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Abstract—A review of the literature was carried out to investigate the following: the fraction
of Pu in the body that was in the gonads; the necessity for a localization factor in calculating
the genetic dose to humans; and the possibility that an unexpectedly high relative biological
effectiveness (RBE) causing genetic effects could occur for a particles. Human autopsy data
from both occupationally exposed persons and the public were relied on to determine the
amount of Pu in the gonads. It was found that an average fraction of 3 X 107 of the Pu in
the body was in the ovaries and 1estes but there was a wide variation among individuals.
While a localization factor over the average of 2.5-4 is needed to calculate the dose to the
sensitive cells for rodents, no such factor is required for the human. Information on the RBE
for various genetic effects shows RBEs for Pu a's about as would be expected from neutron
irradiation. The usual quality factor applied in calculating dose equivalent is appropriate and
may be conservative, particularly for females.

1. INTRODUCTION

THE POTENTIAL for genetic damage, resulting
in harm to future descendants of those exposed,
is one of the major reasons for the control of
radiation exposure. Until the last 10 or so years,
the gonads were not considered in deriving
radiation protection limits for Pu because of
the higher quantities deposited in other organs
and the relatively small quantities in the gonads.
Recently, however, radiation doses to the
gonads have been considered in deriving limits
(ICRP79). . )

Richmond and Thomas discussed this topic
in a previous report (Ri75). However, with the
increase in information available it was consid-
ered desirable to provide a review including this
information. At the same time, questions have
been asked about the influence of distribution
within the gonads on the dose to genetically
sensitive tissue. Thus, a review is included of
the information available on this as well as on

$ Present address: Health Effects Research Division,
Office of Health & Environmental Research, U.S.
Department of Energy, Washington, DC 20545.
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the question whether the a radiation could have
an unusual RBE for genetic effects.

1. DEPOSITION IN THE GONADS

Data on the quantity of Pu in the gonads
and other organs of six species were obtained
from the literature. These included data for the
mouse (As78; Be75; Gr75; Gr77; Ru79; Se76;
Sm79); Chinese hamster (Br79); rat (Pr77;
Ta77); monkey (Br80); dog (Ba66; Jo69; Pa69);,
and human (La80; Fo80; Mc79). These data
included several methods of administration and
ways of presenting the results that required
interpretation to estimate the quantity of Pu in
the gonads as related to the body content. For
intravenous administration, data on the analysis
of other body organs was frequently missing. In
this case, the administered dose was used as the
body burden. This will provide an overestimate
of the body content because excretion is not
accounted for but it was judged that this would
not be serious in view of the many other
uncertainties. In other cases, the content of
various organs was given as estimated by mea-
surements at death. Here, the total body burden
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B PLUTONIUM IN GONADS

was estimated by summing the organ contents.
If the administration was by inhalation, the Pu
in the pulmonary system and associated lymph
nodes was not included so that the result is a
“systemic body burden”.

Most of the human data were from two
autopsy series. The first was a study of tissues
from members of the public from several regions
of the United States (Mc79; Fo80). The source
of the Pu in this series was primarily from the
inhalation of fallout. The second was unpub-
lished autopsy data from workers in Pu-handling
facilities who were exposed in the course of
their work. Compilations used gave the tissue
concentration and contained all measured values
including those below the minimum detectable
fevel (negative values and zero amounts in-
cluded). In these autopsy series, the marrow
was included in the bone sample analyzed. The

vertebral sample was chosen to represent the
skeleton because it was analyzed in more of the
cases than any other skeietal sample. Concen-
trations in the vertebraec were multiplied by a
factor of 0.65 to represent the concentration in
the total skeleton (Th84). These concentrations
were converted to total quantity in the organ
by use of the organ weights for Reference Man
(ICRP75). The body burden for each individual
was taken as the sum of the liver and skeleton.
This is a minor error because the great majority
of the Pu is in these two organs (Th84).

Table | provides the results of these analyses
expressed as the fraction of the Pu body burden
per gram of gonad. This method of expression
was used because it is proportional to the average
dose in the organ. Because plots of these values
show a reasonable fit to a log normal distribu-
tion, both the geometric mean and the geomet-

Table \. Fraction of plutonium body burden per gram of testes or ovaries

Number Exposure Arithmetic Geometric Geometric Exposure
Species subjects route* meant mean SD timespan
Testes :
Mouse 92 Iv, IP 56X107  29x107% 1.16 6h-348 days
Ch. hamster} 45 v 1 x1073 1 X 107% — 4-700 days
Rat} 30 v 5.4 X 107 5.4 X 107 — 1-575 days
Monkey} 2 v 70X 107 7.1 X 107% _ 4-45 days
Dog 22 IMP, INH 4.0 X 107 7.5 X 107% 49 27d-12 mo
Human§ 171 (165)  INH 6.3 X 1073 1.5 X 107%* 11.5 Continuous
Human¥ 3 v 7xX107° — — 5-155 days
Human" 23 Varied 6.6 X 1073 7 X 1070 12.0 Intermittent
Ovaries
Mouse 95 v, IP 56 X107 32X 107% 2.6 1-180 days
Rat 33 v 49X 107 49X 107%% — 0-146 days
Dog 20 INH 6 X 107" 29X 107 34 30-66 days
Human§ 47 (45) INH 3.3x107¢ 1.5 X 1074 8.5 Continuous
Humant 1 v 9 x 107¢ 9 x 107 —_ 16 days
Human" 3 Varied Ix 107 —_ — Intermittent

¢ [V—Intravenous; IP—Intraperitoneal; IMP—Implant; INH—Inhalation; Varied (inhalation, wounds, other).

+ Geometric means calculated and weighted for number of subjects. Arithmetic means were weighted for number of

subjects they represented. Number of subjects often varied between experiments and within experiments.
$ Only one value given in the reference, representing all subjects.
§ Non-occupationally exposed individuals, primarily to fallout. Arithmetic means calculated on values below two

geometric standard deviations above the geometric mean (below 5% limit). Number in parenthesis is number of values

arithmetic mean was based on. All values, including negative results, were used in the analysis of the human (non-IV-

exposed) data.
1 Intravenously injected patients.
" Occupationally exposed humans.
** Values determined from log-probability plots.
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R. G. THOMAS et al. 9

ric standard deviation are given along with the
arithmetic means.

ML LOCALIZATION WITHIN THE GONADS

A study with male CBA mice by Green ef al.
(Gr15) was carried out following intravenous
(IV) injection of 3.2 uCi ***Pu-citrate/kg body
mass. Five sets of testes were analyzed at four
weeks and six sets at 12 weeks post-injection.
Mean testis weights were 73 and 67 mg, respec-
tively, and at sacrifice the average radiation
dose rates were calculated to be 0.072 and 0.092
rad/day. Autoradiographs were prepared from
6-um frozen sections and 12,000 a tracks were
counted in more than 700 randomly selected
fields. Their studies indicated that most of the
Pu was found in the intertubular spaces but
that about 40% of the a particles irradiated the
spermatogonial cells at the periphery of the
seminiferous tubules. At the four- and 12-week
sacrifices, the dose rate to the intertubular tissue
and to the 10-um layer of tissue containing the
spermatogonial stem cells at the periphery of
each tubule was greater than the average
throughout the testis. At 12 weeks following
injection the authors calculated the average dose
to the testes to be 2.5 times lower than to the
stem cells and 5.1 times lower than that to the
intertubular tissues (Gr75).

Russell and Lindenbaum (Ru79) essentially
duplicated the work of Green et al. (Gr75) using
a different strain (B6CF,) of male mouse with
IV injection of 10 xCi ***Pu-citrate/kg body
weight. They did autoradiographic and patho-
logic examination of the testes after sacrifices at
6, 30, 75, 222 and 348 days post-injection.
Radiochemical analyses determined that the
amount of Pu in the testes remained constant
throughout at 0.05% of the injected dose, but
the decrease in testes weight by 30% (0.135 g to
0.094 g at 348 days) had a proportionate effect
in increasing the Pu concentration. The average
.dose rate at six days was 0.14 rad/day and at
348 days was 0.20 rad/day. The autoradiographic
findings of these authors (Ru79) were such as
to increase the 2.5 factor (Gr75) between mean
testes radiation dose and dose to stem cells to
4. This increase was the subject of a published
letter-to-the-editor exchange between Green et
al. (Gr80) and Lindenbaum and Russell (Li80).

A study was done by Ash and Parker with
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male mice (***Pu citrated, 10 uCi/kg injected
1V, radiochemical and autoradiographic analy-
ses) (As78). The amount of Pu in the testis did
not significantly change from one week to three
months of observation post-injection with an
average of 0.024% injected dose. The weight of
the testis decreased slightly during this period,
from an average of 0.074 g at one week to
0.054 g at three months. The initial testicular
distribution was diffuse, followed by clustering
with time through macrophage uptake of ionic
Pu. Ash and Parker (As78) indicate that the
accumulation of *°Pu in macrophages may be
either from phagocytosis of dead, Pu-containing
cells or through a transfer of Pu-contaminated
metabolic waste products. The authors speculate
that there is a possibility that the 2*°Pu in the
macrophages may be adjacent to seminiferous
tubules resulting in an increased irradiation of
spermatogonial stem cells.

Priest and Jackson studied the gonads from
both sexes of hamster following intravenous
injection of 270 uCi 2*'Pu citrate/kg body weight
(®**'Pu is a B emitter) (Pr78). They found a
macrophagic accumulation up to 10 days post-
injection in the hamster ovaries and testes. The
accumulation was in the follicles of the ovaries
and in the interstitial tissue of the testes; the
ovarian deposits appeared to migrate with time
but the testicular macrophagic deposits re-
mained. The migration of deposits within the
ovarian tissue was regarded as likely to lower
the effective dose to the viable oocytes. A viable
oocyte is defined as a follicular cell which shows
no atretic signs such as nuclear pyknosis, chro-
mation deposits, or other evidence of permanent
damage resulting in death of the cell. It is
assumed that the viable oocyte is either in a
state of maturation or not showing signs of not
being potentially able to participate in matura-
tion and subsequent ovulation. As in the mouse
study above, the Pu in testicular macrophages
tended to remain interstitially. The authors
concluded that the genetically significant dose
rate to viable oocytes was likely to be lower
than the average ovary dose rate but may be
greater by a factor of 2-2.5 for the spermato-
gonial cells than the average dose to the testis.
Priest indicated that these findings give essen-
tially the same general conclusions as his earlier
work with 2*'Pu injected into hamsters and rats
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(Pr77). There was no reported decrease in go-
nadal weight during the short term of these
studies.

Taylor studied the metabolic characteristics
of 2Pu in the gonads following 1V injection of
citrated solution (1.9-3.9 uCi/kg body weight)
into rats of both sexes (Ta77). He sacrificed up
to 575 days for analysis of testes and 146 days
for the females and found no significant loss of
Pu from either gonadal tissue during this period.
The mean uptake was 0.062% of the injected
dose in the testes or 0.054%/g. Mean uptake by
the ovaries was 0.032% of the injected *°Pu or
0.53%/g. The author states that about one-third
of the Pu «a tracks in the testes lie in the region
of the spermatogonia and for his study, he
estimated an average radiation dose to the whole
testis of 34 mrad/day and to the spermatogonal
cells of 54 mrad/day. The comparable average
dose to the ovaries of the rats was estimated to
be 145 mrad/day with autoradiographic data
suggesting about 15 mrad/day to the maturing
follicles. The high average dose to the ovary
results from its smaller size compared to the
testis (17 times in the rat). Taylor also adopted
the method of Green et al. (Gr75) to estimate
the dose to spermatogonial cells compared to
the average dose and arrived at a factor of 1.6
compared to the 2.5 value that had been reported
for the mouse (Gr75).

Green et al. injected female CBA mice IV
with 5.4 uCi *Pu/kg body weight as the citrate
and studied its fate using chemical and autora-
diographic analyses of the -ovaries (Gr77). The
fraction of injected radioactivity and the daily
total radiation dose showed no significant van-
ation with time throughout the 180-day duration
of their study. The ovaries had an average
weight of 10 mg and an average radiation dose
rate of 0.63 rad/day. Early post-injection the «
tracks were randomly distributed throughout
the tissue, with some concentration occurring
in some atretic follicles. By 180 days the random
distribution of tracks decreased and there were
some discrete clusters. There was no correlation
observed between state of the estrous cycle and
the pattern of uptake of *°Pu by the ovary.
The clustering of Pu into autoradiographically
observable tracks was associated with iron-stain-
ing cells assumed to be macrophages. At early

IN GONADS

post-injection times any Pu concentration was
associated with non-fertilizable oocytes (atretic)
rather than normal maturing follicles. At later
times, the concentration of 2°Pu in macrophages
adjacent to the developing follicles may have
resulted in the follicles receiving a somewhat
greater dose than that averaged over the entire
organ.

Studies from the Inhalation Toxicology Re-
search Institute provide a comparison of exper-
imental animal testicular microanatomy with
that of the human (Br79; Br80). Male Chinese
hamsters were injected intravenously with 2
X 1073 or 6 X 107 uCi ?Pu citrate/kg body
weight and were sacrificed serially at 0, 4, 16,
32, 64, 128, 256, 500 and 700 days (Br79). The
activity concentration in the testes (0.1% of the
injected dose/g) was relatively constant through-
out the experiment, testifying to the very long
retention time. Autoradiographs at S00 days
showed the radioactivity to be primarily localized
in the interstitial tissue. Data on the cynomol-
gous monkey following inhalation indicated
similarly that Pu deposited in the gonads was
distributed primarily in the interstitial tissue of
the testes (Br80). In conjunction with these
studies using *°Pu, they also did non-radioactive
testicular morphometric measurements on adult
mice and Chinese hamsters as well as humans
at various ages (2, 6, 18, 33, 61 and 77 years of
age). The relative amounts of tissue in three
regions of the testes (intertubule, tubule, stem
cell) were measured from projections of tissue
slides. From these measurements they were able
to use the autoradiographic distribution patterns
of 2¥Pu in the rodents to extrapolate to a
projected dosage pattern that would be seen in
the human, assuming a microdistribution pat-
tern of Pu similar to that found in the rodent.
Their extrapolations projected an a dose to the
stem cells that would be in the ratios of approx-
imately 1:0.66:0.49 for the mouse: Chinese
hamster: human (all ages). The main reason for
these differences is the actual difference in phys-
ical size of the testes between species with the
interstitial tissue proportionately greater in the
larger species. Their results indicate that as the
ratio of interstitial tissue to spermatogonia in-
creases, the dose differential between spermato-
gonia and the whole organ decreases.

LANL



R. G. THOMAS et al. 11

IV. BIOLOGICAL EFFECTIVENESS

A complete assessment of the potential haz-
ards of Pu must include evidence to answer the
question of whether the a particles from Pu
produce an unusual degree of damage over that
from those heavily ionizing radiations that have
been tested. Fortunately, there are several papers
in the literature that examine this question for
both male and female experimental animals.
The following review emphasizes primarily the
results and conclusions of the authors in only
enough detail to permit an answer to the ques-
tion. The original papers should be consulted
for details and discussion leading to the conclu-
sions.

Beechey e al. studied the cytogenic effects of
2Py o particles in male mice (Be75). Twelve
10-week-old mice were injected with 10 uCi/kg
body weight in 1% trisodium citrate. Three litter
mates were used as controls. Equal numbers of
animals were sacrificed at 6, 12 and 18 weeks.
The left testicle was used for Pu analysis and
the right was used for chromosome preparations
for examination of chromosome abnormalities.
Sperm counts and examination of spermatozoa
were made on the 18-week animals only. The
average dose rate to the testes was about 0.35
rad/day resulting in a decline in weight in 18
weeks to 51% of the controls. Because the
epididymal sperm count at this time was 51%
of the controls, the authors concluded that
much of the weight loss was associated with
germ-cell death. Sperm head abnormalities were
9.0% as compared with 4.6% from controls.
However, this difference was largely due to one
animal with 7.2% abnormalities. Frequencies of
autosomal and X-Y chromosome univalents
and spermatocytes with fragments were not
statistically different from controls although the
numerical values were higher for the irradiated
animals. The frequency of spermatocytes with
quadravalent configurations was significantly
above that of the controls. The authors used
the data on reciprocal translocations to estimate
a rough value for the comparative effectiveness
of the a radiation from Pu using data from
previous experiments for 4 rays and fission
neutrons. The rate per rad (average to the testes)
for Pu is about 63 times that for v rays and 2.7
times that for neutrons. The authors conclude

that these results are consistent with the as-
sumption that the RBE is about the same as
that for fission neutrons with the a dose to
spermatogonia 2.5 times the average radiation
dose to the testes.

Liining et al. studied intrauterine fetal deaths
in female mice mated with males which had
previously received 0.01-0.5 uCi >*°Pu per ani-
mal (Lii76). In the first two series, Pu nitrate
was administered with no positive results. Con-
sequently, three more series were run using Pu
citrate. Here the males were mated weekly with
three females and the females were killed on
the seventeenth day for examination of the
uterine contents. At the highest dose level (0.5
#Ci) the males became sterile between the twelfth
and twentieth week. There was also a significant
increase in fetal death in all groups after about
the fourth week from injection. The effect at
the lowest dose (0.05 uCi in this series) seemed
to be as great as for the higher doses. In a
follow-up experiment, male offspring sired 9-
17 weeks after injection were tested. None of
the offspring were sterile but a significant in-
crease in both early and late intrauterine deaths
was noted. The authors state that the excessive
rates of intrauterine deaths were not surprising
but the proportion of late deaths in this strain
of mice were. More significant, however, was
that they had not observed similar effects using
X rays, neutrons, *°Sr or “*Ca. They also found
some increased intrauterine deaths in offspring
of first generation offspring from the initial Pu
series injection. The author found these results
of sufficient interest to inspire them to plan
future experiments.

Searle et al. (Se76), in a follow-up of the
studies by Beechey er al. (Be75), injected 24
male mice 11-17 weeks of age with 2*Pu in a
1% trisodium citrate solution. The amounts of
Pu were 4 uCi/kg body weight or about 0.1 uCi
per mouse. Controls were six litter mates injected
with only the citrate solution. This dose of Pu
turned out to be too low to give results for
comparison with the ®Co part of the study so
that their previous Pu work (Be75) had to be
used. In the external radiation part of the study,
13 male mice of the same age and hybrid stock
were irradiated continuously with ®Co v rays
for 28 weeks at an average dose rate of 5.8 rad/

LANL




b
£
.

1

LA}

T A

L P

.
c TV T e

12 PLUTONIUM IN GONADS

day. These mice were mated once each week
for the four weeks before sacrifice. Dose rates
in the earlier study with Pu were determined
by weighing the left testicle and analyzing it for
Pu and they averaged about 0.35 rad/day. The
« irradiation reduced the testes mass to 35% of
the controls and the total dose calculated for a
time of 28 weeks was 1128 rad. Data from the
first study had shown a reduction in testes
weight to 58% of control (Be75). The effective-
ness of the a particles was perhaps not signifi-
cantly different (58% of control vs 35% for v
rays) but using these factors they concluded that
« particles from Pu were 10-15 times as effective
as ®Co v rays ([5.8 rad/day + 0.35 rad/day]
X [35% control mass + 58% control mass] =
10). With regard to sperm count a similar
analysis was used by the authors, using the
29py injection data from the previous experi-
ments (Be75). For the a-particle dose of 0.35
rad/day the sperm count was reduced to §i%
of control whereas in the y-ray study the 5.8
rad/day reduced the count to 15% of control.
The authors concluded that these values for
spermocyte count were consistent with the
factor of 10-15 they used for effectiveness of «
particles over y rays for the mass reduction
even though the result is much lower ([5.8 +
0.35] X [15% sperm count <+ 51% control sperm
count] = 5). For both reciprocal translocations
in spermatogonia and fragments in spermato-
cytes the Pu o particles were about 24 times as
effective as the v radiation. For post-implanta-
tion dominant lethals, the estimated rate for Pu
was 22 times that of the v radiation. The
authors note that the effectiveness ratio obtained
from fragments is the only one based on signif-
icant differences from the controls in both the
v-ray and a-particle series. Still, the ratios are
similar to Brooks' (Br75) RBE of 15-20 for
chromosome damage in liver cells. Although
this study combined the results from two differ-
ent experiments from the same laboratory (Se76;
Be75) the comparison is quite effective in show-
ing the difference in the effectiveness of «
particles and v rays.

Grahn er al. compared the effects in male
mice from 2°Puy, injected as the citrate, with
single, weekly and continuous exposures to ®Co
« rays and single and weekly exposures to 0.8-
MeV average energy neutrons from a reactor

(Gr79). Plutonium administered was 5 and 10
uCiskg body weight or about 0.14 and 0.28 uCi/
mouse. The Pu remained in the testes, with no
change during 400 days, at a level of about
0.05% of the initial dose. Because the testes
slowly lost weight, the average dose rate in-
creased with time. For their assessments of the
data, however, they assumed the dose rate to
be constant during the course of the study.
These dose rates were 0.15 rad/day for the
animals that received 10 uCi/kg body weight
and 0.075 rad/day for the 5 uCi/kg animals. This
dose is the average to the testes with no correc-
tion for localization in or near the more sensitive
cells. Data on post-implantation fetal survival
indicated that the primary lethal mutation rate
is dependent upon the dose rate rather than the
total dose. This is because more than 90% of
the effect occurs in the post spermatogonial
stages and not in the premeiotic stages. The
reciprocal chromosome translocations in the
spermatogonia of the mice injected with 3?Pu
did not have a dose-response relationship, al-
though a linear relationship did occur for the
v-ray and neutron exposures. For Pu, the effect
was close to the value for neutrons at the lowest
dose and then remained about constant with
increase in dose. Chromatid fragments were not
different between the two groups receiving Pu
but they were elevated over the vy-ray values.
Abnormal sperm depended upon dose rate for
the Pu-injected animals. These abnormalities
increased at a rate two to three times greater
than for those mice exposed to neutrons. There
was no detectable effect on sterility or fertility
in the Pu-bearing animals over the first year
after injection. However, there was significant
somatic injury consisting of bone tumors, ane-
mia, and liver disease. Bone tumors caused
about 50% of the deaths in those animals living
more than 36 weeks. The authors provide a
table giving the relative responses based upon
the derived response coefficients per rad for
various abnormalities. Those values having to
do with Pu are given in Table 2.

From these results, Grahn et al. conclude
that . . . Pu does nor present any unusual or
unexpected genetic threat.”

Because of the anomalies noted in the cyto-
genetic damage in previous experiments, Grahn
et al. (Gr83) repeated the 10-uCi/kg Pu exposure

~ANL



R. G. THOMAS ef al. 13

Table 2. Relative responses of mice to a-particle
irradiation from plutonium compared to v and
neutron (n) irradiation*

aly aln
Dominant lethals
postmeiotic stages 13 %3 1.2
Translocations <38 =5 <1.0
Fragments 33 %5 -—
Abnormal sperm 25 %8 2.5
Testis weight loss 95+ 4 1.6

® Data in this Table were taken from the reference of
Grahn et al. (Gr79). Values are the mean relative biological
effectiveness ratios ¢ standard error. No standard error
values were given for the ratios.

along with mice exposed weekly to neutrons
and ®Co v rays. Exposures and injections started
when the mice were 15 weeks old and continued
for 61 weeks. The data on translocation fre-
quencies confirmed the previous data with a
concave downward curve of frequency versus
dose. For « rays an essentially linear curve was
obtained with, however, an apparent dose rate
effect. Neutrons showed a drop-off in effect at
the higher doses which was attributed to an
effect of cell killing at the higher doses. For the
fragments a clear influence of age for the controls
and the external radiation groups was shown.
The Pu data was, once again, different from the
external radiation data. With Pu the frequency
of fragments increased for the first 20 weeks
and then declined until the final data point at
about 60 weeks which did not differ significantly
from the controls. The authors speculate that
the anomalous pattern from Pu is due to the
pattern of deposition in the testes so that there
are radiation free areas. In the irradiated areas
cell killing occurs and unirradiated cells begin
to dominate. If this is the case, they note that
Pu given in multiple doses should give a more
regular response at a level of about 1/3 to 2/3
of the neutron response.

Searle et al. (Se80) examined the effects on
breeding in female mice of vy radiation from
$Co and the « radiation from injected **°Pu
citrate (Se80). Plutonium levels of 5 xCi/kg and
10 xCi/kg were administered to 16 and 17
females, respectively, with 14 controls receiving
citrate only. The females were bred to adult

males from a specific locus tester stock. Breeding
continued until sterility occurred, usually due
to osteosarcoma and consequent weakening. In
the %Co series females were kept in 10 rad/day
and 20 rad/day fields continuously except when
removed to breed. In both series, several animals
were sacrificed at an early stage or when sterility
occurred for examination of the ovaries and
measurement of Pu distribution. In the Pu
series the average dose rates to the ovaries in
the Pu series were about 0.5 rad/day for the 5
uCi/kg group and about 1.5 rad/day for the 10
uCi/kg group. It was also noted that all of the
Pu animals showed signs of bone damage at
death. For onset of sterility the 20 rad/day of ¥
radiation was earliest at 20 weeks followed by
the 10 rad/day + group, the 10 uCi/kg Pu group
and the 5 uCi/kg group, with the 5 uCi/kg
group not significantly different from the con-
trols. The litter sizes for radiations were not
significantly different than the controls although,
after an apparent increase over the first §-20
weeks, the fall off of litter size was in the same
order as onset of sterility. When only litters of
more than one animal were considered, post-
natal mortality remained low in all series. How-
ever, the mortality was significantly increased
in the v series while the Pu senies showed a
nonsignificant tendency to decrease. One in 936
control offspring and four in 1,443 in the Pu
series showed areas of white or cream spotting
in portions of the coat. While the difference is
not significant, microscopic examination indi-
cated that they might occur from somatic mu-
tations. Rough estimates of the RBE were made
from the data. For killing of oocytes the RBE
was less than 4.2. Based on the total number of
offspring produced to sterility, the RBE was 2.5
for the 10 uCi/kg group and 0.6 for the 5 uCi/
kg group respectively. Because the lower number
was based on the nonsignificant difference, it
was stated that the former number was probably
closer to the true value. The conclusion was
that the RBE of Pu in the ovary was probably
about 3. The lower values are due to nonuniform
distribution with the Pu in atretic follicles and
later in macrophages.

In the follow-up of their previous work, Searle
et al. carried out two experiments in which
female mice were injected with #*’Pu citrate
(Se82). In the first experiment a dose of 10 uCi/
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kg was used with 30 mice with the same number
of controls. The mice were bred at six days and
dissected 14 days later to study lethality in the
embryos. In the second group, 162 animals were
injected with 20 uCi/kg with 54 controls. These
animals were divided into three groups and
mated at 3, 6 or 12 weeks with measurement
of dominant lethality as in the other experiment.
From previous data, the dose to the ovary in
the first study was estimated to be about 10 rad
in the period before mating. In the second
experiment, Pu in the ovaries was measured
and the doses to 3, 6 and 16 weeks were
estimated as 110, 245 and 590 rad. There were
two major assessments of dominant lethality
made, total survival and post-implantation sur-
vival. Total survival measured the live embryos
as a function of the total number of corpus
luteum found (number of living/number of
possible embryos). Post-implantation survival
was a measure of the live embryos as a function
of the total number of impregnations (number
of living embryos/total number of implants). In
the first experiment, little difference was seen
between controls and irradiated animals.

The results from the second study are mani-
fold but generally the authors report as follows:
(1) reduction in fraction of pregnancies, (2) pre-
implantation lethality, and (3) post-implantation
lethality. The pre-implantation lethality was at-
tributed to reduced fertilization as a result of
oocyte damage but direct evidence is lacking.
The post-implantation lethality was attributed
to oocyte killing as reflected in a lesser corpora
luteal count and fewer pregnancies. The authors
concluded that there was little evidence of ge-
netic damage from the Pu exposures and that
the damage was of a fertility nature instead. In
the first experiment, little difference was seen
between controls and irradiated animals.

In vitro studies by Barnhart and Cox were
carried out using *®Pu a particles and Chinese
hamster ovary (CHO) cells (Ba79). The CHO
cells were grown at 37°C as sub-confluent layers
in plastic tissue culture flasks. They were inno-
culated into plastic dishes for mutagenicity
studies at densities of 7.0 X 10° to 1.0 X 10°
cells/cm? and at 18-212 cells/cm? for survival
measurements. After 2-3 h, the attached cells
were irradiated with the x rays at a rate of 200
rad/min or with a particles from #*¢Pu electro-

plated on a metal planchet. A collimator was
used to give an approximately parallel beam of
a particles, essentially monoenergetic. The sur-
vival was measured from colonies in the center
of the culture dishes to assurc homogeneity.
Mutagenesis was measured by allowing a fixed
area (3.4-cm-dia circle) of cells to be trypsinized
and to be innoculated into dishes for continued
culturing. Following irradiation the cells were
incubated at 37°C for 6 days, the colonies were
fixed in 70% ethanol, and stained with a 1%
solution of crystal violet to estimate the survival
of colony-forming units. For mutagenesis, plat-
ing efficiencies were determined after incubations
by plating in 6-thioguanine and the number of
cells capable of forming colonies was determined
as a measure of lethal mutagenic changes due
to the irradiation. Mutation rates of 4.79 X 1077
and 1.30 X 10~7 mutations per viable cell per
rad were found for a particles and x rays,
respectively. This indicates an RBE of 3-4 in
reasonable agreement with Searle (Se80). How-
ever, when mutation rates were plotted against
survival a linear relationship was found from
which an RBE for both mutation and cell
killing could be calculated as a function of
survival fraction. RBEs for x rays compared to
a particles for the likelihood of producing a
mutagenic event in the face of cell killing showed
the a particles to be about 0.5-0.7 times as
effective as the electromagnetic radiation. The
authors state, however, that their results *. . .
reflect influences on single cells in culture and
do not address the requirement for an additional
understanding of genetic expression and an
appreciation for modulating effects which may
occur in the intact animal.”

V. DISCUSSION

This paper was intended to review procedures
for calculating meaningful radiation doses to
the gonads once Pu is in the body. Points
reviewed included the localization near the sen-
sitive cells confirmed in rodents; the possiblity
that the RBE may be higher than expected for
genetic effects; and an estimate of the quantity
passing to the gonads along with some measure
of the variability. We will discuss the first two
points first.

The work of Green ef al. (Gr75) has been
essentially confirmed by Russell and Linden-
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baum (Ru79) and other studies so that there is
no doubt but that the dose to the sensitive cells
in the mouse testes is 2.5—4 times greater than
the average dose to this organ. This implies
higher genetic effects than would be calculated
using the average dose. The careful studies by
Brooks show clearly that this localization of
dose does not occur in man because of the
larger size of the organ and the increased ratio
of interstitial tissue to spermatogonia (Br79;
Br80). For ovaries, from the studies of Priest
and Jackson (Pr78) and those of Taylor (Ta77),
it appears that localization near the sensitive
cells does not occur and, in fact, the dose to
these cells may be lower than the average dose
to the ovary.

From these data we conclude that use of the
average dose to the gonads is acceptable for
radiation protection purposes with no need to
require a dose localization factor for the human.

The studies of the effectiveness of the «
radiation from Pu in producing various types
of genetic damage all used the average dose to
the gonads without the localization factor ap-
propriate to the mouse. Even so, the results do
not indicate any unusual high effectiveness of
the a particles. This is confirmed by the very
high doses that were administered to measure
any effects; somatic damage from these high
doses was significant.

From this it appears that the usual quality
factor used in radiation protection work is ap-
propriate and may well be conservative, partic-
ularly for the female.

The data on uptake of Pu by the gonads,
given in Table I, show wide variability among
species with rodents apparently having a higher
deposition per gram although this may be influ-
enced by the method of administration and
form of the Pu injected. For purposes of assessing
the uptake, the human data is preferable because
it eliminates any interspecies difference. The
human does, however, suffer from the lack of
control found in the animal experiments as is
shown by the wide geometric standard deviation.
On the other hand, this does represent people
taking Pu into their bodies under conditions to
be expected in the real world. The agreement
in values between workers and the public is
encouraging because the exposures are probably
to different chemical and physical forms.

£l
Lf

Although both the arithmetic and the geo-
metric means are given in Table 1, we prefer to
use the arithmetic mean because it represents
the average of a large group of people. This
permits a realistic average dose to be calculated.
From the data in Table 1, it appears that the
fractions of the Pu body burdens in the gonads
are 6-7 X 107° per gram of testes and about 3
X 1074 per gram of ovary. Using the gonad
weights of Standard Man (ICRP75) these values
translate to 2-3 X 1073 for the fraction of Pu
body burden uptake in testes and 3 X 1073 for
the ovaries. Within the accuracy of the data it
is reasonable to use an uptake of 3 X 1073 of
the Pu body burden for both males and females.
Using this uptake factor the dose to the ovaries
will be 3—4 times that of the testes. Fortunately,
this higher dose to the ovary will be at least,
partially, compensated for by the lower RBE
for genetic damage in the ovary (Se80). However,
using an overall quality factor the dose equiva-
lents to the ovaries will be three to five times
greater than that to the testes.

Richmond and Thomas (Ri75) found an
uptake in the gonads of 3 X 107¢, about one-
tenth the value in this paper. They, however,
were limited primarily to animal data and did
not have the extensive human information now
available.

The ICRP (ICRP79) used the data from the
paper by Richmond and Thomas (Ri75) and
concluded that the fraction to the testes is 3.5
X 107 and to the ovaries 1.1 X 107% This
resulted in a deposition per gram of 1 X 1073
for both ovaries and testes. The concentration
data in Table 1 indicate that the arithmetic
mean measured values in humans are about six
times greater for males and 30 times greater for
females than the values derived in the ICRP
report. Using geometric means these factors
reduce to 1.5 and 15, respectively. The fraction
in the gonads has a wide variability among
individuals as is shown by the geometric stan-
dard deviations in Table 1; 11.5 and 12 for
males and 8.5 for females. This means that at
two standard deviations above the geometric
mean the quantities in the gonads of a small
fraction of the population could be expected to
have at least 3% of the Pu in the body in testes
and at least 10% in the ovaries. This variability
among individuals seems characteristic of the
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deposition of Pu (Th84) and perhaps other
radionuclides.

It should be recognized that the conclusions
drawn in this paper were based upon the best
information available and that they may change
as future data are accumulated. A review of our

- conclusions should be made periodically, as was
the purpose of this paper, so as to update the
input necessary for radiation protection guide-
lines. There is certainly room for further so-
phistication in areas concerning dosage localiza-
tion within the gonads, the relative sensitivity
of the various cell types, and perhaps the rec-
ommendation of a more quantitatively accept-
able value for quality factor. Our primary pur-
pose was to provide a basis from the literature,
along with the additional new Pu data from
humans, upon which conclusions could more
easily be drawn to improve or instill confidence
in our current status.
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