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Abstract

The contents of 2*2Cm in the plasma, liver, skeleton and kidneys were determined from
22.5 minutes to 16 days after the intravenous injection of 242Cm citrate to the rat. The 2*2Cm
injected disappeared from the plasma rapidly and deposited mainly in the liver and skeleton.
By analyzing the relationship between the disappearance from the plasma and the accumula-
tion in the organs of injected curium, the initial distribution space, or the actual site of transfer
compartment used for dose calculation in the ICRP Publ.30, of curium was identified as the
extracellular fluid (ECF). The calculation showed that the difference between the radiation
dose to bone surface or red bone marrow from short-lived curium isotopes evaluated under the
current ICRP assumption, on one hand, and the same radiation dose, evaluated under the
assumption that the actual site of transfer compartment is ECF, on the other, is not negligible.

The effect of administration of CaDTPA or ZnDTPA on the retention of 2*2Cm in organs
was studied by changing the time interval between the *2Cm injection and DTPA administra-
tion and the amount of DTPA administered. The results obtained showed that 1) DTPA
treatment of a person who has incorporated curium into the body should be started as early
as possible, 2) the first single prompt DTPA should be administered as Ca salt, and the follow-
ing multiple delayed DTPA, as the less toxic Zn salt, and 3) the dose of first CaDTPA should
be as large as possible within the range not producing its side effect.

The study on the mixture of 2*2Cm and 2*®Pu showed that these two radioelements are
metabolized and removed with DTPA independently.

Keywords: Curium, Plutonium, Metabolism, Rat, Initial Distribution Space, Transfer
Compartment, Extracellular Fluid, Dosimetry, Removal, CaDTPA, ZnDTPA,
Plasma, Liver, Skeleton, Kidneys



JAERI 1288

7y MIBIFS X2 7 A0MBREH B LU
DTPA Lt 5 20l BT A7 %

H AR T I 2 R i bt S ph R i 8T

m B OfoK
1983 6 A 3 A%

L 2 &

v FOBIRAIC T VBEE LTES LA *2Cm o, M, R, BRBLIUBRISHERS,
HEh 225 tkH 5 16 BT TRIE L. ESHEBOM Cm JIMTHSHOHICHE L, T & LT, F
BLUOBBICHHE L. **Cm OIMEH» S OMHK EBB~OER L OMOBFEE L 5, MikhIcE
DiAE NI Cm DRARAE, T7b B, ICRP Publ. 30 BWTHBHEO-DICEHLN TV 18
B2 o= b Y MM AN K THE AR ODIC L, FEMEELSEENmEL
1356 (BATO ICRP ORFE) LMK E LIBAIC oW T, GHFh+a ) v ARMEL O OBRE
BEICHT 2HBIMEEEFEL, BEOENERTERNT LERBDI.

M Cm OEBPEFAICE LTS CaDTPA H50 2 ZnDTPA 508 E %, *°Cm &4t & DTPA
k4t & DR ORERERE LU DTPA OHRSBEELIETLON. TOSORBREE,S, a2 Y
U LT L BERERYE UGS, BREICHT 5 DTPA 5 R TEX KT EPHIITINETHS T
&, ik, BERERFO DTPA #5123 Ca BEAVARETH B, TOHD DK LS ic2anE
AP IntE 2BV ARETHAZ EVBELMICE I, U, DO 1[EOD Ca EREDAIL,
BIVERDE U WET, Tx510ZBRETHIENET L Ebbh k.

AFFETIE, **Cm 25 P Pu LDRESYE LTHERAIRIRDAEN/EEICOVTE L 5. 20k
R, IhoBHuRORHBLUZD DTPA ICXABRESE VITHILICITHONS T LANKBFL 12,



JAERI 1288

Contents
1. Introduction . .. ... i e 1
2. Experimental ... ... ... .. 5
3. Resultsand Discussion ... .........c.. it e, 8
3.1 Metabolism .. ... 8
311 Curium ... 8
(1) Tissue Distribution and Retention ........................... 8
(2) Initial Distribution Space (IDS) . ...... ... .. . ... 10
(3) Dosimetric Meaning of Identification of IDS . .................. 13
3.1.2 Mixture of Curium and Plutonium . .............. ... ... ......... 17
3.2 Removal with DTPA .. ... . e 18
321 CULUM . ..o e 18
3.2.2 Mixture of Curium and Plutonium . .............................. 23
A, ConCIUSION . ..t e e 27
Acknowledgements ... ..... ... e 28
R ereNCES . ..o 28

ADDPENAIX . .ot e e e 30

it



B x
TR P
D EERTHIE  cereerereree e e e e
3. BEBRISEIFEEL  coorerereeer it e e

T TR < v

T U TR |

(1) $EENTTI L DBEEY  oooeerrmerremrme e et e

(2) HTEROYFGIR (IDS) wreerrevererrereeeresemmmmmmtiit i e e st

(3) IDS EIEDBEIM L DELEE o oovererere oo

3.2 Fo2UDABLIUT VRS ALREY oo,

3.2 DTPA ITE BERIE rrereerrerereeme ettt i e e
T T S | U
322 FoUOABITT VNI LBEY oo

4. %—é: ;ﬁ ............................................................................................................
- - PP
?%Xﬁ ...............................................................................................................

JAERI 1288



JAERI 1288 1

1. Introduction

Curium, atomic number 96, was found by Seaborg, James and Ghiroso in 19441,
Therefore, only four decades has elapsed since its discovery. Nevertheless, a number of curium
isotopes are presently known, as shown in Table 1. It can be seen from Table 1 that all of
the isotopes of curium are radioactive, and that many of them emit « radiations which are,
if emitted in the body, far more harmful than f, v or X radiations, due to their high LET
values. Actual biological effects, namely, lethal® and carcinogenic*3) ones, of curium taken
into the body have also been observed by animal experiments.

In a light water nuclear reactor for electric generation, great amounts of curium are
produced by multiple neutron capture from fuel elements, 233U and 23°Pu. Although many
other kinds of transuranium elements are generated in the light water reactor, according to
Pigford et al.®), eighty percent of alpha-activities of all the transuranium elements generated
are those of curium (cooling time, 150 days*l). The amounts of curium produced yearly in
a 1000 MW uranium-fueled light water reactor are 1.9 X 101 MBq (=5.15 X 105 Ci («))®).
In the other field of industry, curium isotopes are used as energy sources in thermoelectric
generator”®), a-sources for neutron production®), sources of monoenergetic photons®), and

Table 1 Curium isotopes

s s 2)
ie 2)a Mass (g) Principal radiation®’ :
Isotope Half-life per 10!° Bq energy (MeV) and intensities
238Cm 2.3 hr 473X 1078 @6.52 (>10%), EC (<90%)
239%Cm 29hr 5.98X 1078 EC, 70.188
2%cm  26.8d 1.33X 1075 a6.29 (71%), 6.25 (29%)
(1.9X 10° y)
lcm 32.8d 1.64X 1075 EC (99%), a5.94 (1%), ¥
22cm  162.84d 8.16 X 1075 a6.11 (74%), 6.07 (26%), v
(6.09 X 10% y)
3cm 285y 5.24X 1073 @6.06 (5%), 6.00 (6%), 5.79 (74%),
5.74 (11%), others, y
2%4cm  18.1y 334X 1073 a5.81 (77%), 5.76 (23%), v
(135X 107 y)
25cm 8537y 1.58 @5.36 (93%), 5.30 (5%), others, y
26Cm 4713y 8.77X 107! a5.39 (79%), 5.34 (21%), v
(1.80 X 107 y)
247Cm  1.56 X107 y 2,91 X 10° 05.27 (14%), 5.21 (6%), 4.87 (711%),
4.82 (5%), others, v
248cm 3.40X 10° y 6.38 X 10 @5.08 (75%), 5.03 (17%), SF (8%)
22%Cm  65.4m 234X 1078 80.86, v
250cm 1.13X 10% y 2.14 SF
51Cm  16.8m 6.07 X 107? B1.42,y
2520 <2d <1.04 X 107°¢ ?

a The values in bracket show the half-lives of spontaneous fission (SF).

*1 Ordinary cooling time for reprocessing of spent fuel®,
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sources for producing transplutonic elements!?). Table 2 shows Annual Limits on Intake
(ALI) for the curium isotopes, given by International Commission on Radiological Protection
(ICRP)'V, for occupational persons. Taking into account the extremely small amounts” 2
of ALI of curium shown in Table 2 and the great amounts of curium encountered in industry,
it goes without saying that sure preventive measures against internal contamination with
curium must be established. However, perfect control of handling of radionuclides is usually
very difficult. This can be seen from the fact that several cases of curium incorporation by
humans were already reported in USA!2:!3:14) and West Germany'$). When the internal
contamination with curium occurrs, the evaluation of radiation dose from the incorporated
curium and the treatment to remove the curium from the body become necessary.

The ICRP gives a method for the evaluation of radiation dose to organs and tissues from
the incorporated radionuclides'!). However, this method involves many simplifications,
especially, of the behavior of radionuclides in the body. These simplifications should be
improved in the future, as stated by the ICRP itself.

It is known that the organ retention of curium in animals is decreased by administration
of DTPA (diethylenetriaminepentaacetic acid)!®'!?) (see Fig. 1). However, these experiments
were performed under the limited conditions. Namely, the object of the experiment by Nenot
et al.1®) was focussed on the treatment with DTPA of local contamination, and they studied
the effect of intramuscularly injected DTPA on the migration and organ retention of intra-
muscularly injected *2Cm. Seidel et al.'”) studied the effect of intraperitoneally injected
DTPA on the organ retention of intravenously injected 2*2Cm, as in the present experiment.
However, their experiment was performed only in delayed treatment and with high DTPA
dose.

In the present paper, with the object of contributing to the improvement of the current
ICRP method of evaluation of radiation dose from internal curium and also to the develop-
ment of a reasonable method of DTPA administration for the removal of internal curium from
the body, the metabolism of curium and its removal with DTPA were studied using rats.

The behavior of curium in the body was first studied by Scott et al.'®) soon after the

Table 2 Annual Limits on Intake, ALI (Bq) for
Isotopes of Curium 11)

Route of entry

Radionuclides
Oral Inhalation
238Cm 6X 108 4% 107
240Cm 4% 108 2X 10%
281Cm 5% 107 9X 105
2820y 2X 108 1X10*
43Ccm 7X 10% 3X 10%
244Ccm 9 X 10* 4 X 102
245Cm 5X 104 2X 102
246Cm 5X 10* 2 X 102
247Cm 5 X 10* 2X 102
248Cm 1 X 10* 5X 10!
249Cm 2X10° 5X 108

*2 For the masses of these *Limits”, see the third column of Table 1.
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HOOC - H,C _ CH, -COOH
N‘CHz‘CHz'N'CHz'CHz'N\
HOOC - H,C 7 ! CHz - COOH
2 CH, - COOH ’
DTPA

Fig. 1 Constitutional formula of diethylenetriaminepentaacetic acid (DTPA).
For decorporation of radiometals from the body, the DTPA is used
as trisodium calcium (or zinc) salt.

discovery of curium. They observed the tissue distribution and retention of intramuscularly
injected curium (chloride) in the rat, and found that the curium absorbed from the injection
site was predominantly deposited in the liver and skeleton. They also found that the curium
deposited in the latter remained there for a long time. Thereafter, successive experiments on
the metabolism of curium in mammals were performed in various laboratories using various
kinds of animals. These results, most of them was compiled in the reviews by ICRP'?),
Durbin® and Nenot et al.2®), have made contribution to the development of the current
ICRP’s metabolic model of curium which is used for the calculation of the internal radiation
dose. It is quite reasonable that the main interest in these studies has been taken in the long-
term behavior of curium in the body, because the curium incorporated into the body remains
there for a long time and determination of the retention half-time in the organs such as liver
or skeleton is an important factor for the evaluation of radiation dose from internal curium.
In the present paper, to the contrary, early behavior of intravenously injected curium was
studied in detail. As the results of the study, the initial distribution space (IDS), namely,
the actual site corresponding to transfer compartment in the ICRP dose evaluation model!?),
of systemic curium was identified as the extracellular fluid (ECF). In the ICRP model, the
transfer compartment of all the elements is assumed to be quite homogeneously distributed
in the total body. However, it is obvious that this assumption is an unrealistic one. The cal-
culation showed that the difference between the radiation dose to bone surface or red bone
marrow from short-lived curium isotopes evaluated under the current ICRP assumption, on
one hand, and the same radiation dose, evaluated under the assumption that the actual site
of transfer compartment is ECF, on the other, is not negligible. Furthermore, it was found,
by comparing the metabolic data obtained in the present experiment with the literature
values obtained under various experimental conditions, that the behavior of curium in the
rat was virtually independent on whether the chemical form injected was citrate or simple
salts such as chloride or nitrate. The knowledge should be useful when determining the bio-
logical parameters of curium for dose evaluation from the various metabolic data obtained
under various experimental conditions.

A chelating agent, DTPA is a well-known agent for removing lanthanide or actinide
radioelements from the body?!'-22:23), Therefore, it seems quite appropriate to apply this
agent to the removal of curium from the body. In fact, as mentioned before, the experiments
to enhance the excretion of curium from rats by DTPA administration were performed by
Nenot et al.'®) and Seidel et al.!”). Moreover, administrations of DTPA to humans who ac-
cidentally incorporated curium were also performed!®). However, these observations were
carried out under limited conditions. Therefore, in order to establish a reasonable method
of DTPA administration for removing curium from the body, further research must be carried
out. In the present paper, the effectiveness of DTPA to decrease the organ retention of intra-
venously injected curium was studied in rats by widely changing the time interval between
curium injection and DTPA administration and by widely changing the amount of DTPA
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administered. One of the disadvantages of DTPA as a decorporating agent is the elimination
of essential metals from the body. Therefore, in order to avoid this deleterious side-effect
of DTPA, the agent is usually administered as its calcium salt (Na3CaDTPA)?%. However,
it was found by Catsch et al.2%:2!) that zinc salt of DTPA (Na3ZnDTPA) is less toxic than
this calcium salt, and, according to a preliminary study by his group!”, efficacy of both the
salts to remove curium from the body was almost equal. In the present study, the DTPA
experiments mentioned above were performed for both the calcium salt and the zinc salt.
From the results of the experiments, an effective and weakly toxic regimen of DTPA admin-
istration for removing curium from the body was derived.

In practice, humans may be exposed to mixtures of radionuclides. However, little work
on the metabolism and removal of such mixtures from the body has been carried out. The
method of evaluation of internal dose by ICRP assumes that any radionuclide incorporated
into the body as mixture behaves there independently. In the present study, for verifying
the ICRP’s assumption mentioned above and for testing whether such radionuclide is removed
by DTPA independently or not, the study when curium was accompanied by plutonium was
also performed. As the result, it was found that the metabolism of these two elements and
their removal with DTPA in rats were not influenced with each other.
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2. Experimental

The animals used in this study were female albino rats of the Heiligenberg strain of about
3 months of age weighing from 180 to 200 g. Four or five rats per group were kept in one cage,
with free access to “altromin’ standard food pellets and tap water. 2*2Cm (1) in 3 N HNO3
(~3.7 X 10% Bq (= 100 uCi)/mf) was purchased from the Radiochemical Centre, Amersham,
England. Before preparation of the injection solution of ?*2Cm, 2*2Cm was separated from
its decay product, 238Pu, by ion exchange chromatography. The purified 2*2Cm solution was
tested by a-spectrometry and found to contain less than 1% of **®Pu activity (see Fig. 2(a)).
Injection solution of #2Cm was prepared in 1% trisodium citrate solution, neutralized with
sodium bicarbonate powder, allowed to stand overnight, and ultrafiltered with Millipore filter
(25 nm)?®). Most of the rats were, under ether anaesthesia, injected with approx. 1.1 X 10*
Bq (= 0.3 uCi) 2*2Cm in 0.25 mQ into the tail vein. However, the rats sacrificed 4, 8 or 16 days
after the injection in the metabolic study were injected with approx. 7.4 X 10* Bq (= 2.0

10001
ool (a)
242Cm 242Cm

600 ( purified )

400
& 200
5 sep,
= ol , N _ /
= 52 54 56 58 60 62
N
ﬁtzoo- (b)

1000 Mixture of #20m 220
e and 2®¥py
=
3
S 800}

600}

400+

238 Pu
200 A
o PO — "l e 1 L
52 54 56 58 60 6.2

Q PARTICLE ENERGY ( MeV)

Fig. 2 Alpha-spectra of the 2420 and the mixture of 242Cm and 238Pu used.
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uCi) in 0.25 mK. All the injections were performed in a few hours after the preparation of
the solution. Sacrifice took place under ether anaesthesia by exsanguination. The blood
(3-5 m®) was collected into a centrifuge tube, when the exsanguination was made by cutting
the aorta with scissors. The plasma was obtained by ordinary centrifugation of the blood.
Two parts of the plasma (each was 0.5 m{®), the right femur*3, three parts of the liver (each
was 0.2-0.4 g), and the right kidney"‘3 were collected into plastic vials, solubilized with 1 m{
of 1:1 mixture solution of perchloric acid (70%) and hydrogen peroxide (30%), and their
contents of 2*2Cm were assayed by liquid scintillation counting®”. The volume of the whole
plasma was taken as 3% of the body weight®®). The whole skeletal content of 2*2Cm was
estimated by multiplying the activity of one femur by 20. The validity of this factor was
verified by Seidel for americium and californium, chemically analogous elements to curium,
in rats?®. The activity of *2Cm in the liver was calculated by multiplying the radioactivity
in the partial samples by the ratio of the weight of the whole organ to that of the samples.

As shown in Table 1, 2*2Cm decays, emitting an alpha particle, to #*®Pu with half-life
of 163 days. Therefore, an aged “?*2Cm” inevitably contains 23®Pu in itself. The experiments
on a mixture of curium and plutonium were performed using an aged “%*2Cm”. An alpha-ray
spectrum of the aged “?*?Cm” used is shown in Fig. 2(b). Activity composition was 15% of
8Py and 85% of 2*2Cm. The half-life of 238Pu (87.7 years) is much longer than that of 242Cm
(163 days). Therefore, the mass ratio of 238Pu to ?*2Cm of the mixture is 34 : 1. The injection
solution of the mixture was prepared in a similar manner as the 2*2Cm injection solution
described above and the same amount, 1.1 X 10% Bq (= 0.3 uCi)/0.25 mX, as that of the 2*2Cm
injection solution was injected into the tail vein.

In the study of metabolism, the contents of 2*2Cm in the plasma, liver, skeleton and
kidneys were determined at 22.5, 45 minutes, 1.5, 3, 6, 12 hours, 1, 2, 4, 8 and 16 days
after the intravenous injection of *2Cm citrate, and the contents of mixture of *2Cm and
338py in the same organs were determined at 22.5, 45 minutes, 1.5, 3, 6 hours, 1, 2, 4 and
8 days after the intravenous injection of mixture of 2*2Cm and 23%Pu citrate.

Na3CaDTPA and NazZnDTPA were prepared from HsDTPA, plus NaOH and CaCl; or
ZnO. The concentrations of the solutions ranged from 2 to 200 umole/m& (pH 7.4). Rats
received intraperitoneal injection of 1 m® of chelate solution per 200 g body weight. The
control rats were intraperitoneally injected with physiological saline. In the study of removal
of #2Cm with DTPA, A) the effect of time interval between 2*2Cm injection and DTPA
administration, and B) the effect of the amount of DTPA administered, on the retention of
22Cm in organs were investigated. In experiment A), single intraperitoneal injection of 30
umole of CaDTPA or ZnDTPA per kg body weight which corresponds to about 1.0 g for
70 kg human (= a dose recommended for human?3:24)) was given to rats at 1.5 minutes, 1.5
hours, 1, 2, 3 or 4 days after the intravenous injection of 242Cm citrate. In experiment B),
single intraperitoneal injection of 10, 30, 100 or 1000 umole of CaDTPA or ZnDTPA per kg
body weight was given to rats at 1.5 minutes or 1 day after the intravenous injection of 22Cm
citrate. In the study of removal of mixture of 2*2Cm and 23%Pu with DTPA, C) the effect of
the amount of DTPA administered and D) the effect of delayed and repeated administration
of DTPA, on the retention of the mixture in organs were investigated. In experiment C), single
intraperitoneal injection of 10, 30, 100, (300) or 1000 umole of CaDTPA or ZnDTPA per kg
body weight was given to rats at 1.5 minutes or 1 day after the intravenous injection of mix-
ture of 2*2Cm and 23%Pu citrate. In experiment D), six weekly intraperitoneal injections of
30 umole of CaDTPA or ZnDTPA per kg body weight were given to rats at 4, 11, 18, 25, 32

*3 These samples were divided into two parts and taken into two vials separately.
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and 39 days after the intravenous injection of mixture of ?*2Cm and 23%Pu citrate. In all
the experiments, the contents of 2*2Cm, or mixture of 2*2Cm and #3%Pu, in the organs were
determined at 7 days a}fter the DTPA administration”, and compared with corresponding
control values. This is because the effectiveness of singly administered DTPA to decrease
the organ retention of americium, a chemically analogous element to curium, is sustained
during about 7 days after its administration3®).

*4 In experiment D), the determination was made at 7 days after the last DTPA administration.



8 A Study on the Short-term Metabolism of Curium and Its Removal with DTPA in the Rat JAERI 1288

3. Results and Discussion

3.1 Metabolism

3.1.1 Curium

(1) Tissue Distribution and Retention

The contents of 2*2Cm in the plasma following an intravenous injection of 2*2Cm citrate
to the rat are shown in Fig. 3, and those in the liver, skeleton and kidneys are shown in Fig. 4.
As shown in Fig. 3, the intravenously injected 2*2Cm disappeared from the plasma quite
rapidly. For example, the plasma retention of the *2Cm at 1.5 hours (= 0.063 days) post-
injection was less than 1% of the injected dose. Turner and Taylor studied3!) the early
clearance from the rat plasma of ?*2Cm injected intravenously as nitrate and obtained the

10
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Fig. 3 The contents of 2*2Cm in the plasma following an intravenous injection
of 2%2Cm citrate to the rat. Mean values and standard errors for groups
of four to five animals.
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similar results to the present ones. Fig. 4 shows that the 2*2Cm cleared from the plasma was
deposited mainly in the liver and skeleton. The deposition of 2*2Cm in the former was about
60% of injected dose, and that in the latter 20-25%. Although the contents of 2*2Cm in the
skeleton did not decrease within the observation period (16 days), the contents of 2*2Cm in
the liver, after reaching a maximum at 0.25-0.5 days postinjection, decreased with a half-
time of 9.5 days. These results agree fairly well with the results obtained by Scott et al.1®)
who observed the tissue distribution and retention of intramuscularly injected curium (chlo-
ride) in the rat from 1 to 256 days postinjection. According to their results, the deposition
of curium in the liver and skeleton were 61 and 28% of the absorbed amount, respectively,
and the half-time of disappearance from the former organ was 8.5 days. Semenov studied®?
the organ distribution of intravenously injected 2**Cm (chloride) in the rat. Although some
longer retention of 2**Cm in the blood than the present ones was observed in his experiment,
the deposition and retention of 2**Cm in the liver and skeleton were almost identical to the
present ones. The results observed in rats by other authors, namely, the liver and skeletal
contents of curium at 1 day after the intravenous injection of 2*2Cm citrate3®), 242Cm chlo-

10059
: 'bN\\l_I\!ER

S d
SKELETON

10 b
w [
w
o I
D L.
5 3
J
5
5 R
= F 1Y
S - \\%
E L KIDNEYS
wj
O i
x
)
a

Ol

!
OO' | 1 1 { 1 | |

0 2 4 6 8 0 12 14 16
DAYS AFTER INJECTION
Fig. 4 The contents of 2*2Cm in the liver, skeleton and kidneys following

an intravenous injection of ?*2Cm citrate to the rat. Mean values and
standard errors for groups of four to five animals.
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ride®®) or 2*2Cm nitrate'®), or after the intramuscular injection of 2*2Cm nitrate'®) also agree

fairly well with the present ones. Taylor observed!®) a smaller deposition of curium in the liver
and a larger deposition of curium in the skeleton than the present ones, after the intravenous
injection of %*2Cm citrate to the rat. However, this seems to have resulted from the fact that
young and probably male rats were used in his experiments®®, because the liver/skeleton
uptake ratio of lanthanide or actinide elements is greatly influenced by the age and sex of the
rats35,36)

The results mentioned above indicate that the metabolism of curium injected intra-
venously as citrate is virtually identical to that injected intravenously as chloride or nitrate,
and identical to that absorbed from the intramuscular site after the intramuscular injection
as chloride. Many experiments of the metabolism of lanthanide or actinide elements in animals
have been, as in the present ones, performed using citrate!®), because there has been a fear
that some aggregation might occur in the blood after the intravenous injection of its simple
salt. However, the above-mentioned comparison of the present data with the literature ones
obtained under various experimental conditions shows that this might not be the case. The
present author compared3”’, using rats, the metabolic behavior of **4Ce, one of the lanthanide
elements which are chemically similar to actinide elements, injected intravenously as chloride
with that of the **Ce absorbed slowly from the wound site after contamination as chloride,
and found that the tissue distribution and excretion of both the **Ce was identical. This
result also suggests that the formation of insoluble aggregate in the blood after the intravenous
injection of simple salts of lanthanide or actinide is unlikely, if the mass injected is small
enough as in the case of *4Ce or curium referred here. Anyway, the knowledge that the
metabolic behavior of systemic curium in the body is virtually independent on whether the
chemical form injected is citrate or simple salts, should be useful when determining the bio-
logical parameters of curium for dose evaluation from the various metabolic data obtained
under various experimental conditions.

The metabolism of curium has been studied in other animal species, too, as mentioned
in Introduction. According to Lloyd et al.3®) the deposition of intravenously injected curium
(citrate) in the liver and skeleton of beagles were 39.4 and 36.5% of injected dose at 6 days
postinjection, and 34.4 and 42.7% of injected dose at 20 days postinjection, respectively.
In beagles, the fraction of curium deposited in the skeleton was larger than that in rats, and
the fraction deposited in the liver remained longer than that in rats. Recently, Lo Sasso et al.
studied3® the metabolic behavior of curium in baboons, and found that the deposition of
intravenously injected curium (citrate) in the liver and skeleton were 20 and 70% of injected
dose, respectively. It is surprising that the fractions of the curium deposited in the two organs
were quite opposite to those in rats. The biological half-times for the retention of the curium
in these two organs were 45 and 2500 days, respectively. The marked dependence of metabo-
lism of curium on animal species shows the difficulty of estimation of metabolic parameter
for human from the results of animal experiments. In the current metabolic model'?) of
curium by ICRP, it is assumed that, of curium entering the transfer compartment, 0.45 is
translocated to the liver and 0.45 to the skeleton. However, it is obvious, if the data shown
above are taken into account, that these figures are not final ones. In order to obtain more
reliable values, further studies including autopsy of curium-contaminated person must be
performed.

(2) Initial Distribution Space (IDS)

For any radioelement, there has been no approach to identify the IDS, namely, the actual
site of transfer compartment in the ICRP dose evaluation model. In the following, an analysis
to identify the IDS of curium in rats was performed using the data mentioned above.
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Hollins et al. could well describe®® the time course of accumulation of intravenously
injected plutonium (citrate) in rat organs by a kinetic model in which a constant fraction
of the measured rate of loss of plutonium from the blood was used as the input term for
the rate of uptake of plutonium by an organ. In their model, although the purpose of their
study was not to identify the IDS of injected 2*°Pu but to obtain a mathematical model to
describe the metabolic data of 23°Pu, the blood is treated as the IDS or the actual site of
transfer compartment in the ICRP dose evaluation model. Therefore, if the relationship
between the disappearance of curium from the blood or plasma*5 and its accumulation in
organs is described by their model, it can be said that the IDS of intravenously injected curium
is the vascular space, like that of plutonium. However, as shown in Fig. 3, the disappearance
of curium from the circulation is far more rapid than that of plutonium (see Section 3.1.2),
and the retention of curium in the plasma decreases to virtually zero in relatively short time,
while the accumulation of curium in the organ is still great. In fact, as shown in Fig. 5, the
amount of curium which was taken up by the liver was greater than that lost from the plasma.
It is obvious from this figure that the vascular space is not the IDS of intravenously injected
curium. According to McClellan et al.*?), the plasma clearance of curium resembles that of
calcium. Since the rapid diffusion of intravenously injected calcium into the extravascular
space is well known*?) | this suggests that curium may also be rapidly diffused into the extracel-
lular fluid (ECF). Durbin compared, in her review®), the tissue distribution of *5Ca, 2*! Am,
23%9Pu and other radionuclides 5 minutes after intravenous injection in the rat, and suggested
the high degree of leakage of trivalent actinide into the ECF. In the following, to determine
whether the ECF is really the IDS of intravenously injected 2*2Cm citrate or not, the relation-
ship between the disappearance of curium from the ECF and its accumulation in the organs
was analyzed by the revised model of Hollins et al., assuming that the intravenously injected
22Cm citrate distributes homogeneously throughout the whole ECF in the body shortly after
the injection, and that the concentration of 2*2Cm in the plasma is identical to that in the
whole ECF.
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Fig. 5 Loss from the plasma and uptake by the liver of 242Cm after 22.5
minutes (=0.0156 days) postinjection. Bars indicate standard errors.

*5 The transfer of intravenously injected curium to the blood cell is negligibly small4D). Therefore, the
contents of curium in the blood and in the plasma can be assumed to be equal.
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Now, the amount of curium in an organ ¢ days after a single intravenous injection, @(¢),
can be expressed as follows,

QU)=qex(t)+qin(t) (1)

where ¢.:(¢) =the amount of curium in the ECF of the organ,
gi»(t) = the amount of curium taken up by the cells of the organ,

and

Qex(t>:f' Rgx(t) (2)
where f = the fraction of the total body ECF which is located in the organ,

R..(@) =the retention of curium in the total volume of ECF in the body,
and
4 dR ex(s)

qin®)=[ —c == R(t—5)ds 3)

where ¢ = the fraction of the curium leaving the ECF that is transferred to the cells of
the organ,

R(¢) =the retention of a single instantaneous uptake of unit amount of curium in
the cells of the organ.

If the experimental data on the contents of curium in the ECF and organs are fitted by the
relationships of equations (2), (3) and (1), the ECF can be regarded as the IDS of curium.
However, because of markedly rapid initial clearance of curium from the circulation, an
exact determination of the contents of curium in the plasma and organs in the very early
postinjection time is very difficult. In the present experiment, the observation of organ con-
tents started 22.5 minutes (= 0.0156 days) after injection. Therefore, the calculation of
gin(t) was carried out not by equation (3) but by the following equation,

dRsx(S)

. — 4
Ts R(t—s)ds, t >t 4)

qin(t):qin(to) : R(t-t0)+‘[ot;c .

where ¢, is the time when the observation began, namely, 22.5 minutes (= 0.0156 days).
The first term in the right side of equation (4) shows the amount of curium in the cells of
organ at the beginning of observation and its decrease with time. Change of equation (3)
to equation (4) does not significantly affect the present purpose, because the amount of
curium retained in the ECF at ¢ = t, was large enough to permit analysis between the dis-
appearance of curium from the ECF and its accumulation in organs.

The contents of 242Cm in the liver and skeleton were calculated by equations (2), (4)
and (1), using the experimentally derived equation for the retention of 2#Cm in the ECF:

R..(1)T0 =0.113¢%138 42 4171598 144 43¢ **'°* (% of injected dose),
t >0.0156 days,

and other necessary values shown below (see Appendix),

Stiver =0.030
Ssheteton =0.055
R(t)liver — e'( 0.693/9.5)¢

R(t)sketeton = 1

*6 The equation was derived by multiplying the retention equation of 292Cm in the plasma, which was
obtained by the least-squares method from the experimental data shown in the previous section, by the
volume ratio?¥ of ECF to plasma, 7.43.
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Retention of 2*2Cm in the kidneys, R(f)rianey, was too short, as shown in Fig. 4, to analyze
the relationship between the disappearance of *2Cm from the ECF and its accumulation in
this organ. The analysis for the kidneys was, therefore, omitted.

The results calculated are presented graphically together with the observed values in
Fig. 6. As shown in Fig. 6, the observed contents of 2*2Cm in these organs are well fitted
by the calculated ones, and therefore, it can be said from these results that the IDS of curium
in rats is ECF. In these calculations, the values of ¢ were chosen to fit best the calculated
values to the observed ones. It should be noted that the values of ¢ thus obtained, 0.68 *
0.07 for the liver and 0.31 £ 0.07 for the skeleton, agree fairly well with the fractions of
overall depositions*”? of 2*Cm in these organs: 0.63 +0.03 for the liver and 0.21 £ 0.03
for the skeleton, respectively, although the values of ¢ were derived from the data only after
22.5 minutes (= 0.0156 days) postinjection and indicate the fractions of transfer only in this
period.

(3) Dosimetric Meaning of Identification of IDS

In the foregoing section, the IDS of ?*2Cm, namely, the actual site of transfer compart-
ment of 2*2Cm, was identified as the ECF. In this section, the dosimetric meaning of the
result is discussed.

According to ICRP Publ. 30'), the number of transformations of a radionuclide in an
organ is the sum of two components: a) the number of transformations in the organ calculated
from the metabolic model of the radionuclide, and b) a fraction (U,) of the transformations
in the transfer compartment, given by U,=(M/70000)X U transfer , Where M is the mass of the
organ in grams, Uyyansrer 1S the total number of transformations in the transfer compartment,
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Fig. 6 The contents of 2*2Cm in the liver and skeleton, fitted by the kinetic model. Open
circle and triangle: observed data. Solid line: values calculated by the model.

*7 The overall depositions were obtained as the averages of the organ contents of 242Cm observed from 1 to
16 days postinjection, in which the biological decay of the contents of 242Cm in the liver was corrected.
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and 70000 g is the mass of the whole body. It is clear from the equation shown above that, in
the calculation of component b), the completely homogeneous distribution of the transfer
compartment in the body is assumed. Therefore, for example, if the actual site of transfer
compartment of the radionuclide is ECF, the component b) calculated by the above equation
will be overestimated in an organ whose content of ECF is smaller than the mean content in
the total body and underestimated in an organ whose ECF content is larger than that. As
described above, the actual site of transfer compartment of curium is ECF. Then, how much
does the radiation dose evaluated by the current ICRP assumption deviate from the one
evaluated by assuming that the actual site of transfer compartment is ECF? The content of
ECF in the liver is 24.6%%, and is almost identical to that, 25.7%%), in the total body.
Therefore, the component b) for the liver evaluated by the two methods also is almost identi-
cal. No literature information can be obtained on the contents of ECF in the trabecular and
cortical bones. However, the contents of total water in these bones are, according to ICRP
Publ. 2349, 23 and 15%, respectively. If the ratios of the amount of ECF to the amount of
total water in these bones are presumed to be indetical to that (18000/ 42000 = 0.43) in the
total body, the contents of ECF in these bones become 9.9 and 6.4%, respectively. Based on
these values, the component b) for the trabecular and cortical bones were calculated, and
shown in Table 3 together with that for the liver. However, since the validity of the presump-
tion made above is unknown, another components b) for the two bones also were calculated
under the presumption that the total water in the bones was ECF, although it was very un-
likely. The values thus obtained are shown in bracket in Table 3. In Table 3, the components
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Fig. 7(a) The ratio of radiation dose evaluated under the current ICRP assumption to that
evaluated under the assumption that the actual site of transfer compartment is
ECF, as a function of radiological half-life of curium isotopes. The ratio of the
amount of ECF to that of the total water in the bones was presumed to be
identical to that in the total body. « and § indicate the kind of radiations emit-
ted from curium isotopes.
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b) calculated under the current ICRP assumption also are given. It is seen from Table 3 that
the components b) for the trabecular and cortical bones evaluated by the current ICRP as-
sumption are 1.1-2.6 and 1.7-4.0 times overestimated. However, as described above, the

Table 3 A fraction (U,) of the transformations in the transfer com-
partment (= component b)) for the liver, trabecular bone
and cortical bone

Transfer compartment

Organ
ECF assumption ICRP assumption
Liver 0.0246 X Utransfer 0.0257 X Utransfer
Trabecular 0.0055 X Utrans/n 0.0143 X U"ansjn
bone (0.01 28 X Utrans/ar)b
Cortical 00143 x Utmnsfgr 0.0571 X U;mns/n
bone

(0.0333 X U, ransser)

a The number of transformations in the transfer compartment. This
number is identical in both the transfer compartments, because the
half-time of disappearance of curium from both the transfer com-
partments is assumed to be identical.

b The value in bracket shows the component b) calculated under the
presumption that the total water in the bones is ECF.
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Fig. 7(b) The ratio of radiation dose evaluated under the current ICRP assumption to that
evaluated under the assumption that the actual site of transfer compartment is
ECF, as a function of radiological half-life of curium isotopes. The total water in
the bones was presumed to be ECF. a and f indicate the kind of radiations emit-
ted from curium isotopes.
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radiation dose to organs is not only from component b), but also from component a). There-
fore, the degree of overestimation must be examined by the radiation dose evaluated. The
radiation doses from curium to bone surface, bone marrow and liver following a unit uptake
were calculated!?), as a function of radiological half-life of curium isotopes, under the current
ICRP assumption and under the assumption that the actual site of transfer compartment is
ECF, in which curium isotopes were assumed to emit « or § particle only and have no daugh-
ters. Ratio of the former to the latter is shown in Figs. 7(a) and (b). It is seen from the Figs.
7(a} and (b) that the radiation doses to bone surface or red bone marrow from short-lived
curium isotopes evaluated under the current ICRP assumption are overestimated even under
the unlikely presumption that the total water in the bones is ECF. These results show that
difference of the radiation doses to these organs from short-lived curium isotopes evaluated
under both the assumptions cannot be neglected.

The ratio between the radiation doses evaluated under the two assumptions, shown in
Fig. 7, was calculated for the isotopes of curium. However, it also is valid for all the other

100
o 20_
{0 f 10 x"
s 2N
0 AN
8 E ) ¢\
5 | | -
5 - 2}
.LI_.I> I 1 J
= L 0 of 02 03
= : o
L [
o R
— R
= i x
O
o - PLASMA
(T
Q
O
- b
i &
O'010 { 2 3 4 5 6 7 8

DAYS AFTER INJECTION

Fig. 8 The contents of mixture of 2*2Cm and 2*®Pu in the plasma following
an intravenous injection of mixture of 242Cm and ?38Pu citrate to the
rat (open circle). Mean values and standard errors for groups of four
to five animals. For the mark, X, see the text.
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transuranium elements whose IDS are ECF. As mentioned before, there has been no approach
to identify the IDS of any radioelement including non-transuranium elements. It is hoped
that the IDS of a radioelement whose short-lived isotopes are practically more important
than those of curium will be identified.

3.1.2 Mixture of Curium and Plutonium

The contents of mixture of 2*2Cm and 2°8Pu in the plasma, liver, skeleton and kidneys
following an intravenous injection of mixture of 2*2Cm (85%) and 2®Pu (15%) citrate to the
rat are shown in Figs. 8 and 9. The disappearance of the mixture from the plasma is slower
than that of the 2*2Cm. For example, the plasma retentions of the mixture and the 2*2Cm
at 1.5 hours (= 0.063 days) postinjection are 5.1 and 0.69% of injected dose, and those at
2 days postinjection are 0.25 and 0.026% of injected dose, respectively. Furthermore, the
deposition of the mixture in the skeleton is somewhat larger but that in the liver is somewhat
smaller than those of the *2Cm. However, such different metabolism of the mixture from
that of the 22Cm can be expected, because curium and plutonium behave in the body fairly
differently. Volf studied*®) the plasma clearance and organ deposition of intravenously in-
jected 23%Pu citrate in the rat, in the same laboratory as the present experiment was performed.
The experimental conditions, except for the kind of radionuclide, were identical to the present
ones. Assuming that 15% of the total activity of the mixture was metabolized like the 23°Pu
in Volf’s study and the remaining 85% activity was metabolized like the ?*2Cm mentioned
above, the amounts of mixture in the plasma, liver, skeleton and kidneys following an intra-
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Fig. 9 The contents of mixture of 242Cm and 23®Pu in the liver, skeleton and
kidneys following an intravenous injection of mixture of 242Cm and
238py citrate to the rat (open marks). Mean values and standard errors
for groups of four to five animals. For the mark, X, see the text.
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venous injection were calculated. The results are shown in Figs. 8 and 9 by the mark, X. It
can be seen from the figures that the calculated values agree fairly well with the observed
ones. This result indicates that the curium and plutonium injected intravenously as mixture
behaved in the body independently. Although detailed comparison of the experimental values
with the calculated ones shows that the former are somewhat smaller in the plasma and liver,
and somewhat larger in the skeleton than the latter, this also is a reasonable result, because
the retention of lanthanide or actinide element in the plasma and liver tends to decrease and
that in the skeleton tends to increase as the mass of the element adminstered decreases®”:48:49),
The amounts of plutonium administered in the present observation and Volf’'s one were
1.4 X 107% and 24 ug per kg body weight, respectively.

According to Nenot et al.2%) | the retention of actinide elements in the lung after the
inhalation of mixture of insoluble actinide elements is influenced by the species present in
greatest mass and its chemical form. However, it is not surprising that the characteristic of the
behavior of insoluble actinide elements deposited in the lung is different from that of soluble
actinide elements incorporated into the blood. The present result gives a support for the ICRP
assumption that the radionuclides incorporated into the body as mixture behave there inde-
pendently.

3.2 Removal with DTPA

3.2.1 Curium
Nenot et al.'®) studied the effect of intramuscular injection of CaDTPA on the organ
retention of intramuscularly injected 2*2Cm (nitrate) in the rat. The purpose of their study

Table 4 The effect of the time-interval between 242Cm injection (intravenous) and
DTPA administration (intraperitoneal) on the retention of 2*2Cm in the
organs of the rat

Time of Number Percent of injected dose®
Treatment
treatment of rats Skeleton Liver Kidneys
NaCl 10 23.1+0.7 382%1.5 0.65 £0.04
1.5 min CaDTPA S 49+0.3 4.7 0.7 0.16 £0.02
ZnDTPA 4 8.810.8 10.2+1.5 0.21 £0.003
b CaDTPA 4 14.1 £0.6 125%+1.0 0.33 £0.03
1.5 hr ZnDTPA 4 172408 169+08  0.38%0.03
NaCl 10 22.1£0.8 333%1.7 0.59 +£0.03
1 day CaDTPA 4 18.9+0.8 17.4 0.9 0.51 £0.03
ZnDTPA 5 188 1.1 15319 0.38 £0.02
NaCl 5 20.8 £0.6 222%1.6 0.48 £ 0.04
2 days CaDTPA 5 144 0.7 94*1.1 0.35+£0.03
ZnDTPA 5 15.8+0.4 104 £ 0.6 0.36 £ 0.02
NaCl 5 18.0+0.2 21919 0.51 £0.03
3 days CaDTPA 5 16.0 £ 0.8 10.6 £ 0.8 0.39£0.03
ZnDTPA 5 15.8£0.7 11.7+0.7 0.38 £0.03
NaCl 5 22.0*x0.6 26.9+0.5 0.59 £ 0.02
4 days CaDTPA 5 18.8 £ 0.6 12.5%0.5 0.40 £0.01
ZnDTPA 5 21.2+0.8 16.3%1.5 0.38 £0.01

a Mean values and standard errors. The rats were sacrificed 7 days after DTPA
administration.

b The rats treated with DTPA at 1.5 min and 1.5 hr after the 22Cm injection
were sacrificed on the same day and a common NaCl-treated control group
was used with these two groups.
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was to test the effectiveness of DTPA for removing 2*2Cm contamination due to a wound.
It was verified by their study that the ?*Cm in the body could be removed with DTPA.
Seidel et al.'”) studied the effect of treatment of CaDTPA or ZnDTPA on the retention of
intravenously injected ?*2Cm (citrate) in the rat, and found that the effectiveness of both
the chelates to decrease the 2*2Cm retention was virtually identical. However, their study was
performed only in delayed treatment and only with a high DTPA dose (1 mmole/kg body
weight). In order to determine a reasonable method of DTPA administration for removing
curium from the body, further study must be performed.

The effect of the time interval between the 2*Cm injection (intravenous) and DTPA
administration (intraperitoneal) on the retention of 242Cm in the organs of the rat (Experi-
ment A) is shown in Table 4. Furthermore, these data have been expressed as percentage of
the corresponding controls and plotted in Fig. 10. As shown in Table 4 and Fig. 10, the
retention of 2*2Cm in all the organs observed was decreased by administration of DTPA.
However, the effect of DTPA to decrease the organ retention of 2*2Cm decreased rapidly
as the time interval between *2Cm injection and DTPA administration increased. Using
21Am, a chemically analogous element to curium, Seidel observed3® the similar decrease
of DTPA effectiveness with increasing time interval between the radionuclide and DTPA
injection. The rapid fall of effectiveness of DTPA with increasing time interval is, as pointed
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out3® for 2'Am by Seidel, clearly associated with the rapid clearance of **2Cm from the
plasma or ECF mentioned in Section 3.1.1. According to Bohne et al.* | the virtual dis-
tribution of systemically injected DTPA is restricted in the ECF. Furthermore, the curium
deposited in organ cells is in a bound state’®), which is supposed to be more resistant to
DTPA action than that in the ECF. However, the 242Cm removed with DTPA is not only that
remaining in the ECF when the DTPA is administered. Namely, some part of the **Cm
already deposited in the cells of the organs when the DTPA is administered is also removed
with DTPA. This can be seen from the fact that the amounts of 2*2Cm removed from the
skeleton and liver with the DTPA injected, for example, 1 day after 2*2Cm injection were
3.2-3.3 and 15.9-18.0% of dose, respectively, in total 19.1-21.3% of dose (see Table 4),
while at this time less than 1% of the ?*2Cm injected remained in the ECF (see 3.1.1 (2)).
The removal with DTPA of the 2*2Cm already deposited in the organ cells will be probably
caused?!:39 by the disturbance with DTPA of equilibrium of distribution of ?*2Cm between
the organ cell and the ECF. However, some authors considered®!:52-53) that removal with
DTPA of plutonium deposited in the liver was brought about by penetration of a small frac-
tion of DTPA into the liver cell. The fact that the amount of plutonium removed with DTPA
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from the liver is equal to that excreted via bile®® supports this idea. The curium also may be
removed from the liver by such a mechamism. As shown later, the slope of the dose-effective-
ness curves for the liver is far steeper than that for the other organs (see Figs. 11 and 12).
The mechanism of removal of *2Cm with DTPA from the liver seems to be different from
that from the other organs.

As shown in Fig. 10, effectiveness of Ca- and ZnDTPA was virtually identical when
administered later than 1 day after 2*>Cm injection. However, when the DTPA was adminis-
tered earlier than this time, effectiveness of CaDTPA was greater than that of ZnDTPA.

According to Schubert®s), the effectiveness of a chelating agent (Ca or Zn salt) to remove
a radiometal from the body, E, can be expressed by the following formula:

ML) K (L
(M) K:’;; (M, )
where (M,) = Concentration of a radiometal in the plasma or ECF,
(M,L) = Concentration of a radiometal chelate in the plasma or ECF,

(L)toet = Total concentration of a chelating agent in the plasma or ECF,
(M;) = Concentration of Ca or Zn ion in the plasma or ECF,

KZi . = Stability constant of a radiometal chelate,

K :ZL = Stability constant of Ca or Zn chelate.
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Fig. 12 The effect of the amount of DTPA administered on the retention
of 2*2Cm in the liver of the rat. The 2*2Cm retention by control rats
on days 7 and 8 was 38.2%1.5 and 33.3%1.7, respectively (means +
standard errors from 9 and 10 animals). See also the caption of
Fig. 11.
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The values relevant to the present case are as follows. The stability constants of Ca- and
ZnDTPA, K%orra and KZiprea , are 101 56) and 1018 56) respectively, and the concentration
of calcium ion in the plasma is ~1073 mole/257). If the same amounts of Ca- and ZnDTPA
respectively are administered, the total concentrations in the plasma or ECF of the two are
the same, because their behaviors in the body are the same**:58). The values mentioned above
mean that the concentration of Zn ion in the plasma must be equal to 107°® moles/% for the
effectiveness of ZnDTPA to be equal to that of CaDTPA. The Zn ion concentration in the
plasma can not be found in the literature. However, such an extremely low concentration
of Zn ion in the plasma is very unlikely when the relatively high total (= free and protein-
bound) concentration of Zn in the plasma, 1-2 X 1075 mole/%%9), is taken into account.
Therefore, the superiority of CaDTPA to ZnDTPA observed in the early treatment is not
a surprising result. The reason why the difference in the effectiveness of both the chelates
disappears when the administration is delayed is not yet known. However, according to
Seidel®® who, using 2*! Am, obtained the similar result to the present one, this phenomenon
is due to a “saturation’ effect. He states ““... in the case of rather low plasma concentration
of 2'Am, i.e. > 1 day, and with a high surplus of the chelate, the mobilized fraction of ?*! Am
will already be chelated by low DTPA dose. Thus, an increase in dosage does not lead to a
correspondingly higher effect (see Figs. 11 and 12). Likewise, difference in the effectiveness
of different chelates may be abolished. Such a ‘‘saturation” effect ...””3®). His idea is based
on the fact that the decrease of the slope of the dose-effect curves resulting from delayed
treatment (see Figs. 11 and 12) is paralleled by a corresponding decrease of the relative effec-
tiveness of CaDTPA to ZnDTPA. Mays et al., who studied the comparative effectiveness of
Ca- and ZnDTPA in removing *!'Am from the dog more recently than the present DTPA
study®’ was performed, proposed®®) another explanation for the similarity of effectiveness
of Ca- and ZnDTPA in delayed treatment. They say ‘... cells can engulf extracellular material
and fluid by the process of pinocytosis. Pinocytosis occurs in all cells, ... . Once inside the
cell, the DTPA may remain for days. This gives abundant time for the calcium in CaDTPA
to be replaced by other metals, such as zinc, and this may account for the similarity in effec-
tiveness of CaDTPA and ZnDTPA ...”5¥. Although the real reason is not yet known, this
result, firstly found by Seidel on *!Am in rats, has an important practical meaning for the
removal of 2*2Cm from the body, too, because, except the first CaDTPA administered within
a day after **2Cm incorporation all the other CaDTPA administered thereafter can be re-
placed by the less toxic ZnDTPA without decrease of the effectiveness.

The effect of the amount of DTPA on the retention of 22Cm in the organs of the rat
is shown in Figs. 11 and 12. Calcium or zinc salt of DTPA was injected 1.5 minutes (full line)
or 24 hours (dashed line) after 2*2Cm injection. The contents of 22Cm in all the organs de-
creased as the amount of DTPA increased, although the amount of decrease depended on the
organ studied and on the time of chelate treatment. The relationships between the amounts
of chelate administered and those of the ?*2Cm retained in the organs can be fitted by a power
function, and in all the organs observed, the slope of the curves in delayed treatment was
less steeper than that in prompt one. The idea of ‘‘saturation” effect proposed by Seidel is,
as mentioned above, based on this decrease of the slope of the dose-effect curve in delayed
treatment. Since there is no significant difference between the slopes of the curves obtained
for CaDTPA and ZnDTPA, the so-called relative potency?!) (i.e., the ratio of equally effective
ZnDTPA/CaDTPA molar quantities in removing 2*2Cm) at a specific time can be expressed
by a single value for the whole dose range studied (Table 5). It is notable that, irrespective of
the kind of chelate and time of treatment, the slopes of the curves characterizing the liver
retention are much steeper than those for the other two organs, suggesting, as described
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Table 5 Ratio of equally effective ZnDTPA and CaDTPA molar quantities
in removing 242Cm from the rat

Skeleton Liver Kidneys
9.5 2.3 11.9
ZnDTPA/CaDTPA?
(8.5-10.5) (1.7-3.3) (10.8-13.2)

a Calculation of the molar ratios is based on data presented in Figs. 11
and 12; values in bracket indicate the fiducial limits (P=0.05). Single
DTPA injections were administered 1.5 min after 242Cm citrate.

before, a peculiar mechanism of removal of 2*2Cm with DTPA from this organ.

The practical implications of the present experiment can be summarized as follows. The
effect of chelate therapy depends decisively on the time interval between 2*2Cm incorporation
and DTPA administration. Therefore, the treatment with DTPA of a person who has incor-
porated curium into the body should be initiated as early as possible. The relative potency
of Ca- and ZnDTPA indicates that early after incorporation of 2*2Cm approximately 10 times
the molar amount of DTPA would be necessary, when using ZnDTPA instead of CaDTPA, to
remove an equal fraction of 2*2Cm from the skeleton and kidneys, while about twice as much
ZnDTPA would be sufficient to remove **2Cm from the liver. However, the superiority of
CaDTPA to ZnDTPA is transient, and the effect of both the chelates in delayed treatment
is virtually identical, which suggest preferenital use of CaDTPA for the first treatment after
incorporation of 2*>Cm, while for the prolonged therapy CaDTPA should be replaced by the
less toxic ZnDTPA. Since the dependence of chelate effectiveness on the administered amount
is much more pronounced early after incorporation of 242Cm, the dose of the first CaDTPA
should be as high as possible within the range not producing its side effect.

3.2.2 Mixture of Curium and Plutonium

The effect of the amount of Ca- and ZnDTPA on the retention of mixture of 2*2Cm and
298Py in the organs of the rat is shown in Figs. 13 and 14. On the whole, the content of the
mixture in the skeleton after DTPA treatment was somewhat larger than that of the 242Cm
mentioned above and that in the liver was somewhat smaller than that of the 2*2Cm, reflecting
those in the control rats. However, difference of the organ contents of the mixture after Ca-
and ZnDTPA treatments was larger than that in the case of the %2Cm, as especially seen in
prompt treatment. Volf studied®® the effect of amount of Ca- and ZnDTPA on the organ
retention of 23°Pu in the rat, and found that the effectiveness of ZnDTPA administered 1.5
minutes after 23Pu intravenous injection in decreasing the organ contents of 23Pu was much
smaller than that of CaDTPA. Furthermore, according to his results, the relationship between
the amount of chelate and the content of 2**Pu in the liver and skeleton could not be fitted by
a power function. The results obtained in the present experiment, therefore, can be expected if
it is assumed that the 2*®Pu contained in the mixture responded to DTPA as 23°Pu. Assuming
that 15% of the total activity of the mixture responded to DTPA like the #*°Pu in Volf’s study
and the remaining 85% activity like the 2*2Cm mentioned above, the amounts of mixture in
the liver, skeleton and kidneys after the prompt DTPA treatment were calculated, and plotted
by the mark, X, in Figs. 13 and 14. The values calculated agree well with those observed,
except those in the liver. This indicates that curium and plutonium responded to DTPA
independently. The reason why the observed contents of mixture in the liver was somewhat
smaller than that of the calculated ones might be explained by the assumption that the smaller
mass of actinide element tends to be more easily removed from the liver with DTPA than the
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larger one, as shown for a chemically similar lanthanide element®?+48). As described before, the
ratio of the amount of plutonium injected in Volf’s experiment to that in the present one is
ca. 1700.

In the foregoing experiments, the effect of singly administered DTPA on the organ reten-
tion of 2*2Cm or mixture of 2*2Cm and 2*8Pu was studied. However, in the actual treatment of
contaminated person with DTPA, the drug is repeatedly administered to obtain as large effect
as possible. As already described, the results obtained on ?**Cm in the present experiment
that the difference of effectiveness of Ca- and ZnDTPA disappears when the treatment is
delayed are practically very important, because all the CaDTPA administered for the treatment
of curium-contaminated person can be replaced by the less toxic ZnDTPA except that adminis-
tered on the first day. However, when the delayed treatment is repeated, whether the decrease
of 22Cm content of the organ by treatment with ZnDTPA is really identical with that with
CaDTPA has not yet been confirmed. In experiment D), the comparative effectiveness of Ca-
and ZnDTPA in removing mixture of 2*2Cm and #*%Pu from the rat organs after the delayed
and multiple administration of the chelates was studied. Three groups of rats were intra-
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Fig. 13 The effect of the amount of DTPA administered on the retention of
mixture of 2*2Cm and 23%Pu in the skeleton and kidneys of the rat.
DTPAs were injected either 1.5 minutes (full line) or 24 hours
(dashed line) after 2420 citrate. Rats were sacrificed 7 days after
DTPA administration. Mean values and standard errors for groups
of four to five animals (for the sake of clarity, one-tailed standard
errors are presented). The mixture retention in the skeleton of con-
trol rats on days 7 and 8 was 30.4£0.7 and 29.0%1.0, respectively,
that in the kidneys was 0.71+0.04 and 0.63+0.03, respectively
(means * standard errors from 25 and 10 animals). For the mark,
X, see the text.
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peritoneally administered saline, CaDTPA or ZnDTPA, 6 times, once a week, starting at
4 days after intravenous injection of mixture of 2*2Cm and 2**Pu citrate to the rat, and the
contents of the mixture in the skeleton, liver and kidneys 7 days after the last DTPA adminis-
tration, namely, at 46 days after the intravenous injection of mixture of 2*2Cm and 23%Pu,
were determined. The results are shown in Table 6. The contents of mixture of 2*2Cm and
8Py in the organs observed were clearly decreased by the multiple administration of Ca- or
ZnDTPA. The ratios of the contents in the liver, skeleton and kidneys to the corresponding
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Fig. 14 The effect of the amount of DTPA administered on the retention
of mixture of 2*2Cm and 23®Pu in the liver of the rat. The mixture
retention by control rats on days 7 and 8 was 31.9+0.6 and 30.5%
1.0, respectively (mean * standard errors from 25 and 10 animals).
See also the caption of Fig. 13.

Table 6 The effect of delayed and repeated administration of Ca- or
ZnDTPA on the retention of mixture of 2*2Cm and 23%Pu in
the organs of the rat

Number Percent of injected dose?
Treatment
of rats Skeleton Liver Kidneys
NaCl 6 27.6%1.1 3.27+£0.37 0.28 £0.02
CaDTPA 7 17.8 £ 0.8 0.72 £0.08 0.15 £0.02
ZnDTPA 7 18.7+0.4 0.73 £0.04 0.11 £0.01

a Mean values and standard errors. The rats were sacrificed 7 days after
the last DTPA administration, namely, 46 days after the injection of
mixture of 242Cm and 38Pu.
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control values are 0.22 + 0.04, 0.65 £0.04 and 0.54 £ 0.08 with CaDTPA, and 0.22 + 0.03,
0.68 £ 0.03 and 0.39 + 0.05 with ZnDTPA, respectively. In order to compare the effectiveness
of Ca- and ZnDTPA, significance of difference of the contents of mixture in the organs after
Ca- and ZnDTPA treatment was tested by t-test, and it was proved that the difference is
insignificant (p = 0.05). These results show that the effectiveness of Ca- and ZnDTPA to
remove the mixture of 2*2Cm and 2*8Pu from the rat organs is identical when the agents are
multiply administered in delayed time.
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4. Conclusion

(Metabolism)
(1) The ?*2Cm injected intravenously to the rat as citrate disappeared from the circulation
very rapidly and deposited mainly in the liver and skeleton. The amounts of deposition to
these organs were about 60 and 20-25 percent of injected dose, respectively. Although the
contents of #*2Cm deposited in the skeleton did not decrease during the observation period
(16 days), that in the liver decreased with a half-time of 9.5 days. These data agreed fairly
well with those obtained by other authors who intravenously injected curium to the rat as
chloride or nitrate, and who intramuscularly injected curium chloride to the rat (absorbed
fraction).
(2) The relationship between the disappearance from the plasma and the accumulation in
the liver or skeleton of intravenously injected 2*2Cm citrate was well described by a kinetic
model assuming that the intravenously injected curium citrate distributes homogeneously
throughout the whole ECF in the body shortly after the injection, and that a constant fraction
of the rate of loss of curium from the ECF is taken up by the organ. From this result, the
initial distribution space (IDS), or the actual site of transfer compartment used for dose
calculation in the ICRP Publ. 30, of curium was identified as the ECF.
(3) The calculation showed that the difference between the radiation dose to bone surface
or red bone marrow from short-lived curium isotopes evaluated under the current ICRP
assumption, on one hand, and the same radiation dose, evaluated under the assumption that
the actual site of transfer compartment is ECF, on the other, is not negligible.
(4) The ?*2Cm and 2*®Pu injected intravenously to the rat as mixture were metabolized in
the body independently.

(Removal)
(1) The effectiveness of Ca- and ZnDTPA to remove the 22Cm from the rat decreased
rapidly as the time interval between 2*2Cm injection and DTPA administration increased.
(2) When DTPA was administered early (within 1 day after *2Cm injection), CaDTPA was
superior to ZnDTPA in effectiveness of decreasing *2Cm from the organs, but when the
administration was delayed (after 1 day after 2*2Cm injection), the effectiveness of both the
chelates was virtually identical.
(3) The retention of ?*2Cm in the organs decreased as the amount of DTPA administered
increased. The slope of the dose-effectiveness curve in the early treatment was steeper than
that in the delayed one.
(4) The results mentioned above show that, 1) the DTPA-treatment of a person who has
incorporated curium into the body should be started as early as possible, 2) the first single
prompt DTPA should be administered as Ca salt, and the following multiple delayed DTPA,
as the less toxic Zn salt, 3) the dose of first CaDTPA should be as large as possible within
the range not producing its side effect.
(5) The *2Cm and 2**Pu injected intravenously to the rat as mixture were removed from
the body with DTPA independently.
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Appendix

1. Estimation of f for the liver and skeleton

(1) friver

The content of ECF in the liver of the rat is 24.6% of the organ weight*®). In the present
experiment, when the dissection was made, 3-5 mQ of the blood were drawn from the body
and undetermined amount of blood was lost from the liver by washing with saline. Therefore,
this loss of ECF from the liver must be corrected. According to Durbin et al.%®), the plasma
content of the rat liver is 0.188 m&/g. If it is assumed that half the plasma of the liver was
lost by dissection,
~(0.246 -0.188x0.5) <8.28

190 % 0.223
where 8.28 and 190 are the average weights (g) of the liver and the total body of the present
rats, and 0.223 is a content of ECF in the total body of the present rats**).

(2) Foreteton :

Data on the amount of ECF in the skeleton can not be found in the literature. However,
the total water content of the fresh femur (bone + bone marrow) of the rat is 34.6%%% . If
the ratio of the amount of ECF to the amount of total water in the femur is assumed to be
identical to that (18000/42000 = 0.43) in the total body of reference man?®), the content
of ECF in the femur becomes 14.9%. The weight of the whole skeleton of the present rat was
estimated to be 15.5 g by multiplying 190 g (the total body weight of the present rat) by
the ratio of the weight of skeleton (20.4 g) to the total body weight (250 g) of S-D rats®3:65) .
On these assumptions,

©15.5x0.149
fskeleton' 190 x 02““23 = 0.055 .

Stiver = —0.030

2. Estimation of R(t) for the liver and skeleton

(1) R(t)iiver

The determination of true R(f)iiyer is very difficult. In the present study, as in the case
by Hollins and Storr, it was estimated from the descending part of the 2*2Cm retention curve
for the organ after intravenous injection. If the retention of a radionuclide in the cells of the
organ is long enough as compared with that in the ECF, the value of R(z) estimated in this
way will be a reasonable one.

The liver content of curium from 0.5 to 16 days postinjection decreased with time
single-exponentially with a half-time of 9.5 days, where the half-time was calculated by the
least-squares method. The retention of a single instantaneous uptake of unit amount of curium
in the cells of the liver was assumed as

R (t>llver - e‘(0.693/9.5)1'
(2) RW)skereton

The amount of curium once deposited in the skeleton did not decrease during the whole
experimental period. Consequently, R (#)skereron Was assumed as 1.



