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ABSTRACT 

v The anUable data hae been re•eved tor the. bioloeical behavior in rata or 

hieh-epecific-aetivity r~dioisotopes of 70 elements. Tracer quantities were 

adainietered in ·single intnlllUscular injections. GrOups of rEtts vere autopsied 

at various intP.rvale, e. nd tfsm.tes and exc~ts. vere assayed for re.dioacti vi ty •.. 

DistribUtion-.dltta were arraT'ged 'iCC'Ordi.ng to the.gron_rir.g of the periodic 

table of the elemE'Inte. The o.nione, (including the halogens), t~1e oxygenat•3d or 
' .·,;~. 

halogen&tfed ione of Groupe I\', V, and vf, ~nd the trand tion met~:~.ls wor~ rayidly 

elbline.ted by the- kidney. The r.:~om~val~nt. alkali metals W<lre diatributed alllost 

. unifonnly in soft tiss-Je with eubstlqu~mt, excretion by the kidney. The bivaltnt 

. ca tiona, except Rg++, Cd++, and uo
2 

++, vere deposl t~'!d prh:1ril.y in oone minEiri.l 

and wer~ eliminated slowly in both udne aT'.d feces. ~9 tripoaitivl! el~llts of 

Group III, the lanthanides, •nd thl" ac't:lnides were deposit-'ld .in H.ver ~nd bone • 
• > • •• 

The liver traction was excreted vfa the bile wi th.)ut recir6uJAt~,dn1 while tbB.t ., - . ;·' . . . ' 

·,:_~-- . . .~' 

depositAd jm bone vas turned over r:.t a re.te s1owE>r 'tha1~ t';lat of jl()rmal bOne 

remodelliDg. 'l'he qua,c'.rivalent ce tions such s.s Zr +4_, 'tl.~ +4, <.a.rtd F'u02~ vere 

deposited almost excluP.i vely in bol'e and vere bcDr1d mere drerr.gly thac the 

Group III elem~nts. 

Thl, propt"rtiee tt,et dAtermine biC'logica.l behavior l:lt"f:l (a) the oxidation 

state stable at l>od,.· pH, (b) the soluM11ty of the atable state, {e) the 

tendency to be ineorpereted into organic col!lpounds; q,nd (d) the tendency to 

aeeoc«te vith specific proteif,s. 
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MftA!OLIO CHARACTERISTICS WlTHIH A OHIMICAL FAMlL~ 

Patrioia w. DarbiD 

l&vzoena. Radiaticm Laborato17 and 
Dirlsicnl ot Medical fh7eice, 8ernle7, CalUcmia 

INTRODUCTIO!I 

. I 

The great potential hazard of the radioactive pr~ucta ot mcalear fission 

aDd of the fiaaionable element& vas recopized almost as eoOil aa the llUclear. 

cbaiD ~ction was smccesatullJ demonatrated. The neceseit7 for strict 

control aea8urea vas apparent. To pro~ide a sound basis for such control 

measures an intensive iaveatigation was begun of the metabolic behavior and 

biological effects of these radioacti~e subs~ces. S, 1946, a wealth or 
- . 

information bad ~'en gatbe~.from these radiobiolo1ical reBearches which 

prorlded a logical frame~ork for the establishment of minimum preoautione to 

be taken by users of radioactive materials and for the protection of the 

general public. (l-5) A great deal of ground remained to be covered. Wit.h 
~ 

the increasing use of radi~ctive eubetancea, ma117 radionuclides, in addition 

to the fiaaion products and the hce.vieat elements, vould soon be produced in 

react.ore and C7Qlotrone iD hazardous quantities. UDder the diJoection of the 

late Dr. Joseph G. Hamilton, a e7etematic investigation was made of the 

biolosical behavior 1n labora to~ rodents of tracer amounts or some ?0 

radioeleaents. Most of the radioisotope& were prepared on the Crocker 

laborator")" 60-iJlcb qclotron by Dr. 'l'boaaa M. Putnuf.nd, Mr. G. Bernard Rosei 

and their staff. Dr. Warren M. Garri110n and his co-vorkere illolated ancl 

purified the radioactive products and prepaNd thea for bioloaical uee. Dr. 

lenneth G. Scott directed the animal work. Thia report is derived l.argel7 troa 

the data collected b7 this ,roup durinc the 79ara 1943 to 1952. Data tor 

(a Thia wort vas perforaed under the auepicea ot the U. s. ATOMIC ENERGY 
COMMISSION. ) 



.. 

........ 

several elements ·that we~ not imestigated in this laboratory han ~en drawn !rca 

the 11 terature. 

Some or the data eor.tr, 1r.E>d in this summary ref·ort ba:v.:' been published else­

where in various forms. (1, 5-16) ·nH!y. have bet-n. r~auelyzed for this prea~ntation 

aJ)d iaf'ormaticn 11 inel'.lded thst was previo\1sly ava Hahle only in Universit7 of 

CaHfornia ~diction Iabcratcry Prcject Re;:orts. The distribution and elimination 

date. have be~r 8 rranged to eomr..ar~ thn biological behavior of the el.ellents of the 

ftrioue pari.odic groups. 

Since Men~eleef' 1 a presentatior. cf thP. pP.rjo{Uc table, thE· chemical propertiee 

of elements haw been successfulJy pradict.P.d fro1:: kn:·wledsr: o~· the beha rlor of 

other membf>rs r ... ~.he same periodic group. The ;.roi)"·rtiE's of the other b!:.loaens, 

for example, suggf; sted t.he bp sic analytical l!'et.hods first used tc it!cla te and 

identifY element 85, astatine. (17) In man1 indar:cen the> l.ic.logical behav!.or. 
·{t_~:r?=~ 

of an \UlteP~ted elAroer.t her alec teen' rredicted (~t least qualitatively) frOil 

knovledg~ of its nae.r er.emiCP.l neichbcrs. It wa: logich] to look for and net. 

nrprisiDC to find halogens other than iodjnA ccnc~ntrating in the th7roid 

eland, (lB) and to find e.lkalinfl r·e.r+.he other thai: c~,lcium 0( ing 'ncorporated 

intc bon'! millf'ral. (19) 

Mee.ninctul. ccmparisone cf thr;o bArt.avior o! th•? ~"1<:-~nts of ea.ch p~riodic group 

and sub-group were fO!Iflibl~ oocnuse th' tracer experiments 11ere perfc;,rmed by the 

and the same animal epeeie~ !n tb t~'>.st s1stem. 

M:!HODS 

Detailed deP~criptions of tt;e preparatiol" of the radioisotopea a:nd of the bio­

locioal proeerl~s ar~er ~ls·,vhere(6,7,19&), and only a brief outline of the 

experimental methods is prenent~d here. The r~dioisotope of e&eh element inve~ttca-

ted wa eeleotfd on the t>asie c:' ease of pMpa.ra tion in 0c1rrier-free f<r I"Q or at 

'"1"1 hieh-apec1fic activity, length of half-life, a.nd :iesirable radiation 
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oharapteristice. The specific radioisotopes used are shown in the Tables:Pf data. 
'i. ~-

The animals used were mostly .feiM.le·'·adult albinc rats • Radioisotop: '·~of the 
• t., .~. . 

elements ~s'llm£id to b::> anior.s .·or monov.!l~tint cations werf' inJected intramuseularly 

or bltravencul!lly in .i9oiordc sali~P.. -:.Rit(Uofsot.opaeof' cations in th3 di-, tri-, 
~!. . 

or c;uadrivnl~nt stat~ were injeet~d in"tnrnuscul,..rly, usually in isotonic- cr .. 
~rtcnic sodiW'II ~itrat.e. The cotii~)JJni~.ng aw~nt we used to prevent re.diocolloid 

),· . 

formation either 1ri the 1nj«>ct:ion solution or in t.he'animal's circulation, and to 

fa.cilitatP. abflc:rption from the sit, of injeetion. A minimoJ. aJTtount. of each 

radioroelide vas ~tdminirtP.r:'d to 1'iVOid :r~diaUor. ef."ects, hut. onouP,h WDS glvr-,r. to 

en~ accurate ra.dioa~tiv,_, asae.y ('f tisAUEIS ~nd excreta at the longest tirne-

interval a";ndied. After !nj~c+.ion, r:rro,t!)E ot t.hree r~tts were plnced. in lllCtah0lism 

ca~eF. for th~ separat"' col:lPction of' urinfi e.nd feMs. Ce~es n< i)'ll'"AP- rats were 

autopsied at intflrvals varying ~·rotl J hCllt" t.o 8 months, the length cf each 

experiment depending upon the half-life· (lf' the isotope ar~d the qu~nUty available. 

Tissues and excrf'ta were usually oven driAd at lOOOC, ashed in amuffle 

furnace st 5000C, and dissolved in dilutP. nitric eeid. Aliquot. serr.ple!" vere 

eTS.pcrat•'·d in small pcreilain eap~1ea ·and assayed for ~"'ta.-uarticle activi.ty 

w5t.h a thin w:indt:YW G-"f countP-r. A knovn portion .of the injectio!'l solution 

servet:i as li C(lunting st,anda!"rl, and SAlf <th€0rpticm curw•s w~rP. :rl'!pared. for each 

radi.oisotope by the dilution method. In some CA.F"'S p;amma. rays w:>re suffic:leTI.tly 

int€nsc to penuit acf'urate fiS~ay wHt- a l~~~d-shhlded G-M tu't>e. ::After 1951 a 

Nai-Tll crystal scintillator W.H' used for g~ ray counting •. !ir.Mr.1c, Tc, 

Se, T~, I, and Ge VE'!"f'! fom;d to 'bl-- partially volA.t.ile at muffle· f\;rnace 

tempPretu.rea. These r!ldjoele!r',erte end thc'se "'ith V'!"r:f ~h0rt half.:Hves (At, 

Se, and Ia) were Pither dr~ed at t.~p~rEttnN.'s l~sn thari J00°C, c;.r.d thP.. rAta 

pe.rtiole activity l!lf>l1.5Ured; or f'rnih t.j ssues were !i:.esr::.yed for 2.'-l'ltlE< actjvi ty 

vben these vP-re present e.t ~u.ffieient.ly high intflm!it.y. In all cusf>B samples 

were counU,rl ·or I! lOT'g enough +ime t.o keep 



' ctcnaatiq errore within the ranee ot ~. A balance lbeet ot racl1oact1TiV •• 

prepared tor each animal 1B eveey exper!.Mnt, aaplee vere reoheake41 or the,·_ .. 

experiment vas repeated until _ tbe total reCOYeey Taried b7 no more thu 11~ 

troa the amount .injected. 

The method or calculating the radiouotope distribution iJ'1 tema ot peroent 

ot adldnistered doae (percent of absorbed dose in oral or intruru.acular ex­

periments) has alread7 been df.:soribecl. (6) 

Se'Yeral of the lightest elements appear as blank• 'in t~e .'tab~~·· Same-- : 

omen, sUi eon, boron, alwninllDl, ni trocen, 11 thium, .magne•iwa, a~d chlorine-
. . ... ' ~,.,·: 

either could not ~ •. prepared earr~er-fr-<Je or -have onlT~·very short•liYed radio-
,..... . ' 

isotopes •. Comparable tracer data in the rat were not available for aenral 

other elementsa sulfur, earbon, titanium, and nickel. 

The chemical states of the elements as they apPear in tho iables were not· · 
-~ 

determined experimentally, but rather are best estiaates based on the cheais~ry 

of separation fro!~' the target l!ll.aterial and a study or "'heir oxidation-reduction . 

potentials.<20 ) 
' .·,.;~ 

The,.tracer data are collected in Tables I through x. .. lD most cases the 

4-day po!ltinjeotion 'interval is eho\lll because data were available for the 

majority of the elements at thie time. period. -·ResUlts of £horter·t~rs tracer 

.f 

~ t • 

' . 

atudi,?& are •bovn for those elomt,nts that vere ve17 rapidl7 eliminated or for tho..,_ .,f!-

vith half~lives shorter than a rev hours. Several biological crit~ria sucges~d 

the iielectiou or thf) 4;aq 1atArlal aa moat 1nl'ol"ll&t1'"1 (a) iatl"llJIUeoularly 

injt'oted material had been larsely abeorbed• .. l{'IIB than 10% remained at tb.e dte 

ot inJectio~ vhon a oomplexins tl£tmt wao addedr (b) the blood etr~:~aa h.d vor7 

n._rly boen oleareda ' (c) tiseNeB whoee initial :rac1ioi1otope conco"tr~tion• · 

J""epreaented blt·od·borne iaotopo vr eimple 111ixins with •xtz-. .. oellult.r tllU.d ht.4 

" be•n ole,tl""~dJ (d) pr~pt exoT't'tion, reflt~otiQC itd.ti•l clefl.rarlc• of the. b~ocl·~,·-~ .. 

J 
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~d _•err ~early O'J&I!Ied; (e) the excretion nsulting fr01q slo-ror procnfi!ses ot 

turno'fer Jiad not -;rr>t become important. 

In the Tablee rndioieotope contrnt 18 abcwn for thooe tissues wich are 
'' 

i.aport~nt s1 tflls of deposition ror at least one member of the .particular periodic 
': ' - ' ... 

group.. The S1fllbol U or 1'' tc the ~ight of the valu:~ for total excretion indica t.es 
·'· 

that. the greater proportion cf a particular r&dioisatope vas e11m1DatPd b)" the 

ki-dneJ (U) or l>7 the digestive tract (1). Where the syrabol UF aprears, about 

equal amounts-were eliminutP-d b7 th~ two routes. 
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-~UP Ia. ~ .U.QLI MZTW 

la ahCND ill fable I, alr.eletal aa4e vaa ~ 1aportaat depoaitiao aU.e ot 

~~eat ·ot the Group I el.eMDte. The kiclneT • the chief route of eH•i•tioa. l .. 
tev clqa af'ter iajectioa the oonoentratiOD ot theM •t&I. ·ill IN80l.e vaa tbNe 

~ . 

to tov tiMe·. that of the. blood aDd oae: aiMl oee-balt t1aea peater thaD the OOii• 
' . 

.. t.ntiOila ill other •ott ti•ne•• !be behavior of the P'O'iP· va• aot c.pleteq . . . 

uitonaJ • teaa'ed ~ be e11&1Dated alaoat. tvioe •• ta•t •• the other .. bers ot 
• • 

\be ptoup, ancl • and )Q) oOilOQVa ted · _ia boae to a a1pifiaantl7 p-ea ter exte~ 

U..l or Ca. 

The •ta-llo bebaYior or the ltab-Oroup I eleMnta-Oa., Ac, '~ ~---41tfere4 
r . ~ ~ ,' .. 

tJoa the. eleaellta ot the MiD IJ"''ip. lD.-plete cSata ot l.Jir.va.l! &l•21.1rt4loate 

\Mt 1a aclalt rata o.++ OODOentratad 1a ~ llwr, k1CbM7, &Dd aplen. 'fN.cer ciata · . ~ . . .. . . -
~ 

wre raot &ftilable tor boHJ howver, tbe values ot fiptoll 1111·22 tor trace 

e~ata 1D huaan tiaaMa show boDe OOBontration ot Ott to be about 10$ ot the 

.. oeatfttioa ln the eof't tianea. · 

IUnr ill the +1 etate hae a uique rat.e. Scott and Hallilton9 found tbat ill• 

JMtecl oan-ier-tree radioallftr oombi11ed alaoat qu.antitat1~17 with plasae. proteia, 

vas npldl7 !'DCIWed trca the circulatiOn b7 'the llYer, and vaa el1•1ut.ed bJ tbe 

patroiateatiMl tract Yia the bUe. Ia u att.eapt to e'hq tbe rate ot a pre-

-bl¥ aol•ble A• ocapoliDd, ra41oaotift avio thionltate w• prepe.J"ecl. Arter 

111\nftBOU iltJectioa of thie o.pouDCI· oolloidal aarept.e• v~rt'l nppareD'\1.7 fOI'MCIJ 
t.: 

\be 41atr1btttion pattern va• t7Pioal ot oolloida or ... u par\iole dseJ ,~t 1a1 

la1&la eoaoeaU.tioaa or radiopld vere toad ill liYer1 aplHD, ud boBe ~.23,24 

!'1M bela&Yior ot DoltwOOlloidal A1a ~iuto be deaoutre.ted. 

aJ7 ot· tbe tracer expel'iaeatl vith the alDUne earth el.ne!l\e 11 a!lOVIl 

ill fable n. file Mtabollo behaftOI" of tlleee e1-ta V&8 DMrq DftOft ia \be 

,' 
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rat. After tbe rir•t rev cla7e 110re than 95~ of retained Ca, Sr, Ba, or Ra va• tOUDCI 

1B. boDe. Tracer data are-not aftilable for Me .• but Tiptoa'• epeotroaraphio anal.Teia 
. ~ ...... 

. , 
&nf other ti~ne-& n.lae that agree• well vith an&lf"• for the .other alkaliJae 

eanhe.~ With the poaaible exoeption of Be, the alkaline earth el.aente 1n bone 

are a•~ooiated vitb the aineral phase. C.loiua recein• preferential treatment by 

the ki~,29 aDd by the l&etrointeetinal tract,JO eo that &ft«r oral ·adainietration 

or paren\eral inJection a IJ'e&ter pe.ro~tage of a single do•• ot radiocaloium 1• · 

depo•it.d in the ekeleton than an7 other element of the ,roup. 

Recent evidence iDdioa tee tba t the alkaline earth 1n mineral bone b di•· 

tribated la at least three cro••ly obaerwable coapartment•--one with a rapid 

~, one or intetwtdiate balr-time, and a third that is turning oftr TBr'f .. 
•lovq. It ba• been po•tlllated that these three oompartaents repreeellt (a) :rapid 

p}q'•ioo-cheldoal exchaJ:I.Ce 1 (b) gross bone turnOTe r due to growth and (or) reaodelhc, 31 . 

aJld (c) ftr'/ alow excbance processes reeeJnblinc eolid at.ate diffuioa.32 The aaoUDt 

or adlliaistered alkalllle earth tracer tbat appears in the n.rious ~er 

ecapart.Jit~ dspeDCl• lar1el7 Oil the ~~e ot the animal; the olcler the uillal, the. 

=;ller the percentage that will be as•ociat.P.d vith the slower turnOTer ooepe.rt­

aenta.ll la :rats the balt-tillee of the n.rious Skelet.al. tUrlaover ocapertaenta 

haw bHa touad to be sbsilar for Ca and Sr.34 Berylli11111 ooneentra'\ed to a 

•1p1t1o1nt decree ba llnr and kiclne7 aa well aB ia bone but •• re.oYed trca 

MM at ·aa apparntJ.T al.over rate th&ll the other .. bers or the •in poup. 

lv7ll1• tJau r-••bl•• Z. in ah~biti!lc certain of the oharaoteri•tia of both 

tM al.kalllle •rth• an4 tbe ele•nta or Su.b-Cirolap II. 

Al.thmp appareatlf -iD the '+2. •ta te in Deutral aqueoWI aolutioas, the Su.b­

Group II elAMDt• (r., Cd, and Be) vere Dot depo•ited in boae to the ,r-t ~nt 

aoted ~or the eleMst• or the •in 1roup. Iwtdbtelf atter hjeotion, traoer ZD 

wa ao•t· b11hl7 ooaoentra\ed in the 11••r~35 !iptoa11 ·~ ot tra~ eleiaents 

la ..... \iuua 11141•'-•· hovner, that oonoentratioe• ot •table fe a t.M 

------------------'------------------ -----
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• proatat. ~].aDd uul 1Jl boae, an aore than twice \hoM ill Uftr1 kidMJ, or other 

80t\ ti•--··22 

'fraoera ot Cd. and He vere deposited pretereratiall7 1Ja the 11nr ud kUDeJ• 

Retu\ioa of \racer Cd ill both or1an• vas quite prolncea.? The Mort Mlt•llfta 

or \be ~96,197 i.owpea precluded lone-ten nudJ', bat ~iltc u 8-clq obeenatia 

period the re~al coaaentratioD act.ul.ly 1Dcrea118cl1 vbi~ that in the other t18ftla 

deoliae4 vhieh indic.tea a hiah decree ot retention. 7 The pi-o~ rete~tiora ot 

Cd &Del Be atroa&l7 ngeata SCM stable Coabiatioa of thfl~ tvO elAII.rat.a ti* 

proteiD ill the ll'Nr &U ld:clae7. 
. :.'~ 

~ 

GBOUP III' THE IAJ. ThANDii,;,S AND lCTDiiDD 

t'b. diatrillblot ot the lanthanides, ac\1a!Ma1 uul ea-et.a ot Qlooup III 

fa ~ised in Table• In, IV, and V reapecU~.q. fw ot the•-•Ja.rata .. 
(n and U) reHmbled other perioclic groupe in their biolopoal bebad•r. Tbe 

- . 

at.able atate o! n ill neutral aqueoua aolut1•• ie n +' &lld it.a 11·-·ior, 1 ••• ' 

aearq unitona cliatrib&tion in t.he soft tiasuea and rapid eliaS•ti~, vaa rwdata­

cent of the Group I element.a. 7 ,.3S U~l i01l1 uo2++-, reeeablecl Be++ ancl C4++ 1a 

ita temdenq to concentrate in the kidne71 
7 ,.39 an4 ahou.ld pro'babJ.7:'be claaaltW 

vith the eleaenta of Su.'b-Group II. 

The behanor of the trinlent catio•a '-• reaub.bl7 uitona. 14nr aD4 boM 
l - -

are the .. jor depoait.ion eitcs. lor tbose el~t• depoliited priaril.J- 1a tM 

'i liTE~r, the 1••trointeat1Dal tract vaa evantull7 the ~u route ot elildwt.loa. - lor 
~ 

i tho .. oonoentratiq priM.riq 1A bone' the k14De7 vae the •Jor ...... 7 orau• 
tltelekl -.ole a~W sipitioant .. o\111\e ot Oa, Ia, and Sc, the 11ah~d 

-ben ot the 1roup. 

There t.. aa. n1.4eaee point!Dc to ooabiJI&tion of til••• h1Pl7 obarp4 icu 
-, 

vit.h prot.eia ill the llvv. Tbat traction ot a tri'ftlent ion W\lal.q depoe1W 
"- ,, 

in the 11nr •• elild.atecl vith a balt-ti:M NJWillc trca 10. to 20 ci&J8. C... 

pari~ ot the &aOUJlt oriaiball7 aOCUIIUlahd ill the 11'Nr1 and tM total teal 

J 
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.....U. cbartac tile tin\ 60 dqa P"\iDJec\ioD 1DdioaW Ulat. \heel'"'"· 

'* ~ .. clirM\J.T tJoaa u.. llftl' 1at.o .t.be -u -..1 . ..u tbe bU. .wa 
' 

U\\le pnro!.~~Mnt.l NabtiOJpt;ion. ...... ion ot Vi~ •t.S... Ia u.·. 
alrel..nea .. prolaapd.. !be halt '\a. tw 11 •aftl. ot ~. ell 1$ -6 LS 

,_,.. • \be • .,..... tor t~w rat..·. While Inn aat.oracliopapM iaU•te \Mt. 

tile• eha1 1tl8 ooac:Nrrt.rate Oil boD;r nrt ... tat at 1itea ot ~ 8114 

IJ'Gif\a,s,u-u,l6,4T-49 the qllenion ot u. ~ts.t.e ate1et.a1 •s-lticill atte-

t.be 1U"taoe ot the orpn1o -t.:rix er the._,_ Al.t-18 ~ t.o M .-plftelJ' n­

aolwd. 

!be .... buio lJ.cb\ laat.banona wit.h \heir l&rae s..1c nd11 ,.. ...... 

c~a.,_iw lu'PlT 111 the liYV. The b.e&'rier lalnbaft-., _.. aoW1e ut ot 

· .Uler 1oA1I abe, wre 1a1d. c101m exclulw}T in bane. It Via, and \be 

aot1ni ... 1lboM etabl.e orldation nate 1a IJ'N\er \ban +3 1--h, lp, Pa, Ud fb-

f ~aabW t.taa be&T.T lantb.anoDa, wbU. the tripoe1t.1ft aotsns ... -ao, Aa, aDd 

.. 

·, 

'·· 
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GROUF IV 

The important de) .oai t ion s1 tee of traeers of the Group IV elements are 

Shown tn, Tabla VI; These "'lemente oonstitu-tP the third major group of bone 

seekers. There vas one demcnstr'lted exeeption--Ge--which under ph)F&iological 

c0nditions exists in hydrat··c1 anionic ·fol'Z~ Tracer Ge vas rea411y absorbed trca 

an intrauu.scular injection site and vas rapidly· and almo~'t uni·form.l.y distributed 

in the soft tissues. It Wt:IS allnc'st. quantitativeJ.7 exc~eted by the kidDey in the 

first -24 hours after injeetjon. After a fev hours the ccnce11tration in bone vas 

somewhat areater than that in mc~t qf the other tissu~s, but this deposit vas 

quickl7 eliainated, and within 1• days after injection constituted only 0.5~ or 

the administered dose. 

Lead bas long lY en recogrlhed a+ hasardous bone seeker.. The assceiation of 

Pb ++ v' th the mineral phase cf bone, is veil documented. 50 Tracer Pb was elillinated 

by the kidne,- and IS.Strointestina1 tract in nearly 8QUal prcportions, also 

reminiscent of the Group II elements. 

Tin and Zr tracers VP.re deposited in the skeletoi1 to the S&D!e extent--.30% to 

.35% of the absorbed dose. Timed studies were not sufficiently lone to ee-

tablish skeletal removal rates; hovever, from 2 to 4 months after adminietretion 

nearly tvo-tbirds of the initial deposit remained, i~dicating skeletal turaover 

times in excess of 400 days. There' ia some difference in the manner iD which 

radioactive Sn and Zr vere eliminated. A larce fraction of the tracer So vas 

excreted by the kidneY,,. in the firet 24 hours. Afttr the first day, ur1Da17 

exorHtion becaae almost negligible, and the intestinal tract took over as the 

chief exoretor7 organ. v~ry 11 ttle carrier-tree zr95 ~as excret<':!d duriq the 

first da)'. In the ensuing months ~ of ·the eliminated Zr :was found in the 

feces. The early urinary excrt,tion or Zr .can be greatl7 enhanced by tbe ahal­

taneou• adainietratig_n or milligraa uoants of stable zirconiua citrate. 51 
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hesumabl~ colloidal aggregates a_re : prmed that are readily filterable by the real 
· I t 

glomeruli, ret are small enough. to escape filtration from th£> c1r<Nlat1on b7 the 

reticuloendothelial eystem. 

The data shovn for Hf are dra\ill from Xittle U U• 52 Most lif ccapounda are 

relativel)- insoluble in neutral solutions at JDOderate t•peratures. The hip COil• 

centration of rs.diohafnium in the liver d~IJ net fit wit~ the deposition patterna 

cf the other meml>ers OJ.~ th<l group, r.r.~ suggests the. t a. portion of the aodiUID-

~fnium-mandelate-complex was in an aggregated form. The presence of 15% ot the 

admi.Jlistered Hr in bone du0s indic~~J':.' a bE.havior .similar to Sn, Zr, and Pb. 

GROUP V 

The distribution of the Group V elements is shown ill Table VII. With the 

exception of Bi and perhaps Nb, the prinie$;-pal oxidation etat~ fer this periodio 

group is +5. Radioarsena~ and, tc a small degree, radioantimoa&te vere iDcorporatecl 

into the circulating erytr.rocyt€s. Du:riJli 1A ~ incubation, radiophoephate 1a 

believed to exchangEo .... ith the stabln phosphate of the cells, where&IJ tra98r Aa . . . 
and Sb apparently form stable compounds with the prctein, globiD. The cella 

thus tagged retain the radioactive laocl until their destruction. · The 

circulating blood w·~s the only important depodti,.on site fer both or theee 

radioeleaents, &nd_muoh of the apparent tissue deposition of both could be 

acccunted'for by blood contained in the tissues at autopsy. That tractioa ot 
~ -

both isotopes not initially associated :.~i th the red cells 'WB.S excre~od in the 

first few days, chiefly by the kidney. The t:'ean life of A_a 74 ~ the bod:y ve.e 
,."": 

roughl7 equivalent to tbe red cell life span which indicatf.:s tb,at there ln>B little 
,:.;. 
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Lake uo
2

++, retention ot Bi 1n the kidney vaa not prolonged, and b7 the 17th dA7 

atter injection only 0.6% remained in the kidney; am 95% had ~en excreted. 

The Sub-Group V ele~~enta tended to conbine w~th the s'"rua: protein8 rather · 

than 'ldth the red cella, and their· plasma concentrations ~re ·still _appreciable 

u long as two waeks after injectiori. . Shortly atter injection all three el811Mtll't8-

v, !fu and ra·-were distributed throughout the bodY, with the highest conceritratioaa 
., 

in the liv:er, ... kid.ney, and bone. Initial excretion' vas chiefly urinary, but atter 

th' first few days some was eliminated by the gastrointestinal tract ·as va~ Re- · 

tention was eenerally more prolonged in the akeleton than in the soft. til!lsu.aa. 

··and by . the s_e_cond month bone was the critical organ for V and Nb. Skeletal tum-

oVer of tht88 elements Seemed to be more rapid than the turnOYer found for the 

alkalir.e earths or for the lanthanides. 

Vanadium, the lightest of the group, forms the most soluble compounds;· It 

was rapidly and aL11ost completely absorbed and was eliminated nearly quantitatively 

in the first two nonths. By the 64th day muscle, skin, and liver contained 4.}% 
• 

of the injected dose, and 4.6% remained 1.n the skeleton. 

Niobiam belongs to a group of elements with high positive charge--Pu, Ta and 

I-that combine in a stable fashion with the serum proteins and remain in the circu­

lation for mo.ny ho11rs after injection. 5l Compoums of ~Jb are less sol•1bla and 

more basic than those of V, and a complexing agPJnt was required to facilitate ab-. 
sorptio11~- Retentlon of Nb95 was mora prolonged tha~ that of v. · As long as two 

• ~ t; ~ 

months aft~r injection, 28% of the administered dose vas ret.&~-. ui'th":s~i~t';.~ 
; ' 

quantities in t:.ha mllscle and skin as well as in liwr;· kidney, am bone. ~i~ 

C(>mp >tltids of Ta are e;enerally inert and exceedingly lnsolubl'!. :)nly 15% ot 

intrnmu.scularly administered radioactive Ta2o5 wae ·absorb~ when no complexin& 

ageut ttas atfued, and intravenously administered Ta
2
or: Was alm•Jst .t·ntirel/'eolloidal. . . ~ 

Like Nb and V, Ta vas found in nearly all the tissues, and most, hi$hly concentrated ., 
in liver, kidney, and bone. Tantalum was retained more strongly than the -other 

_-;:._ 

.. 
~ ~ ',• 

) 

. .. 
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_..ra ot the aub-p-oup, and eicht 110nth8 a.tter an intruuoulAr injeotioa the ,. 
aket.ton and sott tisnea atUl contained 27• ot the adain1atered doe .. 

. .. GROUP VI 

· Most ot the Group VI elements (Table VIII) shoved so~ tendency toward• 

·-:":';~t ·, '-aeaociation with the circulating red cella (as vas noted for the Group V 

eleaents.) The rnetal .. protein combination beco.es 1110re stable with ine"asing 

atoaic weight of the Group .~VI metal. Sixteen days atter injection onl.J' o. 1$ 

,. 

ot the- Se remained ill the blood streu, ·while lG:' ot the Te vas still eirculatj,.ng. · 

Alter oral admuistration of Po, the sa• amoWlt was present in the red cella at 

10 days as at 6 to 10 days. The urine was tpe t.portant route ot elimination tor 
:f-3·~~·-i;J~>~~"~"-' ... ~ l ~:~- .•. ' • : ; 

...,".'l'""'"~· .... ~,:fi;.:and.· .. t•:,- and·:ki.dl:le.r was the only tisaue ·that consistently contained ei_~b:er 
. .: ~iii. . 

isotope at higher concentration than the blood. -~~cretion of Po following abaorption 

trom the gastrointestinal tractJ i.e., noncollodia,l Po, was predominantly fecal~ ... 
although urinary excretion was higher than vas found for intravenously injected ' . . 

colloidal Po. There is some eviden~e for a greater concentration of Po in tissues 
,, 

such as liver and kLiney than can be accounted for by tissue blood content. 

The Sub-Group VI elements apparently did not c:ombine with the circulating red 

cells to any significant degree, although radiochromate is fr_equently the method ot 
~--~ 

ohaice for ,!!! vitro red cell lab8ring. Urinary elimination of th~se elements 

occurred chiefly during the first few hours after injection. when ·'the blood level . ' 
I 

vae high. Subsequently, lllOst ot the excretion took place via the liver and the .. 
' 

gastroiateetinal tract. The heaviest lUmber of the group, W, was the most rap~;tr~·~,· .':· 

excnitedJ 2~ ot the administered Cr vas retained after 16 days, vhereu only 2% 

r~~~ 'o! .,the' toUt\ietate was still preMent at 4 daya. These elements were initially f.: . .,.. . . ' ' ' ,. 
prennt in tlearl.y tl~: the tissuee. S.wral days after injection bone, liVe~, 

- . 
&Bd kidney. were the· oni)Ptfseues that c-ontained appreQiable amowtte ot .Cr an4 w. 
No Qr1tioal ~rgan was determined tor Mo.· .. ~ ·, 

.. ..;,.· ...... -... ~ '•~'I/"· 

. • . .• 't• 

, ....... ._.,...,.. ..... 
.. ,. . I«;...,' 

. ' 
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GRoUP VIII . '!'HZ HALOGENS.· ~.-

The aetabolic characteristics of the halocens, Group"vn /'are_ llbOWB 111 Table 

II. &tcret.ion tended to b-3 almcst exclua1Yely ur1Dll!7, and sort tissue. 0011eentrat.iaaa 

vere generall7 low. The skeletal depod tion- of F \1&.8 Wlique Ull.>lll the ~~e~~'bera ot 

this group. After an intrav -nous injection, all of the JJain croup halo&ens were 

acre ted by the gastric mucosa. to som& ·extent and ~re reabac.rbed alao~t cOilplet.eq 

111 the -.11 bowel. This pr.enumenor• ;:;hovs a de.fini te trend of inoreaeinc castrio 

eeoretion with increasing ~tumic .number.60 Fluorine wu1 net concentrat-ed b~· tbe tb7J"oicl 

1land1 and thus far At is the only }•alogen other t'han iodine that -has' '~en shOVD 

to ~- aocumul.a tod by tht thyroid to a si&nificant degree under normal condition.U•l8. 

· AstatiJle homologuee of the iodinE.t-ed 1 organic oanpounds SJntheailled by the tb7roid glan4 

baY& not bsen identified. 

The lletl.bvlic characterietice of Mn, the firftt men)ber or the aeve'lit~~.gro:ui), 

\fttl"e quite alike thocse of the mf\in halopn group elements ar1d the other eub-ircup 

1
' VII el ... nt.s. Manaanese injected intravenously in the +2 state vas accmmlate4 

I 

»'. 
""': .. 

. .. .. 

lar&•l)r b7 the liver and rapidly appeared in the sas·troint.estinal •tnct. ODe da7 

after inJectio~ the l!ver still contained 11% or the injected doae, another 11% 

vas .foUDd. in the gastrointestinal contents, and 1.1% had been elbdD&ted in the 
I 

tecea. Sica1.1'icar.t amounts of Mn were found in spleen, pancreae, Jddnej' and 

•. ableton. - It was not determined whether the skeletal Mn was depoait.ed in the 

Mrrov a• oolleidl part.1cles or ws present in th~~ bone tiasue .. iteelt 1tra ll&nner 

aiailar to other divalent elements. 

There ia aoae eYidence for at ler;at t~n&:ient thyroidal acCUINl.atiOJl '!t the 

hichl7 bJdr&i!ed. positive valence states of Ro and To, psrticularly iJs rata that 

baw beell •illtained on a lov-iodine. diet or in rata )ll&de goiteroua vit.h 
" 

~ou62. The•e elements were eliaiDatfO!d alJiost quantitat1••17 \)J \he 

k14De7 aDd exhibited the ,aetrio eearetion and sub~6ent 1nteat1nal re~ 
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abaoi'ptioll eeen with ~e elements of the maiD group. 
_r.!J. 

._ 

THE ,PLATINUM ~TALS 

The distribution of the platinmn metals f.s shown in Table. I. The oxidation ·_ 
'1 

atates of these el•ente as they were prepared for injection raqed fraa -+2 ~for Pd' 

&D4 Pt to +8 for o.. .Uthouch the trichloride is sho\ltl as ~he injected fcna of Rb 
_ .. _ 

and Ir, it is possible that they existed to some extent as complex chlorides, i.e~, 
• 

Rh(Clt,~--~*jlell~~' Oa, Pd, and Pt vere administered ss complex anions. The sub-
• 

.-quent behavior 1n the circulation and in the tissues would depend on whether 

the7 re.aiDed in the injected form, or were rendered lese , soluble 

toratiOD), or were reduced to the metallic .state. There _seemed to 

cleao7 tor these ele~~ents to form ra.diocolloids fcllowir•g intravenous injection as 

J'lldpd bJ (a) the 1ov liver uptakes and spleen concentrations (~ess than O. 7%/g in 

all •aea), and (b) the similar distribution of Pt after intravenous or intramuscular 

WhUe the transition and platinUII _metals form relatively homcgeneous chemical 

poupa, eaoh element posBflsaes a certain degree of individual! tyi and the bio­

locical behavior of carrier-free radioiso.topes of these me~1s 'akreed vith- this 
~: . . --<-

p!ler&l picture. lidne7, liver' a t~d s#leen ware the chief t}ep(>si tion Bi tea of . the 

platiaaa metals, and were the only tissues that consistently shoved higher conoen-

traticma tball the blood. Bone vas not a ma,ior site of acOUIIUlation or aiv of the 

, ::('s platiJ:ma •tal• durin& the longest period c'f obaervation -which was 33 days. It 

" M8 been shown, hoveYer 1 that after prolon1ed fef'ding of radiorutheniUII the bone 

oonoent.raUon ia built up to potentiaD~ tau.rdous levels, snd that skeletall7 

4epoait.ed Ia is belcl aore atrongly than that in the sort tissues. 66 Exoept for 

N, the bloocl levels ot these elements vnre still high 24 hours after 1Djecti011 

(ecwpared vitb ~ other elements studied), and Ir and Pt vere easil7 measurable 

- . 
''w .··. 

-
·.I 
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iD t!le blood as lone as .32 days after inJection. Loaa ot th• Hlhter iMaber1 ot 
.·• .·. 

the Group (Rn, rut, and Pd) trom the tissuea vas leu rapid than the 4eol.1De ill 

' ~ . 

their blood concentra.ticns, while the decrease in tissue content ot Ir aDd Pt. 

rouchly paralleled the decline of the blcOd concentrations. ReteDtion ot Ru 

and Rh is probably more prolonged than· that of the other MJDbers of the aroup. 

Exore,tion of Ru was com;:>aratively lOY, foJ" only 43.3%·had been excreted b7 the 

7th da7. Initi~l excretion of Rh was' somewhat higher--47% in the first 24 houre­

and onl7 an additional 7% was eliminated in the eneuinc 5 days. The other .. ' 

118abere cf the group \rere eliminated much mere efficientl.Tr 80J of the Ir in 

33 da7a, 92~ of the Pt in 32 de;ys, 89~ in the Pd in 7 day-e;, r.nd 79~ of the Oe 

in the first 24 hours. 

., 
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DlSCUSSICII 
.·,;:. . ;.· ~ 

The beba'Yior cf the el.ftDtE'Ints of a Min chemioal group is usuall7 aon 

predictable thar; the behavior ·of a sub-group element. For example, the alkaline 

earths are deposited predominant~ in bone mineral, while the BUb-group elements 
. ' 

...... 

(Cd aDd ifi) which are also stable in the +2 state are retained tenaciously in the ''1! 

Unr and kidne7. Less than 2% of ?ither can· be round in the skeletcn. Relatiyely 

umifors ~harlor vas seen in the main groupe of the alkali met~ls, the alkaline ', · 
. : ?. 

earths, the lanthanid~s and actj nides in th~ +J state, the halog~ms, and the ., . 

platimua meta.ls. There were SOJn(' ~xceptiona, ·particularly among those elements 

essential: to tiss\li) function and survival. In the adult r!:.t skeletal depcsi ticn 

· · ·of Ca vas nearly tvioe that of an7 other element in the +2 stat,~, e.nd 'urinary. 

eliminat:ion w.s · · . one-fifteenth that of the other alkaline earths. Althouah 

1ncst of tfie lul.loge.:'.s oar: be demonatra~ed to concentrate at least trarsiently in 

the th7t'Oid gland, this glt~.nd has been found to utilize only iodine. 

the ferric-ferrous ~,dox.couple is oTervhelmingly preferred in metallo-enz,-e 

eyateas1 and the distribution of tracer Fe bore nc resemblar,.ce io the other 

.transition &nd platinum metals studied. ~--.. 
. . ~:· 

Four propertiee appeared to be the chief determinants of the behavior c-f a 

t.raaer element in the mammalian organism: (a) tho oxidatio~ ett. ta abble at the 

pB of the body fluids, {b) the solubilit7 oj. the stahl~ state, (c) the tenden07 

towards :incorporation into organic compounds, and (d) the tendency to. be cheil.tf'ld . 
by or to fona oomplex·~s with proteine in the circulation or in t1 particular tiaiJUe. 

Oxidation etate \188 by far the moat illportant·fe.ctor .• Although Tl 1a a 

Group III element, the +1 state ie more atab~ than the +) stt~.te eharact~.rietic 

of the other members of the gro·...<p. It was not surprising to find that Tl de· 

po•ited priraarily in the soft tiseues and .that 1tv distribution cloef.lly reeftmbhd 

the he&Y7 alkali aetala. 

Alaoat aa illportant as 0xidation et.lte in det.-1rrrJ ng biologio...J beh~v1or va11 
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·' the tendency ot ma.ny highly positively charged metal ions to aaswiie oaaplu 

hydrated, oqgenated or halogenated. fol'llla. Such ooaplex aniona •re read1l7 eliai-

nated, particularly by the kidney. For exampie, radiogermaniwa {Oroup If) vaa 
.: • • 1, .,. 

prepared in it.s most oxidized form and vas probably gi:nn as the gerunate (lall0e03 ~ 

rather than aa the tetrachloride. In !our days 98.5% or the Ge had been •l~taated. 

Tin and Zr which were most likely given as +4 cations -.re retained to a hi&h depoee 

and exhibited the distribut~on typical of bone seekers. 
. 

Solubility in the tissue fluids also intluenced distribution to a high degree, 

even in the case of carrier•free radbeler:I8Ilts where mass effect need not be oon-

aidered. Polonium, radiotantalW!l as Ta2o5, and radiogold in at&¥ rom thu tar 

tested displayed a marked tendency towards radiocolloid formation. T!My wre ;.rl.T 

· abaorped att.er intraperitoneal or intramuscular injection and aoc\llll\ll.atecl rap14q 

in the reticule endothelial tissues after intravenQus $dllliniatration. 
·;.• 

Certain of the cati::ms tend to be bOWld to proteins and. present vhat. MD 

at first to be anomalies. Radiosilver was associated with serum albumen wbieb 

vas then depoait.8d almost qu11ntitatively in the liver and excreted into the. 

intestinal tract. Radioarsenate rapidly entered the circulating red blood cella ,. 

as an apparently permanent part of the hemoglobin molecule to be eliJiinat.ed. onlJ 

at the death of the original h0st' cell• This affinity r~r the protein-globin­

vas scarcely detectable for the otheP' members of Group v. 
. ' 

Many other radibelements combined with proteins but in a ieaa spectaoular 

fashion. The aare earths :t.n·;carrier4 frea form--the actinideat-and sneral ather 

Group III'and Group IV elements, formed complexes with the he&Yier serua protein8 

with liftr prO~ins, and possibly with the lllUCoproteins on bony svfao••• ID 

contrast to the m!jority of the. bone~seeking bivalent cat.ion.--Hg++, Cd...,.,aad 

002++-apparently COIIlbine With.some as yet unidentified prot.e~ in the renal 00"-
It. ia poaaible to make some generalizations !or the benefit of th~ industrial 

'• -

I 
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ph7sician and health peysiciet. Wi ';h few exceptic,ns, the anions--1.Jlcludin1 aoat 

of the halogens and the oxygennt•'U or halog,:;na.t,. d oxidation etett'e of the 

elements of Groups IV, V, Vl, and the ,latinum. retals-.::.Sre eliminat•d -quite 

rapidly, chieny by the kidnt;y. The mor:cv~}N.t cvticne are dietrjbuted almcst 

uniformly in the soft tiSSUeS 1 a.r;d ere SlJ bSf'(JUently t' xcre tnd by the kidney but 

vi th lor.tger turnover times th:1n \.h,:., anions. Hw bivs.ler:t catic.ns. (vi th pN>viouEl;r 

indic&ted excertions) com,titute the tirs:_ ma·,or grour- cf bcr,e ee-~kers. Thl!y are 

associated almost f'xclusi vPly "-'l ·th bene minoral and are elir.: -~na '..,ed V<Ct'y. slowly 

as the structural elro.m~mts cf the skc.lt":t.::)n matur·-·s with advancL g 11ge. The tri-

poei tive ions tend tc associate with r1rotej n in the circulating blood, in the 

liver, and quit<" posf;ibly in bore, :J.r,d t·,e most impertar:t -deposittor sit•.' t.f 

each individual +J elem,·nt seems ~-o depend u~>o:. the rclrr tive st;-;.t_liJ tty of the 

psrticu'Iar protein complex. The fruct:i.on laid dcwn- in the liver is elimi11P.t~.<d 

quickl;r \Wile that deposited }n bo-:w ls turnAd ever much more s1c-wly t.han ttrtJ 

tbe bivalent elDraE:.nts. The C-[t:adrivalent catior.s such tiS .t.r, Th, and l-'u,are 

deposited allnost .;;,xclusivel)' in the skeltJton, and ':l.r<.~ held th·:re as tenk!clously 

as are the +3 e lt;;mez1te. 

.··.·:. _, 
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Table I 
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Table II ,,.._ 

DiStribution or radioiSotopes of the elements ·of Group II, the alkaline 
earths, in various ·tissues of .. the rat after intraniUSoular injection 

·<~ 

· I' Cbeaical f~rm 
Time Percent of absorbed doee Ret. Radioisot.OP! · adminiatered - -

Bone Liver - Kidney Excreta 
&e7 Bee~ 4days )2.2 9.6 2.0 49.0 u 10 

Mg >' 

. ea45 • ~(Cit)2 4 days 70.0 .J<Ml F 34 
• 

s~o Sr
3

(Cit)2 4 day8 44.0 56.0 UF. 34 

aa140 BaC~ 4 days 31.3 55.0 UF 16 

Ra223 Ra:J (Cit)2 4 da.)rs 40.4 59.6 UJi' 36 

' -Sub-OTP II .. 
Zn6S ZnC~ lday -· 38 • .5 2.4 35 

Cdl09 CdC~ 4 days 3.3 77.8 6~1 5.6 F 7,27 
Hgl%,197 HgCl

2 5 days 1•2 7.9 25.5 49.0 F 7',37 

i Tumor-bearing mice data. 

: .~·. ,._ 

;;. 
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Table lll':;jr ·r;.; 

Dlatri'buticm of radioiaotopes of the. ele~nts o.f Group III in varioua tiuuea 
of the rat after intritmuscu1ar inJection 

--------·---------. 
Cheaical form 

&.dioieo;ope admin!s~er~d ~ 

Percent of ebsorbed doae ._ 
~ Liver . _»uscle · Excreta llef. 

I 

Al 

Ga67 c& (citrate) 4 days 19.6 I .1 13 •. 2 48.7 F 40 

Inll4 IoCll 4 days 16.8·';.' 
·'r;;.,, ·, ·.0 

L j. t .. • 14.7 25.8 F 7, 41 

Tl200,202 . TlCl 4 days 5.4 ' . 2.6 .. 28.5 50.1 F 7, 38 

Sub-Gqup III 

Sc46 Sc: (citrate) 4 day& 15.9 21.2 12.5 31.1 p 28 

y91 YC1
3 

4 days 55.6 12.1 2.6 26.3 u 42 

Lal40 -L~ (citrate) 4 days 18.4 64.'2 1.2 11.3 UF 6 
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Table IV 

; 

DS..tribut.ion of radioisotopes of the rare earth elements, the lanthan~na, 

·Radioisotope 

Ce 
144. 

Pr1h3 

Ndl47 . 

,_147 

amlSJ 

-1u1S2,1S4 

Od1S9 

Tbl.60 

D;yl66 

Rol66 

Brl69 

Tllll70 

Ib175 

Lul77 

in various tissuea:lf the rat 4 days artera 
intramuscular injection as c~mplex. citrates. 

Percent of absorbed dose 

Bone Liver Urine Feces -
27.7 51.0 6.0 ' 8.0 

26.6 48.4 6.6 !3.6 

31.2 27.1 22.1 lJ.o 

36.4 41~4 9.6 6.5 

33.2 34.8 12.'/ l).l 

35.6 25.0 16.6 11.1 

.• 41.4 12.1 26.9 10.1 

60.5 6.8 15.6 6.9 

59.9 2e8 24.1 6.2 

55.6 2.4 21.2 1).2 

56.4 1.2 27.4 7-:.4 
:~ .. 

64.1 1.9 22.1 5.2 

57.8 .2.6 19'.3 7.3 ·. 
. •';.• '/:. 

67.6 2.7 15.6 7.3 

& •. 
See reference 6a for c~plete ~abulation of data. 
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Table 'l 
., .~ 

~..: 

. . -~: ,· 
Distribution of radioisotopes of the actinide el.emients~ in varioua 

tissues of the rat after intramuseula:r inJection 

Chemical form Percent of absorbed· doae 

Radioisotope · administered TiM ~ . lidney Liwr &gma Bet. -- ~ 

Ac227 Ac (citrate) 4 da7s 26.8 o.6 56.4 10.6 trr 'JU 
Th2.37 Th (citrate) 8 daye 66 • .3 ).) 4.1 1.4.8 ur 44 
Pa230 a 4 days 16.1 4.0 7.8 24.6-r · 10 
u2.30 uo2c~ 4~ 10.9 - u.s 0.2 76.0 u 39 

Jp2.37 - b l day 44.4 2.6 s.s 36.9 u - 46 
Pu2.39 Pu02c~ 4 days 10.9 1.8 8.4 . 6.2 r u 
Aa24l AmClJ 4 days 19.1' 2.3 3Se7 34.7, 12 

Cm242 C!IClJ 4 days 29.0 1.6 40.2 20.0 , lJ 
.:, . . 

a Chemical fOJ"'II unknown but oxidation state prob&bl7 •4 or +S. 

b ~tared ion Cone. NH4 Cl and ~ citrate J oxid.ation atate +4 or •S. 
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Diatr1buti01l ot Ndiolaoto~a 9t the ·e_l-.ilta-•: Group_· IV in variou U.nee 

ot the rs~ atter ~c~r .. ~t:t~ · ~:··· 
: . . - - . ' .. · .. '. . . < . ~a-< . • . : _,}. 

Radioi!otope 

c 
Si 

. a. 71 
·w 8n 

. 203 Pb· 

Sub-OrcNp I'l 
Ti. 

z.,!)S 
~1 

·'' 

Chalioa1 t<»rli ~··· 
admi nieH"4 ,.;: ll!! ~ 

-
--·· 

NaHQe()3 
Sn (citrate) 

PbC~ 

--· 
Zr (citrate) 4 daya 

NaHt Mandelate a 4 da7JI 

• . Intraftnou 1.ajeot1on 

~-_,;-,_ 
I.·'··.·-~ 

ff{.'.: 
j .~oo.' 

-.. 

j(c":··_ 

_. Percibt -_·· ot abeorbed. do• 

•.,-.. 

1: . 

o.u 
29.4 . 

27.7 

I·., 

---~ 
6.~ 

37.'8'. 
f 
' 

·.,, 
: -~ 

~ 

-' 
• .t-! · .. - .. ~~ -

,l;-1 ll ri 9B.S 

3~1 61.2· 
.. ,~~ . . :,~ 

3•1::} 62.0 
\ 

- 1', .. 

~ - ... -
4.-3··.· 1~.8 
l.S··· "~ .. :., .o 

:,•,. 

, . . , 

u 
u 
tJI 

l'• 

I 
ur 

27 

7,Ja 
·~7 ,53 

-
27 

S2 

,_ 
. ' 

.· i,· 

;; . 
. i; . 
:_...:::.·_: 
·..,.:-/·::::, 

~~;_: 
j;::~ 

,;,:~~:; 
m .... r 

y~ 
' ···"' 

. . 

l 
... 

\ .... · 
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Table VII 
'<I 

I 

· Distribution of radioisotopes of the elements of Group V in various 
tissues of the rat after intramuscular injection 

-----:~ .. ·t-~: 

r-

Chemical form Percent of absorbed dose 
.· RadioisotWes. ' : .,; ... administered ~ Muscle Boti'e Liver Kidney Blood Excreta· Ref. 



I 

00 
N 

I 

J.adiohotope• 

0 

8 

s.7s 

Tel27,129 

p
0

210 

Sub-Group VI 

cr51 

Mo93,99 

vl81 

Tdle VIII 

Dl•tributioo of radioisotope• of the ele.enta of qroup VI lu varloua 
tl•auee of the rat after intraauac:ular injection · 

Chad.cal form 
adatnlatered 

NaBSe04 

RaH
5
Te0

6 

UnkDOVll
8 

NaHCro4 

NaHMo04 

NaHW04 

~ 

.!!!!! 

1 day 

. 1 day 

l day 

1 day 

4 houn 

1 day 

Bolle 

8.1 

9.5 

2.7 

10.6 

3.6 

1.2 

Percent of abaorbed do~~ 

~· Uduey . . B'lood 

.;, :-:~·· . 

7.) ).8 6'.1 

.5.4 5.4 12.7 

21.0 2.0 19.4 

3.3 1.4 6.6 

38.3 2.5 2.5 

0.1 0.4 0.2 

Excreta 

49.8 u 

61.9 u 

57.5 u 

33.0 u 

96 •. 6 u 

• • Adadulstered ors11y, converted to whole tissue estimates from.apectf1c activity (l/g vet_tlssue). 

~ .... 

-· .-::~ 

·...,. 

Ref. 

46 

4 

58 

59 

7,55 

7,28 .. 

,,_., 
-:~· 
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&aclioieot!,ee& 

,1s ,, 

C1 

Br 82 

1131 

At211 

Sub-Group VII 

MD 52 

Tc95,96,98 

Re183,184 

Table u· 

Distribution of radioisotopes of· the elet~~ants of Group VII, the baloge~, 
in various tisaues of the rat after intraveaous injection. 

Percent of absorbed dose 

Chemical form Gl tract 
administered 1!.!! .!.2!!! Liver Th,Iroid + contents Excreta .B!!· 
NaF 9 hOurs 56.1 .1 . 1 0.8 33.2 u 15 

- - - - - - - ·-· :-:' 

... 
JOlr 8 hours · - . 5.6 - 9.2 14.4 u 61 .. . 
Nai 9 hours 1.2 1.0 23.6 8.4 34.4 u 14' 

NaAt 9 hours 3.7 6.1 1.6 21.8 16.6 u 14 

MnC1 2 5 hours 7.1 26.2 • 1 35.8 - . 55 
-\ I 

(+4 or +6 24 hOurs 0.4 o. 7 • 1 9.0 87.3 u 7 
hydrated) 

NaRe04 4 hours 1.0 1.1 .l 13.2 49.6 u 7,53 
~ 
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Table X 

biatributlon of radiolaotopea of the tranait:lon and piatinua -tab in varioua 
tiasuea of the rat after intravenous injection 

'· 

. ~"'. 

lladiohotopea 

,.s9 
' .~..;- ;-

t·: . . 
, . ..J -

I ;.~~~·~}.!.. 

.'i~,,~, 
(!:·.'<~~> 

I 

0 
('<') 

Ru97 
185

8 

0. 

·e:·c,60 

ahi:~5 
Irl90,192 

Ni ,.·:;~~ 

,i,\,fi':''~~~ . 
• --4~· • '""~~-t·;t P-t 1 , 19 3 

•· •. ,.;;£,'~ 

Cheaic,al fora 
adainisterecl 

FeCl
3 

Na2RuC1 50H 

NaHOa05 or 

0.04 
COC1

2 
llhC1 or lhCl •--. 3 . 6 
IrC1 or IrC1 ---. 3 . 6 

Na
2
PtCl

4 
Ra2PtC14 

.. . .. 
0.· injected intra.aacu1ar1y 

. 
-~~~~k:f~~ 
~~,.ij;1 

..: ..... • . ~ ~··;·I;. . 

!1 

... ,,:.;:'I' 

·.-

£~~~ . 
... ~ ·,,., 

-~ . ..-.~·. 

"' 

!!!!!. Bone 

3 day• 8.4 

1 day 6.5 

1 day 1.9 

1 day 

.1 day 3.7 

1 day 3.1 

-
l day 1.0 
1'day 5.8 

'· 

terc:ent of abaorbed 'dd•e 

Liver Udney Bloed ,, KU.cle 

20.0 

5.8 
3.6 . 

6.3 

3.6 

19.3 

-
8.6 

12.9 

.2. I' v 

2.7 

4.5 

0.8 

2.6 

4.0 

-
8.4 

9.9 

52.5 7.7 

7.4 21.4 

2.9 3.4 

0.6 

5.9 12.1 

6.4 5.6 

-
0.8 1.3 

6.6 11.6 

Excreta ilef. 

6.3 , 44 

19.4 u 53 

78.·7 u 64 

67 ._9 u 65 

47.2 u 37 

43.5 u 53 

·-' .. 

. 74.8 u 53 

36.6 UP 37 

( 
{I· "" 

{~~~ 
(fl;:; 
\::'1,.'• 

.~~~~ 
"-4... 
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I vilh to elq)rees 111 apprectatloa. t~-~·~,~hrl:;~.- Motau, Baaltb 

• <;. 

DepartMnt of Mat~ematice, 'thdveratty of Te.me.aee•-vtthout tta.1r-

Ut'&ifta and con•tant encouraaement, _thh .--ary ...,. never baV. hen 

prepared; to Ora. Warren M. Garl:teon and J~hn w~ Gofman of .the MYtdoa 

of Biolo&Y and Medicine, Lawrence Radiation. Labora_tory, for their 
:i 

J ~ 

critical cOBMnta on the --~~<:'dpt; and to Mn. ·Grace Walpol~ •cl lUae ... 

Smcy GrHDe for the praparation of the aanu8cript. ' 

.. 
•. 

·(! 

,! 

.'f 

":;;.-

., 

r ~." ' 



~·· 

~! .. ~ ~ • - r-' ~ . :· 
., .. :• .. ·.<--

·; _~.,_ ~"''t 

. "' . ' 

. ·i!:" .... 
- ~ ...... 

l. 

-32-

:r.: .. 
BIBLIOORAPHY 

Jl ·, 
"' r ~ > 

. ~-

' ' ' 

2~ W. E. Siri, Isotopic Tracers and Nuclear Radiations. McGraw-Hill Book Co., 

Inc., New York, 1949. Bibliography, Ch. )0. 

). National Committee on RadiAtion. Protection. Maxiiaum Permissible Amounts ot 

Radioisotopes 1n the Human Dody and Maximum Permissible Concentrations 1n 

Air and Water. U. S. Dept •. Commerce, Natl. BureaU o! Standards. Handbook 52 .. 
( 195) ). 

4. K. G. Scott, R. ()yerstreet, L. Jacobson, J. 0. Hamilton, H. Fisher, J. 

Crowley, I. ~ Chailcorr, c. Ente:nman, K. Fishler1 A. J. Barber, and L. 
...... 

Loomis~· u. s. Atoraic Energy Conuuission MODC-12}5 (1947). 

5. J. G. Hamilton, Ren • ..Mod. Phys. 12, 718-728 (i948). 

P. W. Durbin, M. H. Williams, M. Gee, R. H •. ~, and J. G. Hamilton, 
: . -~· ~ 

·Proc. Soc. ExPtl. Biol. and Made 91, 78-85 (1956). 

6&. ~ P. W. DUrbin, M. H. Williams, M. Gee, R. H. Newman, am J. G. Hamilton, 

'University ot Ca1U'ornia Radiation Laboratory Ref)ort No. UCRL-3066 (1955). 

1. P. w._. Durbin, 1. a. Scott, and J. a. Hamilton,· Univ.- Calif'. Pub. Pharmecol. 

3, l·34.:t(l957). - "}·"' . 

.( 
_.!. 

H. ~ ;~.P. c. Wallace, 
·;' I. 

8. aoo J. G.o Hamilton, Univ~ Calti,"~ Pu~. Pharmacoi. _g, 
263-282"' (1949 ). t. 

.~.· 

' 9. I. G. Scott aoo J. G. Huilton, Univ. Cali!. Pub. Pharmacol. £, 241-262 (1949). 

' 
10. J. F. Crowley, J. G. Hamilton, and K. G. Scott, J. Biol. Chem. ]111 975-984 

(1949). 
J 



1 

11. K. G. Scott, D. J. Axelrod, H. FiSher, J. F. Crowley, and J. G. Hamilton, 

Biol. Cbea4 176, 282-29) (1948). 

G. Scott, D. H. Copp, D. J. Axelrod,. and J. G. Hamilton, J. Biol. Chem. 

]12, 691~7Q3 (1948) •. 

13. X. G. Scott, D. J. Axelrod, and J. G. Hamilton, J. Biol. Chem. JJ1 1 J25-JJ5 

(1949). 

14. J. G. Hamilton, C. W. Asling, W. M. Garrison, and K. G. Scott, Univ. Cali!. 

Pu.b. Pharmaco1. 11 28J-Jtt (195J ). 

15. P. W. Durbin, J. Dental Res. Jl, 789-800 (1954). 

16. D. H. Copp, 'J. G. Hamilton, D. c. Jones, D. M. Thompson, ani c. Cramer, 

Joeiah Kacy, Jr. Foundation, Third Conference on Metabolic Interrelations, 

226-258 (1951). 

17. D. R. Corson, K. R. Mackenzie, and E. Segre, Phys. Rev. 58, 672-678 (1940). 
•• 

18. E. J. Baunann and N. Metzger, Proc. Soc. Exptl. Biol. and Ked. 70, 536-540 

(1949). 

19. w. P. Norris and W. E. Kisieleski, Cold Spring Harbor Symposium on 

Quantitative Biology~ .. 164-172 (1948). • 

19a. w. M. Garrison and J. G. Hamilton, Chem. Revs. 1±2• 237-272 (1951) •. 

20. w. M. Latiller, The Oxifiation States of the Elements an:i Their Potentials 

in Aqueous Solutions. Prentice-Hall, ~c., New York (1938). 

21. J. 1. Aahilcava, E. R. Smith, 8.00 H. L. Helwig, University of California 

Radiation Laboratory Report No. UCRL-3530 (1956). 

22. I. H. Tipton, M. J. Cook, R. L. Steiner, W. D. Foland, D. K. Bowman, and 

I. k. McDaniel, Spectrographic Analysis of Tissues for Trace Eleraents. Oak 

Ridge National Laboratory, ORNL-56-J-60 (1956), ORNL-57-2-2,3,4 {1957), 

ORKL-57-11 (1957), ORNL-58-10-15 (1958). 

f 

'' 
~-:· 
~ .. 

·~. ·. 



'· 

-34-

23. J. '.i. Gotman, J. Lab. Cl1n. i4ed. ~~ 297-304 (1949). 

24. E. L. Dobeon, J. w. Oo.fll&ll, H. B. Jones, L. s. Kelly, aDd L. A. Walker, 

J. Lab. Clin. Had. 2!!1 305-312 (1949). 

25. J. a. Hamilton and K. a. Scott, University of California Radiation 

Laboratory Medical and Health Physics Quarterly Report No. UCRL-221.&.3 (1953 ). 

26. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-2111 (1953). 

27. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-98 (1948). 

28. J. a. Hamilton, University o! California Radiation Laboratory Medical and 

Health Physics Quarter~ Report No. UCRL-1561 (1951). 

29. N. s. MacDonald, P. Noyes, and P. c. Lorick, Am. J. Phyaiol. 188, 131-136 

(1957). 

30. R. H. Wasserman, Ce' L. Comar, and M. M. Nold, Fed. Proc. _!2, 188 (1956). 

Abstract. 

Jl. w. F. Neuman and M. w. Newnan, The Chemical DynB.Jilics ot Bone Mineral, UniT. 

Chicago Press, Chicago (1958), Ch. 4 and 5. 

32. w. P. Norris, s. A. Tyler, and A. M. Brues, Science 128, 457-462 (1958). 

3). T. w. Speckman and w. P. Norris, Argonne National Laboratory Biological 

and Med~al Research Division ~uarterly ·Report, AHL-5597, pp. 77-78 (19$6). 

34. P. w. Durbin, c. w. Asling,!!: !!•, University of California Radiation 

' 
Laboratory Biology am Medicine Semiannual Report No. UCRL-8.513 (1958). 

3S. I. Rosenfeld and C. A. Tobias, J. Biol. Chem. 121• 339-349 (1951). 

)6. P. W. Durbin, C. W. Asling, N. Jeung, M. H. Williams, J. Post, M. E. 

Johnston, and J. G. Hamilton, University of California Radiation X.barat017 

No. 'UCRL-8189 ( 19.58). 

. t 

·i 



-35-

37. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics ~uarterly Report No. UCRL-lL37 (1951). 

38. J. G. Hamilton, Univereity of California Radiation Laboratory Medical and 

Health Physics ·~arterly RetJort Nn. UCRT..-1694 (1951). 

39. J. G. Hamilton, University of California Radiati~n Laboratory Medical and 

Health Physics Quarterly Report So. UCRL-157 ( 1948). 

40. J. a. Hamilton, University of California Radiation Laboratory Hedical and 

Health Physics c.ru.arterly Report No. UCRL-332 (1949). 

41. J. G. Hiilllilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-41 (1948). 

42. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics \.hlarterly Report No. UCRL-270 (1948). 

h). G. Barr, University of California Radiation Laboratory Medical and Health 

Physics Quarterly Report No. lJGRL-3268 (1956). 

44. J. G. Hamilton, University of California Radiation Laboratory Medical ~ 

Health Physics Quarterly 'Report No. UCRL-2553 (195/.t). 

45. J. G. Hamilton, UniYersity of California Radiation Laooratory Medical and 

Health Physics ~uarterly Report No. UCRL-193 (1948). 

46.· J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-414 (1949). 

47. c. W. Asling, J. G. Hamilton, D. Axelrod-Heller, and B. Jue-Louie, Aoat. 

Reo.~' 285-300 (1952). 

48. c. w. Asling, M. E. Johnston, P. w. Durbin, and J. G. Hamilton, University 

of California Radiation Laboratory Report No. UCRL-8024 (1957) • 

. ~.., .. · .. 



-36-

L9. J. Janey, a. E. Rowland, and J. H. Marshall, Radiation Re&Elaroh ~' 490-$01 

(1958). 

SQ. N. s. MacDonald, F. Ezrnirlian, P. Spain, and c. McArthur, J. Biol. Cham. 

189, 387-399 (1951). 

$1. B. Y.awin, l.l. H. ~opp, and J. u. Hamilton, University of' Cali!ornia Hadiation 

Laboratory I~port No. UCi\L-812 (1950). 

$2. F. E. kittle, E. R. King, c. T. J..lahner, and :1. drucer, Proc. Soc. Exptl. 

Biol. and Med. ]2, 278-284 (1951). 

53. J. G. Hamilton, University of California Radiation Laboratory Medical and 

. Health Physics ~uarterly Report No. UCnL-1282 (1951). 

54. J. G. Hamilton, University of Cali!orriia Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-430 (1949 ). 

55. J. G. Ha~ilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-1143 (1950). 

56. k. G. Sa~tt, J. G. Hamilton, and P. C. Wallace, University of California 

Radiation Laboratory Report No. UCiiL-1318 ( 1951). 

57. J. G. Hamilton, University of California Radiation Laboratory Medical and 
... 

Health Physics Quarterly Report No. UCRL-683 (1950). 

58. J. N. Stannard, University of Rochester Report No. UR-299 (1954). 

59. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UCRL-960 (1950). 

60. J. S. Robertson, D. Sohn, and P. Durbin, Brookhaven National Laboratory 

Quarterly Progress Report No. BNL-419 (SJl) pp. 38 (1957). 

61. B. T. Cole and H. Patrick, Arch. Hioohem. Biophys. ~~ 357-361 (1958). 

' ~·i 

~~e~A~·~--------~~----~~··~··--~---



.. -..r, .,.,..,_~-~ 

. ~~ 

':~'~""· 

-~ 
-37-

62. c. J. Shellabarger, Endocrinology~. 13-22 (1956). 

6J. w. M. Latimer and J. H. Hildebrand, "Reference Book o.r Inorganic ChendatrT', 

' The Macmillan Co., N. Y. Revised Ed. (1940), Ch. 19 and 20. 

64. J. G. Hamilton, University of California Radiation Laboratory Medical and 

Health Physics Quarterly Report No. UC.IiL-8\)) (1950). 

65 •. F. Ulrich and D. H. Copp, University of California Radiation Laboratory 

Report No. UCRL-839 (1950). 

66. R. c. Thompson, M. H. Weeks, D. L. Hollis, ,J. E. Ballou, and w. D. O&kle7, 

Hanford Works Report No. HW-41422 (1956). 

67. J. A. Smith and J. K. Scott, University of R0chester Atonic Ener5Y Project 

UR-5 J( ( 1))7). 

'·· 

.I 

',/· .. · 

• 

; 

.. 
<'- ~· .,:"' .. <J 




