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AN

ABéfRAéT R

Joseph G Hamilton, M. D.
An 1nvestigat10n of the ass1mJlat10n, dlstrlbutlon, retentlon,
and excretlon of the f1551on products and actlnlde elements in the rat

has been. conducted at the Crocker Redlatlon Laboratory, Uhlversity of

Cellfornia, Berkeley. Californla These studies were initlated

October 15z l9h2, end are continuing at the present time. An extensive
aurvey has been made of the metabolism of twenty-tﬁo different radio-
elemente in the rat.

This'entire project has been carried forward by Dorothj Axelrod,

M.A. . Ass't. Professor D H. COpP. M.D., Ph.D., Josephine Crowley, A.B.,

Henry Lenz, Jr. Ph.D., Kenneth G Scott, Ph.D., elght technlclans, and’
thejauthor. Durlng the early phases of the project we. Were fortunate
in having the adv1ce and aid of Professors I. L Chalkoff and D. M.
Greenberg, who assisted the program meterlally, particular]y in the
studies with strontlum, harlum, and cegium. Also with the group dur-
ing the war were Assoc.rProfessor Roy Overstreet end Ass‘t.‘Professor’
Louis Jécobeon, whose work included/a 1afge share of the radio~cﬁemical
isolatioh as well as the studies with goils and-plents. ‘We acknowledge

with gratitude the facilities that were extended to us to do this work

-in/the Rediation Laboratory by Professor Erneet 0. Lawrence, the
’coﬁstant advice and\encouragement given to us by Doctor Robert S.
Stone and Dean Stafford L. Warren, the operating crew 6f the 60f

. , . ‘ ‘ ,
, ,Cyolotron for the preparation. of most of the radio-elements uged in

these studies, and to Professor G. T. Seaborg, Dean W. M. Latimer and

B *This research work was carried out under the direction of the Manhattan

Project, Contract #w-7405-eng-48-A, and Atomic Energy Commigsion.
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for these studies, notably neptunium, plutonlum, americlum,“

N

LAS&U~~4T
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\

These radioactive materials were administered by mou%%?éh@igg ’;1” By
' iy gy on i 5 UThgy

injection. The fisgion products studieéd included the carrier-free CM%LT Rty
o v : ‘ ’ Tey

radioactive igotopes of strontium, yttrium, zirconium, columbium,

ruthenium, tellurium, iodine, xenon, cesium, barium, lanthanum,

. - cerium, praseodymium, and element 61. In eddition, the eight members

.of the actinide geries which were subjected to metabolic experiments

included actinium, thorium, protactinium, uranium, neptunium, plutonium,

americium, and curivm. The results of these stud ed indicated'that

most of the fisgion producta and all of the heav1est elements are

abgorbed to a very emall degree by way of the digestive tract, deposited
prinarily in the skeleton. folloving parenteral‘administratidn, and

. / _ .
eliminated very slowly from that orgen. The filssion products studied

which are accumilated in the skeleton include Strontium, pariﬁm, i

yttrium, lanthenum, cerium, praseodymium, element 61, zirconium, -and

columhium.\ From 25%-to 70% of the material absorbed following parent-
eral 1njectlon ig laid down in ths skeleton and is eliﬁinated;from‘

. , P o
that organ at rates less than ihe rates of fadioactive decay, with the
exception of_Cb95;’Celhu, 611h7, and possibly_8r9o. The remain;ng-five '

long-lived radio-elements, ruthénium, tellurium, xenon, iodine, and

‘cesium, do not show any significent degree of localization in the

skeleton and, in addition, there is no remarkabdle deposition in any

of the other tissues with the exception of the sccumulation of iodine

(

: in‘the>thyroid gland. The rate of elimination for all of these five
radio-elements ig much grester than their rate of radioactive decay |

“with the exceptlon of iodine dePOSLted in the thyroad Ih this : v : |

partlcular cage, the releacs of the acoumulated iodine im the thyroid



\

is much slower than ity rate of radjoactive decay  The- members‘of

Sy =
,_Ij:) the long lived figgion product groun whloh are absorbed by way ofﬁ%ﬁfzgkiﬂ
D v“ o,
LY the digestlve tract include strontium, barium, tellurlum, iodine, N
- “,& Od

and cesium. The uptake by the skeleton of the eight mémbers of the

/

actinide group is Very similar to that observed uith the members of -
“’ : vthe fisston product series studied whioh‘are depoeited'in this |
“structure. With the exception of uranium, elimination from boﬁe
ocourred very slowly | | |

Radioautographio studles indicated that atrontium, and presum- C

N .

ably barium, are deposited primerily in the mineral structure of the
. ' o B T

bone. The other fission products deposited in this organ are ;aid down
in the region of the inmer and outer COVeringe of the bone and ahout

S > the trabeouiae, but do not apparently enter in to the mineral gtructure

!

. of this organ to a degree comparable to gtrontium. Ih the cage of |
- the aotlnide elements, e'simiier aocumulatlon in the region of the
non—mlneralized portion of the bone hag been observed with actinium, .

o thorium,~plutonium, americium, and curium. The curious property of

| the members of the flssion producte and the majority of the actlnide
elements to be' laid down in thie portioh of‘the gkeleton and to be

retained there for prolongod 1nterva15, renders them of considerable

concern from the p01nt of v1ew of the possible medical hazards to be

_ encountered should these‘materials be accidentally introduoed into

the body.

To be declassified.for eventual publication.
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‘of a comparable mass of figsion productes whose radioactivity 1ls at the level

- of hundreds of megacuries. Thus those working'in the atomic energy program

P

'e millionfold greater than had been encountered by the radium industry

_6.. A

THE METABOLIC PROPEREIBS OF THE FISSION FRODUCTS AND  ACTINIDE ELEMENTS' .
: J. G. Hamilton, M.D. R W2

- The discovery and development of e chain reactlng pile broug%% r >

with it a series of medical prohlems of congiderable magnitude. The png

duction nf plutonium on ‘the kilogram scale is sssociated with the formatidnq’ﬁ';

‘had.io be protected from the radio—elements created in.the pile as well ag

the neutrons and gamme rays which_arise’directly from nuclear fission.
Radicactive substances can produce injury either by external or

internal radietion of the body. Of the two, the potentialities for injury

are greater if the radiocactive substance is w1thin the body / The history

'of\the radium industry is illustrative of this point. TUp to the time of

_ World War IT there had been isolated about one kilogram of redium. A large

number of cases of radium poisoning have been reported, notably in the
luminous dial industry, a large proportion of which terminated fatally.

The medical program of the plutonium project, under the direction

of Dr. R. S Stone, wag faced with the respon51bllity of proteeting the

personnel against quantities of rediocactivity whichrwere=of the-. order of

over a period of nearly;half a century. Here thelproblems had to be met

'quickly in the haste of wartime urgency for the thousands of scientists

and techniciansg working on theAAtomic Energy Project. One of‘the many

research programs. that arose from these needs vas a survey of the metabolism

Vi
~

of the'various radio«elements created by,the release of nuclear energy. “A

review of part of this work has been presented recently (1).

It is‘appropriate-to mention a few of the salient factors involved

in the problem of radloactive poisoning, because it was these considerations

i

that shaped the pattern of the research to be described in this article.

In order to evaluate the potential hezard of a‘given'radio—element or
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compbund 1t is necessery to consider the half-life, radiation character-

istics, roufe_of enﬁry'intd'the body, assimilatiorn, distribution, reten-

“tion, excretion, and the~reiative gusceptability of the different organs

and tissues to the rediations emitted by.the‘deposited material.
Rediation injury, both écute-end chronic, 1s a function of the

Intensity of the radiation and the duratlon of exposure to the radiation.

A radiocactive gubstance, either‘aa an element»op a compound, may enter the
body by one or more of feur routes, nameiy,.the lungs, digestive tract;rthe
Vintact'skin,.and through cuts or abrasions; Once the material hes been
'abeorﬁed, regardless of the portal of'entfy, it will be distributed te the

.many tissues of the body and will be taken up in widely varying concentra-

tions and be retained for different intervals of tims in thede tissues.

\

‘The degree of injury Willnvary with the character of the resdiation and the

radio-sensitlvity of the 1rradlated orgsn or. tissue. For‘example, alphs
particles are relatively more destructlve to most living orgenisms than
betawand gemma rays, when the biological effects are compared on the basis

of equivalent amounts of total ionization in the tigsue., With fega?d to

. variations of vulnevability to radiation, the-bone marrow, which is the

center of hemopeeisis, is very sengitlve, while structures such-as livef,
brain, and muscle are relatively radio-resistant.
If the sssimilation, distribution, retention, and excretion of a

given radio—elemeﬁt is determined, 1t is possible to meke an estimate of

the amount of exposure to such a substence which might be expected to

, produce either acute or chronic injury. If the tracer or-metabolic studles

are done with laboratory animals, ag they were in these experiments, there

/

ig a variable error introduced in extrapolating'from the exﬁerimental‘

uénimals t0 man, However, in many 1nstances this error is probably not

much greater. than the indiVIdual var1at10ns between different humans in
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their response to & novel biological experience such as is offered .to the

o body by these elements.

»The'meﬁabolism of the 22 different elements listed in Table I has

been investigatedhin considerable detail. With the exceéption of gtrontium

. and ilodine and uranium, ‘little or nothing wae known about th@\metabolic

;

propérties‘of these substanbes prior to l9hh, most of which are not pre-
sumed.to be normal constituents of living organisms”
Radiocactive isotopes of each of the 22 elements were prepared in

thu carricr-free state as far as it vas ohemically f8551ble and ind1v1dually

administered to rats (2) (3) (h) (5) (6) (7) (8). Three of the four possible

‘routes of entry into the body were simulated by administering the radio-

) 1sotopes orally, by lngection and introduoing them directiy 1nto the lungs.

The fourth poss1b1e route of entry, namely through the 1ntact skin, wag notb
investigated. Each radicelement wag prepared and used in the carrier-free

state for two reasong. TFirst, all of the fission products and several of

‘the heaviest elements would only be encountered in this situation. . Second,

it is possible that the quantitative metabolic patiern might be altered

if inert material isotopic with the radiowelement were present. An

excellent exampie of this second consideration may be found in comparing

~ the metabolism of carrier-free radio-iodine with radio-iodine diluted with

gtable iodine (9). Here, there are large quantitative variations in the

distribution of the labelled iodine when differ nt amounts of inert 1od1ne

\

\ are added to the radio—iodine. In addition to the quantitative variations
_encduntered under these conditions, there is a very striking qualitative
difference ohserved in the béhavior'of carrier-containing and carrier-free

‘radlo-iodine in the thyroids of patients suffering from hyperthyroidism.

A similar‘phenomena has been recently domonstrated with carrier-free and

,cérrier—containiﬁg radio—silver»(lo),'
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_The fissgon products selected for the studies reviewed in this

report were chosen on the basis of two méjor considerations: First, that

- they are produced in relatively high yielde from‘fission, and second, that

they have half-lives in the'rangé-of days to months. Such a selectibp

includes most of the fission products that might be‘cohsidered as the major,

~ hazards insofar ag intgrnal radiosctive poisoning is concerned. ’All eight

of the heaviest elements, recently classified as the actlnide rare éarths o
by Seaborg (2), were also gubjected to metebolic study. These studies. : )
were initiated in 1942. In a number of instances, tﬁe radiouisotopes,were

prepared by cyclotron bombardment. This was done for a number of different

_reagons, notably greater ease of radio-chemical isolation, una#ailébility’

of pilefproduoed,radioactivitiea at the time the'experiments were under-
taken, and.more desirable radiocactive properties of the qyciotrbn—produced
radio~isdtdpesffor thevty?é of tracervstudieé to be done. The radio-isotopes
employed, together’with theif radioaotive propefties ané methods of produc:
tioh,.afe 1isfad in Téble 1. , | . | Z |

.I Each'radip—element, whether produced by cyclotron bombardment,'pile
irradiation, or from the decay of a radioaétivé.pafenﬁ, was isélatedvin the
carrier-free staté and free from measufable amounts of radioactivé coptémin—l
anﬁs. With the éxceptioh of xenon, each-radiq—element wag prepared ahd
adﬁinistered.in an‘isétonic golution of sodium chloride. The solﬁtion wasg
glven by intrapéritoneal injection, intramusoular ihjeétion;‘orrby stomach
tube.  The réts were sacrificed at‘various time intervals extending from
1 to 6& days. In several of the experiments, the time intervels extended
to 256 days, énd4in a‘numbéf of(instahces{ the'studies had to be concluded

before 64 days due to the limiting half-1life of the radio-element being

investigated}. The excreta, and‘ffom'l? to 18 organs ‘were removed and~‘

individually assayed for their content of radioacﬁivity. Frequently the

/
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from bone are very llkely to enther leach out or translooate the radio-

-10- , - UCRL 67 -

‘agsays were very laborious and time consuming. This wasg particularly true

for plutonium, americium, and cufium, which emit alpha paiticles, as well
as for element 61 whose beta rays are very soft, having a maximum energy
of .2 Mev. In such instances, for cach individual radioactive assay 1t was

necessary to free the radio—elément from the ashed tissué by chemicel means.

" A dlscussion of the more detailed aspects of the techniques omployed in

handling the blologioal materials and their assay is, reported elsewhere (6).

v Likewise, the behavior of the flssion products and of plutonium, following

their entry into the lungs, has been described elsewhere {11).

| Tn addition to the tracer experiments described above, a conslderﬂv
‘able amount of effort was directed to a study of the sites of localization ’
of a numher of the figsion produofé aﬁd tho actinide elements inAbone'by
means of the fadioautographio tochnique (l?)) This lé an issue of lmport-

ance becuase nine of the fourteen fission products studled and all eight of

“the actinide elements are accumulated and tenaciously retained by the

skolétoﬁ. Longitudinal sections of the femur were prepared from the unde-
calcified bone. These-sections were of uniform thickness in the range of
from 4 to 6 microns. The technique of cutting thin sections of undecalcified

bone was developed by Axelrod (13) and McLean and Bloom (14). The necessity

~ for using this difficult pfocedure ingtead of using decalcifiedfspeoimens

arises from the fact that the agent% employed to remove the mineral elements

/
)

element deposited in the bope. ‘ , ; e ‘
| RESULTS |
The mosf imporoaot metabolic characteriotlcs of the fission products
and fhefaotinide elementsstudied are listed.in Table II. It will be noted
‘that ﬁost of the'fission;produdﬂs and all of the actinide geries are not
absorbed to any significant degree‘by way of the»digestive'tracﬁ. Following

parenteral administration, these substances are acoumulated by the gskeleton

f
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and. eliminated from this organ very slowly. Only five of the listed f18810n
products are absorbed from the digestlve tract to a significant degree,

notably gtrontium, barlum, tellurium, iodine, and cegsium. Xenon ig readily
and rapidly absorbed through the lungs following inhalation and is an resdily

™

eliminated from the lungs. Strontium and barivm are deposited and retained

to a high degree dy the gkeleton. Todine is accumulated and retained by

the thyroid. Tellurium shows gome accumﬁlation in the kidneys and blood,

with a rgther rapid rate of ielease from these tissues. Cesium is distributed
quite uniformly -throughout all of the tissues, the greatest accumulation
ocdurring in the muscle, and it ig quite promptly‘ekcreted. The pattem of
distribution of strontium, barium, tellurium; iodine, and-cesium, following .
oral aﬁsorpticn, ig indistingﬁishable Trom their.metabolism aftey pérentgral:
administration. ‘With the exception of ruthenium, the remaindef of the

fission product series and all,of the actinide elments listed in Table II

ghow a high degree of accumulation and prolonged’retention by the gkeleton

as shown in_Figures 1 and 2. In the case_of lanthanum, cerium, praseodymium,
element 61,vamericium5 and/curium,«there ig an iniltially high degree of
éccumulation by the liver, but they are quite rapidly excreted from this
organ, présumably by wdy of the bile (Fige. % and u4). ‘Uranium is unique .
among the actinide group in fhaﬁ there is a very high initial accumulation
in tﬁe kidney.‘QWith the exception of the liver and kidney, the content in
the other soft tissugs is relétively small following the'parenterai admin-
istration of the fissioﬂ products and.adtinide elements. ‘After two months
the spleen'and kidneyiusually,had the ﬁighest conéeptﬁétion‘ﬁer gram‘wet
wgight of fhe soft tissues and ranged from one-tenth to.one-quarter that
of bone. | ‘ |

It Wlll be noted in Table IT that, w1th the exoeption of Cb’5

!
possibly Sr9o, ce'™, ana 611”', the rates of ecliminetion of the different.

fission products that ar¢ accumulated ‘in- the skeleton are less than their



‘rétes of radicactive decaya ‘The long-lived fﬁsSLOn products that fall into
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“this oategory ‘include %r89 Y91, Zr95, Baluo Lelho Colul, and Prlha With

the exception of iodine in the thyroid, the remalndor of the flsaion producte

'llsted in Table II namely. RulOE, Ru106, TelL? Teigg Xe153 and 05155 are‘

»Vrapfﬁly excreted and at rates greater than their half-lives.

i

The rates of elimination from the skeleton of the actinide elements'
L ]

listed in Teble II are ‘very slow and in the case of plutonium; the excre-

tion infthe rat falles to 0.0l% per day’of the amount remeining in the body'

within a year following the intramuscular administration of this radioactive
element. The_excretion‘of uranium- differs both qualitatiVely and. quahtita—

tively from the other members of the actinide series in that the urine 1is

" the principal channel of elimination and the loss from the skeleton, while

- quite slow, is relatively much more rapid than‘the‘other geven members of

this group of elements. The metabolism of plutonium following {ntramgcular

injectlon ie the same after the adminigtration of this elemeht as Pu5*‘,

b o+

~Pu’ , and Pu’ ., Thie indicates that plutonium is converted by the body -

to one valence state regardless of the valence of this element when admin-
istered.‘ Considerable evidence has been acoumulated to indicate that
plutonium in the hody is tetravalent (see Fig. 2).

' 89 Y88

Radioautographic studies were made of the distribution of Sr

7r92, b9, Celuu 6llu( Ac927 Thpp8 P9, Amfu], end Co*e in 5-micron

_sectiohs of undecalcified fat femurs, The metabolism of stronfium in the

gkeleton 1s very similaf”to that of calcium and, as might he expected, the

_radioautographs revealed that the accumulated radio-strontium in the femur

was quite evenly distributed throughout the mineral structure of the bone
in young rats (Fig. 5). The other radio-elements stpdied by this technique
showed a startling deviation from tho pattern of distribution of the radlo-

strontium, Plutonlum exhibits this phemonenon to a markod degree, and in

‘Figure 6'it can be gseen that most ‘of this element 1s deposited in the

)



ﬁeriosteum,'ehuesteum and in the region of tﬁe trabecilar bone. These
results suggest that the plutonium in thu trabecular structure is not
incorporated in the bone but rather;/is deuositud in the covering of the
trabeculae.

;,Radioeutographs of yptrium, zirconium, celumbiuﬁ, and ‘thorium are
shown in Figures 7, 8, 94, 10. It will be noted ‘/;cha‘t the"se‘fou.‘r radio-

elements are apparently distributed in bone in alpattern very similar to

_ thet noted with plutonium. The radiocsutographs of cerium, element 61,

actinium, smericium, end curium, shown in Figures 11, 12, 13, 1k, 15,
iqdicéte concentration‘pf radibadtive material'ébout;the gurfaces of the

bone and trebeculaec as has been indicated with the previous ‘group.. In

.addition, there is an appreciebie amount of actlvity laid down in a spotty

‘mamner. throughout the caleified shaft of the bone. The depogited radlo-

elementé'are apparently aocumuleted in the region.of'the small biood vessels
present in the mineralized cortical hone. Iu\order to establish this point,
arnumber of bone gections conﬁaining element 61, americium and‘curium end
their correeponding;radieautogrephs’weré studieu at high megnificationﬂand

indicated that the accumulation of radipdctivity was in the region of the’

:small blood vessels. However, thejresolution wag not sufficiently great

“to establlsh whether the mater1al wasg actually in the walls of tho blood

-vessels or had penetrated nO to 50 microns heyond the vessels into the
adjacent nmineral structure of the bone. A representative example of this

~is shown for americium in Figure-l6. The pattern ohserved with curium and

element 61'appear to be essentislly identical in character.
The results obtained by radioautographic experiments with both
fission products and the actinide series of elements suggest that accumula-

tion inﬁthe gkeleton occurs to a conslderable degree in the superficial

v layors of the bone structure and very posgibly is. bound %o proteins rather

than being dlrectly 1ncorporated into the 1norpanlc bone gsalts. It is note-



in which the animals were sacrifloed a’ few days after the sdministration of ‘ o
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worthy thet thé distribution patterns for tpesc elements does not'change'

f sigﬁificantly’with'time. Radiocutographé from edult female rats which

‘havc recelved plutonium nearly a year before they were gacrificed showed no

fundemental differences in distribution in  the bcne as compared to studleg

this radlo elempnt

)

DISCUSSION

Two aspects of the metabolic characteristics of the fiseion products

and actinide elements are of importance to consider. First there is the

‘evaluaticn of their relative hezards ss radioactive polsons. Second, and

. possibly gfvgreater interest, is the'appareﬁt;correlaticn in & number of

Anstences of their chemical propcrt{és with their fate in the body.

The outstanding characteristic of nine 6f the fission products

described in this report and all e{ght cf the dctinide elements accumulated

‘and tonacioquy retained by the skeleton hag s most ominous signlflcance

Justification for thls opinion is borne out by the tragic situstion which

has surrounded the redium industry. There is evidence to ShOW’that prolonged
. : 4 ) N /

retention over a périod of many years‘of about 1 microgram of radium may

result in the apncarance of bone tumors with a- fatal outcome. Somewhat

‘ large quantitles of radlumi 1n the range of lO micrograms, dep051ted in the

_qkeleton are frequently assoc1ated with a profound enemis and occasionally

the v1ct1m develops leukemla, which is fetel. Both of these disorders are
pregsunmably the resulﬁcof‘the bombardment of the very radio-sensitive boné

mATIow. The‘gldbmy picture of radium poisoning is darkenesd further by the

fact that to date no sﬁccessful method'has Yeen developed for removing

‘significant quantities of the ra@@um~once,it has’becn locked in the mineral

. structure of thé bone. . o ‘ oo
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ucts under discussion.

/ R R | UCRL 67
The fission pfoducts which localize iﬁ thefskeleton‘Ere similer,tO‘

radium 15 that they also tendfto te tenaclously held’in that- tissue. jA

number of considerations reduee’the relatite menace of these eubstanoes

as radloectlve poisons in comperlson to radium. First they give up much

1ess energy per disintegration and’ the' amount of lonization is relatlvely

much less qince ‘they emit only beta and gamma rays. Added to this is the

“fnct that on the basis of an equal amount of ionization per unit volume of

‘tlscue, alpha particles sre from 5 to 10 times more destructive than bets

and gamme radiation, Second, with the exception of Sr9 and 6llh7, the more

:labundent fiseion productslthat are accumilated in the skeleton have e half-

1ife of less than one year, whereeé the helf»life of radium is epproximately
l6OO years. Most of these fission products have half—lives in the range of
from two weeks 1o two months Third, w1th the exception of gtrontium and

berium, a negligible degree of absorption of the figsion products takes
. AN

place through the digestive trect.

E
A

" Yttrium, 'zirconium, columbium, &nd the lenthenide rere esrths are
dep0slted to & high degree in the‘immediate vicinity of the bone merToV 8g

contrasted -to the more diffuse distribution_of strontium, and presumablyvu

‘parium, throughout the minersl structure of the bone. This behavior tends

to,enhance the radio-toxicity of ‘this group of fission products both on the

basis'ef geometric 1 conglderations and 8 mlnlmal qmount of ealf absorptlon
i
of the beta radiation, Wthh is qulte ooft for several of the fission prod-

The actinide series‘of elements inkgenerél ghare the dangerous‘

oharacterietlos of radlum, namely 1ong holf—livee, alpha perticle emnission,

{ and selective deposition with prolongedretentlon in the skeleton. Their

tendency to depoelt themselves adJecent to the bone marrow potentlally

gives them a relatively groat degree of radlo toX101ty than radium The
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only important metabolic prope%ty of the actlnlde elemonts that tends to
reduce their hazardous quality is the fact that absorption from. the dlgqstiQe
'tract is negligible as comnared to radlum .

The second aspect of the studies degcribed in thie roport is the
apparent correlation of the chemicel properties of & number of the different
leiempnts wlth their metabolic behavior. It can be seen from Table I that
of the fiseion produots degcrlbed in this report there are two membors of
the alkaline earths, strontlum and harium, four members of 'the lenthanide
geries of rare earths, 1qnthanum, cerium, praseodymlum, and elemcnt 61, and '
yttrium whgse chemical properties are simila; to the anihaniﬁzgroup of”
elements; . The behavior of’strontium and‘barium afé essentially indistin-
guishable insofar ag their assimilatioﬁ, distribuﬁion,‘retention,»and
excretion are concefned, ag determined by following their fate in the bddy
uéing carrierwfree\radio~;spt0peg éf these’tW§ elements. The outstanding
‘metabolic chafacteristics shared by both are their éase‘of ébsérption‘f;bm'
the digestive tract, sélective deposition and pfolonged retention 1n'bone,“
felativeiy minuté accumulation in any of the soft tis$ues, and slpw/rates
of elimination.‘ The fadioautogréphic}studies of bone indicafe that strontium
is‘dépdsitéd primarily in thé mineral stru;tur@. It'ié bresﬁmed.likely that
a similarlpéktern of distribution‘in the bone would be observed with bérium;
A'number of factors which aré known to affect the caléiﬁm metabolism of
bone, suéh‘as age, célcium deficient aiet, prégnancy, proloriged lactation,
phogphorus deficient diet; rickets, fracture, a number of drugs sqch ag
ammphium ¢hloride, end the Qarathyroid hormone influence fhe ﬁetabolism~of

corrier-free redio-strontium in the samekdirection end to @ comparable
degree (15) (16) (17) (18). Similar studies with barium sre now in progress
jand preliminary results indicate a close regsemblance in the behavior of this

element to strontium in all of the circumstences listed above that have besn



subJected to study at the present-time‘(lﬁ).

L
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‘The four rare earths and yttrium share}the common properties of.

(1) negligible absorption from the digestive’tréct,.(Q) a high degfee‘of

deposition_and prolonged retention by the skeleton, (5)_excretion‘primari1y

via the digestive tract, énd1(4) aﬁ appreciable Qccumulatioﬁ in ‘several of

the éoft tissues,'notably livér,‘kidhey, end s?leen; The métabolism of

zirconiumvand columbium is similar in meny respects to the five elements

ligted ahove although‘cblumbium is apparently eliminated more rapidly from

the skeleton than the othersg. The four lanthenide rare earths share -in
cdmmbn‘the phenomena of the very high tronsient uptake by the liver. The .
fact thaﬁ this does not teke place with ytirium is noféWorthy in view of

the fact that this element is quite similar chemically to the lanthenide

rare earths. ' (-

‘ Whep the higtological structure of bone is‘oompared with the regions |

of deposgition of thése_different'fissioﬁ products in bone, & number of

different interesting points arise.. The fact that strontium and barium are

iaid down in the calciumrcbntaining mineral portion of the bdne ig yreagon-
able.ih view of the gimiler chemical properties‘of\thevalkaliﬁe earths.
Thét none of tﬁe_other fission products behaved in this‘mahner in bone ﬁas
not predicteble, and asrhas been ﬁentioned before, ytﬁrium, éirconium,
coluﬁbium,‘éné the rare éarths are apparently laid down pfimarily in the
non~mine£alized areas. As yet it has not‘beén definitély éstablished that

some of the materisl combines with the superficial surfaces of the mineral- -

ized gtructure of the bone. An interesting veriation occurs which is

‘peculiar to the rare earths only, namely the depbsition of some activity

in the regions of the small blood vessels within the heavy'mine?alized
shaft of the bone. The radicautographic deta that demonstrates this point
is only aveilsble for cerium end element 61 due to‘the.relétively shorter

hélf—lives.of Laluo and Prl%B« However, 1lt.appears almosﬁ certain that

o~
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_ yemain essontially unchanged (15) (16) (17). Pfesumébly the same indiffer-
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lénthanuﬁ; praseodymiumn, and_ﬁeodymiﬁm would give the qémQBpéttern of dis~f
tribution 1n the bone, Tt will be noted that_{:his effect 1s corrclated
with ‘the high but‘trénsient uptake of the‘fbur rare ;arths by the liver.
The uptéke;by the liver of yftriﬁm, zircbnium éﬁd coldmbium-ié relatively

small, as compared to the lenthanide geries, and no eppreciable activity
¢ : . R . 7

- appears in the region of the small blood vessels of cortical bone.

Tf the  effects of the various agents which alter celcium and -

\

strontium'metabolism of the skeleton are tried with repregentative members

)

of the fisslon product series, notably yttrium, zirconium and cerium, the
results indicate that their depos{tion, retention and distribution in bone

i

'ence to these agents would apply to ofher members of the lanthanide rore

earthe. In the case of ‘columbium it ig not as cbmpletely_predicfable but
& similar lack of effect would be likely. :

The metabolic behavior_of the actinide séries of rare earths:brings

‘forth a. nunber of 1nteresting'apparent correlations. The most impressive

is the fact that actinium, sméricium, end curium behave~1n an almostl

indistinguishable ﬁénner»from tha‘lanthanidé rare earthé. Thig quality

\ofvapparent metabolic identity includes the phenomena of high liver uptake

B . §

and the accymulation of material ebout the smell blood vessels of cortical

, bone. Presumably this situation érisqs from the fact that these three

members of tae adtinide seriés and the four lanthanide rare earths~studied

are all trivalent with chemical properties’of great simllarity. These.

observations tie in closely with the prediction and subsequent demonstrstion

by Seaborg and his_colleégues (20) that the chemical properties‘of'americium

and curium should rcsemble closely thoge of lanthenide rare earths and

f i

| actinium. While uranium, neptunium, and ﬁlutonium all podsess the trivalent -

kfstate,_they are treated in the animal body quite differently from these

1
|



| of plutonium.
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other two groups of bivalent elements. Neptuhium‘and plutonium are much
alike in their metabolic characteristlcs nnd in turn regemble thorlum,
Wthh normally only exigts In the plus four valence state. Since plutonium
follows the same metabolic pattern, whetheér sdministered as Pu*B', Pu '*h,
+6

or Pu , it eppears that the body converts it to one valence'stéte. The

tracer studies and bbne radioautographs show no significaht differences

between the metabolic oharacteristnos of thorium and plutonium which
suggests that plutonium in the body is in the totravalent state, regqrdless'
of the valenoy of the admjnlstered material.. The same situation is likely
with noptunium, but sufflcient date is not yet avallable to C“t@bllsh this
point. ‘ ' . | . ¢

This view has added evidence from the behéiior of urenium which 1is

rather different then fhe other éeven mewbhers of the actinide series in

~that the uptake and retention byvthe skeleton is less, excretion is‘

prlmarlly by way of the urlne, and there 1s a very high nnd fairly . pro-
longed accumulatlon‘in the kldney. It WOuld appear likely that u*> would

b&hﬁVo like the lanthanide rare earths, qotlnlum, americium and curium.

-wh ’

On the seme Yesis U ghould regemble metabollcally thorium end pluton-

. . \ . 3 ’ : -
ium, which 1t doesn't. Sinc:eU'Pr5 is very unstable under most conditions,

it seems’plauéible, ut pot oertéin, that uranium in the ﬁody exists as
U'H-6 in fhe‘form of U0, ** of\may be complexed with the éarﬁonaﬁes preseﬁti
in‘the body: \ | |

The effocts of agents which alter calcium and stfohtium‘metabolism
hes ohly,been'investigated with one of the actinide group, namely plutonium.

). . . .
(15) (16) (17). As in the case of the comparable studies with yttrium,

ziroonium) and cerium these sgents did not disturb the normel metebolism



=80~
TABLE I-

PART I
FISSION PRODUCTS
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ACTINIDE ELEMENTS

Isotope Half-Life Type of Rediation
5185 65 D K, gamma, e~
y 88 87 D K, gamma
7189 78 hr Positron
2795 65 D B, gamma
. 9> 37 D B-, gemms
. Ru1§g6 L2 D B, gamme
Rul?? 1.0Y B~ v
Tel?9 90 D I.T., e~, x-ray
Te 32 D I.T., e-
li; 8.0D B*, gemma
Xe 1577 34 D K, gamme, e~
05153 33 Y B”, gamma )
Ba 38.8 hr I.T., gamma, e
BallO . 12.8 D B-, gemma, e
120 40,0 ny B~, gemma
141 L
Cel ), 28 D B~, gamma
Ce lhB 275 D B
Pry)5 13.8 D B~
617" 3.7 Y B ’
PART IT
‘gozez 13.5 Y B~ (99%) alpha (1%)
p° > 24.5 D B-, gamma
P?ggg 27;h D B-, gammé, e~
U 539 10° Y Alpha
Np?59 2.2 D B", gamma
Pu?hl 2.2 X107 Y Alpha
Am hP 500 Y Alpha
150 D Alpha

Method of Production

/

. Rb-d-2n

Sr-d-2n
Y-d-7n
U-n g
r95 B‘ decay

.U-n

U-n

U-n

U-n

Tel30.d-p, TSl p- sy
I-d4-2n

Uen

Cs-d-2n

U-n

Balho B~ decay

U-n

U-n |

U-n |
U-n , /

Ra??6 n-gamma, Rao?7 B decay
238 Alpha decay ’ :

Th o2, -d-p. P35 B- decay
Pe”33 B~ decay
u238.4-p. U239 B~ decay

Np?39 B~ decay

_ Pu-alpha-p,n

Pu-alpha-n



L

TRATION'
% % ACCUMULATION RATE OF
. ORAL - IN PRINCIPAL ELIMINATION

, - FISSION ~ABSORB- ORGAN OF FROM. PRINCIPAL

RADIO ELEMENT  HALF LIFE = YIELD TION RETENTION ORGANS OF RETEN.
. Strontium o ‘ S

’Srgg 53 D L. 6% 5-60% 5% Bone Bone %200 D
_Sr 25 Y , - 5-60%  65% Bone "Bone »200 D.
Bariy ’

" Bat 12.8 D 6.1% 5-60% 5% Bone Bone  »50 D
-Iodil:%(:eL , o B ‘ o

I 8.0D 2.8% 100% 30% Thyrold Thyroid 330 D
Cesium , ’

Cs 337 100%  45% Muscle g
Yttggpm , 5% ‘Muscle 15 p

beg - 57D 5.9%  €0.0%  65% Bone ~ Bome 500 D
Lanthanum ‘ : - [(65% Liver ' (Liver 10 D

La ho H 6.1  <0.05% (25% Bone (Bone 25 D

‘ Ceri% 1 - ' ;

Celuh o8 D 5.7% <0.05% 55% Liver " Liver 10D

- Ce 275 D 5.3 <0.056 25% Bone Bone 200 D
« Prﬂseﬁdymlum N {30% Liver Liver 10 D
13.8 D 5.4%  <0.5% (ko bone %Bone $100 D

Elemeﬂt 61 / (50% Liver Liver 10D
3.7 Y 2.6  <0.05% (30% bone (Bone  >100 D

. Zircgnium ) : : ' c :
Com 65 D 6.4 <0.05% us% Bone Bone = 100 D
- Colugglum ‘ ) MO% Bone éBone %0 D

Cb 37 D. 6.4%  <0.5% (259 Blood (Blood 1D
Ruthenium - )

Ru 42 D 3.7%  <0.05%  3.5% Kidney Kidney 20 D
Rul% 1Y 0.5%  40.05% 5.5% Kidmsy  Kianoy 0 D
Tell&glum ' o '

Telpg , 90 D 0.033% 256  15% Blood Blood 15 D

Te ; 22 D - 0.19% 25% 6% Kidney Kidney 15 D
Thorl% ' : : S

Th? oh.5 D <0.05%  50% Bone Bone'  >200 D
Protgaotinium L - ’ :
- PR3l 3X 100 Y, <0.05% 140% Bone Bone >100 D
Neptggéum | | | ' Bone '

Np©? 52D <0.05% 60% Bone AN
Plutonium . A Bone 250 D

P9 Ce.2x 10ty - 0.007% 65% Bone Bone  >2 Y
Ambr%olum 70% Liver (tiver 10 D

A 500 Y <0.05% {25% Bone (Bone  >17Y
Curlgme - {70% Liver (Liver 10D

. CmPh 150 D <0.05% (25% Bone (Bone  >1 Y
Xeno§35 . - Distribution proportionel. to fat content

Lo 5.2 D 4.5%  of body; half-time* in the body two hours
Actlg%um { 50 Liver Liver S D

AC& 13.5 Y {0. 05% 0% Bone %Bone ’ >h D
Uranlum [40% Kidney (Kidney U4 D

e35 1.6 X 10° Y <0,05% 1&0% ‘Bone P D

-2

. TABLE IT o
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SUMMARY OF THE METABOLISM OF THE PRINCTPAL MEMBERS OF THE
‘LONG-LIVED FISSION PRODUCTS AND CERTAIN OF THE FISSIONABLE
ELEMENTS IN THE RAT FOLLOWING PARENTERAL AND ORAL ADMINIS-

{Bone 6

& Human gtudles
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| FIG. IU: DEPOSITION OF ACTINIU, THORIUI,
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FIGURE 5

Femur from ydung rat injected with radio-strontium
and sacrificed at 1 week. DNote strontium deposition
~in shaft and calcified areas below epiphysis. (x 6%)
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" PICURE 6

Femur from adult_rat injected with plutonium and

sacrificed at 8 weeks. Note superficial plﬁtonium :
deposition in area of trabeéularlbone,.periosteum, aﬂd
- endosteum, A comparable pattern is‘fbund after 7 days

and 256 days. (X 10)






FIGURE 7

. Pemur from adult rat injected with yttrium and
sacrificed at 2 weekss Note deposition in compact
bone shaft and the high concentration in bone trab-

eculac. (X 63) .







FIGURE 8

Femur from adult rat injécted‘with zirconium and

sacrificed at 2 weeks.' Note: similarity to plutonium

'

‘deposition in Figure 6. (X 73)
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‘ | . FIGURE 9

'

Femur from adult rat injected with columbium and "
_ sacrificed at 8 days. Superficiél deposition Bppears
to be similar to that of plutonium and zirconium.
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FIGURE 10

Femur from adult rat injected with thorium and
saorificed at 8 days.. Superficial deposition re-
sembles zirconium, columbium, and plutqnium bone

deposition, (x 8)
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FIGURE 11

/

Femur from adult rat injected with cerium and

sécrificed~at,64 days. Note cerium deposition on
surface of bone and the Spotty,distributionAin the

shaft. (x 8)
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FIGURE 12

Feﬁuf froﬁ adult rat injeéﬁed with element 61
~ and sacrificed at 4 days..,Noﬁé resemblancé-ﬁo &erium
| (Fig. 11), i.e. superfiéial deposition and spoﬁty
dis%fibution throughout calcified shaftf Note surfgce

deposition on trabecular bone. (X.7)
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FIGURE 13

Femur from adult Iv"at injeoted with adtinium

" and sacrificed at 17 days. Tote resemblance to
cerium and element 61. The specimen was allowsd to
\age for 100 ’days before making,the autograph to per-
mit eéquilibrium of the 'radioa.ctive daughter to be

‘attained. (X 73) w







 FIGURE 14

‘Femur from adult rat injected with americium
and sacrificed at 16 days. Note similarity to cerium,

eletent 61, and actinium. (X 8)






L | . FIGURE 15

Femur from adult rat injected with curium and
sacrificed et 7 days. Note similarity to cerium,

element 61, actinium, and americium. (X 7)
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! ' FIGURE 16
Higher power magnification of a section of femur
and emeridium radioautograph shown in Figs 14. Note
~deposition of americium in the region adjacent to : o e
the blood vessels of the shaft. (X 270)
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