was
twice as great after intravenous adm nistration of plutonium 239 than
after adm nistration of plutonium238. In dogs, the concentration of
pl ut oni um pol ynmer decreased in the lungs, spleen, and liver with tine
and i ncreased in the skel eton and ki dney (Stevens et al. 1976).

The distribution of plutoniumafter intravenous injection was age-
dependent. The distribution of different chem cal fornms of adm nistered
plutoniumdid not differ in neonates, and activity was nore uniformy
distributed than in weanlings and adults (Mahlum and Si kov 1974; Sikov
and Mahl um 1976). In i mmature dogs, increased deposition of plutonium
was associ ated with bones that were undergoing active growh (Bruenger
et al. 1978). The concentration of plutoniumin the skull of neonates
was twice as great as that in young adults, but distribution to the
liver was not as great in neonates as in other age groups (Bruenger et
al. 1978). Age at tinme of injection influenced distribution between the
skeleton and the liver (Bruenger et al. 1980; Lloyd et al. 1978a,
1978b). In rats plutoniumdistribution within bone was different in
weanl i ngs conpared to adults. In weanlings, there was a tendency for
| ocal i zation on periosteal surfaces and plutoniumwas seen in comnpact
bone at earlier tines (Sikov and Mahl um 1976) .
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In dogs and mce adm nistered plutonium239 as the citrate or as
the polynmer by intravenous injection, 15 to 31% or 55 to 70%
respectively, of the injected dose was distributed to the liver after 6
days (Baxter et al. 1973; Stover et al. 1959). In rats at 30 days post-
exposure to plutoniumas the citrate or as the polymer, 9.6 or 40%
respectively, was distributed to the liver (Carritt et al. 1947). The
distribution of activity in the liver was uniformfollow ng
adm ni stration of the citrate and nonuni form after adm nistration of the
pol yner (Baxter et al. 1973; Brooks et al. 1983; Cochran et al. 1962).

The percent of plutonium 239, adm nistered by intravenous injection
as the citrate or as the polyner, that distributed to the skel eton of
dogs and mice was 2.8 to 3.1%or 0.1 to 0.2% respectively, after 6 days
(Baxter et al. 1973). In rats 30 days after exposure to plutonium 239
as the citrate or as the polyner, 56.9 or 29.4% respectively,
distributed to the bone (Carritt et al. 1947). In dogs pl utonium
distribution in the skel eton was greatest to the trabecul ar or "spongy"
bone and nore was found in the red bone marrow, which is perfused with
bl ood, conpared with yellow or fatty bone marrow (Smth et al. 1984,
Wonski et al. 1980). The rate of deposition in bone may be related to
the rate of blood flow to bone, and in nice there appears to be a
threshold rate for blood fl ow bel ow which plutoniumw Il not deposit to
bone (Hunphreys et al. 1982).

A small fraction of the plutoniumtaken in has been found to
distribute to the gonads of mce follow ng intravenous exposure. In
m ce exposed to plutonium 239 citrate, about 0.02 to 0.06% of the
admi ni stered dose was distributed to the testes (Andreozzi et al. 1983;
Ash and Parker 1978; Green et al. 1976). In the testes, plutoniumwas
associated with the interstitial tissue (Ash and Parker 1978; Brooks et
al. 1979; Geen et al. 1976). Plutonium has al so been neasured in the
ovarian tissue of mce exposed to plutonium?239 citrate (G een et al
1977).

Pl ut oni um 239 citrate has been shown to cross the placental
menbrane and has been found in the fetus in both m ce and baboons
followi ng intravenous injection (Geen et al. 1979; Sikov et al. 1978b
Wei ss and Wal burg 1978). The fractional placental transfer of plutonium
citrate was found to be inversely proportional to the adm nistered dose
(Weiss and Wl burg 1978). The greatest anounts of plutoniumwere found
in the fetal menbranes foll owed by the placenta and then the fetus
(Si kov et al. 1978b). Plutoniumwas distributed to the gastrointestinal
tract, liver, and mneralized areas of the bone in the fetus (G een et
al . 1979).

After the absorption of plutoniumfroma wound site, it nmay be
absorbed in the blood stream and distributed to the regional |ynph
nodes, liver, spleen, skeleton, and other tissues. In dogs exposure to
pl ut oni um di oxi de t hrough a wound resulted in greater distribution to
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the |ymph nodes and |l ess to the skeleton as conmpared with exposure to
plutoniumnitrate (Dagle et al. 1984). Distribution to the spleen of
dogs exposed to the dioxide formwas greater than to the skeleton, while
distribution to the spleen of dogs exposed to the nitrate formwas | ess
than to the skel eton. Conparable amunts of both forns were distributed
to the liver and the skeleton (Dagle et al. 1984).

2.3.3 Met abol i sm

Pl ut oni um occurs naturally in several valence states. but in the
body the nost common state is (IV) due to stabilization by |igands and
conpl exi ng agents (I CRP 1972). Plutonium does not esist as a sinple ion
at physiological pH and, therefore, tends to hydrolyze and form
pol ymers. The tendency for plutoniumto hydrolyze should increase with
i ncreasi ng atom ¢ nunber because the hydrol ytic behavior is determ ned
by ionic charge and size (ICRP 1972). Wen plutoniumis conplexed with
citrate, it is less likely to formpolynmers and remains nore soluble in
t he body.

2.3. 4 Excretion
2.3.4.1 I nhal ati on Exposure

El i m nation of plutoniumfollow ng exposure by inhalation appears
to be dependent upon the form of plutoniumand nay vary anbng speci es.
After inhaiation exposure to plutonium the clearance pattern fromthe
| ungs appeared to be biphasic. In rats, the half-tinme for clearance of
pl ut oni um 238 or -239 dioxide fromthe lungs for the first phase was
from20 to 30 days and for the second phase was from 180 to 250 days
(Sanders et al. 1976, 1977, 1986). In the first phase, 70 to 76% of the
pl ut oni um was renoved with the renai nder of that excreted renpoved in the
second phase. Retention of plutoniumin the body after it translocates
to other tissues may be very long. In dogs exposed to plutoni um 239
di oxi de, 85% of the adm nistered anmount was retained in the body 9 to 10
years after exposure (Park et al. 1972). Retention of plutonium dioxide
in the lungs of dogs was not constant over tinme, which may be related to
an increased rate of solubilization of the particles with tine,
resulting in greater translocation to other organs (Hahn et al. 1981).
The retention half-tinme increased with increasing particle size (Bair et
al . 1962b; Guilnette et al. 1984). The retention half-tine for the
pl ut oni um 239 i sotope was greater than for the plutonium 238 isotope
(Park et al. 1972). Wth repeated exposure to plutonium 239 dioxide, it
appeared that each adm ni stered anmount was retained i ndependently with
its own retention characteristics (D el and Lundgren 1982).

The excretion of plutoniumby humans approximately 30 years after
occupati onal exposure to plutoniumparticles, primarily by inhalation
appeared to indicate that nore plutoniumwas cleared in the urine than
in the feces (Voelz et al. 1979). However, Leggett (1985) stated that,
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at equilibrium 4 times nore plutoniumwas elinmnated in the feces than
inthe urine. In laboratory aninmals, the primary route of excretion of
pl utoni um was reportedly through the feces. From 10 to 35 tinmes nore

pl ut oni um was excreted in the feces than in the urine in dogs and rats
(Bair and McC anahan 1961; Diel and Lundgren 1982; Sanders et al. 1976,
1977). In rats exposed by inhalation or intranmuscular injection,

greater anounts of plutonium have been found in the feces as soon as 6
days follow ng inhalation exposure. This nay be due to the renoval of
particles fromthe respiratory tract by the nucociliary el evator and the
consequent swal | owi ng of these particles or due to biliary clearance
(Morin et al. 1972).

2.3.4.2 Oral Exposure

Most of plutonium admninistered to dogs in a bicarbonate sol ution by
the oral route was elimnated in the feces, with an average excretion of
98% of the adm nistered dose after 5 or 6 weeks (Toohey et al. 1984).

In mce and rats total retention of plutoniumvaried fromO0.17 to 0.24%
of the administered activity and was not dependent on oxidation state or
on the mediumin which it was adm nistered (Larsen et al. 1981).
Retention in the liver of mce and rats was 0.036 and 0.054%
respectively, of the initial dose (Larsen et al. 1981) and in the

skel eton plus liver of fasted dogs was 0.063% of the adm nistered dose
(Toohey et al. 1984).

Retention of plutoniumin rat neonates was 100 tinmes greater than
in adults (Sullivan et al. 1984). More plutoniumwas found in the wall
of the small intestine than in the walls of the stomach and | arge
intestine of rats (Fritsch et al. 1988).

2.3.4.3 Dernal Exposure

No studies were located regarding excretion in hunans or | aboratory
animal s after dermal exposure to plutonium

2.3.4.4 O her Routes of Exposure

Little information is known about the excretion of plutoniumin
humans after exposure through other routes. Fromterminally ill humans
who were adninistered an intravenous injection of plutoniumit appeared
that the major route of elimnation was in the urine (Langhamet al.
1980). The biological half-time in these individuals was estimted to
be 118 years and the retention half-tine in the liver was estimted to
be greater than 1 year. Data from humans occupational |y exposed through
wounds i ndicated that excretion patterns could net be predicted
following this type of exposure (Hanmond and Putzier 1964).

Frominjection studies in |aboratory animals it was found that
retenti on was dependent on the isotope, chemcal form and sex. In dogs



57

2. HEALTH EFFECTS

pl ut oni um 239 was retained | onger than plutonium 237 (Bair et al. 1974).
The retention of plutonium 242 and pl utonium 244 was simlar, and was

| onger than the retention time for plutonium 236 and pi utoni um 239
(Quilnmette et al. 1978). In nmice no difference was seen in fractiona
retention at | ow and high doses (Andreozzi et al. 1983). In hansters
nore plutonium adm nistered intravenously in an insoluble form

(pl utoni um di oxi de) was retained than plutonium adm nistered in a

sol uble form (plutoniumcitrate) (Brooks et al. 1976b). Retention after
intraperitoneal injection of mce and hansters may be sex-dependent;
femal es retained nore in the liver than males (Smth et al. 1576, 1978).
However, retention after intravenous injection was not sex-dependent
(Smith et al. 1978). Total retention and liver retention increased with
age (Bruenger et al. 1980; David and Harrison 1984).

The whol e body retention of intravenously adm nistered pl utonium
237 and/or -239 citrate in dogs varied from approximately 85%to al nost
100% (Bair et al. 1974; Lloyd et al. 1976, 1984) with liver retention of
about 25% (Bair et al. 1974; Lloyd et al. 1976, 1984; Stover et al
1962) and skeietal retention of about 50% (Bruenger et al. 1980; LIl oyd
et al. 1978a, 1978b, 1984). Liver retention was found to be dosedependent
(Stover et al. 1962). In hansters, the whole body retention
of plutonium 239 di oxi de was approxi mately 100% (Brooks et al. 1983).
Pl ut onium was found to be retained for an indefinite time in the testes
and ovaries of mce and rats (Geen et al. 1977; MIller et al. 1989;
Tayl or 1977). Retention at the site of admnistration after exposure
whi ch sinmul ated wounds was from 16 to 21% of the adm ni stered dose
(Dagle et al. 1984).

The half-life for renpval of plutoniumwas very long. In mce the
bi ol ogical half-life of plutonium238 or 239 citrate in the skel eton was
one to two tinmes the animal's lifespan and in the liver the half-life
was 350 days (Andreozzi et al. 1983). In dogs the half-life of
pl utoni um 239 citrate in the liver was 3,081 days, in the spleen was 995
days, and in the kidney was 1,520 days (Stover et al. 1968b). A long
effective half-1ife has been reported in hansters with 85% of injected
pl utoni um 239 citrate still in the bone and liver 700 days after
adm ni stration (Benjanmn et al. 1976).

In mice plutonium 239 adnministered as a polynmer in a non-citrate
solution was cleared fromthe blood rapidly, 99%in 15 m nutes, while
only 20% of pl utonium administered as a nononer in a citrate solution
was cleared in the sane tine (Baxter et al. 1973). Most plutoni um was
retained in the body, and the remai nder was excreted. In mce,
hanmsters, and dogs from 10 to 30% of plutoniumwas excreted prinmarily in
feces (Baxter et al. 1973,; Brooks et al. 1983; Lloyd et al. 1976, 1978b,
1984). Pl utoni um was al so shown to be renpved fromthe body through
| actation; however, the anount of plutoniumin nilk was not reported
(Taylor 1980). In nursing rats adm nistered plutonium 239 citrate, the
total body burden was decreased 10% by | actation (Tayl or 1980).
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2.4 RELEVANCE TO PUBLI C HEALTH

Pl ut oni um i sot opes are products of neutron absorption processes in
nucl ear reactors generated by nucl ear processes. Exposure to plutonium
in environnental nedia poses the potential for causing adverse health
effects. Plutonium and other al pha-emtting radi onuclides (ATSDR 1990)
exert their biological effects after entering the body and depositing in
radi osensitive tissues. Inhalation is the primary route of plutonium
exposure for humans in either occupational or environnmental settings.
Transl ocation fromthe lungs to other organs in the body depends on a
variety of factors including the solubility of the plutonium conmpound
and the particul ar plutoniumconplex. Plutoniumis not readily absorbed
fromthe gastrointestinal tract or through intact skin.

Plutoniumenits ionizing radiation primarily in the form of al pha
particles. The type and severity of the biological response to this
radiation will depend not only on the anmount of radiation enitted but
also on the radiosensitivity of the tissue and contact (retention) tine.
In general, tissues undergoing rapid cell regeneration are nore
radi osensitive than sl ower or nonregenerating cell systens (see

Appendi x B).

Ani mal studies have denonstrated that exposure to high radiation
doses of plutoniumisotopes have resulted in decreases in |ifespan
di seases of the respiratory tract, and cancer. The target tissues
appear to be the lungs and associ ated | ynph nodes, the liver, and bones.
However, these observations in aninmals have not been corroborated by
epi dem ol ogi cal investigations in humans exposed to snaller amounts of
pl ut oni um

Death. No deaths in humans specifically associated with plutonium
have been reported foll owi ng acute pl utoni um exposure. Epi dem ol ogi ca
studi es of occupational cohorts did not report any increases in deaths
due to nonnalignant diseases. However, the highest radiation |evels
reported in workers were 100- to 1,000-fold | ower than the radiation
levels that resulted in death (due to respiratory failure) in some
| aboratory animals. Acute exposures to high |evels of plutonium
i sot opes, adm nistered as dioxides, citrates, or nitrates, were fatal to
several |aboratory species when exposure occurred by the inhalation,
oral, or injection routes. Survival time was radiation dose-related for
all of these routes of exposure. By the inhalation route in aninals,
nonmal i gnant respiratory disease was characterized by radiation
pneunonitis, pulnmonary fibrosis, alveolar edema, and occasionally
hyperpl asia and netaplasia with death occurring within weeks or nonths
of the initial exposure to high concentrations. It is |ikely that
nortality due to radiation-induced sickness, such as radiation
pneunonitis, could occur in humans at sufficiently high radiation doses.
Such amounts of radiation, however, would be expected to occur only with
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an extremely large accidental release but not at the radiation |evels
attributable to plutoniumcurrently identified in the anbi ent
envi ronment .

Respiratory Effects. Neither deaths due to respiratory disease nor
reduced respiratory function have been reported anong the occupationally
exposed cohorts-. Respiratory diseases characterized by pneunonitis,
fibrosis, edema, and respiratory dysfunction have been reported in all
| aboratory species tested foll owi ng acute exposure to high
concentrations of plutoniumby the inhalation or injection routes. The
severity of the respiratory disease and the tine to death from
respiratory disease correlated with the activity concentration
I nduction of this type of respiratory disease in humans coul d occur at
hi gh exposure |l evels, which greatly exceed those conmonly found in the
environnmental setting. However, the radiation dose that mght result in
ei ther pul nonary dysfunction or pul nonary di sease in humans has not been
specifically identified. A no observed adverse effect |evel (NOAEL) was
not established with certainty based on the data from ani nal studies.
The types of adverse respiratory effects observed appear to be
consistent with the pattern of al pha radiati on danage that nay occur in
sl ower regenerating tissues such as the lungs (see Appendi x B). That
bei ng the case, production of respiratory tissue damage in the |ungs may
occur but may not be imredi ately apparent, especially at |ow
envi ronnment al exposures.

Hemat ol ogi cal Effects. No acute henatol ogical effects were
observed anong human vol unteers given a single injection of plutonium
but no follow up study was conducted to assess the possibility of
del ayed effects. No adverse hematol ogical effects were reported anong
t he various occupational cohorts who underwent nedi cal exani nations.
There is consi derabl e evidence from ani nal experinents that plutonium
produces adverse effects in the hematopoietic system Lynphopenia was
the nost common finding follow ng inhalation exposure in animals, while
anem a, bone marrow depression, and decreases in white blood cells and
henmat opoi etic stemcells occurred follow ng injection of plutoniumin
ani mal s. The | ynphopeni a was dose-rel ated and correlated both in
magni tude and tinme of appearance post-exposure with the initial |ung
burden of inhaled plutonium Hematol ogi cal abnornalities have occurred
i n human popul ations foll owi hg exposure to external radiation (i.e.,
gamra and hi gh-energy beta), and blood-form ng cells could be a target
for internally deposited al pha radi ati on (see Appendi x B); however, the
rel evance of the henmatol ogi cal effects seen in animals at high doses to
potential health effects in humans environnental |y exposed to pl utoni um
is unclear.

Hepatic Effects. Adverse hepatic effects associated with plutonium
exposure have not been reported in humans. There is evidence in animals
that inhalation or injection of plutoniumresults in degenerative liver
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injury and functional inpairnment of the liver. It is likely that these
effects are directly related to the radiation toxicity of plutonium
(since liver tunors have been observed), rather than a secondary
response to other adverse biological events in the body, although the
liver is expected to be |ess radiosensitive than nore rapidly
regenerating cells. Subtle changes in liver function as a result of |ow
doses of plutonium have not been evaluated. It is unclear fromthe
reported literature whether conmplete liver function tests were perforned
in the occupational cohorts under investigation. As with the other

nonst ochasti ¢ bi ol ogi cal effects discussed, the | evel bel ow which
hepatic effects are unlikely to occur as not been clearly defined;
therefore, the effects of plutoniumon hepatic function and histol ogy at
| evel s encountered in the environment have not been identified.

Muscul oskel etal Effects. Adverse nuscul oskeletal effects
associ ated with plutoni um exposure have not been reported in hunans.
There is |limted evidence of noncancerous bone damage and no evi dence of
nmuscl e damage in | aboratory ani mals exposed to plutonium Miscle tissue
is considered to be relatively resistant to the effects of al pha
radi ati on (see Appendi x B); therefore, danage to nuscle tissue is not
expected in animals and should not be of concern to individuals exposed
to plutoniumin the environment. Bone damage occurred in animals given
pl utoni um by the inhalation route and the injection route. The nore
soluble fornms of plutoniumresulted in bone danmage when inhal ed.
Spont aneous fractures, which were age-dependent, along with atrophy and
ost eodystrophy, were seen at high radi ati on doses. These skel et al
effects may be due to radiation danmage to rapidly dividing osteoblasts
especially in the ends of |ong bones; therefore, children could be a
sensitive subpopul ati on and could be nore sensitive to radiation-induced
bone damage.

Gastrointestinal Effects. Adverse gastrointestinal effects
associ ated with plutoni um exposure have not been reported in humans.
Gastrointestinal effects in aninals have been reported only in an ora
study in neonatal rats. Because the epithelial cells of neonatal
rodents are i mmature and poorly enclosed, these cells may be nore
sensitive to radiation danmage in the neonate than in the adult, so it is
possi ble that infants would represent a sensitive subpopul ati on anong
peopl e exposed to plutoniumby the oral route. Gastrointestinal
absorption is limted, and translocation to other organ systens is al so
limted. The probability of exposure of humans to plutoniumby the oral
route is expected to be snall; however, if it were to occur, |ocalized
radi ati on damage to the epithelial cells of the stonmach may occur.

I munol ogi cal Effects. Adverse inmunol ogi cal effects associ ated
wi th pl utoni um exposure have not been reported in humans.
I mmunotoxi city has been observed in several species adm nistered
pl ut oni um by i nhal ation and in dogs given plutonium by injection.
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Plutoniumis translocated fromthe lungs to the tracheobronchial and
nmedi astinal |ynph nodes, and has al so been found in the hepatic |ynph
nodes. I nmunotoxicity ranged fromalterations in antibody-form ng cells
to atrophy and fibrosis of |ynph glands. The animal data present a
consi stent view that plutonium affects inmune function either by
destruction of |ynmph nodes or circulating | ynphocytes or other
alterations in i nmune system conpetence. The inplications of this for
human health are unknown; however, it is possible that if alterations in
i mmune system conpetence were to occur, then the ability to respond to
ot her di sease situations unrelated to plutoniumcould be affected. Tine
i mmunot oxi city which occurred in | aboratory animals was observed at
concentrations | ower than those that resulted in overt clinica
(respiratory) effects. These findings suggest that individuals exposed
to plutoniumcould devel op subtle changes in the i mune systemthat my
reduce inmune. conpetence at doses that may not induce overt signs of
toxicity.

Genotoxic Effects. Tables 2-4 and 2-5 present the results of in
vitro and in vivo genotoxicity studies, respectively.
Epi deni ol ogi cal studi es do not provide evidence that plutonium
produces genetic damage in humans. In particular, the data from persons
i nvolved in the Manhattan project after a 30-year foll ow up have been
negative. In vitro tests using human |ynphocytes irradiated with
pl ut oni um 238 or pl utonium 239 denonstrated increases in sister
chromati d exchange (Aghanmpbhamadi et al. 1988) and chronosonal
aberrations (Purrott et al. 1980), respectively. In vitro studies have
al so shown a dose-related |inear increase in nmutation frequencies at the
hypoxant hi ne- guani ne phosphori bosyl transferase |locus in cultured human
fi broblasts (Chen et al. 1984).

The animal in vivo and in vitro studies are in agreenent.
Pl ut oni um i nduced chronpbsomal aberrations in several species in vivo and
in the corresponding cell lines when cultured in vitro. Chronpsoma
aberrations (Wlleweerd et al. 1984) and gene nutations (Thacker et al.
1982) were seen in Chinese hanster cells cultured in vitro. Plutonium
was not genotoxic using the Anes test for nutagenicity in severa
strains of Salnonella typhinmurium (Fritsch et al. 1980).

Cancer. Epidem ol ogi cal studies of occupational cohorts with long-term
exposure to plutoniuminclude those of workers at Los Al anps
Nati onal Laboratory, Rocky Flats Nucl ear Weapons Plant, or Hanford
Weapons Pl ant and the cohort involved in the original Manhattan project
at Los Al anps. None of these studies has denonstrated an unequi vocal
associ ati on between exposure to plutoniumand nortality from cancer at
any anatomical location in workers after 30 or nore years. These
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Genotoxicity of Plutonium In Vitro

End Point

Species/Test System

Reference

Prokaryotic organisms:

Gene mutation

Mammalian cells:

Gene mutation

Chromosomal
aberrations

Gene mutation

DNA damage

Reduction in
radio-
resistance

Sister
chromatid
exchanges

Salmonella typhimurium/
TA-100, TA-98, TA-1535,

TA-1537, TA-1538,
TA-2420, TA-2421

Chinese hamster/ovary
cell line

Human/lymphoblastic
cell line

Human/lymphocytes

Chinese hamster/M3-1
cells

Human/embryonic skin
fibroblasts

Chinese hamster/ovary
cell line

Chinese hamster/V79-4
cells

Chinese hamster/V79-
379A cells

Mouse-rat/hybrid cell
line

Human/lymphocytes

Fritsch et al. 1980

Fritsch et al. 1980
Fritsch et al. 1980
Purrott et al. 1980
Welleweerd et al. 1984
Chen et al. 1984
Barnhart and Cox 1979
Thacker et al. 1982
Prise et al. 1987
Robertson and Raju 1980

Aghamohammadi et al,.
1988

- = negative result
+ = positive result
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Genotoxicity of Plutonium In Vivo

End Point Species/Test System Result Reference
Mammalian systems:
Chromosomal Chinese hamster/ - Brooks et al. 1979
aberrations testes
Mouse/testes + Brooks et al. 1979;
Beechey et al. 1975
Chinese hamster/liver + Benjamin et al. 1976;
cells Brooks et al. 1976b
Mouse/bone-marrow + Svoboda et al. 1987
cells
Syrian hamstér/lung + Stroud 1977
cells
Chinese hamster/blood + Brooks et al. 1976a
cells
Human/peripheral (+) Brandon et al. 1979;
lymphocytes Tawn et al. 1985
Human/whole blood - Hempelmann et al. 1973;
Voelz et al. 1979
Human/blood lymphcytes + Schofield et al. 1980
Monkey/blood lyphocytes + LaBauve et al. 1980
Dominant lethal Mouse/germ cells - Searle et al. 1976
Mouse/germ cells + Lining et al. 1976a,
1976b
Mouse/ovaries (+) Searle et al. 1982
Reciprocal/ Mouse/spermatogonia + Beechey et al. 1975;
chromosome Generoso et al. 1985
translocation - Searle et al. 1976

+ = positive result
- = negative result

(+) = positive or marginal result
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studi es have one or nore of the sanme limtations inherent in other

epi dem ol ogi cal studies. These include small cohort size, poorly
defined exposure information, or insufficient foll ow up periods.

However, the Rocky Flats study was extensive and exposures were
document ed from health physics records. One linitation of the Rocky
Flats study is that the worker cohort was divided into only two exposure
categori es based on body burden, less than or greater than 2,000 pC

(74 Bg) plutonium The authors concluded that the study suggested an

i ncreased risk of |ynphopoietic cancers based on a total of four such

| ynphopoi eti ¢ neopl asnms, one each of |ynphosarconma/reticul osarcom, non-
Hodgki n's | ynphorma, multiple nyel ona and nyel oi d | eukeni a. However, no
el evated cancer incidences were noted in tissues with the highest
concentrations of plutonium (tracheobronchial |ynph nodes, lungs, |iver,
and bone) as denonstrated in autopsy sanples.

In contrast, the results from nunerous aninmal studies are
concl usive. Plutonium at the concentrations adm nistered produced | ung,
liver, and bone cancers primarily when adm ni stered by the inhal ation or
injection routes in dogs, mce, rats, and nonhuman primtes. Only
Syrian hansters appeared to be resistant to plutoniuminduced tunors,
even though hansters devel oped t he sane nonmal i gnant respiratory
ef fects. The current understandi ng of radi ation-induced carci nogenesi s
is that it is a stochastic process, that is, one without a threshold for
devel opi ng cancer. Mechanistically, plutoniumshould be considered to
have the potential to cause cancer due to the em ssion of al pha
particles (ATSDR 1990). While it is true that cancer in aninmals
resulted fromextrenely |large concentrations that are orders of
magni t ude hi gher than any occupati onal or environmental exposure (except
under an accident scenario), it is appropriate and health protective to
assunme that sone | evel of risk of cancer exists fromexposure of humans
to plutonium

2.5 BIOVARXERS OF EXPOSURE AND EFFECT

Bi omarkers are broadly defined as indicators signaling events in
bi ol ogi ¢ systens or sanples. They have been classified as markers of
exposure, markers of effect, and markers of susceptibility (NAS/ NRC
1989).

A bi omar ker of exposure is a xenobiotic substance or its
net abolite(s) or the product of an interaction between a xenobiotic
agent and sone target nolecule or cell that is nmeasured within a
conpartnment of an organi sm (NAS/ NRC 1989). The preferred bi omarkers of
exposure are generally the substance itself or substance-specific
nmet abolites in readily obtainable body fluid or excreta. However,
several factors can confound the use and interpretation of biomarkers of
exposure. The body burden of a substance may be the result of exposures
fromnore than one source. The substance being neasured nay be a
nmet abol i te of another xenobiotic (e.g., high urinary | evels of phenol
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can result from exposure to several different aromati c conmpounds).
Dependi ng on the properties of the substance (e.g., biologic half-life)
and environmental conditions (e.g., duration and route of exposure), the
substance and all of its netabolites may have left the body by the tine
bi ol ogi ¢ sanpl es can be taken. It may be difficult to identify

i ndi vi dual s exposed to hazardous substances that are commonly found in
body tissues and fluids (e.g., essential mneral nutrients such as
copper, zinc and seleniun). Bionarkers of exposure to plutoniumare

di scussed in Section 2.5.1.

Bi omar kers of effect are defined as any neasurabl e bi ochem cal,
physi ol ogic, or other alteration within an organi smthat, depending on
magni t ude, can be recogni zed as an established or potential health
i npai rment or di sease (NAS/NRC 1989). This definition enconpasses
bi ocheni cal or cellular signals of tissue dysfunction (e.g., increased
liver enzyne activity or pathol ogic changes in female genital epithelium
cells), as well as physiologic signs of dysfunction such as increased
bl ood pressure or decreased |lung capacity. Note that these markers are
of ten not substance specific. They also may not be directly adverse,
but can indicate potential health inpairnment (e.g., DNA adducts).

Bi omar kers of effects caused by plutonium are discussed in
Section 2.5. 2.

A bi omar ker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnms ability to respond to the chall enge
of exposure to a specific xenobiotic. It can be an intrinsic genetic or
other characteristic or a preexisting disease that results in an
i ncrease in absorbed dose, biologically effective dose, or target tissue
response. |If biomarkers of susceptibility exist, they are discussed in
Section 2.7, "POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Bi omarkers Used to ldentify or Quantify Exposure to Pl utonium

Bi omar kers of exposure to plutoniuminclude the presence of
plutoniumin urine, which is identified by neasuring al pha activity.
Fromthe levels of radioactivity in the urine, body burdens of plutonium
may be estimated by the use of nobdels. Body burdens of plutoniumin
several popul ations, including workers at Los Al anps Nati onal
Laboratory, the Rocky Flats facility, and the Hanford facility, have
been estimated fromurinal ysis data. However, whol e body burdens
determ ned from sel ected tissues obtained at autopsy have generally been
| ower than those estimated fromurinalysis data (Voelz et al. 1979).

The presence of radioactivity fromplutoniumin urine is specific to

pl ut oni um exposure. Plutoniummay be found in the urine after any
exposure duration (e.g., acute, internediate, chronic). Although it can
be assunmed that exposure to greater levels of plutoniumwould result in
the presence of greater levels of radioactivity in the urine, no
informati on was | ocated to directly quantify this relationship.
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2.5.2 Biomarkers Used to Characterize Effects Caused by Pl utonium

Limted infornmation is avail abl e regardi ng bi omarkers of effect of
pl ut oni um exposure. The presence of chronbsome aberrati ons has been
reported in | aboratory animals follow ng exposure to plutonium
Chronpsone aberrations have al so been reported in humans fol | ow ng
exposure through open wounds, but evidence from epi dem ol ogi ¢ studies
where exposure occurred via inhalation have been equivocal (Brandom et
al . 1979; Henpeinmann et al. 1975; Tawn et al. 1985: Voelz et al. 1979).
Al t hough the presence of chronpsone aberrations could be considered a
bi omar ker of effect, the nunmber of chem cals that could cause this
effect is so great that the effect woul d not be considered pl utoniunmspecific.
In dogs, the earliest observed biol ogical effect of exposure
to plutoniumis a dose-related | ynphopenia that correlated in nagnitude
and time of appearance post-exposure with initial lung burden (Park et
al . 1988; Ragan et al. 1986). Although there is currently no
informati on in humans regardi ng the occurrence of this effect, the
presence of |ynphopenia in humans follow ng plutoniumexposure m ght be
a potential biomarker of effect.

Bi omar kers of effect for plutonium exposure may exi st but were not
located in the reviewed literature. For nore information on biomarkers
of effects for the i mmune, renal, and hepatic systens see ATSDR/ CDC
Subconmi ttee Report on Biological Indicators of O gan Damage (1990) and
for bionmarkers of effect for the neurol ogical systemsee OTA (1990).

For nmore information on health effects foll ow ng exposure to plutonium
see Section 2. 2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

The toxicokinetics of plutonium appear to be influenced by exposure
to cigarette snoke. Cigarette snoke, when adninistered to mce
following i nhal ati on exposure to plutonium 239 di oxi de, appeared to
i nhibit the clearance of plutonium (Tal bot et al. 1987). At 49 days
post - exposure, animals exposed to plutoniumand cigarette snoke retained
approxi mately 20% nore pl utoni umthan those ani mal s exposed to pl utoni um
al one.

Exposure to inhaled plutonium 239 di oxide foll owed by intratrachea
instillation of benzo(a)pyrene resulted in a higher incidence of |ung
tunors and a decrease in nedian survival time conpared to aninmals
exposed to plutonium 239 dioxide alone (Metivier et al. 1984). As the
dose of benzo(a)pyrene increased, survival time decreased. Exposure of
rats to a single intra-abdom nal injection of a m xture of plutonium 239
di oxi de and benzo(a)pyrene resulted in an additive effect in the
i nducti on of abdomi nal sarcomas, conpared to animals given
benzo(a)pyrene or plutoniumonly (Sanders 1973a).
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A decrease in median survival tine was observed in rats injected
intravenously with plutonium 239, imediately foll owed by exposure to Xrays
(Ballou et al. 1962), as conpared to those ani mals exposed to
pl utoni um al one. As exposure to X-rays increased, survival tine
decreased. However, when exposure to X-ray was del ayed (as nmuch as 1S
days) follow ng exposure of the rats to plutonium 239, the nunber of
deat hs occurring before 40 days was reduced.

Exposure of rats to plutoniun 239 di oxi de and ashestos by
intraperitoneal injection resulted in a higher incidence of abdom nal
tunors conpared to aninals exposed to plutonium 239 di oxi de al one
(Sanders 1973a). However, this additive effect of asbestos and
pl ut oni um was not observed in the induction of pul nonary sarcomas when
asbestos was administered to rats in conbination with plutoni um 239
oxide via intratracheal instillation (Sanders 1975b). In the sane
study, asbestos did not influence the translocation of plutoniumin
rats. However, asbestos increased the pul nonary retention of plutonium
conpared to those exposed to plutoniumonly (Sanders 1975b).

An increased incidence of netaplasia was observed in rats exposed
via inhalation to a single exposure of plutonium 239 dioxide followed by
adm nistration of 1 or 10 ng vitamin Cm of drinking water for 1 year
post - exposure, conpared to those aninals exposed to plutoniumonly
(Sanders and Mahaffey 1963). However, the incidence of squanous cel
carcinomas in adnal s exposed to plutoniumand vitam n C decreased with
i ncreasing dose of vitamn C. The authors state that vitam n C nay
interfere with the progression of squanous cell netaplasia to squanous
cell carcinona

Studies in laboratory animals have al so shown the influence of
metal s on the toxicokinetics of plutonium Pretreatnent of rats with a
subcut aneous injection of cadm um or copper followed by an intravenous
i njection of plutonium 239 or plutonium 238 resulted in changes in the
di stribution patterns of plutonium but not in total retention of either
i sotope. Plutoniumretention of both isotopes, follow ng pretreatnent
with either nmetal, was increased in the spleen and the kidneys, as
conpared to animals treated with plutoniumonly (Volf 1980). Copper
pretreatnent appeared to increase the retention of plutoniumin the
liver, while cadm um pretreatnent appeared to decrease pl utonium
retention in the liver. These differences in retention of plutoniumin
the liver may reflect different properties of the respective netal binding
proteins or different nmechani snms of action (Volf 1980).

Exposure of rats via inhalation to beryllium oxide foll owed by
exposure to plutonium 239 oxide resulted in increased retention of
plutoniumin the lungs of rats and subsequently, increased translocation
of plutoniumto thoracic |ynph nodes as conpared to plutoniumtreated,
controls (Sanders et al. 1978). Although lung retention of plutonium
was i ncreased and berylliumand plutoniumare both considered to be |ung
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carci nogens, conbi ned exposures of beryllium and pl utonium 239 did not
significantly increase the incidence of lung tunors in rats, conpared to
rats treated with plutoniumonly (Sanders et al. 1978).

Adm ni stration of alcohol prior to exposure to plutonium appears to
have an effect on the toxicokinetics of plutonium Rats were treated
orally with 12.5 or 25% ethanol (in 25% sucrose) for 1 or 6 weeks
followed by an intravenous injection of polyneric plutonium 239 and were
sacrificed 1 or 41 days post-exposure (Mahlum and Hess 1978). In
ani mal s given ethanol for 6 weeks, retention of plutoniumin the |iver
was increased at 1 day post-exposure, but returned to normal 41 days
post - exposure, conpared to aninmals exposed to plutoniumonly. At 1 day
post - exposure, lung retention of plutoniumwas increased in aninals
gi ven ethanol for 1 week, while lung retention of plutonium was
decreased in aninmals given ethanol for 6 weeks. These differences were
still apparent at 41 days post-injection (Mahlum and Hess 1978).

Ani mal studi es have been conducted to study the relative hazards of
"diffuse” vs. "localized" irradiation of the lung (Anderson et al. 1979)
to determne if there is a "hot particle" or "hot spot" effect. In
t hese studi es, hanmsters were exposed by instillation or intravenous
injection to pIutoniun}238 or -239 oxide contained in zirconium di oxi de
spheres. Following "localized" exposure, the incidence of lung tunors
was S|gn|f|cantly |ncreased (3/102) only at the highest exposure
[ 3. 5x10° pO (1.3x10° Bg) pl utoni um 238/ kg body weight]. However,
followi ng "diffuse" exposure, a significant |ncrease in the incidence of
lung tunors was observed at exposures of 8.4x10° pO (3. 1x10* Bq)
pl ut oni um 238/ kg body wei ght and 9.4x10°pCG (3. 5x10° Bg) pl utoni um
239/ kg body weight. The authors concluded that for a given |ung burden
of plutonium the nost hazardous distribution was "diffuse."

Ani mal studi es have shown the effects of chelation therapy on the
renoval of previously incorporated actinide elenments, such as pl utonium
Exposure of young adult beagle dogs to a single intravenous injection of
pol yrmeric plutonium 239 plus plutonium 237 as a tracer, followed by
weekly exposure to diethyl enetriam ne-pentaacetate (DITPA) as cal ci um
salt (Ca-DTPA) or daily exposure of DTPA as zinc salt (Zn-DTPA),
resulted in 14.6% or 10.4% pl ut oni um 237 excretion, respectively, vs.
7.1% pl ut oni um excretion at 24 hours post-exposure in those aninals
exposed to plutonium alone (LIoyd et al. 1978c). After 28 days,
cumul ative excretion (corrected for radi oactive decay) reached 38.2% for
Ca- DTPA, 49.4% for Zn-DTPA, and 12.1%for those animals treated with
pl ut oni um al one. The study indicated that daily exposure of beagle dogs
to Zn-DTPA is nore effective in increasing the excretion of incorporated
pl ut oni um t han weekly exposure to Ca-DTPA. As specul ated by the
aut hors, the enhanced pl utoni um excretion may have occurred as a result
of cal ciumreplacenent in Ca-DTPA or zinc replacenment in Zn-DTPA by
pl utonium at the cellular |evel.
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2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Children may be particularly susceptible to the adverse effects of
plutonium Cells are replicating nmuch faster in growing children than
in adults. Rapidly regenerating cells are nore radi osensitive than
slowy regenerating cells (see Appendix B). Therefore, children may be
nmore susceptible to the radiation effects of plutoniumthan adults.

Persons with chronic obstructive lung di seases nay be nore
susceptible to the toxic effects of inhaled plutonium Based on results
fromstudies in rats with puinonary enphysema, plutonium deposition
woul d be decreased in a person with pul nonary enphysema, but retention
woul d be increased (Lundgren et al. 1981). Therefore, a greater
radi ati on dose would be delivered to the lungs of a person with
enphysema or ot her chronic obstructive |lung di seases.

Persons who are anenic due to an iron deficiency nay be nore
susceptible to the toxic effects of plutonium Studies by Ragan (1977)
have denonstrated that iron-deficient mce absorbed four tines as much
plutoniumfromthe gastrointestinal tract as mce with nornmal iron
| evel s. Therefore, persons who are iron deficient my absorb nore
pl utoni um (Sul li van and Ruenmi er 1988).

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxicol ogy
Program (NTP), is required to assure the initiation of a program of
research designed to determ ne the health effects (and techni ques for
devel opi ng nmethods to deternine such health effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint teamof scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if nmet would
reduce or elimnate the uncertainties of human health assessnment. In
the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Pl utonium

The existing data on health effects of inhalation, oral, and dernm
exposure of hunmans and animals to plutoniumare sunmarized in
Figure 2-4. The purpose of this figure is to illustrate the existing
i nformati on concerning the health effects of plutonium Each dot in the
figure indicates that one or nore studies provide information associ ated
with that particular effect. The dot does not inply anything about the
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quality of the study or studies. Gaps in this figure should not be
interpreted as "data needs" infornation.

Figure 2-4; graphically describes whether a particular health effect
end poi nt has been studied for a specific route and duration of
exposure. Information on health effects in humans is very limted
| argely because exposed popul ations are small. Epidem ol ogi cal studies
of peopl e who have been occupationally exposed by inhalation to
pl ut oni um have eval uated end points such as nortality, cancer, and
system c effects followi ng chronic exposure. No information on health
effects in humans after acute or intermedi ate exposure to plutoni um was
| ocated. Information on health effects fromaninmal studies is nore
extensive than that which has been reported i n epi dem ol ogi cal studies.
These studies in animals provide information on health effects foll ow ng
both acute and internediate inhalation exposure and limted information
on acute oral exposure.

2.8.2 ldentification of Data Needs

Acut e-Durati on Exposure. The possibility of brief exposure of
humans to plutoniumexists at hazardous waste sites or at accidental
spill sites. However, no data are avail able for hunans exposed acutely
via inhalation or oral routes. Information on the toxicity of plutonium
in [aboratory animals follow ng single high-dose inhalation exposure is
extensive and indicates that the lung is the main target organ for
i nhal ed plutonium Laboratory ani nmals exposed by this route have
devel oped pneunonitis, fibrosis, netaplasia, and cancer. Acute exposure
of | aboratory animals to | ower doses of plutoniumwould be useful to
identify possible inhalation toxicity in humans. Linited information on
adverse effects in |aboratory animals follow ng acute oral exposure
i ndicates that the gastrointestinal tract is the main target organ
However, kinetic studies indicate that plutonium absorbed fromthe
gastrointestinal tract is distributed to the skel eton and ot her tissues;
therefore, other organs may al so be affected. Because there are no data
on humans and ani mal data are insufficient, additional information is
needed on adverse effects followi ng acute exposure by the oral route.

No data are avail able on adverse effects followi ng acute dernal exposure
in humans or animals. Limted information fromkinetics studies in
humans and animals indicates that there is little absorption of

pl ut oni um t hr ough i ntact skin. However, plutonium deposited in wounds

i s absorbed and distributes to numerous organs, including regional |ynph
nodes and the liver. Since industrial accidents resulting in

pl ut oni untont am nat ed wounds are known to occur, additional information on
adverse effects following this type of exposure would be hel pful. One
outstandi ng problemwi th all of the existing acute exposure tests in

| aboratory animals is that the doses tested are extrenely high. Further
singl e-dose studies for all exposure routes using a nunber of |ower
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exposure concentrati ons would be useful in determ ning any dose-response
relationship for adverse health effects.

I ntermedi ate-Duration Exposure. Linited data frominternedi at e-
Durati on exposure studies in laboratory aninmals indicate that the |ung
is the target organ for inhaled plutonium In one study, hamsters
devel oped pneunonitis following intermttent exposure to plutonium
However, no data are available on effects of inhalation exposure for
this duration in humans. Kinetics studies in animals exposed by
i nhal ati on are extensive but all are single-exposure studies. No
information is available in animls or humans foll owi ng internediate-
duration exposure by the oral or dermal routes. A single kinetics study
in rats exposed to plutoniumby the oral route for an internedi ate
period indicated that significant deposition was found in the
gastrointestinal tract, the skeleton, and soft tissues. Because |linted
or no data are avail able on systenic effects or kinetics follow ng
i ntermedi at e-duration exposure by all three routes, studies to provide
such data woul d be useful. These data could be used to predict hunman
health effects from exposure for this duration in populations |iving
near hazardous waste sites and in the workplace, and to deternine the
relative contribution of each of the three routes of exposure to these
adverse health effects.

Chroni ¢ Duration Exposure and Cancer. No informati on on noncancer
health effects 'hollow ng chronic exposure of animals or humans to
pl utoni um by any route exists. Epidem ol ogical studies generally report
only nortality fromcancer and do net report deaths from noncancer
causes or other noncancer adverse effects that may have been identified.
Limted kinetics studies of occupationally exposed individuals indicate
t hat plutoni um concentrati ons were higher in the lungs and tracheal bronchi al
| ynph nodes than in any other single organ, indicating that
the lung would be the target organ for inhaled plutonium However, no
noncancer effects were reported in these individuals. Studies of
ki netics foll owi ng exposure by any route in |laboratory aninmals are only
for single exposures. Due to the general |ack of data on noncancer
health effects followi ng chroni c exposure, results of tests in aninals
exposed chronicaily to plutoniumwould be informative. Although, such
tests may be difficult to design and carry out due to the radioactive
nature of plutonium it would be useful to conpare such data to
noncancer adverse effects which are conmonly reported in single-dose
studi es. These studies would al so be useful in evaluating toxicity,
ot her than cancer, to the general public, as well as occupationally
exposed individuals. In addition, it would be worthwhile to report
i nformati on on noncancer effects seen in follow up of existing
occupational cohorts or new cohorts.

Studies in rats and dogs exposed to plutoniumfor 1 day have
i ndi cated that plutoniumvia inhalation causes cancer. At various tines
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foll owi ng high doses of plutonium tunors were found primarily in the
lung, but aiso in the skeleton and liver. Chronic studies of aninmals
exposed to plutoniumvia inhalation would be useful in order to conpare
the type of cancers that may occur and the onset of these effects to
those reported in single-dose studies. Epidemni ol ogi cal studi es have

been equi vocal . Most epidem ol ogi cal studies of occupationally exposed

i ndi vi dual s have consistently reported fewer cancer deaths in exposed
cohorts than in an unexposed cohort or in the nornal popul ation.

However, these epideni ol ogi cal studies have many confounding factors

i ncluding small cohort size, poorly defined exposure information,
insufficient followup period, or possible concurrent exposure to
external radiation. In one epidem ol ogi cal study, the authors report a
suggested increased risk of |ynphopoietic cancers. However, the

i nci dence of this type of cancer was based on |inmted data, and no

i ncrease in cancer incidence was noted in tissues with the highest
concentration of plutoniumas denonstrated in autopsy sanples. Chronic
ani mal studies at |ow radiati on doses woul d be useful to provide
information to assist in the interpretation of inconclusive
carcinogenicity information from existing epidem ol ogi c studies. No
information is available on kinetics or devel opment of cancer in aninals
or humans follow ng oral or dernal exposure. Although acute studies
report that absorption via these routes is much | ess than absorption via
i nhal ati on, chronic aninal studies would provide information on kinetics
and possi bl e carcinogenicity of plutoniumby these routes.

Cenotoxicity. Epidem ol ogical studies of occupationally exposed
cohorts have reported equi vocal results concerning exposure to pl utonium
and increased incidence of chronpsomal aberrations. However, in vitro
tests using human | ynphocytes irradiated with plutoni um denonstrated
increases in sister chromati d exchange. Laboratory animals have
exhi bited increased chronosonmal aberrations in blood | ynphocytes
foll owi ng exposure to plutoniumby inhalation. Gther effects seen in
vivo in animals include dom nant lethality and reciprocal chronpsoma
translocation. In vitro tests using mamalian cells confirmthe in vivo
results. The evidence is clear that plutoniumis genotoxic. However,
nore extensive study of individuals occupationally exposed woul d be
useful, and woul d hopefully clarify the equivocal reports of previous
st udi es.

Reproductive Toxicity. There are no data avail able regarding the
reproductive toxicity of plutoniumafter inhalation, oral, or dernmal
exposure in either humans or animals. In |aboratory animals given a
single injection of a high dose of plutonium significant fetal deaths
were reported and were attributed to dominant lethality. Kinetics
studies followi ng single injection of plutoniumindicate that plutonium
is distributed to the testes or ovaries of |aboratory animals (G een et
al . 1976, 1977) and is retained there for an indefinite period of tine
(rmore than 575 days) (Green et al 1977; Taylor 1977). Although this
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route of exposure is not relevant to humans, results of these studies
woul d indicate that studies to evaluate reproductive effects in

| aboratory animals follow ng single, repeated, or nmulti-generation
exposure to piutoniumvia inhalation or ingestion would be worthwhile.

Devel opmental Toxicity. There are no data avail able regarding the
devel opnental toxicity of plutoniumafter inhalation, oral, or dernmnal
exposure in either humans or animls. However, results of kinetics
studies in which animals were given a single injection of plutonium
showed that plutoniumcrosses the placenta and is retained in the fetus
(Green et al 1977; Sikov et al 1978b). These studies would indicate
that additional data are needed to eval uate devel opnental effects in
| aboratory animals follow ng single or repeated exposure to plutonium
via inhalation or ingestion.

I mmunotoxicity. There are no data avail abl e regardi ng
i mmunotoxicity of plutoniumafter inhalation, oral, or dermal exposure
in humans. In dogs exposed to plutoniumvia inhalation for a single
day, damage to | ynph nodes was observed in conjunction with pneunonitis
(Gllett et al. 1988). Once plutoniumparticles have been deposited in
the lung, macrophages play a role in the clearing process. In this
clearing process, macrophages phagocytize plutonium particles and
ultinately deposit themin the | ynph nodes. This mechanismnay |ead to
secondary danage to the |ynph nodes and thus to the i mmune system In
dogs given a single subcutaneous injection of plutonium danage to |ynph
nodes draining the injection site, as well as |ynphopenia, were observed
(Dagle et al. 1984.). The studies in dogs, together with know edge of
the clearing process in the lung, indicate that studi es designed to
evaluate the direct toxic effects of plutoniumon the function of the
i mune system woul d be useful

Neurotoxicity. No studi es have been done to deternine the
neurotoxi city of plutonium However, cells and tissues of the nervous
system may be | ess radiosensitive than faster regenerating cells of the
gastrointestinal tract or pul nonary epithelium Consequently, neurona
i mpai rment woul d not be expected. For this reason, tests of the
neurotoxicity of plutoniumnmay not be necessary at this tine.

Epi demi ol ogi cal and Human Dosinetry Studi es. Epi deni ol ogi cal
studi es of occupational cohorts with |ong-term exposure to plutonium
i ncl ude those established fromenpl oyees at Los Al anps Nati onal
Laboratory, the Rocky Flats Facility, and the Hanford Facility, as well
as the cohort involved in the original Manhattan project at Los Al anps.
These studi es have failed to denponstrate an unequi vocal associ ation
bet ween exposure to plutoniumand nortality from cancer follow ng
occupati onal exposure. However, these studies contain many linmitations
including small cohort size, poorly defined exposure information, or
insufficient follow up periods. Because these occupational cohorts have
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been exposed to plutoniumlevels nany tines higher than environnentally
exposed popul ations, continuation of the followup of these cohorts
woul d generate useful information. Exam nation of these cohorts for end
poi nt s-ot her than cancer, such as genetic effects and effects on the

i mune system woul d be useful.

Epi denmi ol ogi cal studies in which hunmans were occupationally exposed
to plutoniumattenpted to correlate adverse health effects with body
burdens of plutonium However, definite correlations between plutonium
exposure and body burdens have not been reported. Further information
inthis area is needed. Epidem ol ogical studies in which activity
concentrations in the workplace are reported al so are needed. If an
epi demi ol ogi cal study were conducted in which activity concentrations
t he workpl ace were known, attenpts could be nade to correl ate exposure
| evel s wth body burdens, as well as with health effects. |sol ated
nmeasur enment of plutoniumlevels resulting fromfallout have been nade
air, water, food, and soil. Overall, information regarding |evels of
plutoniumin the environment is limted. |If epidenm ologic data could
provi de dose-response information, additional studies on environmenta
| evel s could provide information to evaluate the extent of the hazard
associ ated with environmental plutonium exposure or exposure to
i ndi vidual s I'iving near hazardous waste sites.

Bi omar kers of Exposure and Effect. Currently, the only biomarker
of exposure that has been identified is the presence of radioactivity
rel eased by plutonium in the urine. The presence or this activity in
the urine is specific to plutonium exposure and can be used to nonitor
short-term internmediate, or |ong-termexposure. Although the detection
of plutoniumradioactivity in the urine is not a direct nmeasurenent of
exposure, estinmates may be derived using mathenatical nodels. O her
bi omar kers of exposure may exist, such as the presence of plutoniumin
bl ood, bone, teeth, or hair.

Bi omarkers of health effects resulting from plutoniumrel eased
radi ation are not known. It is possible that early danage to bone
marrow resulting fromradiati on exposure may be indicated by a decrease
in stemcells or by a decrease in the nunber of red blood cells (Joshima
et al. 1981). It is also possible that abnormal sputum cytol ogy may be
used as an early indicator of radiation damage to lung tissue (ATSDR
1990). Although a decrease in stemcells and abnormal sputum cytol ogy
may i ndi cate exposure to radiation, additional research to determine if
these nmethods are reliable and to correlate these effects with plutonium
exposure |l evels would be worthwhile.

Absorption, Distribution, Metabolism and Excretion. For
| aboratory animals, detailed quantitative information is avail able
regardi ng the absorption, distribution, and excretion of plutonium
compounds followi ng acute exposure bv inhalation or injection. There is
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no information on the toxicokinetics of plutoniumfollow ng chronic
exposure to low |l evels, and studies in this area would be nore
appl i cabl e to hunman exposure situations than single exposure studies.

I nformati on concerning the toxicokinetics of plutoniumin adult animls
follow ng oral exposure is avail able. However, previous animal studies
have indicated that very little plutoniumis absorbed foll ow ng oral
exposure. Therefore, studies of kinetics follow ng oral exposure are
not needed at this tine. Studies of age-related changes in the

t oxi coki netics of plutoniumwould be very val uabl e, especially those
age-related differences that nmay indi cate enhanced exposure or
susceptibility. Very little is known regarding the absorption

di stribution, and excretion of plutonium conpounds follow ng dernal
exposure. However, it appears that the skin is an effective barrier
agai nst nost pl ut oni um conmpounds.

Conparative Toxicokinetics. There is limted information regarding
conparative toxicokinetics anmong | aboratory ani mal speci es and hunans.
However, simlar target organs have been identified anong | aboratory
ani mal s exposed to plutonium Toxic effects that have been observed in
ani mal s have not been observed in humans. In addition, hansters devel op
many of the toxic effects in the lung foll ow ng exposure to inhal ed
pl utoni um but have not been found to develop lung tunors. This may be
i ndicative of differences in anatony and physi ol ogy or species
sensitivity. Information to help identify the appropriate ani nal nodel
to provide insight into the toxicokinetics of plutonium conpounds in
humans woul d be usef ul

2.8.3 On-going Studies

G L. Voelz (Los Alanps National Laboratory) is investigating the
correlation between | ow|evel plutonium and/or external radiation
exposure and lung cancer incidence or other diseases anong current and
former workers at Rocky Flats, Los Al anpbs, Mpund, Savannah River, 0Oak
Ri dge, and Hanf ord.

Mechani sms of al pha-emitting and bone-seeki ng radi onucl i de-i nduced
skel etal cancers are being investigated by WS. Jee (University of Utah)
i n humans and dogs.

The long-termtoxicity of inhaled plutonium 239 dioxide (B. A
Muggenburg and his col | eagues, |nhalation Toxicol ogy Research Institute
and F. W Bruenger, University of Utah) in juvenile and mature beagl e
dogs is being studied. Influence of age at the time of exposure is the
focus of the studies. Studies by Miggenburg include single and multiple
exposure of rats, Syrian hansters, and mice to plutonium 239 dioxide
aerosols simlar to hunman exposure.
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J.H Diel (Inhalation Toxicology Research Institute) has been
studying health effects in |aboratory animals foll ow ng repeated
exposure to insoluble plutoniumover a long fraction of their lifetine.
Si ngl e exposures at conparabl e radiation dose | evels are included for
conpari son. Experinments using rats and dogs are still in progress.
wher eas experinments using mce and hansters have been conpl et ed.

The effects of inhaled plutonium239 nitrate (G E. Dagle, Pacific
Nort hwest Laboratories), or plutonium 239 dioxide or plutonium 238
di oxi de (J.F. Park, Pacific Northwest Laboratory), on |ifespan have been
under investigation in beagle dogs. The current investigation by Dagle
i nvol ves determning the interrelationship of |ung cancer, bone cancer,
and noncancerous |esions in dogs exposed to |ow | evel s of plutonium
Park is continuing to investigate the nechani snms of |ynph node danage
and | ynphopenia in these animals. The role of oncogenes in plutonium nduced
cancers will be exam ned in both studies by Dagle and Park
Furthernmore, ME. Frazier (Pacific Northwest Laboratory) is studying
whet her oncogenes are activated in plutoniuminduced |ung cancer or
whet her oncogene activation is a cause or an effect of cancer
devel oprent .

An extensive investigation of the effects of lifetinme inhalation of
| ow-| evel s of plutoni um 239 dioxide (5x10” to 1.9x10° pG (1.9x10' to
7.0x10° Bq) initial alveolar depositions] in rats is in progress by C. L.
Sanders (Pacific Northwest Laboratory).

Anmong the few studies in progress pertaining to plutonium
genotoxicity is the investigation of heritable plutoniuminduced gene
nmut ati ons, chronosone aberrations, and domi nant |ethal nutations in mce
(P.B. Sel by, Cak Ridge National Laboratory). P.G Kale at Hanpton
University is studying the genetic effects of plutoniumin Drosophila.
Speci al enphasis will be placed on the dose-response relationship in
predi cti ng consequences of | ow | evel plutonium exposures.

Current studies by S.E. Dietert at Hanford Environnental Health
Foundati on focus on elucidating the biokinetics and dosinmetry of
pl utonium and rel ated el enents in humans. The study i ncl udes
determ ning the distribution and concentration of transuranic el enents
in man by radi ochem cal anal ysis of donated autopsy tissues from
occupational |y exposed individuals. The uptake and distribution
patterns of plutoniumand other actinides in humans are being studi ed by
J.F. Mclnory (Los Al anps National Laboratory). N P. Singh at the
Uni versity of Utah is studying the biological half-lives of plutoniumin
liver and bone of the general population of northern Ut ah.

MF. Sullivan at Pacific Northwest Laboratory is investigating the
transfer factors involved in the absorption of plutoniumin aninmls and
ot her actinides across the gastrointestinal tract under conditions that
may be experienced by humans (such as the oxidation state of plutonium
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fasting, high acidity, iron and cal ciumdeficiency). Plutonium
gastrointestinal tract absorption is being studied in three baboons in
order to obtain information on possible human gastrointestinal tract
absorption of plutonium (MH Battacharyya, Argonne Nati onal
Laboratory).

R G Cuddi hy at I|nhal ati on Toxi col ogy Research Institute is
studying the mechani sns involved in the deposition and cl earance of
i nhal ed plutoniumin the respiratory tract of rats and other aninmals.

E. Shek (Pharmatec) is investigating nmethods for inproving
gastrointestinal tract absorption of orally adm nistered chel ating
agents, which bind netals such as plutoniumand facilitate excretion
fromthe body. New actinide-chel ati ng agents produced by m croorgani sns
are being tested by P.W Durbin at Lawence Berkeley Laboratory. It is
assumed that these agents bind plutonium(lV) and enhance its excretion.
Anot her study by Durbin includes the devel opment of metabolic nodels for
pl ut oni um and ot her radionuclides in order to verify and/or nodify
nmet abol i ¢ nodel s currently recomended by the International Commi ssion
on Radiation Protection (ICRP) for these radi oel enents.

S.C. Mller (University of Uah) is determning the |ocalization
and distribution of plutonium 239 and other actinides in tissue,
cellular, and subcellul ar conpartnments of the gonads (testes and
ovaries) in different species and in hunan tissue.

RE Filipy (Pacific Northwest Laboratory) is continuing the
i nvestigation of the effects of cigarette snoke on rats and dogs exposed
to plutoniumas conpared to sham exposed animals or those exposed to
pl ut oni um al one. The findings of the study will contribute to the
under standi ng of the potential health effects of inhaled plutonium anong
the cigarette-snoking popul ati on.
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