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Some Toxicity Aspects of Internally
Deposited Plutonium-239
G. N. TAYLOR, T. F. DOUGHERTY, AND W. R. CHRISTENSEN

INTRODUCTION

Plutonium-239 is a good example of a
radionuclide which is retained within the
body for prolonged periods, and thus ir-
radiates selected organs or specific tissues
within an organ with relatively high
energy (5.14 mev) alpha particles.'* The
range of a “*Pu 5.14-mev alpha particle
is approximately 35 g in soft tissue and
25 u in compact bone." Plutonium’s
behavior also typifies the complex prob-
lems encountered in the study of internal
radiation. For example, the deposition
pattern is markedly influenced by the
route of entry into the body, the physical
and chemical states of the radionuclide
before and after exposure, the age and
metabolic state of the organism at the
time of exposure, and species differences

. —just to mention a few of the variables.

Further complexities arise from the
ever-changing tissue concentration and
unequal distribution patterns of the radio-
nuclide within a given tissue or organ.
Also, the specific target cell is frequently
unknown. Thus, the precise local dose for
a given response is seldom known. In
some instances the dosimetry is further
complicated by the continuous movement
of cells into or away from the radiation
field. Also, precise latent periods for the
various lesions are usually difficult or im-
possible to determine, since the lesion is
usually not detected until sometime after
the injurious dose was received. Thus,
the induction dose is usually significantly
less than the accumulated dose at the
recognition time of the lesion. These fac-
tors are just a few of the variables in.
volved in evaluating the effects of inter-
nally deposited radionuclides on the

components of a dynamic biologic system
and suffice to emphasize some of the
problems encountered and the potential
variability in the toxicity syndromes in-
duced by the respective radionuclides or
various physical and chemical states of
the same radionuclide. Thus, the toxicity
syndrome of ***Pu in a dog, as presented
in this study, is not given as a typical ex-
ample of internal radiation but as a spe-
cific case indicating some of the major
end-points induced by one of the more
important and very toxic radionuclides.
Nevertheless, it does serve to indicate
some of the more general factors involved
in the study of intemal radiation.

METHODS

All of the animals summarized in this
study were pure-bred beagles which were
progeny from a moderately inbred col-
ony.'”” They were maintained under dis-
ease-free conditions, and environmental,
dietary, and general animal care factors
were comparable for each animal through-
out its life span.

" The plutonium was administered in the
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tetravalent form, in a citric acid sodium
citrate buffer (pH 3.5) via a single intra-
venous injection, at approximately 16 to
17 months of age.'” All of the epiphyses
were closed at this time, except those of
the costochondral junction. The animals
were kept until death or were sacrificed
when death was imminent. The dose
levels and numbers of dogs observed are
shown in Table 7.1.

The percentage fractures (shown below
in Fig. 7.6) were based on the total num-
ber occurring in a specific bone, as related
to the total number of these bones pres-
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TaBLE 7.1
Injection Dase Levels
Dose Injected No. of Long-Term Dogs
wCperke b, wt.
0.0158 13
0.0474 13
0.0948 12
0.284 12
0.853 12
2.8766 21

ent in the given number of dogs at the
respective dose levels. The fractures
shown for the thoracic vertebrae were
limited entirely to the dorsal spinous
processes and those for the lumbar verte-
brae involved both dorsal spinous and
transverse processes.

The induction times for the osteosar-
comas are the intervals from injection of
Py to the time of death and not the
time of first recognition.

The autoradiograms are from acetone-
fixed tissues, prepared according to the
method of Arnold and Jee."

RESULTS

Following a single intravenous injec-
tion of tetravalent **Pu, most of the
retained radionuclide burden was ulti-
mately localized in the skeleton (approxi-
mately 60¢:) and the liver (approximately
30%), where it was retained for prolonged
periods.”"* Much less significant deposi-
tion sites were the thyroid,' the kidney,
and the spleen.””® Thus, these and the
immediately adjacent tissues, such as the
bone marrow, were the principal target
organs. The following observations sum-
marize the most significant aspects of the
toxicity syndrome.

Hematopoietic Changes

The earliest clinically detectable radia-
tion-induced change was a drop in the
leukocytes of the peripheral blood."
The depression was most acute at the
2.8 uC per kg dose and became minimal
or nonsignificant below 0.095 «C per kg.
Partial recovery occurred at various post-
injection times, which varied according
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to the injected dose level. In spite of the
very significant blood dyscrasia, death
due to hematopoietic changes did not oc-
cur and hematopoietic neoplasms were
not induced."®

Liver Disease

Approximately 25% of the dogs injected
at the highest level died with primary
plutonium-induced liver disease, begin-
ning at approximately 400 days post-
injection. In the cases of primary liver dis-
ease, the liver at death was one-half to
one-third normal weight and severe sec-
ondary portal hypertension was invariably
present. The earliest evidence of hepatic
injury was a significant elevation in the
serum glutamic pyruvic transaminase
which occurred approximately 200 days
post-injection at the highest dose.'” The
hepatic syndrome indicated that the 3
uC per kg dose of **Pu appeared to be
very near the LDso, for the dog, with
death due to subacute primary liver dis-
ease at post-injection times greater than
400 days. Significantly higher doses would

Fic. 7.1. Autoradiogram of 6-x section of beagle
liver taken 13 days following a single intravenous in-
jection of 2.4 uC of **Pu per kg which shows a uni-
form distribution of alpha tracks (arrow) arising from
the hepatic epithelium. Exposure, 27 days. X380.
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undoubtedly lead to more acute deaths
from hematopoietic factors.

Initially, the **Pu was uniformly
distributed throughout the hepatic cells
and was strikingly absent from the reticu-
loendothelial (RE)} and portal tissue, in-
cluding the biliary epithelium (Fig. 7.1).
This pattern persisted until approxi-
mately 200 to 300 days post-injection,
after which a significant translocation of
the **Pu to the RE cells produced promi-
nent “hot spots” (Fig. 7.2). Eventually,
a high percentage of the radionuclide was
localized in the individual RE cells lining
the sinusoids, especially at the highest
dose levels. The formation of the first
hot spots coincided with the earliest rise
in SGPT and was probably the result
of increased liver necrosis. The rate of
movement into the RE cells appeared to
be a function of the degree of injury to

Fic. 7.2. Autoradiogram of 6-u section of beagle
liver taken 362 days following a single intravenous
injection of 0.303 xC of ®'Pu per kg which shows
the early translocation of the radionuclide to the
RE cells (arrow). Also shown are foci of relatively
nonradioactive parenchymal cells (N). Exposure, 47
days. X 380.

800LBQ

PATHOLOGY OF IRRADIATION

Fic. 7.3. Auwradxogram of 6-u section of beagle
liver taken 1,400 days following a single intravenous
injection of 2.91 xC of **Pu per kg showing the ag-
gregation of a high percentage of the plutonium in
the portal areas, which occurs at relatively long post-
injection times. Exposure, 27 days. X380.

the hepatic parenchyma and was greatest
at the highest dose levels.

A distinctive feature in the transloca-
tion of ***Pu to the RE cells was its asso-
ciation with iron-staining p\ ents, pre-
sumably hemosiderin. The **Pu in liver
cells other than the hepatic epithelium
was seldom observed in the absence of
such iron-staining material and appeared
to be bound to this compound. Following
the shift of **Pu and the associated iron
pigment to the RE cells, a further trans-
location to the stromal areas, including
the subcapsular regions, occurred until
ultimately a high percentage of the **Pu
retained in the liver was localized in these
areas (Figs. 7.3 and 7.4). This feature was
most obvious and occurred at shorter
post-injection times at the highest levels.
Again, the alpha activity was invariably
associated with iron-staining pigment and
a high percentage was still retained within .

9
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macrophages, which presumably served
as transport vehicles from the more cen-
tral areas. This movement to the stromal
areas was obviously quite efficient, since
the plutonium was lost from the liver at
a very slow rate.’

The plutonium distribution pattern was
also influenced by regenerative changes.
This was principally a mechanical dis-
placement of the older radioactive tissue
by foci of younger regenerating hepatic
cells of very low plutonium activity (Fig.
7.5). These changes were prominent even
at the lowest dose level, 0.015 uC per
kg, but only after relatively long latent
periods. Such regenerative changes repre-
sented a replacement phenomenon since
the liver weight usually remained normal
even though 70 to 80% of the liver was
eventually composed of regenerative

RN A

Fic. 7.4. Autoradiogram of 6-x section of liver
showing the late localization of plutonium in the
subcapeular areas. Same dog as Figure 7.3. Exposure,
27 days. X 380.

Fic. 7.5. Microphotograph showing numerous foci
of regenerating hepatic cells (R) in a beagle liver
3,430 days following a single intravenous injection
of 0.0495 uC of **Pu per kg. Unstained formalin-
fixed specimen. X1%.

TaBLE 7.2
Summary of Primary Liver Tumors Observed
in ™ Pu-Treated Dogs

. Ave. Range of Neoplas-

P | DR | heioe | at Neoplosia | b Dove Levels

s uC **"Pu per kg

7T | 35 20 13 0.0139-0.0968
(9-14)°

* All tumors were intrahepatic bile duct type.
* Includes only dogs 8 years or older.
‘ Range.

tissue. In spite of the very marked liver
changes, fibrosis did not occur.

A third factor in the plutonium-induced
liver syndrome was a moderate number
of primary liver tumors which occurred
in the long-term low level animals. Table
7.2 summarizes the incidence observed
thus far.

All of the tumors were the bile duct
type. Only two were the primary cause
of death with the others being quite
_small and found incidentally at autopsy.

Fractures

Another feature of plutonium toxicity
was the induction of pathologic fractures.
These occurred in the three highest dose
levels: 2.8, 1, and 0.3 4C per kg (Fig. 7.6).
The earliest fracture was observed ap-
proximately 390 days post-injection, with
an average skeletal dose of 3,180 rads.'
The incidence dropped sharply between
2.8 and 1.0 uC per kg doses and became

LS RLRTTED Lpets 4 DTN 00 S APRESI vy
oy

e By Pt gt NNl agit At in. o __

e O S S R
Voo i P

i: ,'-v‘ i

Yk

Spidel

Y

Fre sipalg -t

on g

R et

e

B e M S Y~ S I ST T PRt



[ ST PSR SRS

|

wae

8006

701

60 § LEVEL 2BuCi ™py/
ER 4 LEVEL 0853uLi299p,

S0 3 3 LEVEL 0.284uCi P%u/ig

Fic. 7.6. Anatomical distribution and percent
incidence of pathologic fractures ip dogs following a
single intravenous injection of **’Pu.

insignificant at the 0.3 xC per kg dose
level. A significant percentage healed
normally when they were properly im-
mobilized.

In spite of other very obvious radio-
graphically apparent changes, the frac-
ture sites usually could not be predicted
by radiography. This was in agreement
with strength tests of defleshed bones
which established that ***Puinduced
changes in the breaking stress were not
sufficient to account for the pathologic
fractures and the etiology was tentatively
ascribed to the induction of localized bone
faults.'®

A unique feature of these radiation-
induced fractures was the minimal amount
of pain associated with them.

Tooth Loss T

An abnormal rate of tooth loss was first
observed at the 0.0948 .C per kg dose
level and the rate increased with each suc-
cessively higher dose (Fig. 7.7). The dental
lesions, which ultimately resulted in
tooth loss, were clearly separable from
the naturally occurring nonradiation fac
tors such as the periodontal syndrome and
were similar to those induced by other
bone-seeking radionuclides, such as
radium and radiothorium. The lesions, as
seen radiographically, were characterized

89b
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by loss of the periodontal ligament, anky
losis of the roots, unique dental caries, and
exfoliation of the crowns in the advanced
cases (Figs. 7.8 and 7.9). Varying degrees
of root resorption occurred prior to, but
especially after, the loss of the crowns.

Marked lesions in the adjacent bony
structures occurred concurrently with
the tooth changes. Radiographically
these were seen as coarsening and loss of
spongy bone and formation of radiolucent
foci in the mandibular cortex, especially
at the higher dose levels. Dental radiog-
raphy was the most sensitive in vivo
method of detecting nonneoplastic plu-
tonium-induced skeletal injury. Within
general limits it was possible to determine
the dose level by examination of the
dental occlusal films.

Turbinate Atrophy

In addition to the fractures and bone
tumors, an additional very obvious plu-
tonium-induced bony change was turbi-
nate osteolysis (Figs. 7.10 and 7.11). This
was marked at the higher dose levels and
occurred to a lesser degree down to levels
as low as 0.5 uC per kg. In the lower
doses it was frequently the only non-neo-
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Fic. 7.7. Comparison of the regression coefficients
for rate of tooth loss in beagles injected with **Pu.
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plastic skeletal lesion that was obvious
during the gross postmortem dissection.
Thus far, primary neoplasms have not oc-
curred at this site and the osteolysis did
not produce serious clinical problems.
The apparent atrophy resulted from
varying degrees of osteolysis involving
the thin, bony laminae which formed the
framework of this structure. In some of the
highest levels, complete loss of the bone
occurred. Changes in the overlying mu-
cous membrane were not remarkable.

Fic. 7.8. (Top.) Radiograph of left mandible of
692-day-old beagle showing normal bone and dental
morphology. X2'.

Fic. 7.9. (Bottom.) Radiograph of left mandible
of beagle 1,338 days following a single intravenous
injection of 0.838 »C of *Pu per kg showing dental
caries, root resorption, loss of the periodontal liga-
ment, and marked coarsening of the spongy bone of
the alveolar crests. Same dog as Figure 7.8. X2,

Fi6. 7.10. (Top.) Photograph of midsaggital sec-
tion through beagle skull with nasal septum removed
showing the normal appearance of the wmaxilio-
turbinate and ethmoturbinates (arrows). X 1%.

Fic. 7.11. (Bottom.) Photograph of midsaggital
section through beagle skull 1,400 days following
injection of 2.91 xC of **Pu per kg showing marked
involution of the maxilloturbinate and ethmoturbi-
nates (arrows). X1%.

Similar lesions were seen in the ethmoid
labyrinth but were less obvious grossly.
The identical syndrome also occurred in
dogs treated with other bone-seeking

" radionuclides such as **Ra, **Ra, and

**Th. It was not observed in animals
treated with relatively high doses of beta-
emitting *’Sr.

Bone Tumors

The leading cause of death following
intravenous injection of tetravalent “*Pu
was the induction of osteosarcomas.’’*
Thus far such tumors have occurred as
low as the 0.0158 4C per kg dose level
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and at an average cumulative skeletal
dose as low as 60 rads. Since the cumula-
tive rad dose was based on the survival
time, the tumor-induction dose was less
than this. However, the local dose to the
critical cells, because of the surface depo-
sition, was much higher than the average
skeletal dose. The average length of time
from injection until death from osteosar-
coma generally increased as the dose was
lowered; however, the range of the sur-
vival times for some of the injected dose
levels overlapped significantly (Fig. 7.12).
The anatomical distribution of such neo-
plasms was more generalized than de-
scribed for the nonradiation-induced
bone tumors observed in other canine
breeds.***

The spontaneous osteosarcoma incidence
in the beagle is very low and lies some-
where between 1 to 100 cases per 100,000
deaths.”® Thus it is fairly certain that all
the tumors presented in this study were
radiation-induced.

Secondary Lesions

In general the plutonium lesions were
localized within the focally irradiated
areas. However, several conditions de-
veloped which may have been secondary
to the overall radiation effect. Some of
these, especially the decreased longevity
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FiG. 7.12. Average osteosarcoma latent period of
beagles receiving a single intravenous injection of
**Pu. The range of the latent period is designated
by the vertical bars and the percent incidence is
shown in parentheses.

8006898

100

£e
3. 60, —— INJECTED_PLUTORIUM
gg —-—- CONTROLS
60
9)‘
wxE
> w
'53 40
-
g% 0

[~

3
£ o

~
[
»

F16. 7.13. Age-specific soft tissue tumor incidence
in control and ***Pu-treated dogs. (Does not include
#*Pu-induced liver tumors.)

and the increase in soft tissue tumors, may
have resulted from the relatively small
sample size. Their relationship to phu-
tonium toxicity is not conclusive. Four
conditions which have been tentatively
considered to be secondary are as follows:

Lymphopenia. This occurred consis-
tently at the higher levels even though
the lymphatic tissue, other than that
associated with the bone marrow, was not
irradiated to a significant degree.”

Lymphatic Hyperplasia. This oc-
curred in the lymph nodes of a few of the
dogs injected at the 0.015 to 0.045 uC per
kg dose levels. It develuped only after
relatively long latent periods and was not
seen in the controls.

Increased Incidence of Soft Tissue
Tumors. The incidence of soft tissue neo-
plasms in the irradiated dogs, excluding
the unequivocally radiation-induced tu-
mors, was moderately higher than the
controls (Fig. 7.13).

Decreased Longevity. The life span of

iis

the lowest dose level (0.015 .C per kg -

in which a significant number did not die

of clearly established plutonium toxicity

was approximately 15%; below their con-
trols.

DISCUSSION

Although plutonium produced very

significant non-neoplastic changes at the
relatively high dose levels, the most uni-
versal and serious threat was bone cancer.
A high incidence occurred at all of the
dose levels studied and thus far has de-
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veloped at injection levels Yis of the
fracture-induction dose and a factor of six
below the dose level which produced ac-
celerated tooth loss or detectable hema-
topoietic changes.

The unusually high carcinogenic ac-
tivity of ***Pu was principally related to
its selective deposition on bone surfaces
(Fig. 7.14). In the skeleton the plutonium
was in close proximity to the osteogenic
tissue and presumably adjacent to the
most sensitive cells from the standpoint
of neoplasia. The enhanced toxicity of
this surface deposition was especially ob-
vious by intercomparison with an alpha-
emitting bone-seeking radionuclide, such
as **Ra, in which the distribution was
more uniform throughout the volume of

Fic. 7.14. Autoradiogram of bone trabecula (T)
from a beagle showing the surface deposition pat-
tern of plutonium 14 days following a single intra-
venous injection of 0.94% «C of *“Pu per kg. Ex-
posure, 21 days. X 360.

800b899

the skeleton. Such a comparison indicated
that **Pu was five to ten times more
effective in the induction of osteosar-
comas.”

The relatively low incidence of liver
tumors was unexpected in view of the
marked regenerative changes which oc-
curred even at the lowest injected dose.
Although the liver was highly radiosensi-
tive with respect to the regenerative
changes, the susceptibility to neoplasia
was much less than the skeleton rad for
rad. This was possibly the result of a
shorter latent period in the case of the
osteosarcoma and thus earlier death from
bone cancer. It also may have been related
to significant differences in the local dose
rate. The shortest post-injection time for
a liver tumor was 2,777 days and the
average was 3,587 days. '

The absence of hepatic hemangio-
endotheliomas was also significant, espe-
cially since this was such a common end-
point in thorotrast cases with high liver
burdens. Failure of such tumors to appear
in the experimental animals of this study
lends considerable support to the thesis
that the thorotrast-induced hemangio-
endotheliomas may not be radiation-in-
duced.”

In spite of the relatively low incidence
of liver tumors, it is significant that they
did occur down to the lowest level in
which bone tumors were observed and
this end-point must certainly be con-
sidered as a factor in plutonium toxicity.
In man, the hepatic concentration of ***Pu
is_significantly higher relative to the skele-
ton following chronic inhalation exposure,
and liver neoplasms may be a more impor-
tant end-point than has been observed in
animal experiments such as these.***

Probably the most important finding
to emerge from a study such as this would
be the maximum permissible body burden
that could be tolerated without signifi-
cant harm to the organism. In most in-
stances this involves the study of very low
dose levels and thus requires large num-
bers of animals and tedious life span ob-
servations. For these and other reasons it
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118 PATHOLOGY OF IRRADIATION

is tempting to make extrapolations from
higher dose levels; however, this is open
to serious error. For example, in the case
of the human radium studies, there is
evidence of a practical threshold.’' Also,
entirely different end-points may appear
at the lower levels which could not be
predicted by extrapolation. This occurred
in long-term canine radium studies in
which radiation-induced intraocular mela
nomas occurred as an important late ef
fect only at the lower dose levels.'® Pres
ently in the evaluation of the toxicity
of internal irradiation, there does not ap-
pear to be a satisfactory alternative to
long-term life-span studies which include
a significant number of animals at rela-
tively low dose levels.

REFERENCES

1. Bair, W. J., Willard, D. H., Herring, J. P., and
George, L. A., I1. Retention, translocation, and
excretion of inhaled **Pu O.. Health Phys.
8: 639, 1962.

2. Bustad, L. K., Clarke, W. J., George, L. A., 11,
Horstman, V. G., McClellan, R. O., Persing,
R. L., Seigneur, L. J., and Terry, J. L. Pre-
liminary observations on metabolism and toxic-
ity of plutonium in miniature swine. Health
Phys. 8: 615, 1962.

3. Durbin, P. W. Distribution of the transuranic
elements in mammals. Health Phys. 8: 665,
1962.

4. Finkel, M. P., and Biskis, B. 0. Toxicity of plu-
tonium in mice. Health Phys. 8: 565, 1962.

5. Foreman, H., Moss, W_, and Langham, W. Plu-
tonium accumulation from long-term occupa-
tional exposure. Health Phys. 2: 326, 1960.

6. Langham, W. H. Physiology and toxicology of
plutonium 239 and its industrial medical con-
trol. Health Phys. 2: 172, 1959.

7. Stover, B. J., Atherton, D. R., and Keller, N.
Metabolism of Pu*" in adult beagle dogs.
Radiat. Res. 10: 130, 1959.

8. Stover, B. J., Atherton, D. R,, Bruenger, F. W,
and Buster, D. S. Plutonium 2338 in liver,
spleen and kidneys of the beagle. Hesith
Phys. 14: 193, 1968.

9. Teylor, D. M. Some aspects of the comparative
metabolism of plutonium and americium in
rats. Health Phys, 8: 673, 1962.

10. Thompson, R. C. Biological factors. In Plutonium
Handbook, A Guide to the Technology, vol. 2,
0. J. Wick, editor, p. 787, Gordon and Breach,
New York, 1967.

11, Mays, C. W., and Sears, K. A. Determination of
localized alpha dose. IIl. From surface and vol-
ume deposits of Pu*”*, Th**" and Ra’**. Univer-

800900

sity of Utah Report CO0-226, p. 78, Septer.
ber, 1962.

12. Dougherty, T. F., Stover, B., J., Doughert:
J. H., Jee, W. 8. S., Mays, C. W., Rehfel¢
C. E., Christensen, W. R., and Goldthorps
H. C. Studies of the biological effects of Ra*
Pu™®, Ra®® (MsTh.), Th** (RdTh), and Sr
in adult beagles. Radiat. Res. 17 625, 196

13. Amold, J. S, and Jee, W. S. S. Embedding anc
sectioning undecalcified bone and its applics-
tion to radioautography. Stain Techn. 29: 227,
1954,

14. Stover, B. J., and Atherton, D. R. Personal com-
munication.

15. Dougherty, J. H. Some hematological response-
to internal irradiation in the beagle. In
Some Aspects of Internal Irradiation, T. F.
Dougherty, W. S. S. Jee, C. W. Mays, and
B. J. Stover, editors, p. 79, Pergamon Press.
Oxford, 1962,

16. Taylor, G. N., Dougherty, T. F., Shabestari, L..
and Dougherty, J. H. Soft tissue tumors in
internally irradiated beagles. In Delayed Ef-
fects of Bone Seeking Radionuclides, C. W.
Mays, W. S. S. Jee, R. D. Lloyd, B. J. Stover.
J. H. Dougherty, and G. N. Taylor, editors.
p. 323, University of Utah Press, Salt Lake
City, Utah, 1969,

17. Stevens, W., Nabors, C. J., Jr., and Berliner,
D. L. A comparison of serum transaminase
levels and other serum constituents in dogs
burdened with **Pu, **Th, **Ra and **Ra.
Ann. N.Y. Acad. Sci. 145: 817, 1967.

18. Rehfeld, C. E., Stover, B. J., Tavlor, G. N,
and Mays, C. W. Fracture incidence in bea-
gles receiving single injections of radium or
plutonium. In Some Aspects of Internal Irro-
diation, T. F. Dougherty, W. S. S, Jee, C. W.
Mays, and B. J. Stover, editors, p. 131, Per-
gamon Press, Oxford, 1962.

1. Taysum, D. H., Evans, F. G., Hammer, W. M.,
Jee, W. 8. S., Rehfeld, C. E., and Blake,
L. W. Radionuclides and bone strength. In
Some Aspects of Internal Irradiation, T. F.
Dougherty, W. S. S. Jee, C. W. Mays, and
B. J. Stover, editors, p. 145, Pergamon Press,
Oxford, 1962,

20. Dougherty, T. F. Incidence of bone cancer in in-
termally irradiated dogs. In Some Aspects of
Intermal Irradiation, T. F. Dougherty, W. S.
S. Jee, C. W. Mays, and B. J. Stover, editors,
p. 47, Pergamon Press, Oxford, 1962.

21. Mays, C. W., Dougherty, T. F., Taylor, G. N,
Lloyd, R. D., Stover, B. J., Jee, W. S. §,,
Christensen, W, R., Dougherty, J. H.. and
Atherton, D. R. Radiation induced bone can-
cer in beagles. In Delaved Effects of Bone
Seeking Radionuclides, C. W. Mays, W. S. S.
Jdee, R. D. Llovd, B. J. Stover, J. H. Doug-
herty, and G. N. Taylor, editors, p. 387, Uni-
versity of Utah Press, Salt Lake City, Utah,
1969.

22. Nielson, S. W, Schroder, J. D., and Smith,

{
|

k



6, p. 78, Septem-

3. J., Dougherty,
. C. W., Rehfeld,
and Goldthorpe,
al effects of Ra***,
(RdTh), and Sr™
es. 17: 625, 1962,
3. Embedding and
e and its applica-
in Techn. 29: 225,

. R. Personal com-

‘ological responses
the beagle. In
‘rradiation, T. F.
>. W. Mays, and
Pergamon Press,

*.. Shabestari, L.,
tissue tumors in
- In Delaved Ef-
onuclides, C. W.
0_\'d, B. J. St,()ver‘
. Taylor, editors,
Press, Salt Lake

Ir., and Berliner,
um trensaminase
stituents in dogs
lllRa .nd Zfig.fg.
", 1967,

. Taylor, G. N,
incidence in bea-
ns of radium or
of Internal Irra-
S.S. Jee, C. W.
tors, p. 131, Per-

Hammer, W. M.,
E., and Blake,
one strength. In
radiation, T. F.
. W. Mays, and
Pergamon Press,

one cancer in in-
Some Aspects of
ougherty, W. S,
- Stover, editors,
i, 1962.
. Taylor, G. N.,
Jee, W. §. S,
nty, 4. H., and
duced bone can-
Effects of Bone
Mays, W. S. S.
er, 4. H. Doug-
ors, p. 387, Uni-
ake City, Utah,

D., and Smith,

8006901

TOXICITY OF PU-239 119

D. L. T. The pathology of osteosarcoma in
dogs. J. Amer. Vet. Med. Ass. 124 28, 1954.

23. Brodey, R. S., McGrath, J. T., and Reynolds,
H. A clinical and radiological study of canine
bone neoplasma. Part 1. J. Amer. Vet. Med.
Ass. 134: 53, 1959,

24. Brodey, R. S., Sauer, R. M., and Medway, W.
Canine bone neoplasma. J. Amer. Vet. Med.
Ass. 143: 471, 1963.

25. Mays, C. W., and Taylor, G. N. Low natural in-
cidence of osteosarcomas in beagles. Research
in - Radicbiology, University of Utah Report
C00-119-231, p. 70, 1964.

26. Dougherty, J. H. Leukocyte depression in bea-
gles injected with **Ra or **Pu. In Delayed
Effects of Bone Seeking Radionuclides, C. W.
Mayvs, W. S. S. Jee, R. D. Llovd, B. J. Stover,
J. H. Dougherty, and G. N. Taylor, editors,
p. 457, University of Utah Press, Salt Lake
City, Utah, 1969.

27. Bensted, J. P. M. Experimental studies in mice
on the late effects of radioactive and nonradio-

active contrast media. Ann. N.Y. Acad. Sci.
145: 128, 1967.

98, Foreman, H., Moss, W., and Langham. W. Plu-
tonium accumulation from long-term occupa-
tional exposure. Health Phys. 2: 326, 1960.

29. Magno, P. J., Kauffman, P. E., and Groulx,
P. R. Plutonium-239 in human tissues and
bone. Radiol. Health Data 10: 47, 1969.

30. Mays, C. W., Taylor, G. N., Jee, W. S. S, and
Dougherty, T. F. Speculations on the risk to
adult man from a “‘permissible” body burden
of *Pu (.04 xCi) equally divided between
bone and liver. Health Phys. In press.

31. Evans, R. D., Keane, A. T., Kolenkow, R. J,,
Neal, W. R., and Shanahan, M. M. Radio-
genic tumors in the radium and mesothorium
cases studied st M.I.T. In Delaved Effects of
Bone Seeking Radionuclides, C. W. Mays,
W. S. S. Jee, R. D. Llovd, B. J. Stover, J. H.
Dougherty, and G. N. Taylor, editors, p. 157,
University of Utah Press, Salt Lake City,
Utah, 1969.

5,-\5‘

¢

48
pu

o
pr

pN

:

O




