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DEClASS'F~ED 

STUDIES OF THE METABOLISM OF 
CERTAIN FISSION PRODUGrS AND PLUTONIUM 

A. Introduction 

The use of radiation and radioactive materials presents a major 

medical hazard. The many disasters accompanying the medical use of x-radiation 

by radiologists has shown the seriousness of this problem. The development 

of bone tumors, hemopoietic injuries, and the deaths of many workers in the 

~adium dial industr.y ver.y early demonstrated the extreme dangers of even 

minute amounts of internal~ deposited radioactive elements. 

With the advent of the chain-reacting pile and other tools of nuclear 

p~sics, the dangers from radiation and radioactive materials has been multi-

plied many-fold. The use of fission products and other radioisotopes in 

numerous laboratories and scientific institutions widens the range of exposure. 

In addition, the prospect of the wartime use of atomic projectiles on whole 

populations would alone merit the most intensive medical research on the 

problem. 

The internal deposition of small amounts of radium, plutonium, and 

the radioactive fission products has been shown qy Bloom et al (1) to lead 

to degenerative and neoplastic cellular changes. The development of proce-

dures to remove these deposited elements would aid in preventing many of 

the chronic toxic effects due to their retention in animal tissues. 

This paper reports on the results of a stuqy of the metabolism of 

the radioactive fission products, cerium, columbium, strontium, yttrium, 

and zirconium, and of the fissionable transuranic element, plutonium. All 

of these metals have in common the property of being deposited and fixed 

in skeletal tissues. 



The value of the sulfhydryl comppunds, qysteine and 2,3-dimercapto= 
• • 

propanol, and of parathormone, in the therapeutic decontamination of internally· 

deposited radioelements, has been investigated. Further, the use of massive 

doses of zirconium citrate has_ been shown to have promising possibilities as 

a therapeutic agento A study of the effects of this preparation upon the 

kinetics of deposition and the blood levels of the several radioisotopes has 

been madeo 
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B • Historical Survey 

A short survey of some of the metabolic relationships of the elements, 

cerium, columbium, plutonium, strontium, yttrium, and zirconium is presented. 

While the results of internally deposited radium have not been investigated 

in these experiments, they have been extensively studied by others. Because 

so much is known of its biological effects, it has been included in this 

historical survey. 

1. Alkaline earth elements: 

(a) Radium 

Radium 226 has a half-life of 1590 years, and decays with the emission 

of alpha particles of 4.8 Mev energy, and a gamma ray of 0.2 Mev energy. Its 

dec~ products have half-lives ranging from 22.2 years to 10-6 seconds, with 

alpha particle energies as high as 7.7 Mev, beta particles of 3.2 Mev maximum 

energy, and gamma rays of.l.8 Mev (2). 

Radium is analogous to calcium in its metabolic behavior. Like 

calcium, radium deposits main~ in the skeleton, with only small amounts 

found in the soft tissues (3-7). The pattern of radium distribution in 

bone has been demonstrated by radioautographic techniques (1,8-12). It is 

initially deposited in the bone trabeculae, and then gradually transfers to 

the cortex until an even distribution throughout the bone is attained. 

Radium is excreted primarily_ by way of the digestive tract (8,13-15). 

Up to sixty five percent of an injected dose of radium is eliminated within 

the first week. Following·this high initial rate, however, the daily ex

Cl~tion falls to about 0.005 percent of the amount remaining in the bones 

(5,15-20). A recent study of the metabolism of radium by Norris and 

Kieseleski (20) has shown a relatively high specific activity in bone in the 

presence of a ve~ low blood activity. They concluded that the mechanism 
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of deposition of radi~ is of greater complexity than simple bone-blood 

exchange. 

In experimental animals, radium is found to produce lymphoid tissue 

damage, secondary anemia with evidence of both hyperplastic and aplastically 

altered bone marrow, bone necrosis, spontaneous fractures, and osteogenic 

sarcomata (1,5,1~,21,22). Metallic tubes impla~ted in the skeletal tissues --. ) 

of experimental animals produced osteogenic sarcomata at the sites of implan-

tation wit~Jn two years (23,24). 

Microgram quantities of internally deposited radium have produced 

toxic effects in humans. This was demonstrated by the hundreds of injuries 

and fatalities which occurred in workers in the radium dial industry (25). 

Several investigators (10,26-32) have made intensive studies of the skeletal 

tumors and necrosis produced in these tragic cases, as well as of the accom-

panying leucopenia, lymphocytosis, and osteomyelitis. The biological half-

time of ingested radium salts deposited in the skeleton is estimated to be 

about forty five years (33). 

The elimination of radium in human cases may be increased by a 

therapeutic treatment consisting of low calcium diet, mild acidosis, and 

injection of parathormone (8) but the net decrease of radium in the bones 

is negligible. 

(b) Strontium 

The alkaline earth element, strontium, is one of the major radioactive 

elements formed during the fission process (34). 

The metabolism of radiostrontium is similar to that of calcium and 

the other elements of its group. Radiostrontium rapidely concentrates in 

the skeleton (35,36). By the end of the first 24 hours the radioactivity 

per gram of the skeleton is about 100 times that of the soft tissues. The 

urinary excretion of radiostrontium drops rapidly after the first 24 hours. 
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Once deposited in the skeleton, .radiostrontium is ve~ slowly excreted, with 

a biological half-time estimated by Hamilton at over two hundred days (37)o 

In studies with ragiostrontium in pregnant and lactating animals 

(36,38,39) it was found that strontium, originally deposited in the skele

tons of the pregnant mice, migrated to the fetus during the last days of 

pregnancy. It also appeared in the milk of the lactating animals o 

The metabolism of strontium has been modified by a variety of 

diet~ and hormonal factors. The deposition of radiostrontium in the 

skeleton is markedly decreased in rickets. Vitamin D restores the normal 

uptake in rachitic animals, but appears to have no effect in normal animals 

(40,41). Both Vitamin D and phosphate promoted the absorption of strontium 

from the gut in rachitic animals (40,42). Parathormone injected prior to~ 

and at the time of injection of radiostrontium, decreased the skeletal 

retention of the element, and increased the urina~ excretion and amount 

present in the kidneys (43,44). Growth ho~mone did not appear to have any 

significant effect upon the deposition of radiostrontium in bone (45). 

Adult rats on a low calcium diet absorbed five times as much radiostrontium 

from the gut as did rats receiving a normal diet (46). Severe phosphorus 

deficiency caused a 3-fold reduction in the retention of strontium by the 

skeleton, associated with poor bone mineralization. 

Radiostrontium anct bone fracture healing have been used to study the 

factors influencing the mechanism of skeletal calcification (47,48)o In 

normal rats the callus underwent most active calcification from 8 to 16 days 

after fracture, with normal strength of the broken bones being regained by 

the 12th to 16th d~. In rats which were deficient in Vitamin A or D, 

calcification was impaired. The mechanism of the uptake of radiostrontium 

in normal adult, normal young, and rachitic young rats during the first hour 
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following intravenous injection has been studied by Jones and Copp (49)o 

Immediate uptake of strontium in the bones of the young normal and rachitic 

animals was greater than in the adult animals. The greatly increased renal 

clearances of strontium in the rachitic group suggested an effect of rickets 

upon tubular reabsorption of the element. On the basis of this work, Jones 

has suggested a hypothetical mechanism for bone calcification. He has pos

tulated an initial labile combination of the strontium in bone, followed by 

fixation as bone salt in normal animals. 

The localization of strontium in the areas of active bone formation 

has suggested its use for the radiation treatment of osteogenic sarcomata 

(50,51). However, such use of radiostrontium in therapy is restricted by 

the diffuse distribution and retention of this element in bone, with the 

danger of bone marrow depression and production of new bone tumors (1,39,44)o 

2. Other Fission Products (Cerium, Columbium, Yttrium, and Zirconium) and 

Plutonium 

'l'he elements cerium, columbium, plutonium, yttrium, and zirconium 

are aiso·deposited in bone. When internally administered, they are distri

buted in a pattern differing fro'm the alkaline earths, radium and strontiumo 

The latter localize in bone salt, with only traces in the soft tissues; 

on the other hand, cerium, columbium, plutonium, yttrium, and zirconium are 

also found in liver, spleen, and other soft tissues. They are all charac

terized by a high degree of deposition and retention in the skeletal tissues 

of animals. As much as sixty five percent of an administered dose of these 

elements is deposited in bone (37). With the exception of columbium, which 

has a skeletal half-time of 30 days, these elements have biological half-

times ranging from one to three years (37,46). The slow rate of elimination 

and the long half-lives present a potential health hazard from chronic irradia-
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tion of bone • 

The distribution of these elements in bone has been demonstrated by 

radioautographs (37 ,46) o The elements are deposited superficially in the 

endosteal and periosteal regions, and in the region of the trabeculae below 

the epiphyseal cartilage. The radioautographs of cerium showed, in addition, 

scattered areas or spots of radiocerium within the mineralized shaft itselfo 

These areas correspond to the regions of the small blood vessels in bone (37)o 

After rats had been treated with aerosols of radioisotopes of cerium, 

yttrium, and zirconium, from 15 to 30 percent of the material, originally 

deposited in the lungs, was transferred to the skeleton within 12 to 45 days 

following administration (52). The skeleton thus tends to become the site 

of final deposition. Injected radioyttrium and plutonium localized in the 

callus of fractured bone as early as the second day following the fracture, 

before calcification has commenced (47)o 

Cerium, plutonium, and yttrium share the common property of very 

low absorption from the digestive tract, and are excreted primarily in the 

feces (37). The metabolism of absorbed plutonium administered intramuscu

larly to ~ats in its three valence states did no~vary significantly (53)o 

Neither differences in valence state, nor the use of citrate as a complexing 

agent for tetravalent plutonium appeared to affect the amounts excreted in 

the urine and feces during the first thirty days following intravenous 

injection (54). The skeleton was a major site of deposition in all caseso 

Selective locali~ation of the several elements in organs other 

than bones has been studiedo Cerium tends to accumulate in the liver 

initially. This phenomenon is transient, however, and within two months, 

most of the radiocerium has shifted to the skeletono The uptake of colum

bium, plutonium, yttrium, and zirconium by the liver is relatively small (37)o 
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Colloidal preparations of columbium, yttrium, and zirconium have been shown 

to localize selectively in the bone marrow, liver, and spleen (55). This 

distribution suggests that such radiocolloid:f could be u~ed for therapeutic 

irradiation of these organs. 

The deposition and retention of the several radioelements has been 

proven to be very destructive to animal tissues, and particularly bone 

(1,56)o Deposited plutonium has been shown to be transmitted from female 

mice to both the fetuses and young {39). Injection of plutonium into the 

females appeared to decrease the number of litters produced, and increase 

the number of stillborn in each litter. 

TI1e use of low calcium diet, parathormone, ammonium citrate, severe 

phosphorous deficiency, and active bone growth had no significant effect 

upon the destribution or retention of internally deposited cerium, plutonium, 

and yttrium (46). 

The influence of large doses of sodium and zirconium citrates upon 

the metabolism of plutonium, strontium, thorium, and y~trium has been 

studied by Schubert (57-59). Over ni~ety percent_of,~he, ~irc;pniu~ a9-minh 

stered in this form is excreted by way of the urine within 24 hours. The 

urinary excretion of radioyttrium was increased by the early injection of 

massive amounts of zirconium citrate and the amount in the skeleton was 

reduced by a factor of 2.6. He found no significant changes in the yttrium 

content of the liver, spleen, kidneys, or feces. The urinary excretion of 

plutonium was increased 50-fold by zirconium injection, with corresponding 

decreases in the skeleton, liver, and other tissues., The_,zirqon:j_um cit;rate 

was most effective when given soon after the administration of the radio-

element. Late injections of zirconium produced some increase in the urinary 

excretion of plutonium, but did not significantly alter the amount deposited 
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in the skeleton. The increase in urinary excretion was apparently proper-

tional to the amount of zirconium given. Sodium citrate, on the other hand, 

produced only a slight transient increase in the urinary and fecal excretion. 

Zirconium citrate had no specific effect on either strontium or 

thorium metabolism, b~ond that associated with the citrate portion of the 

molecule. Early administration of zirconium or £odium citrate increased the 

urin~ excretion of both elements, and reduced the amount of thorium in the 

liver and soft tissues. Late administration of zirconium or citrate produced 

no significant changes in the metabolism of either strontium or thorium. 
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C. Plan of Research 

The purpose of this study has been to lnvestigate .,some aspects of 

the metabolism, in rats, of trace amounts of the radioactive fission pro

ducts cerium, columbium, strontium, yttrium, and zirconium, and of the 

transuranic element, plutonium. 

The level of these elements in the tissues has been determined 

at various times following injection. Studies were made of the effegts 

of various agents, including the sulfhyd~l compounds qysteine and 2,3-dimer

captopropanol, the parathyroid hormone, and the citrates of sodium and 

zirconium. 

A study has been made of some of the optimal conditions for the 

use of zirconium citrate as a decontaminating agent for these several 

elements • 
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D. Methods 

1. Animal Procedures: 

(a) Female rats of the Long-Evans strain* were used as experimental 

animals in all of these investigations. 

(b) The following standard stock diet* was used throughout the studies: 

Ground whole wheat 
Alfalfa leaf meal 
Fish meal 
Casein 
F;ish Oil 

(Vitamin A - 1000 units USP) 
(Vitamin D - 400 units AOAC) 

Sodium chloride 

2. Prepared Solutions: 
• 

68.5 % 
10.0 
10.0 

5.0 
5.0 

lo5 

(a) Sodium citrate: 10.0 and 12.5% (by weight) made up in distilled water. 

(b) Zirconium citrate (Sodium zirconeate); 

This solution was prepared in a manner similar to that outlined by 

Schubert (57). The procedure was as follows: For each 25 ml of final solu

tion, 2.000 grams of zirconyl chloride (ZROC12:6H2o) were dissolved in 

about three ml of distilled water. This solution was added slowly, with 

constant stirring, to 20 ml of a 12.5 percent sodium citrate solution. 

The cloudy precipitate of zirconium hydroxide that formed was rapidly dis-

solved by the excess of citrate, forming the citrate complex. The pH of 

this solution was approximately .3.0. This was adjusted to about 6.0 by the 

addition of concentrated NaOH, drop by drop. The resultant solution was made 

up to 25 ml with distilled water, and contained 25 mg of zirconium per ml. 

The citrate present was equivalent to that of a 10.0% sodium citrate solution. 

This solution, while somewhat hypertonic, was suitable for intraperitoneal 

injection. The animals suffered only a slight transient discomfort with 

its use. 

* Obtained from the Institute of Experimental Biology, University of 
California, Berkeley 4. 
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(c) Nembutal (Pentobarbital sodium); 

A solution of 20 rng nembutal per ml of isotonic saline was used. A 
.. 

200 gm rat required 0.5 ml of-this solution for 1-hour anesthesia. 

(d) Evipal (hexobarbital soluble); 

A solution of 100 mg evipal per ml of isotonic saline was used. A 

200 gm rat required 0.2 ml of this solution for 20-minute anesthesia. 

3. Injection Procedures: 

(a) Intravenous injection; 

The elements studied, except strontium, tend to be adsorbed upon 

the soft tissues and visce·ra at the site of intramuscular or intraperitoneal 

injection. To avoid this, the elements were injected intravenously in many 

of the experiments. These injections were made by one or more of the fol-

lowing routes: 

., 1. External jugular vein 
2. Anterior tibial vein 
3. Great saphenous vein 

The great saphenous vein was the most convenient point of injection. 

(b) Intramusc~ar injection; 

Intramuscular injection of plutonium or yttrium into the animals' 

forelegs was made in several of the studies. A considerable part of the 

dose frequently remained at the site of injection. To correct for this 

unabsorbed radioactivity, the injected leg and the contralateral leg were 

analyzed Separately. The value obtained from the contralateral leg was 

then subtracted from that for the injected leg. The difference obtained 

gave a measure of the amount of the radioelement retained at the injection 

site. 

4. Blood Sampling: 

(a) Blood samples were taken in connection with certain short-term 

kinetic studies of the several elements' metabolisms. As much as 5 ml of 
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blood was removed from each rat with a heparin-rinsed needle by cardiac 

puncture at the end of each time-study period. 

5. Excreta Collections: 

(a) Each experimental animal was housed in a separate metabolism cage. 

The floor of the cage consisted of a removable *2 mesh screen. Separation 

of the urine and feces was obtained in the following manner. Urine was 

collepted in a large circular porcelain Coors dish placed directly below 

the cage. A single, closely-fitting, piece of absorbent Kimpak pape~ 

placed on the bottom of the dish was sufficient to retain up to three days 

urin~· excretion from one rat. The entire urine-wetted paper could be 

conveniently removed for analysis. The feces were collected separately on 

a ~8 wire mesh screen interposed between the metabolism cage and the por-

celain dish. 

6. Radioactive Isotopes Used: 

Element IsotoEe Half-life Particle Energies 

Cerium celM. 275 days beta 0.35 Mev 

Columbium cb95 35 days beta 0 15 gamma 0.79 Mev 
• e= 0.75 Mev 

Plutonium Pu239 2.41 x lo4 years alpha 5.15 Mev 

Strontium Sr 89 53 days beta 1.50 Mev 
Sr90 25 years beta 0.61 Mev 

Yttrium :#:. y90 62 hours beta 2.35 Mev 

Zirconium z95 65 days beta 0.39, 1.00 Mev 
ganuna 0.73, 0.92 rfiev 

7. .Radioactivity Analysis: .. 
(a) The animal parts and excreta were dried and ashed at 650°C for ten 

hours. The analytical procedure used for the determination of plutonium 

was a standard method. very similar to that used by Scott et al. (52) • 

*Obtained from the Kimberly-Clark Corp., Neenah, Wisconsin. 

~The y90 used contained 0.05 micrograms of carrier Y as the nitrate. All 
other isotopes used were carrier-free. 
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The alpha radiations from the samples were counted bjr using a combination 

of ionization chamber, linear amplifier, variable scaling circuit, and me

chanical register. 

Isotopes with beta and/or gamma activity were dissolved in 2N HCl 

following the ashing. Aliquots up to 5 ml were placed in t oz. metal oint

ment capsules, and dried. The radioactivity was measured vdth a Geiger

Muller counter, using a standard bell-type tube with a thin mica window. 

Readings were corrected for self-absorption when necessa~. 
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E. Experiments 

I. Studies of the effects of the sulfbydryl compounds, cysteine and 2,3-

dimercaptopropanol (BAL), and of zirconium citrate, on the metabolism of. 

plutonium. 

(a) The effects of BAL on the metabolism of plutonium. 

Once plutonium is deposited in the body the rate of elimination is 

very low. Bloom (1) has shown. that such deposition, especially in the 

skeleton, can produce bone marrow destruction and bone tumors. Indeed, 

plutonium appears to be almost as toxic as radium, and the maximal per-

missible amount in the body has been set at 0.1 micrograms. 

BAL (2,3-dimercaptopropanol), a sulfhydryl compound, has been shown 

to be very effective in removing such metals as arsenic mercury, and polonium 
• 

( 60-62) which had been previously deposited in the body. Its efficacy ap-

pears to be dependent on its thiol groups. In this experiment, its effec-

tiveness was tested on plutonium. 

Eighteen young adult female rats, ranging in weight from 200 to 240 

gm, were each injected in the right front leg with 0.25 ml. of a solution 

containing 15 micrograms of Pu(VI), as the nitrate, at pH 6. The animals 

were separated into three groups. Group 1, consisting of 7 animals, was 

used as an untreated control group. Group 2 and 3, consisting of 5 animals 

each, received several injections each of 10 mgm of BAL in oil in the muscles 

of the hind legs. The animals of Gro~p 2 received a single injection of 

BAL 5 hours prior to the plutonium administration, and 9 injections of BAL 

spaced at 4-hour intervals thereafter. The animals in the third group 

received only the 9 injections of BAL following the plutonium injection. 

The animals all lost 5 to 6 gms in weight during the period of 

the experiment. The urine and feces collected were pooled for the individual 

animals for the periods 0-2 and 3-8 days following the injection of plutonium. 
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At the end of the e!ghth day-th.e I;Ulimals were sacrificed., _and tissuee and excreta 
. . . . . 

were analyzed. The results of this experiment are shmm in Tables I and II, 

and Figure 1. Table ~ shows the distribution of the plutonium, expressed 

as percent of the administered dose. About one-half of the element remained 

unabsorbed at the injection site in all 3 groups. The figures obtained for 

the various tissues and excreta showed no significant effects of the BAL 

trel:l,tment. 

In Table II the distribution is expressed as percentages of the plu-

tonium actually absorbed from the injection site. Here, as in Table I, the 

distribution of plutonium in all 3 groups does not differ significantly. 

Following an initially high urinary elimination, the excretion of plutonium 

falls to a very low level. The fecal excretion remains consistently low. 

There appears to be a slightly greater amount in the liver and kidneys of 

the animals trea.ted with BAL. In Group _3 the deposition of plutonium in the 

femur is somewhat lowered. These differences are not statistically signifi-

cant .• 

In Figure 1, the data of Table II are presented graphicl:llly to demon-

strate the similarity of plutonium metabolism in both untreated and treated 

animals. 

(b) The effects of cysteine upon th~; metabolism of plutonium 

It had been observed by Van Middlesworth (63) .that the sulfhydryl 

compound, cysteine, appeared to reduce the amount of plutonium absorbed from 

the injection site. 

To study this effect of cysteine, a group of 10 adult female rats, 

ranging in weight from 275 to 325 gm, were given daily intraperitoneal 

injections of 2 ml of a mixture of 33 mgm of cysteine hydrochloride and 17.5 

mgm of NaHC03, pH 5.6, for 3 day~ •' · One hour following the third injection 
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Table I .. 

The Effect of BAL {2~J~dimercaptopropanol) on the distribution and excretion of plutoniumo 

PART PERCENT OF DOSAGE* 

CONTROLS PRE=TRF..ATED POST= TREATED 

Liver 7 ol .!, 0 .,8** 8o0 !, LJ 8ol !, LJ 

Kidneys 0.,7!:. 0.,1 LJ !. 0.,6 0.,8 ! 0.,1 

Femur L8:!:. 0.,1 L5!: 0.,1 1..1 !:. 0.,3 

Carcass 35.,6:!:. 3 .. 0 27.,8.! 2 .. 5 JL8 !: 6 .. 5 

Unabsorbed in 
Injected Leg 4Jo5,! 2.,6 53.,0!: 5o0 48o4,! 5.,9 

Urine (0=2 day) 5 .. 5 :! 0.,8 J.,6 ! 0.,8 4o7!, lol 

(3=8 day) 0 .. 9! 0.,2 leO! 0.,2 Oo6 !, Ool 

'Iotal 6.,4! 0.,8 4o6! 0.,8 5.,3 .! L,J 

Feces (0=2 dey) 1 .. 3! 0 .. 3 0 .. 7 ! 0.,2 0.,7!:. O.,J 

(3=8 day) J.,6 !: 0.,6 3 .. 1 .! 0.,/+ . J.,8 ! 0.,8 

Total 4.,9 ! Oc4 3 .. 8!. 0.6 4.,5 !:, Ll 

* Values in this table have been adjusted to 100% recovery., The actual total recoveries approxi= 
mated 89=90 !, 6.,0 % .. in all groups.. Carcass values have been corrected for the plutonium present 
in the right front leg bone as separate from the amount retained in the injected muscle of that leg., 

** Standard error of the mean: 5.( 2 v~(x=x=)2m 
· n(n=l) 

"' 

~ 
1-' 
-.o 
0 
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Table II. 

The Effects of BAL (2,3-dimercaptopropanol) on the Distribution and Excretion of Plutonium 

Absorbed from the Injection Site. 

PART PERCENT OF DOSAGE* 

CONTROLS PRE-TREATED POST-TREATED 

Liver 12.6 .:!: 1.4 17.0!. 2.B 15.7.:!: 2.5 

Kidneys 1.2 .:!: 0.2 2.8 .:!: 1.3 1.5 !. 0.2 

Femur 3.2 .:!: 0.2 3.2 .:!: 0.2 2.1 .:!: 0.6 

Carcass 63.0 .:!: 5.3 59.1 !. 5.3 61.7.:!: 12.6 

Urine (0-2 day) 9.7.:!: 1.4 7.7!. 1.7 9.1.:!: 2.1 

(3-8 day) 1.6 !. 0.4 2.1 .:!: 0.4 1.2 .:!: 0.2 

Total . 11.3 .:!: 1.4 9.8!. 1.7 10.3 !. 2.5 

Feces (0-2 day) 2.3 .:!: 0.5 1.5 !. 0.4 1.3 .:!: 0.6 

(3-8 day) 6.4.:!: 1.1 6.6.:!: 0.8 7.4.:!: 1.5 

Total 8.7.:!: 0.7 8.1 !. 1.3 8.7!. 2.1 

* Values in this table are computed upon the amount of plutonium actually absorbed from the site of 
the injection. 
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FIGURE I THE EFFECTS OF INTENSIVE BAL TREATMENT ON THE DEPOSITION 
AND EXCRETION OF PLUTONIUM IN RATS 

~CONTROLS, NO SAL D PRE-TREATED WITH SAL ~ POST-TREATED WITH SAL 
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FIGURE 2 THE EFFECTS OF CYSTEINE ON THE 
DEPOSITION OF PLUTONIUM 

CYSTEINE TREATED ~ CONTROLS, UNTREATED 
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of qysteine, five of the rats were injected in the right front leg with 0.25 

m1 of a solution containing 15 micrograms of Pu(VI), as the nitrate, at pH 6 . 

to determine the effect of c.ysteine on its absorption from the site of 1 M. 

injection. The remaining 5 qysteine-treated rats were given an equal amount 

of f'll(VI) by intravenous injection into the external jugular vein. Two 

groups of 5 rats, untreated with qysteine, were correspondingly injected 

with the plutonium intramuscularly or intravenously to serve as controls. 

The treated animals were then given further 2-ml injections of the cysteine 

solution once daily for seven d~s, at the end of which time all animals 

were sacrificed and analyzed. 

The distribution of the plutonium in typical skeletal and soft tis-

sues is Shown in Table III and Figure 2. There appears to be no reduction 

in the amount of plutonium absorbed from the injection site, nor aqy signi-

ficant alteration in the tissue distribution, due to general qysteine 

administration. 

(c) The local effect of gysteine and zirconium citrate on absorption 

of plutonium from site of intramuscular injection 

Since .the sustained intraperitoneal injection of c,ysteine appeared 

to have no effect upon the distribution of plutonium, an experiment was 

undertaken to determine if a local excess of qysteine at the site of plu-. 

tonium injection might alter its distribution. In addition, since it had 

been shown that large amounts of zirconium citrate had a marked effect on 

the excretion of plutonium (57) a stuqy was made of the effects of the 

presence of zirconium citrate at the site of injection of plutonium. 

Five young adult female rats, ranging in weight from 150 to 170 

gm, were injected in the right front leg muscles with 0.5 m1 of a solution 

of zirconium citrate (FH 6), containing 12 mgm of zirconium. A second 
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Table III 

The Effects of Qysteine upon flutonium Distribution 

PERCENT OF DOSE* 

' CYSTEINE (Intramuscular) 0YSTEINE (Intravenous) 

CONTROLS TREATED CONTROLS TREATED 

Femur 1.8! 0.06 2.0 .:!: 0.3 2.2 ! 0.2 2.8 ! 0.2 

Liver 11.3 .:!: 2.0 9.4 ! 0.8 8.6 .:!: 0.8 8.3 ! 1.0 

R;ight Leg 16.1 + 1.1 - 15•2! 1.4 

Left Leg 2.5 ! 0.2 2.2 .: 0.2 

Site of Injecti9n 13.6 + 1.6 - 13.0!1.3 

* Values are presented as group means .:!:, the standard error of the mean. 



group of animals was injected with 0.5 ml of an aqueous solution containing 

80 mgm c.ysteine hydrochloride at pH 2.0. 15 minutes later these animals were 

injected at the same point in the right front leg with 0.25 ml of a solution 

containing 15 micrograms of Pu(VI), as the nitrate, at pH 6. Five additional 

untreated rats, injected in the same place with the plutonium solution alone, 

were used as controls. 

At the end of the eighth d~ following these injections, the animals 

were sacrificed. The tissues and excreta were analyzed for plutonium. 

The results of this experiment are shown }n Table IV and Figure l 

The zirconium pretreatment resulted in. a somewhat greater absorption of 

plutonium from the site of injection as compared to the control group. On 

the other hand, c.ysteine produced a considerable decrease in the absorption 

of plutonium from the injection site. 

2. studies of the effects of massive doses of zirconium citrate upon the. 

metabolism of cerium, columbium; plutonium, strontium, and yttrium. 

Schubert (57-59) reported ver,r significant increases in the urinar,y 

excretion and decreases in the skeletal deposition of plutonium, strontium, 

and yttrium in animals receiving prompt treatment with massive doses of 

zirconium citrate. Indeed, this appeared to be one of the most promising 

possibilities for decontamination. In the following experiments the effects 

of such treatment on the metabolisms of cerium, columbium, plutonium, stron

tium, and yttrium were compared. 

(a) Effect of massive doses of zirconium citrate on plutonium metabolism 

Three young adult female rats, ranging in weight from 180 to 200 gm, 

were each given single daily intraperitoneal injections of 1.0 m1 of zirconium 

. citrate, containing 25 mgm of zirconium, at pH 6, for 2 d~s. This amo~nted 

to approximately 132 mgm zirconium/kgm body weight/injection. Three hours 



Right·Leg 

Left Leg 

Table IV 

The Effects of Qystei~e and Zirconium Citrate 
Upon the Retention of Plutonium at the 

Site of Intramuscular Injection 

PERCENT OF DOSE* 

CONTROLS ZR-TREATED CYSTEINE-TREATED 

40.8 ! 6.4 27~8 + 5. 7 
'""! 

63.4! 6.3 

1.6.:!: 0.1 1.8 .:!: 0.2 1.~.:!: 0.5 

Site of Injection 39.2 .:!: 6,5 26.0.! 5.7 61.9 .:!: 6.6 

* Values are presented as grou:p means .! the standard error of the mean. 
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FIGURE 3 THE EFFECTS OF CYSTEINE AND ZIRCONIUM CITRATE ON THE RETEN
TION OF PLUTONIUM AT THE SITE OF INTRAMUSCULAR INJECTION 

~ CONTROLS, UNTREATED D CYSTEINE TREATED ~ ZIRCONIUM CITRATE TREATED 
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following the second injection of zirconium, the animals were injected in 

the right front leg with 0.25'm1;-0f a solution of 15 micrograms of Pu(VI), 

as the nitrate, at pH 6. Eighteen hours later another 25 mgm of zirconium 

was administered to these animals. Five untreated control animals were 

injected with the pl~tonium solution alone. 

The urine and feces collections were pooled for the individual 

animals for the periods o-2 days and 3-8 days following the administration 

of plutonium. At the end of the eighth day the animals were sacrificed 

and assayed. 

The results of the experiment are shown in Tables V and VI, and 

Figure 4. Table V shows the distribution of the injected plutonium, ex-

pressed as percent of the administered dose. About one fourth of the 

element remained unabsorbed at the injection site in both groups. The 

urinar,y excretion of the zirconium treated animals was increased seven-fold 

in the first 2 days as compared with the control animals. The total pluto-

nium excreted in the urine of the treated animals over the 8 day period was 

about seven times greater than the excretion of the controls. This increase 
") 

in urinary excretion of the element is reflected in greatly decreased amounts 

of plutonium in the carcass, femur, and kidneys. The total decrease of the 

plutonium in these organs was approximately equivalent to the enhanced urinary 

excretion. There was slightly less fecal excretion of plutonium in the 

treated animals. 

The data of Table VI show the distribution of plutonium eXpressed 

as percentages of the element absorbed from the injection site. Here, as in 

Table V, significant differences in the distribution and excretion of plu-

tonium are shown. The urinary excretion of the treated group is over seven 

times that of the control group. There is a corresponding lowering of the 
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Table V 

The Effects of Zirconium Citrate upon the Deposition 
and Excretion of Plutonium 

PERCENT OF DOSE* 

CONTROLS ZIRCONIUM CITRATE TREATED 

Liver 8.4.! 1.0 6.1 .! 0.6 

Kidneys 3.2! 0.7 0.6! 0.1 

Femur 2.2 .! 0.3 0.6! 0.2 

Carcass 51.3 ! 1.9 28.3! L8 

Urine 
{0-2 days) 3.7.! 0.4 27.6! 8.8 

{3-8 days) 0.7.! 0.04 2o9! Oo3 

Total 4o4! Oo4 30.5 .! 9.1 

Feces -
{0-2 days) 2.9 .! 0.6 2.6 ! 0.5 

{3-8 days) 6.2 .! 0.4 3.5,!0;.5 

Total 9.1 .! 0.8 6.1 ! 0.1 

Unabsorbed at 
Injection Site 21.4 .! 1.3 27.8.! 6.6 

* Values in this table have been adjusted to 100 % recovery. The actual 
total recoveries were 70 + 3.0 %. Carcass values have been corrected 
for the plutonium present-at the site of injection. All values are pre
~ented as group means ! the standard error of the mean. 
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Table VI 

The Effects 'of Zirconium Citrate upon the Distribution 
and Excretion of Plutonium Absorbed from Injection Site 

PERCENT OF DOSE* 

CONTROLS ZIRCONIUM CITRATE TREATED 

Liver 10.7! 1.3 8.5 ! 0.8 

I\idneys 4.1! 0.9. 0.8 ! 0.1 

Femur 2.8 ! 0.4 0.8! 0.3 

.Carcass 65.2 .! 2.4 39.2 ! 2.5 

Urine 
(0-2 days) 4.7! 0.5 38.2 .:!: 12.2 

(3-8 days) 0.9! 0.05 4.0.:!: '0.4 

Total 5.6_: 0.5 42.2! 12.6 

Feces 
(0-2 days) 3.7! 0.8 3.6 ! 0.7 

(3-8 days) 7.9! 0.5 4.9 ! 0.7 

Total 11.6! 1.0 8.5 ! 0.1 

* Values are presented as group means .! the standard error of the mean. 
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FIGURE 4 THE EFFECTS OF ZIRCONIUM CITRATE ON THE 
DEPOSITION AND EXCRETION OF PLUTONIUM 

. D CONTROLS, UNTREATED ~ ZIRCONIUM CITRATE TREATED 
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p+utonium levels in the carcass, femur, liver, and kidneys of the treated 

group. On the other hand, the effects of the zirconium citrate treatment 

are not as significant in the liver. The fecal excretion fell in the treated 

grou:p. 

In Figure 4, the data of Table VI are plotted to demonstrate graph-

ically the effects of zirconium citrate upon the deposition and excretion 

of plutonium. 

(b) EffeQt of massive doses of zirconium citrate on radioyttrium 

metabolism 

(1) The stuqy of the effects of massive doses of zirconium citrate 

was extended to the fission product, radioyttrium. 

Nineteen adult female rats of 225 to 250 grams weight were each 

given an injection in the muscles of the right front leg of Oo25 ml of a 

solution containing 25 microcuries of y9°, as the nitrate, at pH 6. Of 

these animals, 5 were given intraperitoneal injections of 40 mgm doses of 

zirconium as the citrate (pH 6.0) both at the time of yttrium administration 

and at 1 day following; 5 received a pretreatment with zirconium one day 

before, in addition to these two injections; and 4 received pretreatment 

with zirconium on the fourth, second, and first days before the yttrium 

administration in addition to the 2 injections afterwards. Each injection 

approximated 168 mgm zirconium/kgm boqy weight. The remaining 5 animals 

were used as untreated controls. 

At the end of the third day following the injection of Y
90 

the .. 
animals were sacrificed and analyzed. The results are shown in Tables VII 

and VIII, and Figure 5. 

The data indicate that the effects of the zirconium citrate on 

the metabolism of both yttrium and plutonium are similar. Table VII shows 

that up to one third of the administered yttrium was retained at the site 
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of the injection. However, there was a definite increase in absorption 

from the injection site in each of the treated groups as compared to the 

controls. The time of administration of the zirconium salt appeared to 

be an important factor in determining the effect upon the excretion of 

yttrium in the urine. Treatment vdth zirconium citrate both at and after 

the radioyttrium injection caused -a four-fold increase in the urinary ex-

cretion. Zirconium citrate given 24 hours before the administration of 

yttrium appeared to enhance this effect. The effect was actually diminished 

in the group which received three injections of zirconium citrate•before the 

radiqyttrium was given. The fecal excretion tended to decrease in the 
I 

treated groups. 

However, the total excretion of radioyttrium in earh treated 

group was much greater than in the controls. It ranged from 58.0 percent 

in the group receiving three injections to 46.1 percent in the group recei-

ving five injections, compared to the control value of 28.7 percent. The 

deposition of yttrium was reduced in the femur and carcass of the treated 

animals. 

These effects are more .clearly shown in Table VIII and Figure 51 

where the distribution and excretion has been calculated on the basis of 

.the amount of radioyttrium absorbed from the injection site. Treatment 

with zirconium at the time of radioyttriunl injection, and 24 hours later, 

increased the urinary excretion more than four-fold by the fecal excretion 

dropped. Use of an additional single pre-treatment 24 hours previous to 

. :the radioyttrium administration gave the same results. Additional pre-

treatments tended to shift the excretion from the urine to the feces. 

The urine then contained about three times the control value. The feces 

content was about equal to that in the controls. In all the treated groups 
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Table VII 

The Effects o~ Multiple !nject~ons of Zirconi~ Citrate 
on the Dist~ibu~ion and Excretion of Yttrium 

PERCENT OF DOSE* 

TISSUE; CONTROX.S 

Femur 

.Carcass 

Site of . 
Injection 

Urine 

Feces 

8.6!0.7 

20.1!,3.9 

Total 
Excretion 

0. 7!0.08 

.32 • .3!5.1 

.38 • .3!1.0. 

TWO INJECTIONS THREE INJECTIONS FIVE INJECTIONS 
ZIRCO~IUM CITRATE ZIRCONIUM CITRATE ZIRCONIUM CITRATE 

0.4!0.0.3 

18.1!1.6 

.32~.3,:!:0. 7 

46.1!1.2 

11.9+1.3 .... 

0.5_:!:0.02 

17.0!0.9 

0.5!0.04 

23.2!2.2 

30.2!2.2 

26.8_:!:5.6 

19 • .3!4-9 

58.0!1.7 46.1!1.7 

* Values in this table have been adjusted to 100 % recovery. 'l;':he actual 
total recoveries were 107.8!. .3.5. Values are presented as group means!. 
the standard error of the mean. 
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Table VIII 

The Effects of Multiple Injections of Zirconium Citrate 
on the Distribution and Excretion of Yttrium Absorbed from the Injection Site 

PERCENT OF DOSE.'* 

TWO INJECTIONS THREE INJECTIONS FIVE INJECTIONS 
TISSUE CONTROLS ZIRCONIUM CITRATE ZIRCONIUM CITRATE ZIRCONIUM CITRATE 

Fenmr 

Carcass 

Urine 13.9.!,1.1 

Feces 32.6!6.3 

Total 

1.1!0.1 

Excretion 46.5!7.1 

60.4.!,2.2 

.12.3!0.6 

0.6.!,0.04 

26.7.!,2.4 

0~7!0.03 

22.5!1.2 

0.7!0.06 

. 33.2!3.2 

72.7!1.9 

61.1!1.6 

15.7!1.7 

38.4,!8.0 

27. 7!7 .o 

66.1.!,2.4 

~ Values are presented as group means ! the standard error of the mean • 
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FiGURE 5 THE EFFECTS OF MULTIPLE INJECTIONS OF ZIRCONIUM CITRATE 
ON . THE DEPOSITION AND EXCRETION OF YTTRIUM 
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the radioyttrium in the carcass was reduced to about one-half of the value 

in the controls. The amount deposited in the femur was decreased. 

(2) The previous experiment showed that treatment with massive doses 

of zirconium citrate increased the excretion and lowered the deposition in 

the body of injected radioyttrium. It also indicated that the timing of 

the administration of the zirconium salt might be important. 

To determine the effect of these time relationships, nineteen adult 

female rats, ranging in weight from 200 to 225 gm, were each given an 

injection, by w~ of the great saphenous vein, of Oo25 ml of a solution 

containing 25 microcuries of r90
, as the nitrate, at pH 6. Of these animals, 

5 had been given an injection of 40 mg of zirconium, as the citrate, 48 hours 

previously. A second group of 5 rats was given 40 mg of zirconium simultan

eously with the yttrium administration ("simul-treatment"). A third group 

of 5 animals was given the zirconium 48 hours after the injection of radio

yttrium. The zirconium dose approximated 185 mg/kg body weight. The 

remaining 5 animals were used as untreated controls*. 

The urine and feces were collected from the individual animals 

daily until the third dq following the radioyttrium administration, when 

the animals were sacrificed and analyzed. 

The results of the analysis are shown in Table IX and Figure 6. 

The excretion of radioyttrium in the urine and feces of the pre-treated 

and post-treated animals did not var.y significantly from the controls. 

There were no significant changes in the amounts of radioyttrium deposited 

in the carcass, liver, kidneys, or femurs of these two groups. In contrast, 
I ~ 

the "simul-treated" anjma]s Showed ~ked effects of zirconium treatment. 

* To compare separately the effects of zirconium citrate and sodium citrate 
ion, 4 additional rats were given an intraperitoneal injection of 1.6 ml 
of 10 percent sodium citrate simultaneously with the yttrium. The results 
obtained are presented~in part (c) of this section. 
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The urinary ~xcretion was increased over seven-fold during the first day of 

the e~periment. It remained about equal to the controls for the next two 

days. The fecal excretion dropped slightly. 

The increased radioyttrium excretion in the simul-treated animals 

was reflected in the more than fifty percent reduction .of the radioyttrium 

in carcass and tissues. 

Figure 6, plotted ~rom the data in Table IX, illustrates the great 

effects of z~rcon~um citrate treatment given at the same time as the radio-

yttrium injection, as compared to the lack of effect when given 48 hours 

before or after. 

(c) Comparative effects of drconium citrate and sodium citrate on the 

metabolisms of cerium, columbium, Rlutonium, strontium, and yttrium 

To study the relative contribution of the citrate present, a comparison 
.. 

was made between the effects of zirconium citrate and that of an equivalent 

amount of sodium citrate. This stuqy was extended to radioisotopes of cerium, 

columbium, plutonium, and strontitim, as well as yttrium. For the study of 

each radioisotope, 15 adult female rats were used, ranging in weight from 

.300 to .325 gl!l. With the exception of radiostrontium (which was injected 

intraperitoneally) they were injected intravenously in the great saphenous 

vein with 0.25 ml of the radioisotope solution. For each radioisotope, 5 

animals received 40 mg of zirconium, as the citrate, in 1.6 m1 of solution 

at ~H 6 (equ~valent to approximately 125 mg/kg boqy weight); 5 animals re-

ceived 1.6 ml of a 10 percent solution of sodium citrate; and 5 animals 

remained untreated as a control group. Treatment was given at the same time 

as the injection of the radioisotopes. The following were the doses of 

radioisotopes given: 

(a) Cerium: 
. 144 144 

5.5 microcuries of Ce , in equilibrium with Pr , carrier-

. free, in isotonic saline at pH 6. 
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Table IX 

The Effects of the Time of Administration of 
Zirconium Citrate upon the Distribution and Excretion of y90 

PERCENT OF DOSE* 

CONTROLS PRE-TREATED SIMUL-TREATED POST-TREATED 

Femur 

Liver 

Kidneys 

Carcass 

Urine 1 8.8;!:0.5 

Urine 2 2.4,!0.2 

Urine 3 1 • .3,!0.1 

Total 

Feces 1 3.8_!0.4 

Feces 2 .3.5_!0.4 

Feces .3 2.4_!0;.3 

Total 

Total Excretion 

2.1_:!:0.1 

28.4_!1.1 

2.4;!:0 • .3 

2.1_!0.08 

25.2,!l.l 

2.1_!0.05 

0.8_!0.05 

1.7;!:0.7 

44.9,!1.9 4.3.0,!.3.8 

0 • .3_!0.08 

20.2_!1.4 

8.1_!0.4 68.5_!2 • .3 7.8_!0 • .3 

2.9_!0.1 1.6_!0 • .3 2.6,!0 • .3 

1.8,!0.1 1.2_!0.4 2 • .3_!0.1 

2 .1_!0 .08 

25.2,!l.l 

2.1_!0.05 

4.3.0_!.3.8 

12.5_!0. 7 12 .8_!0.5 71 • .3+2 • .3 12.7;!:0 • .3 
. -

5.4_!1.0 2.2_!0.5 2.8!l.5 

3.1_!0.4 2.7_!2.0 7 .5_!1..6 

3.7_!0.5 0.8,!0 • .3 4.6_!1.3 
/ 

9.7,!0.9 12.2,!0.8 5.7;!:2.4 14.9,!2 .6 

22.2,!1.1 25.0_!1.2 77 .0_!1.2 27.6;!:2.6 

* Values in this table have been adjusted to 100 % recovery. The actual 
total recoveries were 89.1 + 2.7 % in all groups. Values are presented as 
group means .:!: the standard error of the mean. . 

'· 
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FIGURE 6 THE EFFECTS OF THE TIME OF ADMINISTRATION OF ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF YTTRIUM 
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(b) Columbium and Plutonium: 5 microcuries of Cb
95 

(freshly separated from 
~ 

zr9':) carrier-free, arid 8 micrograms of Pu239 (vr) in OoOl % sodium citrate? 

at pH 6o The two radioisotopes-were analyzed separate:ly and in~ependently 

by means of the difference in their radiations. 

(c) strontium~ 8 microcuries of a mixture of sr89 and sr90, carrier-free, 

as nitrate, in isotonic saline. This was administered by intraperitoneal 

in~ection. 

(d) Yttrium:_ 25 microcuries of y90 (as used in the previous experiment) 

containing 0.05 micrograms of yttrium_as nitrate, at pH 6o 
<. . 

At the end of the third day following the administration of the 

radioisotopes, the animals were sacrificed, and the tissues, urine, and 

feces (collected separately) were ana~zed. The results are sho1vn in Tables 
'· 

• X-XIV and in Figures 7-11 • 

The results show that sodium citrate had little, if any, effect on 

the distribution and excretion of cerium, columbium, plutonium, or strontium. 

It exerted a moderate effect upon the metabolism of radioyttrium. Zirconium 

citrate appeared to exert, in general, a significant effect upon the metabo-

lisms of all the elements except columbium and strontium. The effects of 

both treatments are as follows: 

(a) Cerium: Radiocerium tended to accumulate in the livers of'·both treated 

and control animals. Sodium citrate produced on~ a slight reduction of 

the radiocerium in the liver while zirconium citrate appeared to have a little 

greater effecto Sodium citrate increased the urinary excretion of cerium 

about two-fold, while zirconium citrate increased it about four-fold. The 

femur and the carcass levels, as well as the fecal excretion, of radiocerium 

was not significant~ altered by the treatments. Radiocerium in the kjdneys 

was reduced slightly by the use of zirconium citrate. 

(b) Columbium: No significant effects were exerted on the metabolism of 
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Table X 

The Effect$ of Sodium and Zirconium Citraf24 
upon the Distribution and Excretion of Ce 

PERCENT OF DOSE* 

CO;NTROLS SODIIDJI CITRATE TREATED ·ZIRCONIUM CITRATE TREATED 

3.6 ! 0.6 

1.7! 0.1 

0.6 ! 0.03 

60.1 ! 3.8 

4.6 + 2.8 .... 
29.4! 1.1 

5.3 ! 0.7 

9.4! 0.5 

1.9 ! 0.4 

0.7! 0.07 

58.3 ! 1.4 

2.7! 0.8 

27.0! 1.4 

0.6 ! 0.01 

49.3 ! 3.7 

1.8 ! 0.4 

30.4 ! 3.7 

14.9! 1.4 

3.0! 0.7 

11,3 + 0.6 17.9! 1.3 

* Values in this table have been adjusted to 100 % recove~. The actual 
total recoveries were 95.0 + 4.7 %. Values are presented as group means + 
the standard error of the mean. -
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Table XI 

The Effects of Sodium and Zirconium Citra93 
upon the Distribution and Excretion of Cb 

PERCENT OF DOSE* 

CONTROLS SODIIDA CITRATE TREATED ZIRCONIIDA CITRATE TREATED 

1.4 .! 0.2 2.2 .! 0 • .3 1.8 .! 0.4 

9.1.! 0.9 6.8 .! .3.0 12.4 .! 2.4 

2.6 .! 0.7 .3o4 .! 0.9 2.0.! o·.7 

4.3.2.! 4.6 .36.4 .! 0.8 .31.9 .! .3.8 

Urine .36.5 .! 4.9 41.8 .! ,3.9 4.3.7! 6.4 

Feces 7.2.! 1.4 9.4 ! .3.0 8.2.! 2.7 

Total 
Excretion 4.3.7 ! .3.6 51.2.! 5.8 51.9! 7.5 

* Values in this table have been adjusted to 100 % recover,y. The actual 
total recoveries were 8.3.5 .! 16.1 %. Values are presented as group means .! 
the standard error of the mean. 
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Table XI:r 

The Effects of Sodium and Zirconium Citra~39 upon the Distribution and Excretion of Pu 

PERCENT OF DOSE* 

CONTROLS SODIUM CITRATE TREATED ZIRCONIUM CITRATE TREATED 

Femur 

Liver 

Kidneys 

Carcass 

Urine 

Feces 

4.7.! 1 • .3 

5.6,:!: 0.4 

5.7!. 0,8 

12.0.! 1.4 

0.9 + 0,1 ..,.. 

71.1.! 3.0 

7.2.,:!:1.7 

5.4.! 0.5 

4.9! 0.7 

u.s !. 4.2 

1.0.! 0.1 

56.7.! 13,0 

48.4 .! 6.5 

4.2 !. 0.8 

Total 
Excretion 10.3 .! 1.5 12.,6 .! 1.9 

1.6.! 0,2 

12.1.! 2.0 

0.6 .! 0.1 

33.1 !. 2.3 

52.6 !. 5.9 

* Values in this .. table have be~n adjusted to 100 % recovery. The actual 
total recoveries were 88.6 + 4.6 %. Values are presented as group means .! 
the standard error of the means. 
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Table nii 

The Effects of Sodium and Zirconium Citrate 
upon the Distribution and Excretion of Strontium 

PERC~T OF DOSE* 

CONTROLS SODIUM CITRATE TREATED ZIRCONIUM CITRATE TREATED 

Femur 

Liver 

Kidneys 

Carcasf;l 

Urine 45.1! 3.0 

Feces 33.6! 1.1 

Total 
Excretion 

0.8 ! 0.08 

o .05 ! o.o~ 

0.02 ! 0.01 

0.9 ! 0.04 

0.05! 0.01 

0.05! 0.02 

20.43 ! 1.8 20.6 ! 0.2 

78.7! 2.$ 

45.2! 2.5 

33.2 ! 1.8 

78.4! 1.1 

54.4! 2.7 

26.4 ! 1.4 

o.6 ! o.o6 

0 .06! 0.01 

0.04! 0.01 

18.5 ! 2.8 

80.8 ! 3.7 

* Values in this table have been adjusted to 100 % recover.y. The actual 
~otal recoveries were 79.3 ! 0.8 %. Values are presented as group means ! 

' the standard error of the mean. 
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Table nv 

The Effects of Sodium and Zirconium Citrate 
on the Distr;Lbution and Excretion of y90 

PERCENT. OF DOSE* 

CONTROLS SODIUM CITRATE TREATED ZIRCO~IUM CITRATE TREATED 

Femur. 

Liver 

Kidney:;~ 

Carcass 

Urine 

Feces 

12.~ ! 0.7 

9~7! 0.9 

Total 
~cretioi:l 

2.1 .! 0.1 

28.4! 1.1 

2.4 ! O • .) 

44.9 ! 1.9 

22.2 .! 1.1 

49.4 ! 4.7 

)~8! 1.6 

2.6 ! 0.4 

4.0 ~ 0.6 

2.1 ! o.; 
38.1.! 2.6 

71.) + 2.3 

~.7 + 2.4 
~ 

0.8+ 0.05 -
1.7 ! 0~7 

o.; ! o.o8 

20.2 ! 1.4 

77.0! 1.2 

*··Values in th:i.s table have been adju!ilted to 100% recovery. The actual 
t9tal recoveries were 94.9 ! 2.0 %. Values are presented as group means ! 
the standard error or the mean. 
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FIGURE 1 EFFECT OF SODIUM AND ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF CERIUM 

~ CONTROLS, UNTREATED D SODIUM CITRATE TREATED . ~ ZIReONIUM CITRATE TREATED 
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FIGURE 8 EFFECT OF SODIUM AND ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF COLUMBIUM 
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FIGURE 9 EFFECT OF SODIUM AND ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF PLUTONIUM 
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FIGURE 10 £FFECT OF SQDlUM AND ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF STRONTIUM 
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FIGURE II EFFECT OF SODIUM AND ZIRCONIUM CITRATE 
ON THE DEPOSITION AND EXCRETION OF YTTRIUM 

~ CONTROLS, UNTREATED D SODIUM CITRATE TREATED ~ ZIRCONIUM CITRATE TREATED 
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radioaolumbium by either of the treatments. 

(a) Plutonium: Sodium citrate treatment doubled the liver plutonium content, 

but zirconium citrate did not appear to have a similar effect. The urinary 

excretion of plutonium was increased slightly by sodium citrate. Zirconium 

citrate increased the urinary excretion ten-fold. This was associated with 

a marked drop in carcass plutonium, and with a decrease in the liver value. 

In contrast to radiocerium, the enhanced urinar.y excretion of plutonium 

appeared to be at the expense of ultimate the skeletal deposition. The fecal 

excretion of plutonium was not significantly altered by either sodium or 

zirconium citrate. 

(d) strontium: No significant effects were exerted on the metabolism of 

radiostrontium by either of the treatments. 

(e) Yttrium: Sodium citrate decreased the liver content of radioyttrium 

somewhat, while zirconium citrate reduced it still further. The urinary 

excretion was markedly increased by sodium citrate, and by zirconium citrate 

even more so. The fecal excretion was slightly lowered by sodium citrate. 

The femur radioyttrium was essentially unchanged by sodium citrate, 

but zirconium citrate greatly reduced the femur and carcass levels. 

3. Studies of the comparative effects of massive doses of zirconium citrate 

and parathormone on the distribution and excretion of plutonium and radio

yttrium 

Parathormone has been shown to have a definite effect on the meta

bolism of bone (64). On the other hand, parathormone appeared to have no 

effect on the chronic retention and excretion of plutonium and radioyttrium 

(46). The following experiments were carried out to determine if resorption 

of bone by parathormone could mobilize plutonium and yttrium and render them 

more susceptible to the positive effects of zirconium citrate. After injec

tion of plutonium and radioyttrium, there was a del~ of 24 hours to ensure 
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their deposition in bone before instituting the parathormone treatment. 

Thirty young female rats, ranging in weight from 120 to 150 gm, 

were each injected qy w~ of the great saphenous vein with 0.25 ml of a 

solution containing a mixture of 45 microcuries of Y9? and 10 micrograms 

of Pu239(VI}, each as the nitrate, at pH 6. The solution contained 0.1 

micrograms of yttrium carrier. Four of these animals had received, 48 

hours previously, an/intraperitoneal injection of 20 mg of' zirconium as 

the citrate. These animals constituted a pre-treated group. Six animals 

received no treatment, and were used as controls. 

The remainir.g 20 animals were divided into 4 groups of 5 animals 

each, and received treatments as follows: 

{a) Simul-treatment: 20 mg zirconium, as the citrate, given by intra

peritoneal injection at the time of radioisotope administration. 

(b) Post-treatment: 20 mg zirconium, as the citrate, given by intraperi-

toneal injection 48 hours after the radioisotope injection. 

(c) Parathormone-treatment: 500 standard units of parathormone (Lilly) 

given by intraperitoneal injection 24 hours after the radioisotope injection~ 

(d) Parathormone-zirconium-treatment: 500 standard units of parathormone 

given b.Y intraperitoneal injection 24 hours after the radioisotope admini-

stration, and 20 mg zirconium, as the citrate, given by intraperitoneal 

injection 48 hours after the radioisotope injection. 

The animals were placed in separate metabolism cages, and daily col

lections of the excreta were made over a period of six d~s. At the end of 

the sixth day the animals were sacrificed and analyzed. The results of the 

analysis are shown in Tables XV and XVI, and Figures 12-21. 

The tables Show the distributio~ and excretion of plutonium and radio-

yttrium. The general distribution and excretion of these radioisotopes was 
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quite similar in the control animals. Pre-treatment with zirconium citrate 

reduced the amounts of these elements deposited in the femur. The urinary 

excr~tion of radioyttrium was higher, but there was no significant increase 

in the urinary plutonium. The differences were small. 

Prompt treatm~nt with zirconium•c;i.trate caused a sharp in<;:rease in 

the urinary excretion of both rad;i.oeleme;nts, which was most marked with 

radioyttrium, There was a corresponding reduction in the femur values. The 
.;.: 

liver values were somewhat h~gher, but the fecal excretion was unaltered. 

Treatment with parathormone alone had no significant effect on the 

excretion of either p1uto~·lium or radioyttrium, nor was there any significant 

difference in the upt~e b,y the fe~ur • 

. ' Post-treatment wi~ zirconium citrate did increase the urinary ex-

cretion of the elements slightly, but the effect on the femur level was not 

significa.n,t, nor was ;l.ts action E;l$anced by the previous administration of 

parathormone. Suqh treatment .would appear to have no vSlue for decontamina

tion and removal of these radiometals from the skeleton. 

4. ·Studies of the distribution and excretion of radioyttrium and radio

zirconium mixed with massive amounts of zirconium citrate 

Because the zirconium citrate was most effective when given promptly, 

it was felt that its action might be due to a "carrier" effect of the high 

level of zirconium in the blood. To stuqy this effect, preparations were 

made in which the radioyttrium or radiozircpnium were added to the zircon-

ium citrate prior to the admin~stration to the animals. 

Fourteen adult rats of a,pproxi~nately 225 gm weight were injected as 

follows. Five rats received an intraperitoneal inJection or 1.6 m1 of a 

10 percent sodium citrate sol~tion containing 40 microcuries of Y90 , as 

the nitrate, with 0.1 micrograms of yttrium, and 5 II)ic:rocu:ries of zr95, 
95 ' . 

carrier-free, and freshly separated from the Cb daughter. A second group, 



Femur 

Liver 

Spleen 

Kidneys 

" 

CONTROLS 

5G7:!:,0oB 

66o6,!,LR 

0.2;;,0.0.3 

1.9,:!:0.1 

Table XV 

Effects of Parathormone and Zirconium Citrat~3~n the 
Distribution and Excretion of Plutonium (Fu ) 

PTH=TR.F:ATF.D 

4.410.2 

1L2,!L2 

0.1.!,0.01 

1.9,!0.2 

PERCENT OF DOSE* 

ZR=POST= ZR=SIMUL= 
PTH=ZR POST=TH.EATED TREATED TREATED 

4o2!0~J Jo8!0o2 3o~Oo5 

1Ll,!L3 

0.2;!:0.02 

L3j:Oc1 

l5o'7,!5o0 

Oo6,!0o3 

L5;!:0o3 

12 • .3;!:2.1 

Oo2,!0o01 

L6,!0o2 

.. 

ZR=PRETREATED 

3o7.!,0o2 

1L4,!L6 

Oo8,!0oJ 

L 7.,:!:0 .5 

Carcass 64o9!1o7 6.3o6!2.6 62.0;!.:2.6 5.3.9,!2o5 55.5,!4o9 62o4,!:2o0 

Urine 1 1J.5!:L5 9oR;!.:I+.!+ 6o5!0c7 11.0!:;0.5 16o9,!4o0 8.4,!Ll 

Urine 2 Oo5.!,0o03 

Urine 3 Oo.3.!,0.03 

Urine 4 0 .2,!0 o 03 

Urine 5 Oo;~,:!:O .0.3 

Urine 6 0 • 1,!0. 03 

Do7.!;0o09 

Oo5,!0o09 

0.3,!0.09 

Oo2,!Co02 

0 o2,!G,QJ 

0.5<!,0o05 

L.3.!;0.1 

Oo4;!,0o08 

O~J!,Oo03 

0 .2,!:0 .03 

Urine~Tota1 14o8,!1o5 1L7;:!:J c4 9.2,!:1.0 

0.8,!0.2 

1 o4;!:0 o3 

0.4!0.02 

0.3:,0.03 

Oo2;,!:0c02 

14.1_!0,.7 

O,A!0.07 

0.5,!0.05 

0.,4!0.04 

OoJ,!Oo07 

Oo2;!0.07 

. 18 c 9,:!:.3 .1 

0.8,!0ol 

0.5.!;0.06 

Oc4,!Do0J 

OoJ!",Oc04 

Oo2,!0oOJ 

10o6!LO 

"' 

8 
\.Jl 
\.Jl 

I 
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Feces 1 

Feces 2 

Feces 3 

Feces 4 

Feces 5 

Feces 6 

Feces-Total 

CONTROLS 

1.1,!0.1 

0.9,!0.2 

0.7.!,0.1 

0.9.!,0.1 

1.1_:!:0.1 

1.),!0.2 

5-9,!0 .. 4 

20.7!1.6 

Table XV 
(Continued) 

PTH-TREATED PTH-ZR POST-TREATED ZR-POST-. TREATED 
2.8!1.) ).7.!,1. 7 

1.1.!0-J 1.).!,0.2 

0.9.!,0.07 

0.8.!,0.09 

0.7.!,0.0) 

0.8!0.07 

7 .l!l.J 

18.8!:).2 

1.4.!,0.2 

1.6_:!:0.2 

2.6,!0.1 

1.4_:!:0.2 

2.).:!;0.5 

12.0!:2.0 

21.2.!,2.0 

1.2.:!;0.09 

1.5.:,0.1 

1.9_:!:0.) 

1.9.!,0.2 

1.6_:!:0.2 

10.4,!1.0 

24.5.!,0.8 

ZR-SIMUL
TREATED 

.... r;..-

ZR-PRETREATED 

1.9.!,0.2 2.1+0.2 -· 
0.8.!,0.1 

'1.2!:0 .1 

1.).!,0.2 

1.4_:!:0.1 

1.5_:!:0.09 

1. 7,:!:0 .2 

8.5.!,0.7 

27.4!:2.9 

1.3.!,0.08 

1.4,!0.1 

1. 7,!0.1 

1.6_:!:0.1 

9.4,!0.) 

20.0.!,1.4 

* Values in this table have been adjusted to 100 %recovery. The actual total recoveries were 98.7.!,2.5%. 
The values are presented as group means !: the standard error of the mean. 
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Table XVI 

Effects of Parathormone and Zirconium Citrate 
on the Distribution and Excretion of Radioyttrium (y90) 

PERCENT OF DOSE* 

CONTROLS PTH~TREATED 
ZR=POST

PTH~ZR POST-TREATED TREATED 
ZR-S!MUL~ 
TREATED 

Femur 3o0!0.,01 3o3!0ol 

Liver 10 .. 3!,0.2 17.7!,0.6 

Spleen Oo2;!:0o01 0.2!,0.02 

Kidneys 2o4!,0o04 1.5!0.07 

Carcass 64.5;!:0.8 

Urine 1 4.7!,0.2 

Urine 2 2.1!,0.1 

Urine 3 lo3!,0o09 

Urine 4 0.7!,0.09 

Urine 5 0.6,!0.04 

Urine 6 0.5!,0.04 

Urine~Total 9 .. 9:!;.0.1 

"' 

70.5!,LO 

3o9!,0o4 

lo8!0ol 

L2!0.1 

o.6:!:0o4 

0 0 5;!,0 ...05 

0.4:,0.05 

8.4!,0 .. 1 

2o6,!0.07 

'10.8!,0.4 

0 .. 3.;!:0.01 

1o8!0o04 

57.5,!0.6 

4.8!0.2 

2.1_!0.3 

2.3,:!:,0.1 

1.5,!0.3 

1.7.;!:0.2 

L4!,0o2 

1:3.8!_0.2 

6.7!,0.5 

2.1.;!:0.2 

2.2_!0.3 

2.1,!0.2 

2 .. 1!0.2 

2.5!,0.09 

8o4!,0o4 

0.3!,0.02 

L9!,0o04 

57.5!0,7 

21.9!3.6 

1.4.!,0.2 

L6!0o2 

L3!,0o2 

LO,tO.l 

L3!,0 .. 05 1.0!;0 .. 1 

16.5.!,0.8 

L6!,0.09 

17oJ,!Oo9 

0.7!_0.07 

L0,!0.07 

43.S_!L,7 

28o2i-,1o4 

... 

ZR PREI'REATED 

L8_!0.03 

13.7!,0 .. 8 

Oo5,!0o06 

lo2!0o01 

55o6!1o9 

7 .6:!;,0. 7 

2.3!,0 .. 1 

2o0:!,0.06 

1.7!0.06 

l.J!,Oo06 

Ll!0.,06 

16oO!.Oo4 

D 
\.Jl 
....:J 
a 



·- •• 

CONTROLS 

Feces 1 2 .6!_0.5 

Feces 2 1.9!_0.2 

Feces 3 1.4!_0.1 

Feces 4 1.3!_0.2 

Feces 5 - 1.3!_0.2 

Feces 6 1.2!_0.2 

Feces-Total 9 0 7!_0.2 

Total Excretion 19.6!0.6 

PTH-TREATED 

2.4!_0.5 

1.3!_0.3 

1.3_:!:0 .1 

. 1.3_:!:0.1 

1.2_:!:0.1 

0.9_:0.2 

8.5_:!:0.5 

16.9,!_0.5 

Table XVI 
(Continued) 

PTH-ZR POST-TREATED ZR-POST
TREATED 

2.3!0.3 

1.6_!0.1 

2.7__:!:0.7 

2.5!_0.6 

2.7:_0.6 

1.4_:!:0.2 

13 .2:_l.L} 

27 .0,!_1.5 

3 .0_:!:0 .2 

2.4_!0.2 

2.3_:!:0.1 

2.0.!_0.2 

2.1_:!:0.2 

1.1_:!:0.2 

12.9,!_0.6 

29.4,!.1.3 

ZR-SIMID.,
TREATED 

2.2!_0.3 

1.2_:!:0.4 

1.1_:!:0.4 

1.1_:!:0.3 

0.9,!_0.2 

0.9_:!:0.3 

7 .4,!_1.5 

35.6!_2.1 

"" 

ZR-PRETREATED 

2.5!_0.2 

2.6_:!:0.2 

1.8_:!:0.2 

1.8_:!:0.06 

1.6_:!:0.1 

1.3.;!:0 .1 

11.6_:!:0.1 

27.6_:!:0.5 

* Values in this table have been adjusted to 100 % recove~J. The actual total recoveries were 99.3_!0.6 %. 
The values are presented as group means .:!: the standard error of the means. 
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FiGURE 12 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 
ON THE DAILY URINARY EXCRETION OF PLUTONIUM 
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FIGURE 13 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 
ON THE DAILY FECAL EXCRETION OF PLUTONIUM 
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FIGURE I 4 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 

ON THE TOTAL URINARY EXCRETION OF PLUTONIUM 
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FIGURE 15 EFFECT . OF PARATHORMONE AND ZIRCONIUM CITRATE 

ON THE TOTAL FECAL EXCRETION OF PLUTONIUM 
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FIGURE 16 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 
ON THE TOTAL FEMORAL DEPOSITION OF PLUTONIUM 
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FIGURE 17 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 
ON THE DAILY URINARY EXCRETION OF YTTRIUM 
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FIGURE 18 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 
ON THE DAILY FECAL EXCRETION OF YTTRIUM 
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FIGURE 19 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 

ON THE TOTAL URINARY EXCRETION OF YTTRIUM 
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FIGURE 20 EFFECT OF PARATHORMONE AND ZIRCONIUM CITRATE 

ON THE TOTAL FECAL EXCRETION OF YTTRIUM 
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FIGURE 21 EFFECT OF PARATHORMONE AND ZIRCONIUM cn:RATE 
ON THE TOTAL FEMORAL DEPOSITION OF YTTRIUM 
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consisting of 4 animals, received an intraperitoneal injection of 1.6 ml of a 

solution containing a mixture of 40 microcuries of the Y90 , and 40 mg of zircon-

ium~ as the citrate, at pH 6. 

The remaining 5 rats received an intraperitoneal injection of 1.6 ml 

of a solution containing a mixture of 5 microcuries of the radiozirconium and 

40 mg of the carrier zirconium, as the citrate, pH 6. 

The animals were placed in metabolism cages and the excreta collected 

for thre~ days~ .after which they were sacrificed and analyzed. The results 

are shown in Table'XVII, and Figures 22 and 23. 

Table XVII shows that both radioyttrium and radiozirconium have a 

similar~ if not identical, distribution in the rat when injected with either sodium 

or zirconium citrate. 

The zirconium citrate produced a much greater urinary excretion of 

both radioisotopes than when an equivalent amount of sodium citrate was giveno 

Very little of either radioyttrium or radiozirconium remained in the carcass 

and soft tissues following administration with zirconium citrate. The pattern 

was very similar for both elements. 

These results could be explained b,y a "carrier" effect of the large 

mass of zirconium acting on the radiozirconium, and even on the radioyttrium. 

There is a possibility that, at the pH of blood, and with a rapid metabolic 

destruction of citrate, chelated colloidal aggregates of zirconium and yttrium, 

of the type postulated by Gofman (55) could have been formed. The colloidal 
• 

radioyttri~m and radiozirconium m~ then have b~en adsorbed on the zirconium 

micelle, and carried as radiocolloids. 

5o Kinetic studies of the blood level, tissue uptake and excretion of cerium,, 

columbium, plutonium, yttrium, and zirconium 

In order to stuqy further the effects of zirconium citrate on the 

metabolisms of the various radioelements, studies were made of the changes 
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Table XVII 

Distribution and Excretion of zr95 and y90 when Mixed with Sodium 
Citrate or Zirconium Citrate and Inject.ed Intraperitoneally 

PERCENT_ OF DOSE* 
SODIUM CITRATE ZIRCONIUI\il CITRATE 

Yttrium Zirconium Yttrium Zirconium 
Femur 2.4.:!.: 0.3 2.4.:!: 0.2 '0.2:!:. 0.05 0.2 .:!.: 0.05 

Liver 5.1.:!.: 1.0 6.2 .:!: 0.6 0.4 .:!.: 0.1 0.3 :!:. 0.05 

Kidneys 3.4.:!: 0.3 4.8 .:!: 0.4 0.2 .:!: 0.03 0.3 :!:. 0.08 

Carcass 65.4 .:!.: 4.3 75.8 .:!: 3.0 2.0 ! 0.5 6.1,! 0.8 

Urine 16.4.:!.: 2.9 4.3.:!: 0.7 91.2 .:!: 4.3 86.6 ! 14'.8 

Feces 7.3.:!.: 2.3 6.5.:!: 0.7 6.0 ! 3.5 6.5 :!:. 2.8 

* Values in this table have been adjusted to 100 % recovery. The actual 
total recoveries were 78.7:!:. 7.0. The values are presented as group means.:!.: 
the standard error of the mem1s. 
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~- FIGURE 2 2 COMPARATIVE METABOLISM OF RADIOZIRCONIUM AND 
1_, RADIOYTTRIUM AS INFLUENCED BY SODIUM CITRATE 
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FIGURE 23 COMPARATIVE METABOLISM OF RADIOZIRCONIUM AND 
RADIOYTTRIUM AS INFLUENCED BY ZIRCONIUM CITRATE 
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in blood level~ tissue distribution~ and excretion, with time. 

(a) Zirconium-columbium: Fifteen adult female rats, ranging in weight from 

225 to 275 grams, were anesthetized with nembutal. Each rat was given an 

intraperitoneal injection of 5 microcuries of zr95= Cb95 contained in lo6 m1 

of a solution of 40 mg carrier zirconium, as the citrate, pH 6o 

Other series of rats, consisting of 30 animals each, were given intra-

venous injections by way of the great saphenous vein of the following radioiso= 

topes contained in Oo25 ml of a OoOl percent sodium citrate solution, pH 6: 

(b) Cerium; 5 microcuries of ce144, in equilibrium with Prl44, carrier-freeo 

(c) Columbium: 5 microcuries of Cb95, freshly separated from zr95~ carrier-

freeo 

(d) Plutonium: 8 micrograms of Pu239(vr) 

(e) Yttrium: 40 microcuries of y9°, with 4o5,micrograms of yttrium as the 

nitrateo 

(f) Zirconiumg 2o5 microcuries of zr95_ Cb95" 

Fifteen animals from each of these intravenously injected series were 

treated with an intraperitoneal injection of lo6 ml of the zirconium citrate 

solution, at the time of radioisotope administration. The rats were sacrificed 

in groups of three control or three treated animals at the time intervals five, 

ten 9 fifteen, thirtyJ and sixty minutes after the radioisotope injection" 

At the time of sacrifice, samples of cardiac blood were collected in 

heparin-rinsed syringeso The femur, liver, and kidneys were removed, cleaned 

o.f excess blood and extraneous tisi:me, and weighed. The total bladder urine 

was removed and added to any exereted urine. 

The results of the analysis of the ti~;sues and urine are shown in 

Figures 24-55 o In these figures, tissue content and blood level have been 

plotted as r)ercent of the radioisotope deposited per gram tissue versus time 

following the administration of the isotope" Residue in the body has been 
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det~rmined.by subtracting the amount excreted. 

'.PhE;! blood level, the excretion, and the tissue uptake varied with the 

radioelement and the time: 

. (a). Serum Level ~igures z4:.Jl]: Wh~n injected intravenously, the blood level 

of the radioisotopes fell very rap~dly during the first ten minutes, generally 

with a rapid component of half-time 2-5 minutes. This fast component may be 

. related to distribution in the extra-cellular fluid space or uptake by liver. 

The rapid component was followed by an intermediate component of 5-15 

minutes half-time. These mey- represent urinary excretion. 

The blood levels of the radioisotopes appeared to decrease slowly ~fter 

the first thirty minutes. The exact half times were generally not determinable, 

with the exception of radiozirconium, due to the limitation of the experimental 

time period. 

Zirconium citrate treatment caused a more rapid fall in the blood levels 

which varied with the d;ifferent radioisotopes • 

. (b) Urinary ~cretion ~igures .32-.37]: Excretion of the ra:dioisotopes in the 

urine was generally initiated with a rapid component of less than five minutes 

half-~ime, corresponding to the rapid fall in blood level. However, after the 

first five or ten minutes the excretion rate fell off rapidly, and at the end 

. of the experimental period, had half-times of many minutes. 

The zirconium citrate treatment tended to extend the duration of the 

initial rapid component of urinary excretion. 

(c) Femur ~~gures . .38.;.4~ : The deposition of columbium .in the femurs of both 

.control and. treated animals, after an initial rapid uptake during the first 

fifteen minutes; levelled off and decreased somewhat.. Treatment with zir

.conium citrate appeared to actually increase the general level of uptake. 

Intravenously injected cerium, plutonium, yttrium, and zirconium were 

taken up rapidly by the femur. Treatment with zirconirun citrate tended to 
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decrease slightly the amount in the femur at the end of the hour. The uptake 

of zirconium, given by intraperitoneal injection with carrier, was slower. 

(d) Liver~igures 44-50]: The uptake of intravenously injected cerium and 

zirconium by the liver was both rapid and high in treated and control animals 

-alike. Liver columbium reached a maximu~ at fifteen minutes in both groups 

of animals, and then fell off to about half this v~lue at the end of an hour. 

The final level in the treated animals was lower than in the controls. 

Liver plutonium uptake in the treated group was almost twice as great 

as in the control group at the end of the first five minutes. This was followed 

by a rapid fall. The plutonium level in the treated group approximated the 

controls at the end of the hour. 

The uptake of yttrium by the liver in the treated groups was almost 

as rapid as in the control groups, but did not reach the same magnitude. 

Whereas the control level continued to increase s;I.owly after its initial rapid 

rise, the yttrium in the livers of the treated groups rose gradually to a maxi

mum by thirty minutes, and then fell slowly to the 5-10 minute level. 

Radiozirconium with carrier was taken up rapidly by liver with a 

maximum at ten minutes. - It then decreased with two rapid and one slow compo

nent. The final liver level amounted to less than 0.2 percent. 

(e) Kidneys~igures 51-55]: The uptake of columbium by the kidneys of the 

untreated animals reached a maximum at fifteen minutes and then decreased. 

Zirconium citrate greatly reduced the columbium uptake. 

Plutonium was rapidly taken up by the kidneys of both control and 

treated groups throughout the experimental period. 

The uptake of radioyttrium by the kidney was rapid in the control 

animals. However, in the treated group the level of radioyttrium decreased 

after the first 10-15 minutes with a_short half-time component followed by 

a ve~ slow component. 
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The kidney uptake of intravenously injected zirconium was rapid. 

The uptake of radiozirconium with carrier zirconium given by intraperitoneal 

injection was much slower. 
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F. Discussion 

(1) The Effects of Sulfhydryl Compounds on the Metabolism of Plutonium 

The sulfhydryl compound, c.ysteine, appeared to be ineffective in 

altering the metabolism of absorbed plutonium in rat tissues. The similar 

failure of BAL (2,3-dimercaptopropanol) to significantly influence the be

havior of plutonium suggests that, in general, the metabolism of plutonium is 

not related to sulfhydryl groups. BAL has been shown to increase the excretion 

and removal from the tissue of polonium (62), possibly by the formation of an 

insoluble BAL-polonium complex. The stability of this complex may favor the 

removal of polonium by BAL from animals in preference to the competition for 

polonium by the tissues. If a BAL-plutonium complex is formed in animals, 

its stability may not be such as to produce a significant alteration of the 

metabolism of plutonium by this means. For similar reasons~ cysteine may also 

be ineffective. 

(2) The Effects of qysteine and Zirconium Citrate on the Absorption of 

Plutonium from the Site of Injection 

The increased retention of plutonium at the injection site after local 

use of qysteine may be due to a reduction of Pu(VI) to Pu(IV). Van Middles

worth has shown (63) that Pu(IV) is not absorbed from the muscle as well as 

Pu(VI). 

Zirconium citrate appeared to increase the absorption of plutonium 

from the injection site. A more diffusible form of plutonium may have been 

produced by the zirconium citrate complex. 

(3) The Effect of Parathormone on the Metabolism of Plutonium and 

Radioyttrium 

It was found that parathormone had no significant effects on the 

distribution and excretion of either plutonium or radioyttrium. The resorption 

of bone by parathormone did not appear to labilize bone deposited plutonium or 
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radioyttrium, nor make them more susceptible to the positive effects of zir

conium citrate. This lack of effect may be associated with the deposition 

of these elements in the organic osteoid matrix. 

(4) The Effects of Sodium and Zirconium Citrate on the Metabolism of 

Injected Radioisotopes 

lt has been postulated that citrate, and other complexing ions, 

influence the metabolism of lead (65) thorium (66) and uranium (67,68) by 

chelation. 

Bjerrum (70) has investigated the formation of metal complex ions. 

·He suggested that the formation of complex ions occurs stepwise, and that 

. the stability of the various species ~~ existing in solution was characterized 

by a series of consecutive mass action constants k
1

, k
2 

••• kn. A certain num

ber N of the ligands A initially taken up by a metal ion M were bound vri th 

about the same affinity. He deduced that when comparing different systems a 

mean complexity constant, k = ~k1k2 ~ •• kn would be a convenient measure of the 

tendency of a metal ion to form complexes with various anionic groups. 

Bjerrum considered that there was a definite correlation between the 

basic strength of the ligand and its affinity for metal ions. The relative 

electronegativity of the ligand and the metal was indicated to be of some 

significance for complex formation. It may be most important for the more 

noble metals; on the other hand, ionic dimensions and ionic charge may be more 

significant for electro-positive metals. The forces of affinity responsible 

for the formation of complexes are based essentially on quantum-mechanical 

electron bonds, directed in space to a certain degree. A?cording to the theo-

ries of Sidgwick, the typical bond in a complex is effected by the ligands 

donating two electrons to the electron system of the metal ion, resulting 

in the formation of a polarized electron pair bond ("coordinate co-valency"). 
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This investigator also made calculations of the change in free energy 

when a solvent (H 0) molecule bound coC5rdinately to a metal ion is replaced 
2 

by a molecule of some particular ligandy and derived an expression for the 

average value for each complex-bound group. 

The following conditions have been i~dicated by Thomas and Owens (69) 

as necessary for the formation of metallic citrate complexes; 

(a) ability of the anion to displace aquo groups from the cationic micelle; 

(b) formation of a soluble anionic complex; 

(c) an equilibrium constant of the anionic complex near to or less than the 

solubility product of the metal hydroxide. 

The general stability of the metal citrate complexes may be ascribed 

to the ability of the citrate of the added salt to displace the coordinately 

bound hydroxyl groups9 the citrate ion then becoming coordinately bound to the 

metal ions in the micelle. The chelated compound of zirconium would then cor,, 

respond to a structure of the following type~ 
R 

0 CH 

Citrate complexes of the radioelements used in the present study may 

have been formed by the injection of both sodium and zirconium citrate. Gof= 

man (55) has shown that the citrate anion forms colloidal aggregates with 

columbium 1 lanthanum, yttrium, and zirconyl ions. The colloidal behavior 

of the micellar forms of the radioelements increased as the citrate/isotope 

ratio of the solution decreased. 

Such factors as basicity, ionic dimensions, ionic charge, and relative 

electronegativity, as suggested by Bjerrum (70), may influence the thermo= 

dynamic stability of the bonds of these citrate complexes. Since these 
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properties vary for the various metal elements the relative integrity of the 

. corresponding chelated radiocolloidal aggregates formed with sodium and zirconium 

citrate m~ also be different. These metal chelate complexes are generally 

stable in the alkaline pH range (69). 

In this investigation, when radioyttrium and radiozirconium were mixed 

with a large amount of zirconium citrate and administered to animals, the 

urinary excretion was greatly enhanced, and very little of either element 

remained in the carcass. 

The similar behavior of these two elements when injected in this way 

with either sodium or zirconium citrate suggests the possibility of a common 

effect. The rapid metabolic destruction of the injected citrate may have 

decreased its concentration and thus favored the formation of radiocolloids 

of the type postulated by Gofman. This chelated zirconium complex may have 

thus "carried" the radioyttrium or radiozirconium as adsorbed components of 

the radiocolloidal aggregates. It is knovm that trace amounts of elements 

that behave alike under similar conditions may be carried by macroscopic 

amounts of a similar element. For example, the acid-insoluble sulfide, GuS, 

usually carries traces of ions such as Hg++, Bi+++, and Pb++ 1 which also form 

acid-insoluble sulfides (71). 

It was evident throughout the studies that the effect of zirconium treat~ 

menton the distribatim and excretion of plutonium and the fission products was generally 

much greater than the effect of sodium citrate. This may reflect the rela-

tive differences in radiocolloid stability of the elements. The zirconium 

chelate carrier may be somewhat more stable than the corresponding sodium 

carrier. The latter is rapidly removed by metabolic processes. 

When these complexes circulate through the kidneys such stability 

differences may affect their excretion. Apparently the sizes of the zirconium 

and sodium citrate complexes are within the limits of glomerular filterability. 
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However, colloidal particle size may also affect reabsorption in the tubuleso 

(5) The Kinetic Uptake and Excretion of Injected Radioisotopes 

The kirrtic studies made in the present investigation indicated, in 

general, short, medium, and long components during the one-hour periods of 

study. Resolutions of the blood level curve.s showed half-times of radioisotope 

disappearance from the blood ranging from slightly more than one minute to 

many minutes. 

It has been shovm that colloidal ferric hydroxide (72) and radioactive 

gold colloids (73) are selectively localized in the reticuloendothelial system. 

Hahn and Shephard (74) have shovm that manganese dioxide colloids also localize 

initially in this system. These investigators found that 9 following this 

initial uptake, the manganese appeared to be liberated from the reticuloendothe

lial system, possibly in an ionic form~ and further distributed to' other organs 

and excreted. 

Similarly in the present study, the rapid uptake and subsequent loss of 

plutonium and the other radioisotopes from the liver and kidneys may indicate 

selective tissue deposition based on changes in size of the radioisotope 

particles. 

In the blood stream several factors may affect the size and diffusi= 

bili ty of the radioelements. The diffusibility of polyvalent hydrolyzable 

cations may varJ with the pH, degree of combination with protein 9 and the 

anions present. At the pH of blood many polyvalent ions may be polymerizedo 

Less than twenty five percent of the plutonium in dialyzed plasma is diffusible 

(75). This may be due to hydrm .. 7lation and subsequent polymerization (76) o 

Schubert has shown (77) that radiocolumbium may be nondiffusible e-.ren i;:;. ac:i:) 

solutions. On the. other hand, yttrium, which does not precipitate in dilute 

solutions until a pH of about 7, may form radiocolloids in blood by reactions 

vd th proteins or anions. Cerium and columbium may perhaf·S form nondiffusible 
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" ,··, .·. 

salts with anions, such as phosphate, ·normally present in the blood. 
: .: 

It has been shown (55) that ~mall soluble -ions and large colloids 
.. · . .· 

have half.;.times in the blood strewn of less .than i'ive. II4nutes •. Simp);e 

polyvalent cations leave the b].ood rapidiy, and mey enter-the extracellular 

fluid space, or deposit in bone. Large colloids deposit in a single passage _·.-. 

through the liver with half~times of about one minute. Small eollo~ds are 

deposited more slow~ in the bone ~row and spleen; with half times of 30-sO 

minutes. 

In the present studies the blood components of 1.5 to2.,0 minutes 

for cerium and plutonium may represent liver deposition. The very high uptake 

of cerium in the liver suggests the behavior of large colloidal particles. 

In the animals that. did not receive zirconium citrate treatment, the injected 

radioelements may. have been ::Largely converted at the pH of blood to nondiffusi-
. . 

ble states by hydrOJcy'lation, polymerization, protein combination, or formation 
. . 

. of in~oluble salts~··--
. ' 

.Injection of zirco1;1ium ~itrate may prevent the radioelementst conversion 
. . ·. . .. . 

to th~se states in the blood by .providing chelated ~olloidal aggregates of 

._·zirconium with Which they mey become associated. Part of these citrate complex 

carriers may be taken up by the liver, _kidney, and other tissues.. Another 

portion of these· chelated c_a:rriers may be removed from the blood by urinary 

excretion, coincidirig with the lowering -of the blood level and the extension 

of the rapid rate of urinary excretion of the radioisotopes observed following 

zirconium citrate treatment. DUring the rapid destruction of the citrate 

component of the complex by metabolic processes in the tissues a portion of 

the radioelements may be released, possibly as smaller, relatively nondiffusi-

ble, colloidal particles. This mey then be redeposited in other tissues, 

such as the bone marrow and !:Jpleen. This deposition and low diffusibility 
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may be associated with the long components of the blood level fall and urinary 

excretion. However, it must be realized that the complexity of the factors 

involved makes it difficult to predict with certainty the processes responsible 

for the changes in blood level. 

The excretion of the radioelements in urine appears to be primarily 

at the eA~ense of that in the blood and soft tissues~ since there was very 

little reduction in the amount in bone. It appears doubtful that either sodium 

or zirconium citrate exert any significant effect on the removal of these radio= 

elements from bone. On the other hand, removal of the radioisotopes from the 

blood and the other tissues by urinary excretion reduces the amount of radio= 

isotope available for ultimate deposition in bone. It is this which probably 

accounts for the lower femur values in treated animals. 
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G. Summary 

• 1. The distribution and excretion of radioisotopes of cerium, columbium, 

plutonium, strontium, yttrium, and zirconium has been studied in adult female 

rats of the Long-Evans strain. 

2. · The metabolism of Pu.(VI) was unaltered by general treatment with the 

sulfhydryl compounds, 2,3-dimercaptopropm1ol (BAL) and cysteine. This suggests 

that the metabolism of plutonium is not related to that of sulfhydryl groups. 

These compounds do not appear to have use as therapeutic agents for plutoniurn 

poisoning. 

3. Cysteine appeared to increase the amount of plutonium retained at 

the site of intramuscular injection. 

4. Parathormone had no significant effects on the distribution and exc:re= 

tion of either plutonium or yttrium. The resorption of bone by parathormone 

did not appear to labilize these bone deposited elements, nor make them more 

Sl,lsceptible to the positive· effects of zirconium citrate. 

5. Massive doses of zirconium citrate appeared to have some positive 

effects on the distribution and excretion of cerium, columbiu~, plutoni1xm, and 

yttrium. Sodium citrate had relatively little effect on the metabolism of 

these elements, with the exception of yttrium. Both citrates were without 

significant effect on the metabolism of radiostrontium. 

6. Zirconium citrate may alter the metabolism of the several radio·= 

isotopes through a "carrier" action as a chelated radiocolloidal citrate 

· complex. :rte possible influence of this complex on the uptake and excretion 

of the several radioisotopes during the first hour following their admini-

stration has been discussed. 

~ -
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