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. " ABSTRACT |

The available daté has been revewed fo:’tho_bdological behavior in rats of
>h1¢h-spec1fic-activity redioisotopes of 70 elements. Tracer quantities were
adlinihtered'in'single*intramné;ular injections, Qrbupd of rets vere auiopaied
at vafiouavintérvala, and tissues and excreta wére’aaéayqd for radioactivity..

DiatributionAAAta ware‘arrarged according to_the.grcnping of t?é.periodic
table of the elementa. The anions, (1ncluaing the baloguns) the éxygenated or
'halogenuﬁbd 1ona of Groups Iv, V, and VI, ;nd the trarritlon mstuls were rapidly
eliminated by the kidney. The moncvalent, alkgli metals were oistplbuted almost
 uniformly in éoftvtisaue'wifh eubséoucﬁt'excretion‘by the kidney. The bivalent

. cations, except Hg++, Cad++, and U0, ++, vere deposited: primarily in oone niner&l

2

'and were eliminated alowly in both urine arﬂ faces, Ths tripositive elements of '

.Group III the lanthanides, and the actinides were depositad in liver and bone.
The livor fraction was excreted via the bile without recirculat;on, while that
depositad #n bore was turned over rt a rate slower thav tnat of normal bone
ronodollinz The quadrivalent c»tions such &s ur+£ Th 4, and Pqu*Q were
deposited almost exclueively in bore and were bound mfrc ftrongly than the
Group III elements.’ _ _ , ,
Th& propertiee trat determine bio]ogical behdvior ste (a) the oxidaticn ‘
state stable at body pa, (b) the solubilitj of the stable state, (¢) the - 7
tendency to be incorpérsted into organiC'COmpounds, and (d) the tendency to

assocddte with specific proteirs.,

t
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METABOLIOC cnmcmnxsubs WITHIN A OHEMICAL FAMILY® |
? ] Patricia W, Durbin
Lavrence Radiation laborstory and oy

Division of Medical Physics, Berkeley, Califcrnia

INTRODUCTIOH
The great potential hagard of the radiocactive prpdﬁots of anlear fission

and of the fissionable elements was recognized almost as soon as the mclear
chain reaction was mccessfully demonitrated. The necessify:for strioct
control measures was apparent, To ﬁrovido a sound basié‘for éﬁch ecntrol
measures an. intensive investigation uﬁs beguﬁ of the netabolié‘behavior apd
" biological effec@a of these radiocactive snbataﬁces. By 1946, a wealth of
1hfornat1§n hed b en gathored.frgm these radiobiological researches which
| provided a logiecal fr;mavork for the establiéﬁment 6f rinimum precautions to . .
be taken by users of radiocactive materials and fof the ﬁrotection of th§ | |

ggneril publie.(1-5) A great deal of ground remainod to be covered; With
ihe increasing use of radioactive substances, mgny radionuclides, in addition
to the fission produéta and the heavioét elements, would scon bevpr;éucad in
reactors and oyclotrons in hazardous Quantities. Under the direction of the
late Dr, Jo;eph G, Hamilton, a systematic investigation was made of the
bioclogical behavior in laboratory rodents of traeer anéunté of some 70
radioolenents. Most of the radioisotopes vére prepared on the Crocker
Laboratory 60-inch cyolotron by Dr. Thomas M. Putnanknd, Mr. G, Bernard Rossi
and their staff. Dr, Warren M. Garrison and his co-workers igolated and
purified the radioactive products and prepared them fér biological use, br.'
Kenneth G, Scott directed the animal work., This report is derived largely from

the data collected by this group during the years 1943 to 1952, Data for

(* This work was performed under the auspices of the U, S. ATOMIC ENERGY
COMMISSION,



- several elements that were not 1n§estignted in this laboratory have been drawn from

the literature. |

8ome of the date qontainéd in_tﬁis summary rerort have beon_pubiished else-
where in vnrioug forma.xli 5-16)'Théj-have'bé?n_feaualyzed for this presentation
and informaticn is included that was previcusly Available only in University of
California Radiction labcratcry Frcject Reports, The distribution and elimination
daté have beer arranged to compare thn biological'behavior of the elemcnts cf the
wvarious periodic groups,

8ince Mendeleef's prasentatior. of the perfodic table, thce chemical proéertiea
of elements have been successfully predicted fron knowledsr of the behavior of
other members c” 4he same periodic group. The ;roperties of the o£her l.elogens,
for example, suggested the besic enalytical methods first used tc isclate and
identify element 85, astatine.(17) In many inctances the ticlogical behavior.
of an untested elemert hae‘alec heen:prg§?2ted (a@ least qualitatively) from
knowledge of its near ctemical neighbers, It wa: logleal tc look for end nct
surprising to find halogens other than iodine ccncentrating in the thyroid
gland,(le) and to find alkaline earthe other than culeium br ing incorpprated
intc bona min¢ral.(19) | - |

Meeningful cemparisons of the behavior of the alements of eackh periodie group
and sub-group were rossible becavse th- tracer experiments were perfcrmed by the
same group of experimenters, using *‘he g2re rnalyticel t?chniques and equimrent,
and the aa@e animal species in th: test system. |

MZTHODS

Detailead deseriptions of the preparatior of the redioisotopes and of the bio-
logical procedures appeer els“vhere(6;7sl9‘), and 6nly a bfief outline bf the
experimental met;ods is present=d here, The radioisotope of each element invertiga«
ted was eelscted on the bhagie ¢ ease of prﬂpafation in carrieé-free'form or &t

very high-specific activity, length of half-1ife, and desirable radiation
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ohargfteristica. The specific radioisotopes used are shown in the Tables ,of data,
The animals used were méstly female“adult albinc rats. Radioisotopeéiof the
elements presumcd to Se'anions?or mcnoisléﬁt cations ware injected intrémﬁéCularly

or intravencusly in.igctonic saline, 4R§616150topésof cations in ths di-, tri-,

_or quadrivnlmnt_staté-weie injeéted-iﬁt}amuscularly, usualiy in isotonic cr

*

hypertenic sodium citrate, The'comnlmiing agant was used to nrevent radiocolloid ;

formation either in -the inj~ction solution or in the animal's circulation, and to-;

feeilitate abacrption from the sit: of injection, A minim&l amount of each
radioruclide was sdminicter:d to avoid radiation effécts; but enough was glvrr to
ensure accurate radiosctive asssy of tisaués’and axéréta at the longest time-
interval studied, After injection, orount of three rats were placed in metabolism
cageg for the separéte collection éf urine ahd_fecqa.. bages n? three rats were
autopsied at 1ntarval§ ;aryihg fron 1 hour to 8 months;bthe length of each)
experiment depending upon_fhe half-life-p? the isotope and the quantity évailable.
Tiesues and excreta were ﬁéu(lly aven dried ét 100°C, ashed in a muffle |
furnsce st 500°C, and dissolved in dilute niific eeid, Aliquot sampIGS'were
evaporats-d in small pereilain capsuléb'and aésayed for hata-ﬁartiéle activity
with o thin windew G-M counter. A known portion of the injection solution
served as s counting standerd, and self ahsorption curves weré rrepéfed for each
radioisotope by the dilution method. In some casrs gamma ravs were sufficiently
intens- to permit accurate aseﬁy with s ]ead-ébielded GM tﬁbe.% After 1951 a |
NeI-T1I éfystal geintillator waé used for garma ray ccuntihg; “Arseric, Tc;
Se, Te, I, and Ge werﬁvfound to b~ pertially volatile ét nﬁfflbifurnacé |
temperatures, These radicelements &nd tﬁose with yery'shorf halfélives'(At.
Se, and la) were either dried at temperatures‘less thaﬁ.100°C, zrd the teta
perticle activity meesureds or frogh tissuee were gésayed for zarma activity
when these were present ot sufficiently high inteneity. In all cas%é samples

were counted or lorg encugh time to keép'

Val A,



eaunfing errors within the rlnga'of :5" A bﬁlnnoi oheef of rndiotctivity s
prepared for each animal in ovory experiment, samples were roohockod, or tho
exporiment was rapeated until the total recovery varied by no more than + 10$
frol the amount injected. '

" The method of calculating the rndioiaotope distribution in terna of percent
vof administered dose (percont of absorbed dose 1n_oral or 1ntrtnuo§ulnr ex-
perimentc) has already been described. (6)

Several of the 1ightest elements appear as blanks 1n the ?ablea. 'Soﬁe-- f
oxygen, silicon, boron, aluminum, nitrogen, lithium, magnoaiun, and chlorino-o,
either oould not be prepared carrier-fr‘e or- hnve only%wery shortolived radio-

isotopes.- Comparable tracer data in the rat were not avnilablo for several

other elements: sulfur, carbbn; titanium, and nickel,

The chemical states of the elements as they appear in the Sables were not “

determined experimentally, but rether are best 6stin3tea based on the cheniatry .

of separation from the target material and a study of *heir oxidntion-reduction )

potentials, (20)

'The,tracer date are collectéd in Tables I thf;ugh XL.. In most cases the
4-day postinjection interval is shown because data were available for the

majority of the elements at this time. period. Rosults of shorter-terl tracer

studics are shown for thoae Olnmentﬂ that were very rapidly eliminated or for thos.

with half-lives shorter than a few hours, 8everal biological criteria auggeated
the sélection of the 4=dRy intervel as most :Lntomuvo: (a) utnmummrly
1nj?otod material had been largely absorbed-=lcse than 10% remained at the gito
of injection when a oomplaxing ngent was addod; (b) the blood stream had very
neurly been oleared: (o) tiseues whome initial radioisotope aoncuntiﬁtiong

- represented blrod-borne isotope cr aimple mixing with extra~-cellular fluid had
beon clear=d; (d) prompt excretior, reflacting initisl Oléatnnct‘Ofv1ha'blquft7;;

’,

.,?-ﬂ
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.hgd:vefy nearly onased; (Qf tﬁa_oxofetion resulting from slower proccesses of
"turnovor had not -yot boooﬁe important, | ~
In the ?nblea radioisotope contrnilis shcewn for thoge tissués“whioh are

inﬁorfabtlgitas of‘deposition for at least one memberbof'the particnlﬂf periodic
géoﬁb;\_rhe symbol U or F to the right of tbé valus for total exorétion indicates
thﬁf.ihe greater proportion cf a particulsr rudiéisotope wag eliminated by the
kidney (U) or by the digeétive tract (). Wherevthe symbol UF aﬁbéars, about

equal emounts were eliminated by the two routes,



___GROUP I: e Amumu.s |

Al shown in ‘l'nblo I, lkalot.al mcle vn she hportl.nt dopocitiou site of
most of the Group I elements, The kidmy' the chief route of olilimtion. A
~ fev days AM injection the ooneontntion of these metals 4n mclo wvas three
to four tints that of the blood and ono and one-half times (m‘hr than the con-
untrutiou in other soft tissues, Tho bohavior ot the mup was not cc-plotoly
tnifm; la t.ondod to bo elimipated nhott tvioe as fast as the other u-bors of
the ‘rcmp, and Na and Rb conosntrated 1: bonc to a aignifimtly putor cxtoqt
than K or Cs, | . , s

| m. metabolic behavier of the Sub-Group I olaanta-—cn, A;, u.a Au---differed

from the elements of the main group. Ino.phto dnta or hhihu g_ 4_21 indieno .
that in adult rats Cutt concentrated in the liver, kidnoy, and aploon. Trucer fhh "
\nro not available for bome; however, the values of ‘riptd ek Q.zz for traece |
elements in human tissues show bone comoemtration of Cu to be about 108 of the
eonoentration in the soft tinmo. _

Silver in the +1 state has a unique fate, Scott and Hamilton? found thet in-
Joeted carrier-free ndiqﬁilnr conbinéd m&@ quantitatively wvith plasme proteim,
was rapidly removed from the cireulation by the liver, and vas eliminated by the
gastrointestinal tract via the bile, In an attempt to study the fate of a pre-
lﬁﬂy soluble Au oompound, radioactin'a\u-ic thiosulfate was prepaered, After
intravencus !.nJocuon of this oompound oolloidal aggregates ware nnptrontly rar-od;
the distribution pattern was typical of colloids of small particlo ai:e; t.htf. is,
high eonoentrations of radicgold wers found in liver, spleen, and bore ;nrm.”-“
The behavior of nomesolloidal Au remainmsto be demonstrated, |

GROUP IXI: THE AI.‘ALI!IE EARTHS .

A samary of the ‘tracer experiments with the alkaline earth slements is shown

in Table ’II. fho nuboné_ behavior of these elements was nearly wniform ia the



rat, -Afte-r'tho first few days more than 95% 61‘ retained Ca, 8r, Ba, or Ra was fount’l
in bons. Tracer data are-not Qnihblé for Mg, but Tiﬁton'o spectroéraphic analysis
of hm tissue shows that bone containo 10 tile.s more Mg per unit weight than dool
any othor tissue--a value that ngreu well with amlma for the other alkaline
'urthl.zg, With the possible exception of Be, the l]hlino ou'th olp:enta in bone
are auoos.;téd vith the ninern phase. Calcium receives preferentisl treatment by
the kidnoyz9 and by the gaetrointeatinal tract,? g that after orsl administration
or pu-onteral injoof.ion a greater percentage of a single dose of rtdioel.lcim is :
dopo.itod in the skeleton t.han any other element of the group. '
Reeenf. evidonce indicates that th? alkaline earth in nine_ral bone is dis-
tributed in at least .thr«c1 grossly observable coup_urtmoﬁta-cné vith a repid
turnover, one of intermediate balf-time, and a third thet is turning over iexf_y
‘slovwly, »It has been postulated that these three cbmp;;tnenta represent (a) rapid
physico-chemical exchange, (b) gross bone turnover due to grovth and (or) remodeling,31
and (c.) very slow exchange processes resembling solid state diffusion,32 The amount
of administercd slkaline earth tracer that appears in the various turnover |
oapu*tuhﬁ depends largely on the age of the animal; tﬁo oldor the uvlima\l, the
‘smiller the percentage that vill be associsted with the slower turnover compart-
ments.3? In rats the half-tiloa of the varioua skeletal turnover eompartments
have been found to be similar for Gq end Sr, 34 Beryllim coneentrated to a
significient degree in liver and kidney as well as in bone 'bnt' was removed from
bome at an apparently slover rete than the other icnbora 6f the main group.
sonm. tims resembles IZmn in oxhi?biting certain qf‘ the characteristies of both
the alkaline earths and the elements of Sub-Group II, | N
, Although apparently in the 42.- state in neutral aquecus solutioms, the Sudb-
Group II elements (Zm, Cd, and Hg) were not deposited in bome 'ito the great extent
noted for the elements of the main group, Immediately nr'terv :injoetion, tracer In
ws most’ highly oomnmted in the liver.35 Tipton's -tndy of trase elaments
in u—. tiuuu indicstes, however, that conoontntionl of stable h n the
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prostate ghnd and in donme, are more than tvico those im liver, kidmey, or other
soft uuulozz |

Traocers of C4 and Hg were deposited protcronthlly 1: tho ldver und kunoy.
Retention of tracer Cd in both organs was quite prolongod." The short hlf-lim
of the %0197 1sotopes precluded long-ters study, but during an S-day observation
period the remal comcentration actually increased, while that in the other tissuss
declined which indieutes a high degree of retention.’ The prolonged retention of
Cd and Hg strongly suggests some stable combimation of thoutvoolnonto itk
protoin in tbe linr and kidney, | R | |

GBOUP IIY: THE LAthANDILS AND ACTIHIDU

The dictrimici of the lanthanidce, uctilﬁto, and elements cf Gﬂmp m

fs swmarised in Tableu 11X, IV, and V respectively., 7Two of thtn ‘elements

- (T and U) resembled other pericdic groups in their biolo;ioal boluvior. The

stable state of T1 in aeutral agueocus aolutioau s Tl". and its bﬂvicr, 1.04p -

"uarly uniform distritltion in the soft tissues and rapid elimimation, wvas remimis-

" oent of the Group I elements.’*38 Uranyl iom, UO,+, resembled Hgt+ and Ca*+ in

ite tendency to concontrnto in the kidnoy,7 33 and should probab): be chuifhd

with the aleaenti of Suba(}roup 11,

The bohnvior of the trivalent cations ims rcurhbly uniform, um and bome

‘are the major deposition sites. For those elements deposited primerily in the

H liver, the gastrointestinal tract vas evantu'ny'“the min route of elimimetion, Yor

P

1 those oconoentriting primerily in bone, the kidney was the major ourotcy organ,

?&oloul muscle scoummlated signifiocant amounts of Ou, In, and Se. tho nghtut

meabers of the group. S

There is scme evidenee pointing to combination ot‘ these highly charged ioms
with protoia in the um. l'hnt fraction of a trivalent ion initially deposited
in the liver wvas eliminated with a half-time ranging fro- 10 to 20 days. Com-

parison of the amount originally sccumulated ir the liver, and the total feeal



10
exeretisn during the first 60 days postinjection mmuzim_mm
tion pativey was directly from the liver into the small bowel via the bile with
1ittle pm-ommm mhnrption. l-‘*mn'-ar trivalent cations ia the .
skelstom was prolonged. The half time fer removal u‘mi‘oh—‘:mi-‘a.s
yoars on the aversge for the rat.- mmmmuw indieate that

" these elsments concentrate on bomy surfaces and at sites of resorptien and

growtn, s L1 18,U7-19 41y cugntion of the ultimete skeletal depositicn site—
t_'ho surface of the organic matrix or the bous ndt-hmu-‘b'o_mun-

. solved.,

The more basic light lanthanons with their large icnic redii tended %o be
d.b‘ociudhn'ouinthovunr. mmmmmhm.muuumc

‘smaller ionis size, were laid down mluiﬁiy_ in bome. Yttrium, and the

actinides whose stable oxidation svate is greater than ¢3,~~Pu, Np, Pa, and Thee

_ resesbled the heavy lanthanons, while the tripositive actinides—ds, An, and

cn-b.htndub 1lighs lanthanons.
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- GROUF 1V

The important Aepoaition sitee 6f tracers or -the Group IV elements are
shown in Table VI; 'These plemanté éonstitute the third major group of bone
seekers.' There was one demcnstrated exception--Ge--which:ﬁndervphysiologicgl
crnditions exiéte in hydrat-c anionic'form. Tra;er Ge waé_reaékly absorbed ftdn ,
an intramscular 1njection site- and was rapidly and almoéiyunaéormly distributed
in the soft tissues, It we s alm(s* quantitatively excreted by the kidney in the
firstAZL‘héufe at'ter injection, After [} fev hours the ccncentration in bone was
scmewhat greater-than that in mcst of the other tissuaa, but this deposit was
quiékly elininated, and within / days aftér injéction-conafitnted only b.Sﬂ of
the administered dose, | |

Lead has long b en recognized a4n ha:ardous bone seeker. The asasceiation of |
_Pb++ wi th the mineral phase cf bonée, is well documented. 50 Tracer Pb was eliminated
by the kidney and gastrointestinal tract in néarly equal prcportions, also

reminiscent of the Group II elements,

Tin and Zr tracers were deposited in the skeietcn to the sare extent==30% to

35% of the absorbed dose. Timed studies were not sufricientiy long to es-.

. tablish agcletnl removal rates; however, from 2 to 4 months after administretion
nearly two-thirds of the initial deposit remained, irdicating skeletal turmover
times in excess of 400 days., There is aqmeldifference in the manner 19 uhich
radioactive 8n anc Zr were eliminated, A larée fraction §f the tracer‘ﬂn‘vas
excreted by the kidney, in the first 24 hours. After the firsf day, urinary
excrc-tion became almost negligible, and the iﬁtestinai tract took over as the
chief excretcry organ, Very little carrier-free 2r95 Qas excreted during the
first day. In the ensuing mcntha 80% of “the eliminated Zr was found in the
feces, The early urinary execr-tion of Zr can be greatly-énhanced by the simmle

taneous administration of milligram amounts of stable sirconium citrate,5l

y '.ﬁ}
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Presumabl§ colloidal aggregates are :‘ormed that are readily filtersble by tho rontl

glomaruli, yet are small enough to escape filtration from the circulation by tho
rgticuloendothelial system, N ' -

The data shown for Hf are drawﬁ from Kittle et gl.”2 Most Lf paﬁpohndl ﬁro
relatiﬁely inaoluﬁle in néutral'solﬁtiona at moderate tdhpefﬁtures. The hi(h‘oon-
" gentration of radichafmium in tﬁe live; doga nct it witb‘the depoaition‘patternt
cf the other members ol the group, L. suggests that a portion of the aodiun- N
hafnium-mande¢ate-complex was in an aggregated form. Tho presence of 15% of tho
_ administered Hf in bone d 08 Lndica,; & behsvior similar to Sn ir, and Pb,

f GROUP V

The distribution of the Group V alements is shown in Tablo VII, With the
exception of Bi and perhaps Nb, the prinic#pal oxidation state {cr this periodie
group is +5, Radioarsenate and, tc a smull degree, radiéantimou‘te iero_ihcorporaﬁod
into the circulating erytrrocytes. During in yitro ihcubation,"rﬁdiOphosphate is
believed to exchange with the stabls phosﬁhate of the cells, vhereaabtragpr As |
and Sb apparently form étable_conpounds.with the prctein, globinm, The cgllc
thus tagged retain the radioactive label until their destruction. The
circulating blood w=s the only i#portant'deposition“site“for both of these
radicelements, and_mnoh'of the apparent tiasue-depoeition of'both could be
' acccunted’for b& blood contained in the.tiasués at eutopsy. That fractioh of
both isotopes rot initially asaociated with the red cells was excreted in the
first few days, chiiefly by the kidney. The rean 1ife of Aa74 in the body wes '
roughly oquivalﬁnt to the red cell life span whichvindigatps that there wes litile
tendencj for reéirculation of radioar;;;c after the'desiruéiién of thé original |
host cell, |

The tracer data for B1206 agree with phafmacoiégicdl obéervations of the
distritution of stable Bi compounds, The metabolism of radiobismuth in the

+3 state was not like the majority of the trivalent olements but more closely

resembled U0,++, suggesting that Bi (II1) was in an oxygenated or "basic® form.
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Lake UO,++, retention of Bi in the kidney was not prolonged, and by zh§ 17th day
Aftor injection only 0.6% remained in the kidnay; and 95% had Bacn excreted. |

The Subelroup V elements tended to combine with the aerun protains rather . '
than with the red cells, and their plasma concentrations wore ;till appreciable '
’aa long as two waeks after injectionb_ Shortly after injection all thrgo-elenontl—;
7, b and Ta=-were distributed throughout the body, with thehighesticonceptrationlﬂ
in th; Iiver,ukidney, énd bone. Initial exdrstibn‘uas‘chiefly urinary, but after
‘the first few days some;waa_eliminated by tﬁe gastrginteatinal traét‘as\uell; Re-

tention was generally more prolonged in the skeleton than in the soft tissuses,

“and by the second month bone was the critical organ for V and Nb. Skeletal turn~ <,

over of thjse glements se;medrio'bé mé;e rapid than the turnover_foqndvfpr the
alkaline earths or for the lanthanides. v ” |
Vanadium, the lightest of the'groﬁp, forms the most soluble»campouﬁds:'ﬂit ’
was r#pidly and almost completely absorbved andeas eliminated nearly quantitatively
in the first two months. By the 64th day muscle, akié; a?d‘livef contained l.3%
of the injected dose, and li.6% remained in the skeleton.
Niobium belongs to a group of elements with high pogitive charge-~Pu, Tm and .
Yoethat combine in a stab;e fashion with the.sarum pfoteins and remain in‘thé circu-
51

lation for many hours after injection. Compounds of Nb are less soluble and

more basic than those of V, and a complexing Agent was requirad to facilitate ab-
95

sorption{"Retentjon of ‘Nb wag more prolonged than that of V.' As long as two  '

" months after injection, 28% of the admxnistered dose was rotainnd, utth sigﬂifiolﬁﬁ
quantities in the muscle and skin as well'as in liver, kidney, and bones f%
Comprunds of Ta are ygenerally inert and exceedingly Lnaolubla. Only 15% of
intramuscularly administered radioactive Tazo5 wﬂo:abaorqu when no-complcxiné
agent was aJhod, and intravenously administered Ta20 was almost antirely colloidale
Like Nb and V Ta was found in nearly all the tissues, and most, highly concentrated

in 1iver, kidney, and bone. Tantalum was retained more strongly than the othor

A
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| I.‘S;rl of the sub-group, and eight -6nthu after an intramuscular injection the
skeleton and soft tissues still contained 27% of the adninistered dose. '
| GROUP VI -
~~ Most of the Group VI elements (iablo VIII) shﬁw@d some tendency towards
iasnocintibn'vith the circulating-red cells (aa was ﬁbted for the Group V-
olonant;.) The metal-protein combination becomes more stable with incfeésing
- atomic weight of the Group VI metals Sixteen days after inJoct#on only 0.1%

of the Se remained in the blood stream, while 108 of the Te was still circulating. -

.ifty

After oral'administratibn of Po, the same amount was present in the red‘éella at
70 days as at 8 to 10 days. The urino was tha inportant route of elimination for
‘%”ﬂifdhd To, and- kidney was the only tisauo that oonsistently containod oithor -

isotope at higher concentration than the blood. 'Excretion of Po following ablorptibn

from the gastrointestinal tract; i.e., noncollodial Po, was predominantly fecal, |
although urinary excretion was higher than was found for intravanously injected
Vcolloidal Po. There is some evidence for a greater concentration of Po in tissues
such as liver and kidney than can be agcounted for by tiasuevblood contente
_ The Sub-Group VI elements apparently did not combine with thé circulating red
 ¢ells to any significant degres, although radiochromate is frequantly the mothod of
choice for in vitro red cell labeling. Urinary olimination of theae elementa -
‘ocourred chiefly during the first few hours after injoctionéwhengthe blood level

was high. Subaoquent}y, most of the excretion took plice»via the liver ahd the

gastrointestinal tract. The heaviest ‘msmber of the group, W, was the most rapidly<-

Il
oxoruted; 22% of the administered Cr was retained after l6 days, whersas only 2%

J

= of thc tungatata was still present at L days. These elements were 1n1tinlly
proaent ln nearl.y all the tissues. “Several dnya after Lnjoction bona, 11vor,
~and kidnay were tho only tiaauoa that contained appreciable amounte ot Cr and H..
No oritical organ was determined for Mo L G en B

i

-
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o - GﬁouftVIIx TH HALOG“NS o i
The metabolie characteristics of the halogona, Group VII aro lhown in Table
IX, Execretion tended to bo almcst exclulively urinary, and soft tissue concentrationms
vere gener;lly lowv. The skeletal depceition- of F vas unique amomg the members of
this groﬁp. After an intrav nous injection, all of tho nain group halogona vtro‘ )
sascreted by the gastric mucose to some ‘extent and were roabaorbed alnopt conplotoly
in the énall bowel. This phenomenorn sths a Aefinite trend of increasing gaatfio B
secretion with increasing atomic number,60 Finorine wvas nct oconcentrated by tbefthyroid
gland, and thus far At is the only halogen other than lodine thnt;hasﬁheon shown
to ho accunulated by thx *hyroid to & aignificant degree under normal conditional"
7“4“ 'Aatatino homologues of the icdineged i organie ccmpounds ayntheuisod by the thgrcid gland
,havn not been 1denti”ied.
The metabolic characteristics of Mm, the first momber of the uavsﬁthnﬂﬂwgmonp,

. were quite umlike those cf the main halogen group elements ard tho other subegroup
.ﬁ ' V1I elements, Manganese injected intravenously in tba 2 state uis>&ccululntodA

largely bj the livei and rapidly appeared in th; gastrointestinal traof. One day
-_nftor injectior. ﬁhe liver still contained 11% of the injected dose, another 11%
vas found in }he gastrointestinal contents, and 41% hﬁd been elinigated in the
focga. Significart amcunts of Mn were found in spleen, ﬁancreaa, kidney and
v}akoloton.‘ It was not determined whether the skeletal Hﬁ wes dopooitod in the
'lnrrov as oclleidd part)cles or wus present 4in the bone tissue. itself in a lnnner
‘ lililnr to other divalent elements.,

There 1s some evidence for at lealt'trgnbdent thyroidai acousulation of the

highly hydreted positive valence states of Re and Te, particularly in rets that
bave been maintained on a low-iodine diet or in rats made goiterous with
thiourecil%2, These eléments were eliminated alsmost quantitatively by the

kidney and exhibited the ¢n9£ric secretion and s“b-iﬁﬁﬁﬁnt 1ntel£ina1 ,‘_‘



sequent behavior in tqo qirculation_and 15 the tiscues would depend on whether

they remained in the injected form, er q&%e rendered  less . scluble (as'by hydroxiddﬁiﬁ.

16

absorption seen with }ho elements of'th; miih'group.
S PR : , ‘$:‘ .
"THE PIATINUM M&TALS o
The diatribution of the plntinum metals is shown in. Table X, The oxidaﬁfoh )
states of these elements ss they were prepsred;for injection ranged from *2gfor P&§
and Pt to ¥8 for Os. A;though.;he'irich1or1de 1s shown aé'gbe:injected'fcfm of Rh
and Ir, it 1s possible that they axisied to_aémé.ex£ent as>;omﬁlef chiorides, i.é;;

lh(clsigag!n;ptp;gg, Os, Pd, and Pt were administered as complex enicns, The sub-

 formation), or were reduced to the metallic state. There seemed to be little tem- . I

dency for’theae elementse to form'fadiocolloids fclléwing intraveﬁous 1nja§tion,as

Jjudged by (a) the low liver uptskes and apleen eoncertrations (less than 0.7%/g in

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

injection, o |
While the tranaition and platinnn metnls form relatively homcgeneoua ohemical

groups, each elcnont possesses a certain degree of 1ndividuality, and the bio- .

logical behavior of carrier-free’ radioisotopes of these metgla,agreed with ‘this

k4

general picture. Kidney, liver, ard spleen were the chief deposition sites of the

’ platimum metals, and were the only tiaéues that conéistnntly showed higher conoen-

trations than the blood Bone was not a maior site of accumulation of any of thevﬁ:T
platinum -etnlt during tho longast period cf observetion which was 33 days. It
bhas been lhoun, however, that after prolonged feeding of radioruthaniun the bone
ooncentration is built up to potentially hazardous levels, and that skeletally
deposited Ru is held more strongly than that in the soft tissues,6® E#oopt for

Pd, the blood levels of these elements Qﬁre still high'éA hours after 1njec£io£ v-

(ecmpared with many other elements studied),;and Ir and Pt were eaéiiy measurable



_ “'17 v -

.1n tho blood as long as 32 dsys after injection, lLoss of thc 11¢htor hu-hers of .
.the Group (Rn, R4, and Pd) from ‘the tiaanel vas less rapid than the decline in
their blood concentraticns, while thetdecrease in tissue content of Ir and Pt
roughly parelleled the decline of the blcod concentraﬁiona. _hotention of Ru

and Rh is probably more prolonged than that of the other -nﬁbere of the group.
Exoretion of Ru was comparativély low, for only 43.3$”had been excfated'by the
7th day, Initial excretion of Rh was' somewhat highor--L?% in tho first 24 hours-=
.and only an. additional 7% was elimins ted 1in the ensuing 5 days. The other
members cf the group were elimineted much more efficiently: 808 cf the Ir inm

33 days, 92% of the Pt in 32 deys, 89% in the P4 in 7 days, exd 79% of thov Os

in the firsﬁ 2/, hours,




N

4trensition and platioum metaIs 8tudied

.......

DISCUSSION
The behavior of tbe elsments of a lain chcmioal group is usually mOrs
predictable thar the behavior of a sub=group element. For example, the alkaline

earths are deposited predominantly in bone minersl, while the sub-group elemerts

', (C4 and Hg) which are alsc stable in the +2 state are retained tenaclously in the

ldver and kidney. Less than 2% of ither caﬁ be found in the skeletcn. Reiativelf

uniform bohavior was seen in the main groups of the alkali metsals, the alkaline

3

.arths, tha lanthanidps and actinides in the 43 state, the halogena, and the

 platinum metals, There were ~som axceptions, particularly among those elements

essential to tissue fnnction and survival, In the adult rst skeletal depcsiticn

‘of Ca was nearly twice that of any other element in the +2 atate,land'urinary.

'eliminstion was < . one-fifteenth>that of the other alkaiipé earths. Although_

mest of the halogens car: be demonstrated to concentrate &t‘least-trangiently in
. : _ . o § : e
the thyrcid gland, this gland has been found tc utilize only iodine. In mammals

the ferric-ferrous redox couple is overwhelmingly preferreinnrmetallo-eniyné .

. systems; and the distribution of tracer Fe borb‘nc resemblapbe:io the other

P -

Four propertiea appeared to be the chief daterminanta of the behavior cf a
tracer element in the mammalian crganism: (a) thoe oxidatiop stute stuble at the

pi of the body fluids, (b) the solubility o; the stabls state, (c) the tendency

towvards incorporation intc organic compounds, and (d) the tendency to be cheleted

" by or to form complex:s with protoin; in the circulatioh or in & perticular tissue,

- Oxidation state was by far the most important-factor. Although Tl is a
Group III element, the +1 state is more stabln tﬁan the +3 state charactﬁfiatié'
of the other members of the group. It was not, surprising to find that Tl de-
posited primarily in the soft tissues und that 1ts diatribution closely reaemblad '
the heavy alkali notalq.

Almost as important as oxidation state in detnrming biologiocal behavior was
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the tondency of many highly positively ‘charged metal ions to asaunl oalpl.x

hydrated, oxygenated or halogenated forms. Such complex aniona ibro raadily elimi-

s nated, particularly by the kidney. For example, radiqgarmaninn¢§9xonp IV) vas

prepared in its most oxidized form and was probably givan as the germanate (l.na.osg
rather than as the tetrachloride. ‘In four days 98.5% of the Ge had been eliminated.

Tin and Zr which were most likely given as +4 cations uure.ietainod to a high degree

 and exhibited the distribution typical of bone seekers.

Solubility in the tissue fluids also 1nr1uanced diatribution to a high dogro., :
sven in the case of carrier-free radioelemants where mass effect neod not be gon=-
aidered. Polonium, radiotantalum as Ta 05, and radiogold in any'forn thus far

tested displayed a marked tendency towards radiocolloid formation. They were fowrly

: - absorped after 1ntraperit6neal or intramuscular injection and accumulated rAPidly

in the reticulo endothelial tissues after intravenqus adniniatration.

Certain of the cations tend to be bound to proteina and preaont vhat seen A
at first to be anomaiies. Radiosilver was associated with serum albumen whieh
was then deposited almost quantitatively in the liver lnd excreted into the
intestinal tract. Radioarsenate rapidly entsred the circulating red blood 9qll.
as an abparently permanentvpart of the hemoglobin molegule to be elininatéd'only-
at the death of the original hn;;f;ellg_ This affinity for the protein=-globine-
was scarcely detectable for the othef® members of Group V. v V_

ﬁany other raditelements combinad with proteins but in a less apocticulnr
fashion. The tare earths in carr1er-free forme-the actxnideaf-and several othcrf
Group III and GrOup v elementa, formed complexes with the heavier serum proteins
with liver protpins, and poasxbly with the muooproteina on bony surflcos. In
contraa§ to the mdjority of fhﬁ bonefeeeking bivalent cationg-=Hges, Cdedysand
UOZOO-—appnrontly combine with. some as yet uniﬁentified protein in the rjnil corth;

It is possible to make some generalizations for the bensfit of the industrial
: : . . RN
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- physician and heaith physiciat. Wiﬂh feu.exceptiona, the anioha--includink moQt '
of the halogens and the oxygenet: d or Balogenﬁtﬂd oxida£ion states of the

- elements of Groups IV, V, VI, and the «latinum reiﬁlsAédré oliminatﬁd quite .
rapidly, chiefly Ey the kidney. The mercvaiert csticns 9re'ﬁis+ribut65'alﬁcet
uniforﬁly in the soft tiésues, ard ere subﬁnquently exc;etad by the kidney but
with lorger turnmover times tian the anions. The‘biyslert caticns (with previogely
indicsted exceptions} constitute the tirs:t ma cor group of bore seskers, -They are
asscclated almost exelusively with ﬂcge mineral Qnd ;re elirinated vary;slowly

as the sfructural elements cf the skeleion matgrms with advahci.giage. The tri-
positive ions tend tc assoelate with protein in the circulating-blooa, in the
livef, and quite possibly in bore , 4nd the most impcrta;£ depgsit1on site gf

eacii individual 43 elem~nt seems o depend upc:. the relative étabi]ity of the
particuiar protein complex., The fruction 1aid down in tﬁe liver ig éliminatud
quickly wnile thatrdeposited in bonc is turned cver much mcre sicwiy than are

" the bivalent elomsnts, The quaarivalrntlcationsﬁsuch as Zr,.Tﬁ; and Yu are
deposited almost exciusivély in the skeletom, and are held th:re as t@naciGQSly

as are the t3 elementsa,
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Table I
Distribution of radioisotopes of the elements of Group I, the alkali metals,
in various tissues of the rat after intramuscular injection

Lo o
) . Chemical form R A
Radioisotope administered Time Percent of absorbed dose - Ref.
) ' Bone Liver Muscle BExcreta

L4 ' - . - = e e - L.
Na?? NaCl 2 days 61 L3 103 552U 25
gh2,l3 KL 2 days L2 3.3 L7.6 269U .26
Rb86 RbCl L days e L8 l3.6 20,8 U 27
ceBH5  oe) Ldays L5 2.1 385 LSU L
Sub-(l‘oﬁp I . | o

Cua‘ o CnC].2 6 hours - 2.9 - 0O - 2
agtto AgHo, 1day  Le2 2.8 2.2 ° 60.9F 9

) | ! . -

s Kidney 10%, spleen 6.21.

b Injected intravenously.
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Tabla II "
Distribution of radioisotopes of the slements -of Group II, the alkaline
earths, in various tissues of the rat after intramuscular injection
o ﬁ.f&heﬂiulvtqm ’ : . o _
Radioisotope "~ administered Tims : Percent of absorbed dose *  Ref,
| | - . Bong Liver Kidney Excreta
Be’ BeCl, - Ldays 322 9.6 2.0 l9.0U 10
Mg - ) - - - - - -
cal® , Caylose),  Ldays 70,0 - - 3,0 F 34
s° - seleit), | Ldays Lo - - . seow 3
Ball® BaCl,  lLdays 373 - -  55.00UF 15
Ra??3 Raj(Cit),  Ldays L0k - - - 596 UF 3
Sub-Grgup 1I | - . |
Zn ZnCl1, . 1 day - 38.5 . 2.L - 35
cal® cacL,, Ldays 3.3 77.8 - 6.l . 5.6 F 17,27
B0 mgol,  Sdays L2 79 255 L9.OF 7,37
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Table IIL

. . . .

" Distribution of tadioiootopes of the elements of Group IIX in varioua tissues
. . of the rat after intrnmuscular injection :

B3

Chemical form o Percent of ebsorbed dose. S
Radfoisotope administered Time Bone Liver Muscle fExcreta Ref.

) - - - - Ca - -
- Al . g L . T - ' - ' _‘ ._" «v‘ - ' . - . - )
67 = o :
. Ga : Ga (citrate) 4 days  19.6 7.1 13.2 48,7 F 40
w4 InCl, 4 days  16.8: t14.0  14.7 25.8 F 7, 41
) B | ’ ’ o - . _ .
200,202 gy 4 days 3.4 ' 2.6 28.5  S0.1F 7,38
Sub-Group r
' Scab ' ‘:' - Sc (citrate) 4 days 15.9 '21;2 12.5 _31.1‘F__" 28
??1 R L S 4 days  55.6  12.1 2.6  26.3U 42
Lalﬁo_ La (citrate) 4 days 18.4 64.2 1.2 - 11.3°UF 6.
L ‘ |
| -
- :’ '
4 5
Tod
]
! ' g;‘-‘f‘,?fr
* . s R
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Table IV S 3
Z . Distribution of radioiaotopes of tho rara earth elements, the lanthanons, o
in various tissues of the rat L days after, o i%gyr
intramuscular injection as complex citrates. o ﬁf' o %f_
~ 'Radioisotope o ., Percent of absorbed dosa
- Bons.  Liver ‘inne' Feces
" celld 27,7 510 6.0 . 8.0 .
} al , R
w7 | 3L2 271 221 19,0 24
Tt , 36 Lk 9.6 65 7
s> C 332 3h8 127 131 |
£u 52,15 o 356 25,0 16,6 1Ll
0al5? s ML 121 269 101 3 a
0 60.5 6.8  15.6 6.9 ;o
Dy 59.9 2.8 - 2l - 6.2 |
Ho % 5506 2.4 212 13.2
Br 19 S 564 L2 - 27.l T
™l - U6kl L9 221 5.2
w77 oo 6706 2.7 15.6 . 743 )
% See reference 6a for complete tabulation of dat;, o | o 4
\ 7 {

g
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Table L

Distribution of radioiaotopes of t.he ‘actinide elements 1.n various

tissues of the rat after intremuscular mjaction

Chemical form ,‘

Percent of a.baorbod dose

Ay

'Radioisotope - administered  Time Bone . Kidney Liver w Ref,
c227 Ac (citrate) L days 26.8 0.6 56.h 10,6 wF 3
Th237 Th (eitrate) 8 days 663 h ,3'.3 Lol 'u‘.avur' Ll

 pa230 a CLdays S WO 7.8 26F U5
y239 00,01, L days 10,9 - 11.8 02 76,00 39
2237 b lday Wbl 2.6 8.5 369U L6
P23? Pu0,CL, L days 7.9 - 1.8 84 8.2 r Rt
An?hl ¢ AnC1, Ldays 19,1 2.3 357 7P . 12
Ccm2l2 CrC1, ..h days = 29,0 1.6 hO.zi - 20,0F 13
a _Chem'ical form unlmawn but oxidation state probably ¢4 or +5. .
b Administered fon Conce NH, C1 and Na, 'cit“,“, _oﬁ:idaticn state +i or <5, :

ee————



Di.atribution of ndioisotopea of t,ho olqnenta éf,_ Gmp IV in mim thmo
of tho nt after mramscular mféotion “

N

Chemical form® - -

™ NG,  Ladays O 05 '.‘1.1 v BsU 21
Y " 5o (citrate) Ldays 294 LO. 3,1 6L2U 7,k
- m% PRCL,  bdays 277 L9 341F 62,0 W 17,53

*

- ' =T T I -
-zr’s ~ Zr (ottrate) L days 3h9 6.6 . L3~ 18R 21
_Htm Naf Mandelate’ 4 days 15.L 37.8° L5  B.oUP 52

e am—

® Intravenous injestion _ S

U A e

5
Iy

A

R it
p
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Table VII
¢ .

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

" Chemical form o _Percent of absorbed dose

'Radgpisotapésfjiﬁg;administered- ' Time . Muscle Bone ‘Liver [Kidney Blood Excreta .  Ref.
N C. - N : - - : - - - . - . - o -
P2 . NauPo, 1day  27.64  17.7 - a . - - 228U 56 |
As’? | NaH,AsO, 4 days 1.4 2.3 2.4 0.8 . 4.1  45.7U0 8
spl22.124 HEbO, . 4days. . 0.1 0.9° 01 <.l 2.0 96.5U 41
81206 BiOCL or . : ' , o :

~ BLo(oH) 4 days. 0.6 1.5 6.6  14.6 <1 75.20 . S5
Sub-Group V |
v O NagH V0 4 days 5.0 9.9 6.2 44 L5 639UF 56 ¢
w3 Nb (citrate) 4 days 8.0 - 16.2 8.4 2.9 7.7 39.6UP 7, 45
t'® a0, ta 4days 12,2 11,9 7.4 5.4 1.2 " 48.6 U 7, 87

‘ Na3(c1t%ate) '
. -

32 .

Viscera contained 23.9% of the fnjected P
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Table VIII

1

Distributiocn of radioisotopes of the elements of Group VI in various
tissues of the rat after intramuscular iajection

Chemical form

Time

RS

. Percent of ab"otb‘ddoze )

Kidney "

ladiotnotgﬁea | administered Boae Liver-  Efood'. Excreta Ref.
q " f _ j . ’ o - ‘
8 - - . . . - - -
se’> NaBSeO, 1 day 8.1 7.3 3.8 6.1 49.8 U 46
1e!27:129 NaHgTeO, ‘1 day 9.5 5.4 5.4 1247 61.9 U 4
po210 Unknown® 1 day 2.7 210 2.0 . 19.4 - 58
Sub-Group VI \
el NaHCrO, | day  10.6 1.3 1.4 6.6 . 57.5U 59
wo’3: %9 NalMoO, 4 hours 3.6 30.3 2.5 2.5 33.0 U 7,55
181 u;nuob 1 dey 1.2 0.1 0.4 0.2 966U 7,28
- ) ' o=

Adzinistered orally, converted to whole tissue estimates from.specific activity (%/g wet tissue).

—— st — —— ——
r—— — —— tv— —

e—— —

e
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Table IX

Distribution of fadioisotoPes of the elements of Group VII, the halogens,

in various tissues of the rat after ln;ravenbus'injection.

Radfoisotopes -

administered ' Time
P18 . AN;F' 9 hours
Cl | - -
B2 KBr 8 hours -
>13¥ Nal j_é houf;
.Atzll NaAt 9 hoﬁrs
Sgb-Group‘VIf
a2 MnCl, 5 hours
Tc95'96’98 (+4 or +6 24 hours
R‘183.184 Nzi:;zted) 4 hours

Chemical form

R o

-Percent of absorbed dose

: GI traét_ .
Bone Liver Thyroid  + contents Excreta  Ref.
56.1 IR 1 0.8 33,2 U 15
- 5.6 - 9.2 14.40 6l
1.2 1.0 1 23.6 8.4 34.4 U 14
3.7 6.1 1.6 21.8 16.6 U 14
7.1 26.2 .1 35.8 - 55
‘ |
0.4 0.7 .1 9.0 87.3 U 7
1.0 1.1 .1 13.2 49.6 U 7,53
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Dllttibution of tadiotcotopco of tho tranlition and platinu- matals in vartous
tiasuco of the rat after 1ntravcnoun injection

Percent of absotbéd%déi&

: : Chemical form . . : . TR .
Radioisotopes - administered -  Time - Bone Liver [Kidney  Blood . Muscl

e Excreta Ref.

N e, 3days 8.4 20,0 2.0 505 1.7 6.3 F 44
A Re’ Na,RuC1,OH 1day 6.5 5.8 2.7 7.4 214 19.40 53
0e}8% . . NaHOsO, or 1day 1.9 3.6 4.5 2.9 3.4 787U 64

o - 080, . o | '
- cocl, 1 day - 6.3 0.8 0.6 - - 67.9U 65
CI Y RHCl, or RWCl -~ 1lday . 3.7 3.6 2.6 5.9 12.1 4.2 ®
(190,192 IxClj or IrCl--- lday 31 19.3 4.0 6.4 5.6 43.5 U 53
Na PLCL, 3 1day - 1.0 8.6 8.4 0.8 1.3 748U 53
Na,Ptcl, 1day 5.8 12,9 9.9 6.6 11.6 36.6 UP 37

16.¢£njdéted intramuscularly
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