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Executive Summary

Because oral exposure is the major route of human
exposures in environmental settings, gastrointcsti-
nal (GI) absorption values of radionuclides in the
nuclear fuel cycle are critical to setting limits for
releases of these elements to the environment from
nuclear power facilities and nuclear waste sites,
Plutonium and uranium are integral parts of the
nuclear fuel cvele, and 2’”Np is & fisson product
identified as important to evaluating human expo-
sures from nuclear waste sites over a long period
of time because of its alpha emission, long physical
half-life (2 x 10% years [y]), relatively high GI
absorption values, and relative mobility in the
environment (Pentreath and Harvey, 1981; Cohen,
1982),

Several urique features of the results reported
here should be identified. First, Gl absorption
values were obtained in nonhuman primates (ie,,
baboons!, making the results particularly relevant
to humans, Second, all three elements — plutoni-
um, neptunium, and uranium — were adminis-
tered to a given animal at the same time, allowing
direct interelement romparisons of Gl absorption
and metabolic pathways. Third, for plutonium
and neptunium, multiple isotopes were used to
obtain GI values for both fed and fasted conditions
in the same baboon, providing a measure of the
| significant increase in GI absorption due to fasting
| in individual animals. Finally, use of a dual iso-
tope method in combination with multiple element
and multiple isotope administrations resuited in
our determination of 29 separate Gl absorption
values in seven adult baboons, only three of which
were sacrificed for this study (Expt. 1, four
baboons, effects of 14- to 24-h fast; Expt. 2, three
baboons, effects of 4- to 8-h fast and uranium
absorption in fed baboons).

Below, the results are summarized individually for
plutonium, aranium, and neptunium, and the
major conclusions of our study are presented.
Flements were administered in the VI oxidation
state in bicarbonate medium to simulate uptake
from chlorinated drinking water (Larsen and
Oldham, 1¥78). Results can also be applied to
evaluating the absorption of soluble forms of these
elements in the ocerpational setting,

L. i e ML A L Ll R - el

X

Plutonium
Effects of Feeding Regimen

Fractional GI absorption valugs of Pu'VD bicar
bonate for individual 24-hour (h)-fasted adult
baboong were (Table 8.9)

B704 2.2 x 10 10.022%)
B104% 13 x 10 (0.15%)
B1050 15 = 10 (0.15%)

B1046 50 x 10* (0.50%)

¢ The mean GI absorption value for Pu'VD) in
24-h-fasted baboons was (22 + 13) x 10
imean ¢ standard error [SE|, n = 4}, or
0.22%. The mean without baboon B704 was
(20 + 15) x 104 (n = 8), or 0.20%. (B704
was our first 24-h-fasted baboon, and the
uniformly low GI absorption values obtained
for simultaneously administered plutonium,
uranium, and neptunium indicate that she
may have inadvertantly obtained some food.)

* In fed baboons, feactional Gl absorption
values of Pu(VID) bicarbonate were
(Table 8.9)

B704 2.5 x 10 (0.025%)
B1050  0.38 x 107 (0.0038%)
B1046 047 x 10™* (0.0047%)

(For this administration, the fourth baboon,
B104%, instead of being fed, underwent a
14-h avernight fast; results are shown
below. )

* The mean Gl absorption value for Pu(VI) in
fed adult baboons was (1.1 £ 1.2) x 10
(n = 3), or 0.O11%,

¢ Individual increases in plutonium Gl
absorption due to a 24-h fast were 39-fold
for B10%0, 126-fold for B1046, ana zero for
B704. On comparison of the means, the
increase due to 24-h fasting was 26-fold,
from 0.011% to 0.29%.

NUREG/CR- 842
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Execative Summary

* In one baboon (B1048) who was provided no
breakfast and was administered Pu(VI) at
0900 hours, 2 h after her normal breakfast
time (14-h overnight fast), the fractional Gl
absorption value was 20 x 10 (0.29%), the
same as the meai in 24-h-fasted animals
{(Table 3.9) and about 2-fold higher than in
the same baboon after a 24-h fast (0.13%).

¢ In baboons provided with breakfast, Gl
absorption values for PuVl) did not increase
significantly over those for fed baboons by
even 8 h after the morning meal in the
absence of further feeding (Table 8.12).

Sacrifice vs. Dual Isotope Methods

* Gl absorption values of plutonium in fed
and fasted adult baboons determined by the
sacrifice method (by summation of amounts
excreted in urine and amounts in tissues at
sacrifice) were 72 = 5% (mean ¢ SE, n = 6)
of those determined by the dual 1sotope
method (from isotopic ratios after oral vs.
intravenous |i.v.] administrations) (Table
3.10),

¢ Pathways for plutonium excretion and tissue
retention were the same, independent of
whether the plutonium entered the blood-
stream by i.v. administration or Gl absarp-
tion (Tables 3.4, 3.5, 3.7),

¢ After i.v. injection of PuiVl), values for
excretion and tissue retention (mean = SE
for number of baboons in parentheses' were
as follows (percentage of administered dose:
tissues taken at sacrifice 32 days [d] after
administration) (Table 6.1):

Days 1-8 urine 8.3 2 0.7% (4)

Liver 26,3 = 5.0% (3)
Skeleton 375 2 5.5% (3)
Othor tissues 1.7 £ 0.5% (2)

Interspecies Comparisons

* Plutonium GI absorption values in fed
(0.01%) and 24-h-fasted (0.2%) adult
baboons (Table 8.13) were the same as those
in {ed and fasted adult mice (Bhattacharyya
et al., 1986), and those in fed baboons were
the same as in fed humans (Hunt et al,,
1986, 1990).

NUREG/CR-5842

Uranium
Efiects of Feeding Regimen

.

Fractional Gl absorption values of U(VI)
bicarbonate in individual 24-h-fasted adult
baboons were (Table 4.7)

B704 12x10%(1.2%)
B1048 4.7 x 10° (4.7%)
B1056C 4.1 x 107 (4.1%)
B1046 4.3 x 10 (4.3%)

The mean GI absorption value for U'V1) in
24-h-fasted adult baboons was (2.6 ¢ 0.8) x
10 (mean = SE, n = 4), or 3.6%. The mean
without baboon B704 was (4.4 2 0.2) x 107,
or 4.4% (Table 4.8).

Fractional 7* absorption values of U(VD
bicarbonate in individual fed baboons were
(Table 4.8)

B358  0.46 x 107 (0.46%)
B880  0.58 x 10~ (0.58%)

(The third baboon B230, regurgitated
shortly after the uranium administration.)

The mean Gl absorption value for U(VD in
fed adult baboons was (0.52 & 0.06) x 10°*
(mean = SE, n = 2).

On comparison of the means, uranium Gl
absorption was increased 9-fold by a 24-h
fast, from 0.52% to 4.4%.

Sacrifice vs. Dual Isotope Methods

G1 absorption values of uranium determined
by the sacrifice method in fasted adult
baboens were 79 £ 3% (mean £ SE, n = §) of
those determined by the dual isotope
method (Table 4.8),

Pathways for uranium excretion and tissue
retention were the same, independent of
whether the uranium entered the blood-
stream by 1.v. administration or GI absorp-
tion (Tables 4.3-4.5).

After i.v. injection of U(VI), values for
excretion and tissue retent.on (mean
+ SE for number of baboons shown in
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parentheses) were as follows (percentage of
administered dose; tissues taken at sacrifice
32 d after administration) (Table 6.1):

Days 1-8 urine 82.72 14% (4)
Liver 0.32 £ 0,07% (3)
Skeleton 9641 18% (8)

Other tissues 0.45 = 0.05% (2)

Interspecies Comparisons

Uranium GI absorption values in fud (0.5%)
and fasted (4%) adult baboons (Table 4 9)
were the same as those reported for fed and

fasted humans (Larsen and Orlandini, 1984;

Hursh ot al, 1969) and were 6- to 7-fold
kigher than those in fed and fasted mice
{(Bhattacharyya et al,, 1989).

Neptunium

Effects of Feeding Regimen and
Neptunium Mass

¢ Fractional Gl absorption values of NptVI)

bicarbonate in individual 24-h-fasted adult
baboons were (Table 5.7}

0.2 x 10 (0.82%)
0.95 x 10 (0.95%)
0.85 x 10% (0.85%)

B104  *¥Np
B704 ?”Np
B1050 *"Np

The **"Np administration « B704 was on
the day «when B704 was suspected of
inadvertently obtaining some food.)

The mean Gl absorption value for Np(VI) in
the above 24-h-fasted adult baboons was
(0.71 £ 0.20) x 10° (n = 8), or 0.71%. The
mean without the first B704 value was
(0.90 = 0.06) x 10° (n = 2), or 0.90%. A
mean including additional administrations
at NYUMC was (1.5 £ 0.3) x 10 (n = 8), or
1.5% (Tables £.9 anu 5.10).

In 24-h-fasted baboons, the Gl absorption of

neptunium was independent of the mass
administered (Tables 5.9 and 5.10).

In fed baboons, the Gl absorption of high
masses of neptunium was 10-fold higher
than that of low masses: 0.30% for “*'Np
(8 x 107 mgkg) vs. 0.03% for ***Np

(9 x 10 mgkg) (Tables 5.9 and 5.10).

X\

Executive Summary

On comparison of the means, neptunium G
absorption was increased due to a 21-h fast
by 5-fold for **"Np, from 0.8% to 1.5%, and
5G-fold for “™Np, from 0.03% 10 1.5%.

In one baboon (B1048) who was provided no
breakfast and was administered **'Np/VD)
at 0900, 2 h after her normal breakfast time
(14-b overnight fast), the fractional Gl
absorption value was 1.2 x 10%, or 1.2%,
essentially the same as in 24-h-fasted
animals (Table 5.9,

In baboons provided with breakfast, Gl
absorption values of **'Np did not increase
sigmificantly over thase for fed babnons by
even 8 b after the morning meal in the
absence of further feeding (Table 5.9,

Sacrifice vs. Dual Isotope Methods

* Gl absorption values of neptunium deter-

mined by the sacrifice method in fasted
adult baboons were 102 # 4% (mean = SE,
n = 3) of those determined by the dual
isotope meth-4 (Table 5.8).

Pathways for neptunium excretion and
tissue deposition were the same, indepen-
dent of whether the neptunium entered the
bloadstraam by i.v. administration or Gl
absorption (Tables 6.3-5.5),

After i.v. injection of Np(V1), values for
excretion and tissue retention (mean ¢ SE
for number of baboons in parentheses) were
as follows (percentage of administered dose;
tissues taken at sacrifice 30-32 d after
administration) (Table 6.1):

Days 1--8 urine 41.0 = 2.2% (14)

Liver R1% (1)

Skeleton 46.3% (1)

Other tissues 2.2% (1)
Interspecies Comparisons

o 2Np GI absorption values in fed adult

baboons (0.03% ) were the same as those for
fed adult mice (Larsen et al., 1982) and
humans (Poppelwell et ai,, 1991). “"'Np
values in fasted adult baboons (1L.5%) were
4-fold higher than in fasted mice

(Table 5.10). (No data are available en
fasted humans.)

NUREG/CR-5842
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Executive Summary

Conclusions

G1 absorption values for plutonium,
uranium, and neptunium in adult baboons
provide good estimates of Gl absorption
values in humans,

The dual isotope method provides an excel-
lent means of determining GI absorption
values without requiring sacrifice of the
animal (study subject), The method was
recently applied to determining the Gl
absorption of “**Np in fed humans
(Popplewell et al., 1991).

Plutonium, neptunium, and probably
uranium consumed before the first meal of
the day (in liguids such as coffee, or at work
for someone who has skipped breakfast) will

| NUREG/CR-5842
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be absorbed at the level of the 24-h-fasted
state -— 0.2% for plutonium, 1% for
neptunium, and 4% for uranium.

These elements consumed either in food or
liguids or in other media afier the morning
meal will be absorbed at the level of the fed
state — 0.01% for plutonium, 0,03% for
small amounts of neptunium (e.g., 10% mg
M Npkg) and 0.3% for large amounts of
neptunium (e.g.. 10" mg “"Npkg), and
0.5% for uranium.

The above resuis should be applied to
incorporate Gl absorption values of fasted
animals into standards set for oral exposure
of humans to plutonium, uranium, and

neptunium in hoth environmental and work-

place settings. A rational way of doing that
for plutenium is discussed.
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1 Introduction

1.1 Background

Prior te conducting this study in adult balwoons,
we had conducted a series of experiments in mice
for the Nuclear Regulatory Commission (INRC)
that identified a number of factors that might
influence the gastrointestinal (Gl) absorption of
soluble forms of plutonium (Bhattacharyya et al.,
1985);

* oxidation state (PullV] vs. PulVI])

¢ species (mouse vs. rat vs. dog)

¢ feeding regimen (fed vs. fasted animals)

¢ plutonium concentratior (10 M 10 10 M)
* age of animal (neonate vs. adult)

¢ administration medium (bicarbonate vs,
nitrie acid vs. citrate)

¢ state of phutonium hydrolysis (solutions of
high vs. low ultrafilterability ).

Because nearly all of the above studies were con-

ducted in mice, a major question left unanswered
was the relevance to humans of the Gl absorption
values obtained.

With joint support from the NRC and the Depart-
ment of Energy (DOE), *he studies reported here
were undertaken by a team of scientists from
Argonne National Laboratary (AN ) in collabora-
tion with a team from the Institute of Environ-
mental Medicine at New York University Medical
Center (NYUMC). GI absorption valves for pluto-
nium and uranium were obtained n 1 and fast-
ed adult baboons by ANL scientists (joint NRC/
DOE support), and values for neptunium were
determined by NYUMC scientists as a part of
their DOE program. Resuits for all three elements
are reported here to preside one document in
which all results appear and to allow for direct
compurisons of GI absorption values among ele-
ments,

As with the preceding studies in mie, elements
were administered in the V1 oxidation state in
bicarbonate medium to simulate environmental
expusures in chlorinated drinking water (Larsen
and Oldham, 1978), The results can also be

apphied to evaluating the absorption of soluble
forms of these elements in the occupational
setting.

Annua! limits on imtake (ALls) of radionuclides by
workers are recommended by the International
Commission on Radiological Protection (1CRP) to
provide guidelines for the protection of workers
where there is a porantial for exposure to radio-
nuclides in the werkplace. At present, the ALls
for oral exposure to compounds of plutonium, nep-
tunium, and uranium are recommended without
consideration of the effect of fasting on their Gl
absorption (ICRP, 1979). This approach was
adopted in 1979 because the effects of fasting had
not been systematically studied prior to pubiica-
tion of 1CRP Publication 30.

It has since become clear that the Gl absorption of
plutonium and ether elements may be at least
10-15 times greater in 24-h-fasted animals than
in fed animals (1CRP, 1986; Sullivan et al., 1979,
Stather et al., 1980). However, even today, two
important questions remain: (1) What 1s the rele.
vance to humans of GI absorption values obtained
in animals that have been fasted for 24 h, a period
that is considerably longer than the customary
overnight fast in humans? and (2) How reliably
can we extrapolate to humans data that have been
obtained in rats or mice?

"n & recent study with mice, we addressed the first
question and demonstrated that the Gl absorption
of plutonium rises 10- to 15-fold after only 2 h of
fasting if the fast is initiated at the start of the
mouse's active phase (Bhattacharyya et al., 1986),
We concluded that persons who skipped breakfast
and were orally exposed to plutonium before their
first meal might absorb considerably more plutoni-
um than their nonfasted counterparts. However,
we recognized that the effect of duration of fast in
mice might differ from that in humans. We there-
fore conducted the study reported here in a nonhu-
man primate, the baboon.

1.2 Overview and Objectives

Occupational and environmental exposure stun-
dards for plutonium, neptunium, and uranium are
required to control exposures in the workplace and
to regulate releases into the environment froni
nuclear power facilities and from nuclear waste
disposal sites. In the study reported here, GI
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[!T E’,"'. 3 - absorption values for soluble forms of plutonium,
~ neptunium, and uranium were determined in fed

- and 24-hofasted adult baboons, A (eeding regimes,
- study was conducted with shorter fasting intervals
- toevaluate the relevance to humans of GI absorp-
o

e

P

tion values obtained in 24-h-fasted baboons.
Where possible, values in baboons were compared
with those reported for both mice and humans, :
providing a basis for evaluating the  plication of
data in laboratory animals to humans,
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2 Materials and Methods

2.1 Animals

Seven adult female baboons (Pupio cynocephulus,
P. anubis, and P. hymadryus), 5 to 17 years old
{mean * standard deviation, 10 + 5 y), weighing
12-18 kg (mean + standard deviation, 13.8 =

18 kg), were used in this study (Wable 2.1). Ani-
mals were chosen from a preconditioned colony
based on similarities in size, weight, and age to
minimize intraspecies differences and to provide
reproducible whole-body counting geometries for
the measurement of neptunium isotopes (“*'Np
and ***Np). Female baboons were chosen over
males because they allow for more precise excreta
collections, are considerably smaller (by approxi-
mately half the weight), and are less aggressive
(making them easier to handle).

The baboons were housed and cared for by the
technical and veterinary staff at New York Uny-
versity's Laboratory for Experimental Medicine
and Surgery in Primates in Tuxedo, New York,
They were housed individually in wall-mounted,
stainless steel metabolism cages (20 x 36 x 48 in.)
with floor clearances of 3 ft to accommodate excre-
ta coliectors. Baboons were mai:tained on two
daily meals of Purina High Protein Monkey Chow
(Ralston-Purina, St. Louis, Missouri) at 0700 and
1660 hours, supplemented with fresh fruits at

noon. Water was provided ad lbitum. The
ammal facility maintained 12-h day and night
cyeles and strict climate conditions.

2.2 Solution Preparation

The **Pu (half-life, 2.9 y), “**Pu thalf-life, 88 y),
4501 (half-life, 1.6 x 10° y), **U (half-life, 23 x
107 v1, and **"Np (half-life, 2.1 x 10" y) used in
this study were obtained from ANL. The “*“Np
(half-life, 2.36 d) was prepared from *HAm at
NYUMC, Each isotope had an sotopic purity (on
an activity basel of greater than 99.9%. Where
necessary, this nurity for plutonium was achieved
with the mass separator at ANL. Purity was
established by alpha spectrometric assay of mate-
rial electrodeposited onto stainless “teel disks.

Solutions of plutonium were prepared as described
previously (Bhattacharyya et al., 1986). Briefly,
the plutonium in HNO, stock solution was
reduced to Putlll) with HBr, oxidized to PullV)
with HNO,, and oxidized clectrochenically to
PuVly. The PuVD) solution was made 0.01 M iu
NaHCO, and 1 ppm in chlorine (pH 8.3) for
administration to the amimals. The plutonium in
the administered solutions was in the VI oxidation
state (86 = 5% PulVI]D and was 84 + 5% ultrafil-
terable.

Tahle 2.1 Characteristics of adult female baboons used
in gastrointestinal absorption studies

I T . e P R

Baboon Age at start  Mean study

number of study (v) wt. (kgi® Species
B704 11 12.7 2 0.9 (8) P. hymadryus
B1046 5 124 2 0.917) P, anubis
B1048 5 139+ 14 (8) P, anubis
B1050 5 13.9 £+ 04 (8B) P. anubis
B230 17 142 + 0.8 (26) P. cynocephulus
Bi58 17 178209 (12) P. anubis
BRSO 11 122+ 08(11) P anubis

Mean = 8D 105 13918

Range 5-17 12.2-178

Wahies are mean 2 standard devintion for the number of times the animal was
woighed, which is shown in parentheses
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Methods

Solutions of uranium were prepared by diluting a
stock solution (generally in 8 M HNO,) with water
until it was 1 M in HNO, and titrating dropwise
with 1 M NaHCO, until the pH of the solution
was 7.0-7.5. A solution that was 1 M in NaHCO,
and 0.0015 M in NaOCI (100 ppm in chlorine) was
added, and the resulting solution was diluted with
water to achieve concentrations in the adminis-
tered solutions of 0.01 M in NaHCO, and 1 ppm
in chlorine (pH 8.8). The uranium in these solu-
tions was in the VI oxidation state.

Solutions of neptunium were prepared as
described (Cohen and Ralston, 1987: Ralston,
1990), by using either electrochemical or chemical
oxidation to convert the neptunium to the VI oxi-
dation state. ***Np was separated from th- par-
ent “*Am on a Dowex 50 X-2 cation exchanfe
column just before use. Prior to this, the **py
(and ***Np) present in the original 243.1\.111/""{”'1@;»
solution was removed by chromatugnghv on a
Dowex-1 column. Within 14 d, this ***Am solution
was used to yield “*Np that was free of “**py.
This was important because ***Np was adminis.
tered to baboons that had previously received
known amounts of **Pu. As with the other radio-
elements, the nepaunium was in the VI oxidation
state, and the medium of the administered solu-
tiuns was 0.01 M in NaHCO, and 1 ppm in chlo-
rine.

As an example, the isotopic compositions and
chemical characteriitics of the solutions of pluto-
niun, uranium, and neptunium administered to
baboon BT04 are presented in Table 2.2,

2.3 Solution Administration

Solutions of plutonium, uranium, and neptunium
were administered to the tranquilized baboons
both intravenously ard intragastrically. An intra-
muscular injection of 10 mg’kg of ketamnine HCI
(Ketaset, Bristol-Myers Co., Syracuse, New York)
was used to tranquilize the animals prior to han-
dling outside of confinement. Injections were via
the saphenous or femoral vein (1-2 ml); intra-
gastric (i.g.) administrativis (10-20 mL) were
made directly into the stomachs of fed or fasted
babnons through a cacheter introduced nasally.
Animals remained tranquilized for 10- 15 minutes
(min) for i.v. injections and for 20-30 min for
gavage administrations. Recovery from the effects
of tranquilization was generally complete by 2 h
after administration.

NUREG/CR-5842
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2.4 Sampling and Sacrifice
Procedures

Ten-milliliter blood samples wore drawn from each
animai at various times after injection and gavage.
Separate urine and fecal samples were collected
daily from each animal vith use of collectors of
nylon mesh screen (Lo eollect feces) and plastic
sheet (to direct urine flow to collection bottles)
positioned under the meiabolism cages. Urine was
collected in 1-L plastic bottles, and samples were
acidified with 2 mL of concentrated HCI per

100 mL of urine to prevent adsorption of
radioactivity to the walls of the bottles, Fecal
samples were weighed wet, dried in a smal
convection oven for 1-2 d, reweighed, and
pulverized in a ball-mill shaker.

Three baboons (B704, Bi048, B1050) were sacri-
ficed by exsanguination under heavy ketamine
anesthesia to avoid any animal discomfor, Soft-
tissue samples were removed. The eviscerated
carcass was stripped of the pelt and muscle, and
the skeleton was disarticulated. The liver was
sepavated into its four lobes, and the GI tract was
separated into esophogus, stomach, small intes-
tine, and large intestine.

For the remaining four baboons (B1046, D358,
B880, and B230), biopsy samples of liver and
caudal vertebrae were surgically removed under
ketamine tranquilization to allow determination of
Gl absorption values by the dual isotope method
from the isotepic ratius in these tissues. Surgery
was carried out by highly experienced veterinar-
ians, with all precautions taken to minimize
animal discomfort. These baboons were not
sacrificed.

2.5 Sample Analyses

All tissue and excreta samples from the baboons
were analyzed for isotopes of plutonium and urani-
um by means of alpha spectrometric isotope dilu-
tion (ASID) with ion exchange chromatography
and electrodeposition.

Samples were ashed in a muffle furnace »i 600 “C.
The ash was dissolved in concentrated HNO,, and
the solution was diluted to » known volume with
8 M HNO,. Known smounts of “**Pu and **U
(isotopic diluents) were added to an aliguot of each
solution, and the solution was evaporateu to incip-
ient dryness. The material was dissolved in
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9 M HBr and again brought to incipient dryness,
{(This step ensured plutonium isotopic exchange, )
The plutonium and uranium were taken up in 12
M HCI containing about 100 ppm of chlorine, the
solution was applied to a BicRad AG1 X-2 anion
exchange column, snd the column was washed
with a solution of the same composition. The
plutonium and neptunium were eluted with 9 M
HBr. The column was washed with 8 M HCV

0.05 M NH_I to remove iron, and the uranium was
eluted with 0.05 M HCl. After elution, the slute-
niwn and uranium fractions from the column were
separately electrodeposited onto stainless steel
planchets, and the planchets were analyzed alpha
spectrometrically.

A typical alpha specteum for determination of the
“%py, “¥py. and **Pu in our samples is shown
in Figure 2.1, Good separation of the peaks of
these isotopes was achieved. Measurement of the
#4%py spike allowed determination of plutonium
recovery through the analysis steps. Samples
were counted in a low-background counting system
(background < 10 counts per min) until adequate
counting statistics were achieved for each of the
radionuclides.

Before use, this method was validated by analysis
ef a urine specit.en to which known amounts of
6py, #py, 297 20 and **"Np had been

ALPHA ENERGY MaV
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Figure 2.1 Alpha spectrum from the deter-
mination of **%Pu, ¥¥py and ¥*py
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added. Results showed excellent agreement
between prepared and measured values, witk
measured values at 98-110% of the amounts
added (Table 2.3).

For samqpl#s containing **Np and higher activi-
ties of 2‘7Np, three photon weasurement systems
were used to determine activity (Cohen and
Ralston, 1087; Ralston, 1990); (1) a Ge(Li) detector
for measuring large volume (1-L) urine samples in
Marinelli beakers; (2) a 4 in. x 4 in. Nal(T1) detec-
tor for blood and pulverized dried fecal samples;
and (3) a 3 in. x 2 in. NaliT1) detector for 100-mL
aliquots of urine and ashed tissue samples. Sam-
ples containing low activities of 237Np Were ang-
lyzed by ASID as described above for plutonium
and uranium.

2.6 Dual Isotope Method
of Determining Gl
Absorption Values

The GI absorption of an element can be deter-
mined by simultaneously administering two is0-
topes of that element to the same animal, one
isotope intravenously and one orally. This method
nas been used to determine the GI absorption of
calcium (DeGrazia et al,, 1965), iron (Inamoto,
1970), and neptunium (Popplewell et al., 1920 in
humans. Blood and urine samples and tissue
biopsy speecimens can be obtained at various times
after the isotope administrations. From the
i awn amount of the i.v. 1sotope injected into
bi. ' (A} and the orali.v. isotopic ratio in blood
{or urine or tissue biopsy specimens), the amouat
of the ingested isotope that was absorbed from the
GI tract to blood (A ) can be calculated as follows:
A, = A; %22

8

amount of oral isotope reaching
blood from GI tract

where A =

A, = amount of i.v. isotope injected
mto blood

s, = activity of oral isotepe in
sample s

activity of L.v. isotope in
sample s



Methods

Table 2.8 Determination of actinides in a
test urine sample

Isotopes

Concentration (pCivL)
Measared  Diluent Prepared Measured”
f*“'Pu Mipy 1.12 1.10, 1.09 (0.007)
¢38py 3.28 §.27, 8.2% (0.007)
“Mpy 0.093 0,105, 0.099 (0,004)
e, ot 191 1.0, 1.96 (0.04)
2367 1.97 1.96, 2.02 (0.04)
HTNp 289Np 0.387 0.383, 0,404 (0.015)

*Value in parentheses is the standard deviation for the two measured values

The fraction absorbed to blood (the GI absorption
value, f,) is the amount reaching the blood (A,)
divided by the known dose of oral isotope ingested
D,

A, & A, 8o So A, - R,
S R riulvinds kil

b3

where

e fractiowal retention of i.v.
" TR, isotope in samp'e s

R. = Sa _ fractional retention of oral
0 '15: isotope in sample s

Consequently, the fractional Gl absorption value,
f;, can be calculated directly as the fractional
retention of the oral isotope in & given sample
(R,,) divided by the fractional retention of the i.v.
isotope in that same sample (R ). For this method
to apply, the i.v. isotope must be metabolically
equivalent to the absorbed portion of the oral
isotope.

-3

2.7 Experiment 1 Protocol

Expericaent 1 was conducted to determine the Gl
absarption of plutonium and neptunium in fed and
fasted baboons and of ursnium in fasted baboons.
On day 0 of the protocol (Fig. 2.2), each of four
adult baboons was administered a known amount
of “**Pu(V1; (mean dose, 4.3 kBg) through a
stomach tube at 0900-1000, 2 h after the morning
feeding of baboons B704, B1050, and 81046, and
after a 14-h overnight fast (from 2000 to 1000
hours) of baboon B1048. Blood was taken at 4 h
(B704) or 8 h (B1050, B1046, B1048) after “*'Pu
administration. On day 14 of the protocol

(*ig. 2.2), each of the same foar baboons was
administered known amounts of “**Pu(VI) (mean
dose, 3.4 kBg) and 2331(V1) (mean dose, 4.6 kBq)
through a stomach tube at 0900-1000, after a 24-h
fast. Immediately after the i.g. administrations on
d&v 14, each baboon received an iv. injection of
8pu(Vl) (mean dose, 12.6 Bq) and L VA §)
(mean dose, 14.9 Bq). Blood samples were taken
8 h after these admiaistrations,

Starting on day 0, each animal was housed in a
stainless steel raetabolism cage, and urine and
feces were collected daily. In addition, for each
babeon except B704, ene urine sample was
obtained by catheterization 4 d after the piu-
tonium and uranium administrations. On day 46
of the experiment, 32 d after the dua! isotope
administrations on day 14, three baboouns (B704,

NUREG/CR-5842
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Day 0 Fed puig + MNpig
14 Fasted 36py, ig + Puivn, Ui + 00y, 237Np LB
45 Fasted WNpig
46 Sacrifice

Figure 2.2 Experiment | design: G

I absorption of plutonium and neptunium

in fed and fasted adult baboons and of uranium in fasted adult baboons

B1050, B1048) were sa rificed, and one baboon
(B104C) had biopsies taken of the liver and caudal
vertebrae. All excreta and all tissues taken at
sacrifice were ashed and analyzed for isotopes of
uranium and plutonium by means of ASID. This
experiment provided GI absorption values of plu-
tonium in fed (**Pu) and fasted (***Pu) adult
baboons and of uranium in fasted (***U) adult
baboons, GI absorption values were obtained by
the dual isotope method from isotopic ratios in
samples of blood, urine, liver, and bone. For the
baboons that were sacrificed, values were also
obtained by summatio ( of the amounts of isotope
in urine and tissues. As part of this cellaborative

study with NYUMC, the bab¢ 'ns were also admin-

istered known amounts of ***Np (day 0 and
day 45; 5.9 = 1.6 MBg) and **'Np (day 14; 5.1 «

Day O 4-h Fast
21 6-h Fast
42 8-h Fast
56 Fed
70 Biopsy

1.9 kBq) through a stomach tube (Cohen and
Ralston, 1987, Ralston, 1990).

2.8 Experiment 2 Protocol

This experiment was conducted to determine the

G1 absorption of uranium in fed adult baboons and

the Gl absorption of plutonium and neptunium at

various times after a morning meal. On day 0 of

the protocol Fig. 2.3), three adult baboons (B358,

BE80, B230) were given a breakfast of one banana

(peeled, 100 g) and three large pecan oatmeal

cookies (80 g, Archway Co.) at 0700, The animals

ali ate their meals immediately. At 1100 4 h

after the meal, each was administered *Pu(VD) |
orally (mean dose, 7.5 kBq) and **Pu(vI1) |
intravenously (maan dose, 11 Bg). A blood sample

pyig + Fpuiv, ®INpig
239y ig. + BPuiv, " Np g

28py, ig + pyiv, 237Np Lg.

3307 5.2 + B8 v,

Figure 2.3 Experiment 2 design: GI absorption of uranium in
fed adult baboons and effects of duration of fast on Gi

absorption of plutonium a

NUREG/CR-5842
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Table 3.7 Gastrointestinal absorption of plutonium in fasted
baboon B704: dual isotope method

Plutonium content®

{(fraction of dose) 10" x
caleulated
26py, 238py fractional Gl
Sample A0 xR,)  (10*x R,  absorption”
Blood, 8 h 5.6° 25" 22
Urine, day 15° 2.2 8.2 2.7
Liver 6.7 30 2.2
Total skeleton 6.0 30 20
Caudal ver‘ebrae 0.066 0.39 1.7
Skull 0.83 4.06 20
Pelvis + sacral vertebrae 0,67 4 .68 1.5
Rib & 0.040 0.20 2.0
Mean = SE (n) 202 0.1 (8)

"Values are the finction of administered plutonium retained by the sample Sy adminis-
tered orally, “*Pu administered intravenously: Samples sther thun blord and urine were
olitained at sacrifice of the baboon 32 d aftor adounistration of *™Pu (1.4 kBg) and *pPu
{18 Bq) iday 46 of cxperiment 1)

“Sample calenlation for &-h blood

R 56 x 1077 A
fi = A S =22 x 101
”m 25 x 10°¢

where R, = fractional retention of 1. dose in sample
R,, = fractional retention of Lv. dose in sample

“Valtue 1s for total Bloed in the animal at B h (sssuming blood equals 7% of hady woight),
indic<ting that, for exarmple, 26% of the i v. plutenium was present in the hlood at 8 h after
asdministration

"Dly 15 urine sample was a 24.h collection obtained one day after the administration of
6Py and ¥ {on day 14 of experiment 1). Only day-15 urine was used to caleulate £, for
plutonium becawse contamination of urine b, ***Pu in feces was unlikely on that day; the
orally administered actinides were assumed to be present in foces after (hut not on) day 15
{Fig. 8.1. Table 3.6)

that could be obtained without sacrifice of the
animal and thus might be used by other investiga-
tors,

Table 3.8 gwes the values of R (fractional
retention of * ”Pu and **py) and R,; (fractional
retention of ***Pu) that were used tn ealeulate G
absorption v.lues for b boons B704, B1048,

B1050, and B1046 by the dual isotope method.

was administered on‘ly to fed animals
(except for B1048) and ***Pu was administered
arally to 24-h-fasted animals. Table 3.9 provides
the fractional G! absorption values calculated from
the fractional retention values, R, and R, in
Table 3.8. The tissues selected to provide Gl
absorption values in Table 3.9 (blood, urine,
caudal vertebrae, liver biopsy specimen) are those
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Gl absorption values calevlated from ratios for
individual samples of blood, urine, bone, and liver
in general agreed well with one another and al-
most always were close to the mean value for all
samples. Caleulated 31 absorption values for
plutomum ranged from 2.2 x 10 for B704 to 59 x
10 for B1046 for the fasted animals and from
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Method
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BT —

Uranium
|
Table 4.4 Comparison of distribution of uranit m in hones of baboon B704; ‘
orul v, intravenous administration ‘
Uranium content '
B oral) B0 Ly |
104 % 1 = Gral/ |
fraction fraction v, i
Ash wt, Ash of dose Ash of dose ratio
Bone ) (dpm/g) 1A] (dpm/y) 1] [A/B)
Skull (without ealvarium® 7814 0.199 1.867 0.078 1.07 1.8
Calvarium 2152 0151 0.285 0057 021 1.4 |
Total skuli® 049 66 1.6562 1.48 1.3
Cervieal vertebrae .50 0, 186 0.158 0.068 0.11 14 |
Thoracie vertebrae 2161 () 299 0.667 0.111 0.42 14 ;
Lumbar vertebrae 30 06 D318 0 848 0.122 0.64 1.9 .
Candal vertebrae (tail) 13.84 0 150 01838 0.054 0.13 14 |
Pelvis + sucral vertebrae 5341 0.342 1.546 0.114 1.07 1.5 |
Rib & 2.51 0.255 0.056 0.113 0.050 1.1 '
Rib 7 284 0261 0.065 0.008 0.046 14 |
Rib 9 2.82 0.220 0.0565 0.102 0.050 1.1
Ribs (all other) 19.24 0,229 0.4987 0.076 0.26 1.5
Scapula 21.20 0.234 0.438 0,088 0.83 1.4 ,
Clavicle 227 0.285 0.087 0.118 0.040 1.2 :
Sternum 226 0720 0.144 0238 0,094 1.5 |
Total uxial 181.08 4.500 A6 14 |
Femora 46.21 0.104 0.786 0,078 0.63 1.2 !
Patellae 1.84 0613 0.099 0054 0.018 50 J
Tibiae « large end 788 0.141 0.087 0.049 0.066 1.5
Tibiae - shaft 18.74 0.026 0.048 0.012 0.038 11
Tibiae - small end 3.51 0.080 0.025 0.031 0.018 1.4
Fibulae 567  0.056 0.028 0.021 0.022 1.3 |
Hands and feet 3528 0.154 0415 0.035 0.22 1.9 ,'
Humeri 4017 0.187 0.660 0.070 0.50 1.8 .
Radii 18,85 0.054 0.089 0.016 0.052 1.9 |
Ulnae 1484 0081 0,130 0.027 0.088 1.5
|
Total appendicular 19644 2472 1.652 14 |
Total skeleton® 477.15 8.524 6.178 14 |
: J
*Not inchiding teeth. ,_'
2h NUREG/CR-5842
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5.2 Neptunium Metabolism 2.4 Gastrointestinal Absorption

after Oral vs, Intr-venous of Neptunium: Dual Isotope
Administration Method




Table 6.4 Comparison of metabolism of neptunium in adult ba-

boons: oral vs, intravenous administration”

Neptunium content
fraction of
a Iministered dose)

, No, of Oral *INp
samples T
Sample analyzed  fraction) v, ¥Np
Urine (cumulative)
Days 1522 . 0108 (31%) 0.85 (85%)
Days 23-46 6 0.042 (12%)  0.04 (4%)
. Totul 0.150 (44%) 0.89 (39%)
Tissues on day 46
Liver 1 0,026 (7.6%) 0,081 (K.1%)
Skeleton 24 0.148 (48%) 0.46 (46%)
Other* “ 0020 (58%) 0,060 (6.9%)
Tatal 0.194 0.610
Total shsorbed 0.34 (100%) 1.00 (100%)

(urine + tissues)

"Buboun BT04 was administered W'Np (892 Bg) by i g intubstion at 0800 an dey 14 of
experimont 1 and was sacriflcod on day 46, 532 4 later, Haboon B8RO was wpuuu:)!r
ndministered ”'Np (45 KBq) by Lv. ingection 30 d before sacrifior. Values for tv. “'Np

Neptunium

were obtained from Ralstor (1990, Tubles 3 14 and 922

"Walues for “sther” wore coloulated  For the 18 ®Np, “ather” was caloulated by unabigy

to the iv *"Np. For the (v ¥ 'Np, “uther’ 1s the amount of the i v. doso not acuotnted

for by “"Np in urine, liver, and skeleton,

day 14) were used for caleulation. This is because
of differences in the early kinetics of the oral vs.
i.v. neptunium, with the 8-h blood relatively defi-
cient in the i.v. neptunium and the 1-d urine rela-
tively enriched in the i.v neptanium. When a
cumulative urine sample was used for the calcula-
tion (urine, days 15-22), an accurate Gl absorp-
tion yalue was obtained (Table 5.5). Note that i.v.
neptunium cleared the blood very quickly, with
only 1.4% of the injected neptunium remaining in
bload 8 h after injection (Table 5.5). For compari-
son, 8-h Mood samples contained 2.1% of intra-
venovsly injected uranium (Table 4.5) and 25% of
wirsvenously injected plutonium (Table 3.7).

With the dual isutope saethod, the fractional (1}
absurption of neptunium in B704 after & 24-h
“fast” was 0.94 x 107 (0.34%), about 4-fold lower

33

than for uranium (1.8 x 10%, or 1.3%; Table 4.5)
and 17-fold higher than for platonium (2.0 x 104,
or 0.02%; Table 3.7), both of which were adminis-
tered at the same time as neptunium to the same
baboon (Fig. 2.2).

With the dual isotope method, GI absorption
values were obtained for two additional nep-
tunium administrations. Values for neptunium
isotope retention (R, and R, for the samples that
were used to determine Gi a tion values are
presented in Table 5.6, with caleulated G1 absorp-
tion values presented in Table 5.7, The first two
administrations were for ***Np to 24-h-fasted
animals and showed 71 gbsorp. n values of about
1%. The third administration (~-"Np to B704 after
a similar fast, which was suspect) was absorbed to
a somewhat lesser extent, 0.8%.

NUREG/CR-5842
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6 Discussion

6.1 Gastrointestinal Absorption
Values by Sacrifice vs. Dual
Isotope Methods

6.1.1 Metabolism of Intravenously
and Orally Administered
Plutonium, Uranium, and
Neptunium

Te apply the dusl isotope method of determining
GI absorption values, an isotope must be injected
intravenously, With knowledge of the metabolic
pattern of the i.v. isotope, we can determine a (3]
absorption value for a number of elements from
analysis of samples of urine or blood after oral
administration of an isotope. This method has
been used to determine the Gl absorption of cal-
cium (DeGrazia et al, 1965), iron (Inameto, 1970),
and neptunium (Popplewell ot al, 1901) in
humans.

With regard to the metabo - pattern after iv.
administration, the percentage of dose excreted in
urine during ¢ ¢ first 8 d was ir the order
uranium > peptunium » pluteniam (Table €.1).
The value shown here for plutonium in adult
baboons (8 8% is higher than the 1.1% reported

for humans by Hunt & 4l (from Langham et al
{1960, as evaluated by Darbin [1972], and Hunt
et 4l [1990]). For peptanivm, 1- to 8-d cumulative
urinary excretion in adult baboons (41.0% ) was
identical to that for two of five adult humans
given “""Np intravenously (Popplewell ot al., 1001)
and was gimilar to the mean for all five people
333 2 35 0= 5. For uranium, the fraction
excreted 1o urine early after Ly, imjection to adult
baboons (K2.7% in 8 d) was algo similar to that
reported for humans (72% in 1 d, Hursh and Spoor
(19781,

For all three elements, u mujor fraction of the dose
retained in th  ody of the baboon after Lv. injee
tion resided in the skeleton (Table 6.1). Gl
absorption values in fasted baboons were in the
order uranium » neptunium » plutonium. Simi
larly, the fractions of the retuined dose present in
skeleton were in the same crder, with 93% of the
body's uranium present in the skeleton 32 d after
uranium injection,

Next to the skeleton, the liver was the organ with
the highest fraction of dose after Lv. injection of
plutonium, neptunium, and uranium (Table 6.3)
For uranium, the percentage of injected dose in
liver (0.832% ) was similar to that in kidneys (0.24%
for B704).

Table 6.1 Tissue distribution and urinary excretion of plutonium,
neptunium, and uranium in the adult baboon
after 1otravenous administration®

Percentage of injected dose, mean & SE (n)

Sample Plutonium Neptunium Uranium
A. Day 1 urine 722074 B84.7+22(14) T718+2814)
B. Day 1-8 urine 832074 410=222(34) B27+£144)
C, Liver 26.3 = 5,0 (3) 81(1) 0.32 £ 0,07 (3)
D. Skeleton 3782553 46.3(1) 096+ 1813
E. Other tissues 1.7+ 05102 2211 0.45 ¢ 005 (2)
Total (hines B to D) 748 926 031

"Fur plutonium und uranium, “*PaVD) bicarbonate and ““UVD bicarhonnte were infocted
v ino bnboons B704, B1ods, B1080, wnd B1046 on day 14 of exporiment 1, and the fira
three baboons were sactificod on day 46, 82 d later. Data for neptunium sre from Ralston
(1980, tissues were tuken 30 d afler ® Np administration to baboon HE&O
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