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NOT ICE 

This report was prepared as an account of wort sponsored by an 

agency of the United States Governnent. Neither the Unfted 

States Government nor any agency thereof, nor any of their 

t111ployees, makes ar\)' warranty, express or 1mplfed, or assumes 

1ny legal 11ab111ty or responsibility for the accuracy, complete

ness, or usefulness of any 1nfonnation, apparatus, product, or 

process disclosed, or represents that 1ts use would not infringe 

pr1v1tely owned rights. Reference heretn to any spectfic cCJn

Nrc1al product, process, or service by tradf' name, trademark, 

NraJfacturer, or othenti se, does not nl?cessarfly canst ftute or 

111f)ly 1ts endor"~etn@nt. r"Pc:an~nr1at1on, Or" f~voring by the United 

Stites Governnent or any a~ency thereof. The views and opinions 

of authors eipressed herein do not necessarily state or reflect 

those of the United States Goverrment or af\Y agency thereof. 
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1. INTROOOCTION 

This report ts 1 revftw of the literature on the rad1obto1ogy of internal 

•f tten. Its purpose ts to cons 1der .that hn beccne known a> out the rad lo· 

biology of tnternally deposited rad1onucl ides over the list four deca~es. Our 

prt.,ry .. phasts ts the progre$S1on of rtd1obtolog1c1l infonnatio~ through the 

1950s ind e1rly 1960s, when atmospheric test1ng of 1tcnic ~•pons was 

occurring wtth tncreastng regular1_ty. 

Most of the over 280 references cHed 1n thh report ire from the open 

ltter1tur1, although use of techn teal reports was somet f111es 11so needed. Our 

focus "IS on developtng 1 reasonable, documented chronology of the evolution 

of knowled91 about the rldtobfology of fallout. Wt have used our sc1entff1c 

JudCJ111911t lbout the sfgntf1c1nce of avatlable 1nfonut1on 1n dtst1111ng an 

enon10Us vol1111 of l1ter1ture into 1 report of •thfs size. 

We do not tnt;nd this report to be a cCJnplete survey of the subject. The 

scfenttftc ltterature ts replete with oveNi~ of rldtobfologtc studies, anri 

doc\lllnts, including those on r.1clear reactor ufety (US ~c. 197&), ·radfation 

risks (UNSCEAR, 1977, 1982; MS, 1972, 1980), and radiation research In 

9•neral (JRRC, 1980). 

Jn thts "port, 1fttr 1 hhtorkal pe~pective (Chapter II), we a<1,1r'H 

the general tvolutton of rtd1obto109tc1l re\earch on internal 9111tt,r\ fr(Jll 

qu1ltt1tfvt 1tudtes on t~tr radtotoxicity to q1Hntttat1ve a\sts\nwe"ts of the 

rtsk fro. Hpo,.,,.H to thin (Chapter 111). furt~r. _.. look in qPntra1 at 

t•port1nt dtvtl o~nh in the Cflncern over hl1 out frrn nucl..,r Wl'otpon\ 

detonatton1 ttrouqh the ere of at.Mosptwirlc tt~tlng. 

.. 
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We 1110 constder 1nfo'111tton on ftssion products th•t •re biologically 

t•port1nt (Ch1pter IV), Spectf tc11ly, we dhcun fn det1 fl fsotof)tts of 

todtne, stront1um, ind ct51u• (Ch1pters V, VI, ind VJ I, respectfvely). ThPse 

rld1onuc11des are ce111ponents of rldtoactfve f111out and are readfly taken up 

by the body. 

Ftn11ly, w 1lso e11111ne datl for plutontum (Chapter VJll) and uranftl'I 

(Ch1pter tx). These list two elements, not produced by ftssfon but rather 

used 1n producing it, 1rt gener1lly consl.lned tn the fission react ton. Those 

1ta1s thlt escape ftss1on, however, can be dtsJErs!d and may present JX)tent fa1 

envtrol'lltntal tnd ._11th haz1rds. 

For ttch of the rldto111eHdes discussed,~ consider envtrormental path· 

Wl1I thlt ire av11llb1e for the eventu1l exposure to h\lftln populations and the 

•Uboltc p1ttw1ys thtt dete,.tne the tissues at rfsk following exposure. We 

also consider the rtdfob1olog1c1l effects of exposures given at htgh levels, 

Ind, Wien eppropr11te, the rfsks 1Cc01tpanyfng low·lnel aposures. 

'L . 
>·L--~c~~-~-__ ~ L 
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II. A HISTQUCAL PERSPECTIVE 

Constderablt 1nfonnatton on the metabolism and effects of ffss1on

produced tnternal an1tters WIS available in the 1940s. Most of 1t arose fran 

work related to the development of atomic ~apons (Smyth, 1946). Hamflton 

(1947) explatned that research: • 

•· Durtng the early phases of the development of the 
Plutonium Project, tt became apparent that one of the most 
serious problems to be encountered was the protection of 
personnel working 1n this field against the immense 
quanttt1es of rldhtfon and radioactive materials produced 
by the chaf n-react1ng pile. The most important hazard that 
arises fran the release of nuclear energy are radfations 
produced directly from fission and subsequently 111ftted by 
the resultant ftss1on products and plutonium. The fission 
products can produce injury either as an external source of 
rldiat1on or, if they gain entry into the body, by acting 
1s 1n fnternal radtoact1ve poison, quite analogous to radft111 . 
pof!on1ng. This latter cons ideratfor. 1s 1 !!!!jor cor.cern. 

since the amounts required wtth1n the body to produce 
ir\jurtous effects are minute canpared to the quantities 
necesury to induce damage by external beta and gnna 

frradtation •••• 

The fhsfon of wanfum results fn the productfon of 

thirty-four radioactive el~nents, extending from z1nc to 
europfu11, and there have been fdent ff fed nearly two hundred 
radioactive isotopes of this large number of elements that 
rise frCJll ftssfon. Since the poss1b111ty of entry of thtase 
f1ssfon products 1nto the body had to be considerfld as onP 
of the pr1nc1P1l hazards to Uw:tse wortdng in th.- field of 

atm1tc ener9y, 1t wn nttceH•ry to \ecure 1n fori....,t ion u to 

L 
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the absorption, d1str1bution, retention, and excret1on of 
these r1d1oact1ve materials. In addition to evaluating the 
metabolic character1sttcs of these substances, 1t was necessary 
to duplicate as nearly as possible, with laboratory ant11als, 
the manner by "'11ch fission product poisoning mtght occur. 
This included 1 study of the behavior of these radioelernents 
following their introduction into the body by the three major 
portals of entry, namely inhalation, oral ingestion, and 
through cuts and abrasions of the intact skin •••• 

No sat1sfactory estimates or predictions of the possible 
metabolic charactertst tcs of most of the f1ss ion products 
could be made, s1nce most of these substances are rldtoacttve 
isotopes of elements concerning whose metabolic properties 
very 11ttl e was known. In other words, there were no reliable 
data available that could' make 1t possible 1n most instances 
to predict which of the fission products would be absorbed 
frOll the digestive tract and rapidly eliminated, once having 
ga tned entry into the body, and which ones 111ght be selectively 
deposited and retained in some vital structure. Actually, 
there was only one fission product, radio1od1ne, that had 
received suff1ctent study w1th regard to its metabolic proper
ties, prior to 1942, to pemtt a reasonable evaluation of the 
.aunt that could be tolerated within the body w1thout producing 
d•age. A second f 1ssion product, radiostrontiu11, had been 
studted before 1942, but not in sufficient detatl to satisfy 
the requiranents of the medf cal research irogra. of the 

Pluton1llll Project. The nature of the metabolic characterfstfcs 
of the other ffssion products at that date was essent 1al ly a 
conpletely unknown quality •••• 

In addft1on to the f1ss1on products, 1t was nttee\stry 
to eulu1tt by simtlar tracer stud1es the potential da~e~ 
fron1 plutonium potsontng. Ttil\ {tl<'!Tlf'nt h radioactive •nd 

L---·---- ---··-- L 

•• 
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has a hll f·ltfe only fifteen times greater than radium. In 
ldditfon, the quantities to be isolated, purff1ed, and used 
for a variety of purposes were considerable, to say the least. 
Later, several other of the heaviest elements, canmonly called 
the actinide elements, -"tich extend fran actinium through 
curium (element 96) were included for study. These subst6nces 
e1ther arise directly fn the chain-reacting pile or appear in 
certain phases of the atomic energy program and present 
potential health hazards because they all share the conman 
property of radfoactfvity. 

• 
There was al so 1nfonnat ton ava fl able on f 111 out from atomic weapon de ton a-

• t1ons. Livestock that were exposed to localized•fallout fran the Trinity Shot 

tn New Mexico 1n July, 1945 showed effects of the expoiure {beta burns on the 

skin) (Glasstone et al., 1950). Fallout occurring at more distant locations 

was also observed in August, 1945, in Indiana, when photo~aph1c film was 

fogged by radioact 1ve cont-.inants in packaging materials {Webb, 1949) • 

Research on fallout from Trinity continued for a number of years after the 

detonation (Larson, 1963). 

Glasstone et al. (1950) discussed the effects of these weapons, briefly 

111entioning the potential of serious pt\)tsiological hazard of radioactive 

·::i fallout that deposits on the earth's surface in appreciable amounts. These 

authors also considered the problems of rad 1oact ive contani nation of food and 
, I 

I 

.. 
I 

water, and tabulated fission products and their relative importance at varying 

times after fission. ln aid1t1on, the b1olog1cal s1gn1f1cance of lllfissioned 

ur1n11.111 or plutonium released into the environment was also discussed. 

Info nnat 1on on f 1ss 1on-produc ed internal 6ll it te~ sel'f1\S to have developed 

1n three major phases. In the 1940s, studies reht@d to the mP.taholism 11nd 

'. 
---·~· L 
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effects of rld1onuc11des were perfonned, The impetus for th1s won was 

occup1tion1l safety. In ldd1t1on, some medical work was also being done. In 

the 1950s and 1960s, the awareness of radioactive fallout changed the purpose 

of much work to addressf ng publ 1c safety. Much of the work was environmental 

1n nature, W\fch e~olved 1nto the discipline of rad1oecology. The first 

symposi1111 on r1dionuc11des in the environment was held fn 1959 {Caldecott and 

Snyder, 1960), closely followed by a symposium on rad1oecology held in 1961 

(Schultz and Klement, 1963). 

In the 1960s and up to the present, work has contiooed related to the 

public safety from internal emitters, though the driving force evolved frcrn 

contn1nat1on by nuclear weapons to the potent 111 for contn1nat1on by nuclear 

reactors and related fuel cycle operations. Work also continued to address . 

proble111s of occupational exposure. Unlike the research of the 1940s, -.ich 

tended to •phasize immediate effects of h1gh levels of exposure, the nore 

r contemporary work hes emphasized the consequences of 1 ong-tenn exposures and 

latent heal th effects of 1 ow 1 evel exposures as wel 1 as the mechan f sms of ,. 

.. 

these effects. Radhtfon-induced cancer has been the significant end-point of 

•ost of the more recent research • 

\..121. __ __ 
.w• ·~~·- ---· -..,.,........ L 
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111. DEVELCPMENTS IN RAO l(JUOLOGICAL RESEARCH 

R1dtobtologic1l rese1rch on fnternally deposfted ffssfon products unrler

went 1 rlllllbtr of tvolutton1r1 ch1nges fran the 1940s to the present. The$P. 

changes occurred in tnvestigatfons on the health effects of these rad1o

nucltdts 1nd tn attf!l'llpts to estimate the rfsks that accanpany frradfat1on. 

Studtes on the envfrorant1l s fgnif fcance of radfonucl fdes al so changed, as 

•. prcnptld by the recognition of fhsfon products fn fat lout as unwelcane 

ccaSNntons of the test1 ng of nuclear weapons. 

He1lth Effects 

Studies on the biological effects of internal anftters generally 
• 

progressed fro. an tn1t1al production of radfonuclfdes to metabolic stud1el on 

thtttr dtstr1button Ind excretion. Fran here, studies on the acute toxfcf ty, 

eltcttld by exposures to large am\'unts of radfoact1vfty, were nHt. Then, 

since -t of the concern was for protect fon of the worter, chronic studies 

tnvolvtng long-ter11 exposures to lower levels of radfoactfvfty were done to 

gatn underst1ndtng about the late effects that 111f9ht be produced. The prior 

experience with the lite effects seen in the radf llll df al painters pranpted 

1 ong-ten1 studies w1 th other rad ionuclf des f n the 1940s, principally with bone 

seeke'"' such 1s strontflill-89, -90, and plutoniUll-239. In depth studies of 

these ndfor11cltdes began fn the 1950s, ~en the Atanfc Ene1"9y Ccwnmtssion 

est1bltshed several beegle dog colonfes around the country. Work continues to 

the present tt11e. 

for r1d1otodfne, the pattern of re\etrch devtlo~nt 1n the 194<X wn 

91ntr1l l1 tht ,.,,.,., though for a lo~ t 1tne 1t rt11111nf'd f hPd tn thr a~ut.

tffects phnt, s1nee thh was the rl.-slred rn<1-po1nt fo,. tht trfl11tmtnt of 

ttlYrOfd dhOrdef'\. Only 1ftflr thft thyroid 9l11nd WI\ 1tt1wn to ht rrlf!tl;·1"1y 

-~...;-_:::::::-=--=._ -- - L 
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rld1os1nstttv1 •nd not rldtoreshtlnt, "11ch occurrat tn the 19!>0s lollen 

thyroid c1nct" were produced tn 1n1ma1 models and when they were shown to be 

producld 1n ch1ldren 1e1rs 1fter x-1rradht1on of the head and neck, was there 

•re study of the lite effects of rid1o1od1ne. 

Tht s1gn1f1cance of cestum-137 was not appreciated until the 1950s, when 

tt WIS found tn the envtrorment.. Although l 1mfted research on rad1oces1um was 

done tn the 1940s, it went ttrough the pattern of test1ng--metabolisr'I, acute 

tfftcts, lite effects--later, and 1n a chronolog1c11ly compacted t1me. 

R1slt Asstsl!!Dl 

Acute responses to irradhtfon were fairly easy to descrfbe and, probably, 

\.o predict, in that high enough doses would el1c1t acute effects, and lo.er 

onei would not. •s1f1• exposures were at levels less than tolerance doses, 

th1t ts, ltvtls 1t .t.tch recovery \lfOuld occur. 

AssesSMnt of rad11t1on risk fn the 1950s was tn the context of ttres

holds, ir\jury 1nd repair, 1nd ltfeshortenfng. Blair (1962) dtscussed radta

tton tnJur1 tn tenH of teute reparable 1n-j trreparable 1r\jurtes measured by 

ltft shortening. Thlt low level radtat1on induced ltfeshortentng was 

pri .. rt111 c.rctnogenesh effect was not generally recognh~ (fRC, 1960). 

•E1r11• irJury tn exposed 11awnals wn frequently •asured by c~paring pre-

1nd post-exposure blood counts, a i:ract tee almost as wtdespre.t as the use of 

f H• bidges for dos 1•try. 

for low·level exposures to pose rtsks for hhnt health effects was not 

conststent wtth thfl thr~shold, or tolerance, dose concept then tn vnqut. At 

thlt tt• 9entttc 1ffects ~re tmught to be wttrout a thresholc1, or 1fnear In 

response (tCRP, 1%4), 1n opinion hr9t'1y lnfl~nc.-1 hl' thft urly rtt\elrfh f'~ 

L 
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frutt n 111. Onl1 liter dtd the stochtst 1c naturt (t.9 •• cancer) of tM 

.-.sponst of SOlllt1c ttssue to r1d1at1on bf<:ome clear. Repatrable Injury 

(1.9. on spen11to91nes ts, l Nkocyte counts) was 1 fw.ct 1ona1 phenCJ11Pna and 

1rreparlble 1r\jury was 1n •1ecltr1tfon of 19tn9• phen~non that shorten~ 

l 1ftsP1n. 

Wtth lite effects such as bone cancers, the 111-or·none principle 

mcr1bed ibove becne the 111, none, or some irtnctph. ln ei~rlments with 

groups of 1n1m1ls exposed to 9rided dos1ges of bone see~ers, dlf ferences 1°n 

nUlllb1rs of cues of cancer 1nd their t 111tes of occurrence .ere observ~ • 

• Higher doses resulted 1n .,,.. tUlllOrs 1t etrlter t1•H than lower doses. Low 

enough doses did not result 1n effects before 1ntNls dfed of natural causn 

(Bruts tt 11., 1947; Brws, 1949), thus lt1dtn9 to tht concrpt of a "practfcal 

ttrnrold" (Evins et 11., 1972). 

The shtpe of the dose-response curve for r1dt1t fon·1nduced cancers becamtt 

t._ subject of de~te tn the 1950s. Sever1l sctenttsts (Lewts, 1957; Court· 

Brown, 1958) espoused l1ne1rfty IS the proper Wa:J to express the relationship 

of dost 1nd effect, c1t1ng a proport1on1l 1ncr11se 1n effect with increasing 

dose tn 1rr1dt1ted hUl'lin popul1ttons 1s evidence for their cl•I~. Others 

(Molt, 19S8; Finkel, 19S8; Brun, 19S8), "10 basfd thefr opinioM "'Orf' or. 

·1nt•1l dat1, considered• curv111n11r dose-response rel1ttonshtp to be 11\jrf 

1pproprt1t1. 

The debate over the proper shape of the dost-response cur~ has continu~ 

to thh tt•. Thh -.u df'ftlonstrated by the recent aoo contro~l'~y-rlddtn 

report of the Conmlttee on tht 81olo9tc1l Effect\ of lonlzl"9 Redletlon (~\, 

1980). 

L 
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The words of Mole (1958) se9'1 1s f1tt1ng now as they ,.r~ then writt~n: 

Whatever the shape of the emp1r1cally dete"'9fned curve, 
tt h 11w1ys pou 1ble th1t the shapr of the cur-n changes at 
doses less than the lcnest used. Even ff there were several 
dose-levels at each of .tttch the response was no different 
frCll the base-line control, ft must be accepted that each of the 
.. 1s1red responses has 1 stat1stfcal error. The posstbtlity can 
never be dented that observations on a much larger scah would 
hive shown responses really greater than the control. Thus the 
existence of 1 threshold can never be proved by an enptrical 
dose-response curve. Equally, of course, for st•1lar reasons 
the ibsence of a threshold can never be proved. Thus the 
exf stence or not of 1 threshold can be detenntned only on 
theoret 1c 1 l grounds. 

Alo~ wtth 1nd because of the IM'certafnttes of radtatton effects, a risk 

phtlosoph,y hid to be 1ncorporated 1nto the establtstwnent of rad1atfon protecr 

t ton hizards (Tul or, l 9S8). This phfl ~opt\Y was necessary because rad i at ton 

standards, present for several decides already, were expressed tn te11fts of 

•pena1ssible• doses, ..ti1ch 1•plted the acceptance of some gwall, but 111rleftned 

(Ind undefinable) rtsk. Rtsks inoved fran being generally qu1ltt1t1ve to be1nq 

qU1nt1f1iblt (lCRP, 1966), 1nd htve been the subject of ehboralt calculi· 

tions, priNrily wtth regard to Hftty frrn nuclear reactors (US NRC, 1975). 

ltecogn ft ton that rid 1 at ton was h1zar'1ous resulted in the fomatlon of 

sevtr1l sc1enttftc tdvhory groups who mo1<1e rK0111¥nd1t ions of 11mits fe>r 

occupet iontl 1nd non·occupat tonal t!lposurtts, ThPU rPC1J11Nndlt 1on4i ~re 

tnufld tn the fon11 of iwrtod1c reports tiy: thtt lntfrn1ttttn1l CCJ'1W111Hlon on 

R1t11o1oqtcel Protftctlon (TCRP), founded in tq?ll; thtt N1t1onal Cou"rll on 

.. j 
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canm1ttft out of the N1tton1l Bureau of Stamards • the Un f ted Nat 1ons' 

Sc1enttftc CCllllltttee on the Effects of AtOfllfc Radfat1on (UNSCEAR), estab11shed 

tn 1955; the Natton11 Acldeny of Sctences/Nation11 Research Counctl 's 

(Ni\S/NRC) Can1111ttees on Btolog1ca1 Effects of Atcww1c Rad1atfon (BEAR), which 

first publfshed 1 report in 1956, and, later, the Kl\S/NRC's Committee on 

Btolog1c1l Effects of Ion1z1ng Rad1atfon (BEIR). 

•· The Federal R1d11t1on Council (FRC) was fonned tn 1959 to provide federal 
• 

poltcy on h\lftin r1df1t1on exposure. Jn 1970, this task was transferred to the 

Env1rom1ent1l Protectton Agency (EPA), wtifch also absorbed ffss1on- and 

•edfc1l-r1l1ted 1111tters that hid been under the Atafttc Energy Camitss1on and 

the Depan.tnt of Health, Education 1nd Welfare •• The EPA continues to 

function With the same responstb111t1es, wfth 1nteractfon with the Nuclear 

Reguhtory CCJ11111ss1on, the Food and Drug Admf n1strat1on' s Bureau of 

Radfologtc1l He1lth, and other agencies. 

Env1roraent1l R1df~actfvtt1 

At ttw SMe t111e radtob1ologfca1 research on the effects of internal 

e1ftters was evolv1ng, so, too, was environmental rese1rch developing. Most 

rese1rch fn the 1940s was concerned with the wort env 1rorment where man-made 

or technolo9fc1lly enhanced rad1oact1v1ty would be encountered fn much higher 

concentr1t ton than tn the general env 1 romient. 

Jn 1945, wh@n the Trfnfty shot occurred, radioactive fallout was first 

produced loc11ly (Glasstone et 11., 19!'>0). fallout contfnu~d to be rf"{;Q1Jnlac1 

11 • cont .. 1nant of the tnv1rorwnt'nt thereafter, froni testing fn the P•clfic in 

the lltt 1940s (C1rttr and Moghfnf, lq77; rerklns arw1 Th~u, 19RO}, hut It 

1ppurs that "'ost concern was ibout thtt r.ontal'lln,.tlon of m.,ter11l l'~P<''i'"i t(' 

-.:-:L . 
'~_.,._'~ ._._ ............ ,,..,,.__.,.,_...._ .. ~.,__._ __ ..._ l 
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The •ore distant nature offal lout deposition was noticed in 1945, but not 

pub11shed \l'lt11 liter (Webb, 1949). In this case, enphas1s was on exposed 

photographic fflm rather than exposed human populations. 

That fallout was present at distances far from the s1tP. of detonation was 

19afn de110nstrated 1n the early 1950s in cnvironnental samples (precipitation) 

that contained h1gh levels of unnatural rad1oactivfty (Meinke, 1951; Holter 

1nd Glasscock, 1952; Clark, 1954). Fallout occurring outsfde of the test 

sttes, however, was not considered to create any immediate or long-range 

heal th hazard ( AEC, 1953a). 

A network of non1torfng stations for fallout radioactivity was established 

in 1951(Etsenbud,1957). Fallout 90sr levels, fran data fran those 

stations, .-re published by Eisenbud and Harley (1953). The presence of 

flllout 1311 tn tt\Yrotd glands was first published by Van Middlesworth 

(1954). The potential for health etfects from these radfonuclfdes, however, 

was not a cause for sign1f1cant discussion in these early papers. 

Although there was local wrry ahout P.xposurPt; frO!'lt t~ Nev~M te~t "it'! 

1n the early 1950s, !;erious concern about the health effects of radioactive 

f1llout 1rose with the detonation of a larger weapon in 1954 (Anonymous, 

1954). A detonation on March 1, 1954 in the Central Pac1f1c resulted in 

f111out that necessitated the evacuation of 28 Americans and 236 native 

tnhabttlnts frcn the Mlrshal 1 Islands. Twenty-three f lsherman on a Japanese 

trawler were also exposed to the fallout, and suffered significant m~\cal 

effects. One of the f15hemen dil'd on S!!pteT1ber 23, 1954 (Arnold, 19S4). frm1 

liver dlfHge (Appendh VI, Conard et al., 1980). The MarshalhH 1114nlft\tf'd 

early effects n w.-11, and c;ho~d a nunhrr of late ~ffPcts, Many of tht.,, 

rtl at fd to t•P~ urPs of the t hyro 1d 9 la M. Ont' p(>r \on a 1 so .1 t ed fr r""! .tr ut" 

1 
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Concern ibout the tox1c1ty of rad1oacttve fallout fran the detonation 1n 

March, 1954, resulted tn 1 serfes of articles about fallout as a new per11 for 

ctv11 defense (Lapp, 1954, 1955a), fallout and governnent secrecy {Lapp, 

1955b), the persistence of fallout and the problem of internal emitters (Lapp, 

1955c), 1nd global fallout (Lapp, l955d). The Aton1c Energy COf'lmission 

reported on the effects of the March 1954 test in 1955 (AEC, 1955). Also fn 

1955, Congress1onal hearings were held to place on the pli>lfc record facto~ 
• 

lbout the effects of atonatc weapons testf ng at the Nevada test sfte {US 

Congress, 1955). 
• By 1956, reports on the global distribution of fallout 1311 and 90Sr 

fraa weapons tests were published (Van Mfddl~sworth, 1956; Machta et$al ., 

1956). By 1957, the correlation between weapons tests and 1311 1n human and 

bcwtne tf\yrofd glands was established, and the importance of cows' milk in 

h11111n cont .. 1n1t1on was dfscussed (Comar et al., 1957). At about the same 

tille, 137cs WIS shown to be 1n people (M1l ler and Marinelli, 1956). In 

1957. Congressional he1r1ngs to bring together 1nfonnatton on rad1oact1vP 

f11laut were held (U, S. Congress, 1957), Further hearings were held in 1959 

and 1963 (U. S. Congress, 1959, 1963). 

The dtsctpltne of rad1oecology ~s ffnnly established in the early 1960s 

(C1ldecott 1nd Snyder, 1960; Schultz and Klement, 1963). Since that tflTle ft 

has becau 1tare sophist teated, with elaborate models of rad 1onuc l f des in the 

environment used to predict exposures to human populations. Much of the 

tnfonHtfon in these models, now used prlinar1ly for evaluating the en·dr\Jrr.ir.n

t11 signtftcance of various steps 1n the nuclear fuel cycle, had fts origins 

1n studies of wedpons-related fallout. 

There were many occurrences an<1 i nveH igat tons that took pl ace dur 1 nq t "" 

•rt of 1t.Mospher1c weapons testing. We have lnclur1Pt 11that we rnns Mt-r 

1atportlnt datH· tn thh hhtory of radioactive fallout in Y.lbl(' l. 

L--~~.,.--. l 
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Table 1. Salte laportint 0.tes tn the Htstory of Radtoactl'ie rallout. 

D1tt 

lMOs 

194S 

1945 

1945 

1946,48 

1946 

1950s 

1951 

1951,SZ, 
1953 

1953 

1953 

1954 

1954 

1954 

1~5 

19~6 

l9S7 

1957 

•• 

_,,._ -- ~! .£ . 

Event Reference 

---------
Studies on 1111ttlbolts. and effects of 
1ntern1l t11tf tters 

Trtnfty shot, Alamogordo, New Mexico 

Local f1llaut frcn Trinity 

F1llout fre111 Trfnfty fn Indiana 

Pict f tc test t ng 

Loc.1 f1llaut on ships frcm Pacf f1c 
tests 

Studies on nwtlbolis• and late 
effects of tntern1l anitters 

Testing beg1ns 1t Nevada Test Stte 

F1llout tn prectpttatfon fn Mtchfgan, 
Mont1nl, 1nd New York 

Hetvy f1llout tn Utah 

W1de dtstrtbution of 90sr tn fallout 
fi;iUrted 

Fallout on ~rsh1l lese fron ?acff tc 
test 

Sertous radfatton effects fn fallout
exposed J1panese ft she men 

1311 fn 1nt1111l tt,yrotd glands of 
1nfm1ls dtstant frcn Nevada test stte 

Congressfonal ~1rtn9s on f111out 

137Cs found tn people 

Corre11t1on shown ~t--~n 111111pons 
tests 1nd 1311 tn teyrotti glands; 
role of co"'' -tlk tn hul'\cln t•po
s"H dhCU\\N 

Wf Msc1l • reKtor 1e ct df'nt 
in [ng11nd 

Chaps. V-IX, th1s report 

~yth, 1946 

Glasstone et al., 1950 

Webb, 1949 

Carter and Hogh1ss1, 1977 

Glass tone et al.: 1950 

Chaps. Y·IX, thfs report 

Carter and Ho9h tss 1, 1977 

~tnlce, 1951; Holter and 
GldSSCOCk, 1952• Clark, 1954 

AEC, l 953b 

Etsenbud and Harley, 1953 

MC, 1955 

Arnold, 1954 

Van Middlesworth, 1'154 

O'S Congress, 1'155 

Mfl ler and ~ar1nel l 1, l956 

C~r tt al., 1957 

_J 
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T1blt 1. S01111 Japor"tlftt Ditti 1n ttw Ht;tory of Rtdtoecttve r111out. 
(cont t nutd) 

-----------------···----· -··-·---------·---- ..... -· 

1'S7 

l9S7,S8 

1959 

1958-61 

1960s 

1961 

1961 

1963 

1963 

1963 

Congres11on11 he1rtngs on fallout 

Etrly P'P•f"5 •rd dolt·rf'Sponse 
rtl1ttonsh1ps publf1hed . 

S19postu. on r1d1onucl1des tn 
tnv t ronaent 

Congr11ston1l he1rtngs on fll lout 

Montort..,. on we1pons test 1ng 

Studtes on •libol1• 1nd l1u 
effects flt fntern1l •ttttrs 

Ttstt ng res"'9ed 

Nit ton11 s111pos h• on rid toeco l 09y 

Congrfts ton1l he1rtft9S on fill out 

S111po1twa on r1dtotodtne 

U.S., U.l., 1nd U.S.S.~. end 
11J1o1phertc testtnv 

1960s·70s f'rtnch, Ch1n.se cont tnue 1tntospherk 
ttlt1"9 

• 

U • S. Co "i r n s , l q S 1 

Levh, 1957; Court-BrO'#n, 1q~~ 
"°h, 1~8; 8ruu, 1958 

C1ldf1Cott Ind Snyder, lQ'i'.'l 

• 
US Co~rf'SS, 1959 

Certer and Mo9htsst, 1977 

Chips. V-ll, this rtport 

• C1rt1r and Hoghtsst. 1977 

Schult1 and ~lenent, 1963 

Bust Id, 1963 

C1rter and "°9hlsst. 1977 

---------------·------------------------------· 

In SYlllilry, the pnt four dK~n can be ch1r1ctert1fW1 1ccordtn9 to tht 

sct1nttftc •ph11h occurrtng 1t that tt111e. Tht chtrKt.,rlatlon\, of c°'1rs ... a• r 

brotd Ind ,.ner11. ln fact, resurch 1n tlmoH t1l trftn of lntern11 ff!llttrr 

redtob1o109y WI t1kh"Q plfc• tn f'.tCh of thf' 11tctdn. 

L.:_ 
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Tht 1940s -.ere 1 decide of d1scovery. The fhs1on •eapons WPre prodt1ced 

1nd 1long with thetr production, consfderable new knowledge tbout the metab· 

olt• 1nd effects of radtor11clfdes was born. The appl teat ion of rad1onuclf11rs 

to 111Cftc1l proc:tdures 11 so showed grrat prooitse and resulted 1 n much 

1nfon11t1o•· 

In the 1950s, tt bee,. apparent that there were envlrorYl'lfl'ntal and poten

t111 he1lth conuquences related to ttle weapons test1f'9. An ~ trorrnenta1 

1wtrenen begin to develop, as did concern about the long-tena effects of 
• 

conttnued •posure to low levels of radfonucltdes. As 1 result, larger 

studtn ..-e beg1.1t to address the bfologfcal stgntftcance of these exp0$ures • 
• 

Thne would continue ttrough the next decades. 

In the 1960s, 1nvtr"O,..nt1l and public ht\llth awareness btcame n>re acute 

pr1or to ttw stgntng of thr r.1clur test ban treaty. R1df otcoloqfcal studies 

Ind llOdels becflle 11>.-e sophtsttcated. The long•tenn btoeffect\ studfes 

cont 1 llltd • 

In the 197<k, w1th the near abserKe of atmospherfc test1ncJ, "°'·t of the 

r.wltobtol~tc rnear-ch toot on an ortenttt1on related to r11clulP power ~ner· 

1tton, since thh technology relJf'tsent ed nPW sources of cx:cup.tt fon11 •~ 

populatton •po11rH Ind envfromrntal contaJ1ttn1tfon. Conc•rn 111u t>1stc1l ly 

Uw •--·the eff.ct1 of lonq·t•""• low-lrvtl t1pos11r.s. Thrre wn also 

COftCent 4'>0Ut the llkelft.>od of 1ujor rrtKtor «ctdrntS 1'1d SIJ)\P'.lU"nt 

rldtol09tc11 '-PKt. 

b99Uft declde1 tar1ter. Ttwtr rHults w111 lrld, tt Is t,op~. t0 "" ~rY.ru\..- 1 

vftdef'lttnd1ft9 oft._ rtltt•o,,.,ttfp of r1'11ttion dou, tff•ct, tnt1 !l""f', t""1 

l 
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IV. RADIOMJCLIIES CF SIGNIFICANCE 

Isotopes of 1odfne, strontium, and cesium have received the greatest 

attention as canponents of radioactive fallout. Although other radionuclides 

are fission products as well, few of them have the characterfstfcs to make 

them as important biologically (Sternberg, 1968). 

To be of rad1obfolog1cal significance, a radionuclide released into the 

1nvfronnent first •ust have a physical half-life of sufficient duration so 

that 1t will continue to be radioactive during the time required to enter fnto 

btolog1c1l sy1t91s and to traverse food chafns to reach the individual who 

consumes it. Iod1ne-131, with its 8-day half 11fe, ex1sts long enough to movP 

ttrough the atmosphere-.Yegetatton""'tow-imflk'"'Jll!ople pattway. Stront1um-90 and 

ces1um-137 have h11f-11ves of 29 and 30 years, respectively, arxf can ea~fly 

enter the same pattways for roman exposure. Their longer lives also en~ble 

thm to use other pathways as ;'fell, such as sofl-+vegehtion"tow for 90sr, 

and veget1tion-tCow-weat for 137cs (Comar and Lengemann, 1967). 

The st9ntffc1nt radfonuclfde should also be able to be effectively 

ass1•f11ted tnto the body. Iodine-131 has easy access, bec1u~~ 1vG~rie fs 

required for nora1l thyrofd gland function and the body does n~t dtstfmJuish 

between isotopes of the element. Stronttum-90 and cesiU111-l37 ca~ enter th+! 

body bec1use they behave generally lfke calcium and potass1~'Tll, respecttvely, 

Vhfch are tn.port1nt ccnponents of bfologfcal sy\t91s. lt is tM sprcific 

111etlbolts. of each radfonucl fde that detennfnes its pote"ttal for djrpct tniic 

effrct. Ot~r fhsfon products tf"rrl not to have the tta<;l» of tntry into P·" 

dfrt or fnto th'\W~ that thfts.f" three do. 

R•Hlrcl'I fln t~ rft'flof"c010fy uw1 blol(1Jlcal ttfftch M :"ltt"!tr flHifln 

products h1s h~•n t1one, tho11•~~ ,,..,t rm \uc:h an tntttn\tt ha\!\, rM .,n .... r'"· 

t4t•flt1Ht (l~H), ,,. wo~ nn t"'" f'lutr>nhr"' f'rojttrt, •.tu~'~1 ~ ..... ·!''>t~q 1' '"" 

1 
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and excretion of 1 number of rad1onuc11des, including barfum-140, cerium-141 

and -144, zirconium-95, ruthenfum-103 and -106, and tellurfum-127 and -129. 

Studies of 106Ru metabolism were also done by Thanpson et al. (1958) and 

Furchner et 11. (1971). Considerable work was done on radiobfology of 

radiocer1um (fCRP, 1978), not only because ft fs an abundant fission product 

with 1 285-day half life, but also because 144ce fs a beta-enftt1ng bone 
•• seeker that provides 1 valuable tool for understanding the effects of bone • 
seeking rld10111cl1des (NCRP, 1978). Reviews of the radfoecology of several 

r1d1onuc11des hive been published, 1ncludf ng ruthenium and rhodfum (Auerbach 
• 

Ind Olson, 1963), the rare 11rths (Palumbo, 1963), and z1rconfum (Held, 1963). 

• 

• 

• • 
--·--~------- --·· L -<: ,.,. .......... "" 
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V. RAD IOIOOINE 

s~a 

Jodtne-131 1s the prfmary rad1o1odfne that is of importance 1n radfoar.t;ve 

f111out. It ha' an B·day physical half-lf fe and fs a beta and g~rna emitter. 

The ttwrotd gland ts the principal target organ of 131 I. 

The •tabolism of fod1ne and effects of 131 I, espechl ly for hfgh doses, 

were known tn the late 1940s as a result of medical uses of radfoiodine. 

tt,pothyro1dh11 was the primary radfofodfne exposure effect, lillile thyroid 

c1rctnogen•1s c•e to be appreciated as a late eff°'ct of ttrrofd irradiltfon in 
• the 1950s. Isotopes of todine were known to be canponents of radioactive 

cont•tn1tton frcm 1t011tc weapons l!nd r11clear fac111ttes by 1950, and were 

reported to be tn prectpftatton 1n the open literature 1n 1951 1nd fn animal 

tt~roids tn 1954. 

frClll the 1950s tnto the 1~80s, radfoiodfnes have been the subject of 

,.ese1rch, not only bec1use of their role IS 1 conponent of rid toact 1ve fa 11 out, 

but 1lso bectuse of thetr posttion as potential envfrol'llental contaminants frr:n 

nucle1r rHctors. Their use tn inedfcine, u d1agnostic •rd v~r:peutfc t~ol~, 

his led to •n even vre•ter understandtng of their bfoloqfcal stgnif icance. 

Envtron.ental P1thw1xs 

A revtev of the ltteraturr in.jtcates th1t little 1nfo,,.1tion on 1311 1~ 

the envfror.wnt Hhted unt tl the rnid-19~0s. NevertheleH. "' tht hte 1940s 

there wH concern .t>out tht ha11rd to antrials 9r11tng on la~ th.ft wu con!ir.l

natN w1th rtd toact htty fra. • irhorn! wt\tH frons t ~ prot111ct ton of nuc lf'I" 

1111t•rt1h. Out of thh co"'trn, ··~ri~ntll pl1M to ~•lu.ttfl' t~ f'fff'ct ~ ,,, 

lllJ tn ShtpP wrr~ ~t» tn 1\Mfl ('0rnb~rq. 1%4), ln .tMtt Ion, by l<lt.O 

L 
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isotopes of todine were recognfzed as contaminants of the envfrorment following 

deton1tton of atamtc weapons {Glasstone et al., 1950). 

The e1rliest report 1n the open literature on 1311 in env1romienta1 

samples 1ppe1red 1n 1951 when chemical separations were made on radioactivity in 

snow 1n Mtch1g1n (Hetnke, 1951). In 1953, an assay of 10 sheep thyroids fn Utan 

showed the presence of 131J 2·3 weeks after an atomic detonation fn Nevada 

(Wolff, 1957). In 1954, the radtor:iucl tdP. was shown to be in thyroid glands of 

cattle 1nd sheep slaughtered fn M911phis, TN, San Francisco, CA, and Boston, MA, 

but or1gtnat1ng tn other 1reas of the United States, fnclud1ng Kentucky and 

Flortd1 (Van Middlesworth, 19541). After hfs fntt1a1 report, Van Middlesworth 

(1956) described the global nature of the dfstrfbution of fallout 1311 fn 
• 

c1ttl11nd sheep thyroids. Soon, COfllclr et al. (1957) demonstrated a correlation 

betwen increased concentrations of 1311 1n U1Yro1d glands tn human and bovtnr. 

thyrotds wfth known 1tont1c wapc;'ls test f n9. These authors also showed fngest fon 

of 1311 to be of great•r sfgnfffcance than 1nhalatfon for cows, and df scussed 

the role of •t1k tngestfon fn th• 1311 contamfnat1on af people.· 

At lbout the s.-e tfme, Dunning (l9S6) ptblhhed inetrods for the calcuiatfun 

of dose fro. tnh1led llll aM other, shorter-lhed fodtne isotopes for people 

Ind ingested lJlJ for Sheep9 Satlple calcuhtions were includfl'd that related to 

ridtotodfne eaposures that hid resultPd frcn _.,pons tests fn Npvad•. The 1957 

rele1se of r.tfo1ctivtty frat 1 ructor at Wfrw:fscah fn nortt1.ttst £n9hnd allc 

rnulted fn opporturi1tfrs for study of Nn-ude racfioacttvtty In tl"llP triviron 

.. nt, Plrth:ularly lllr (Stf'W•rt am fro(1~s. lQ~R; Ch.l"lbrl"latn at'Yf Ounq,.,., 

1~8; Ehenbud, 1973). 

l_ 
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(R1111son et 11., 1974). Two populations were examinai, the first being 

children 1n Utah and Nevada who lived in areas exposed to fal101n from testing 

1n the 1950s, and the secoflt, other children fran the same states a~l frCJn 

Arizona, who were considered unexposed. Tamplin and Ffsher, whose 1966 report 

ts c1ted by Ralltson et al. (1974), retrospectively calculated average doses to 

111 children fn Ut•h between 195Z and 1955 to have been 46 rads (m3iimum dose = 

120 r.-ts). Later Mlys, cited by the BEIR Ill report {HAS, 1980), estimated the 

1ver191 dose for exposat children to have been 120 rads, ran9f n9 frcrn 30 to 240 

rats. There was, however, no si9n1ffcant increase fn tttYrofd neoplas1a fn 

npoud chtldren wn ccnpared to the unexposed chtldren. Benfgn thyrofd 

neapllsms wre found 1n 6 of l ,378 exposed subjects and fn 10 of 3,453 unexposed 

c:otrtrols. No ultgnanc1es ~re found f n the exposed group while 2 wer-e found in 

those who were not eposed (Ral lf son et al., 1974). 

lodtne-131 Wll found to be present 1n urine samples of 1nhab1tants of the 

Nanhll 1 lshnds ecposed to fallout fn March, 1954 (Conard et al., l975). At 

ll»out the, ... tt111, tn 1~5, Vin Htddlesworth, usfng 1 scfnttll1t1on detector 

pnple tt the Nevldl Tnt Sit! (Vin Middlesworth, 1956). He 11lso reparted the 

presence of 1311 tn tuun tt~rotds fraw 1utopstes. Soon aftt',..,,.rds, Cann et 

11. (1957) ,,,-.s...ted 11>~ h\Mftan data on 131J 1n thyrotds frG~ autopsies. 

Another ujor body of dttl on 131 J buro•m 1n huNn tt~rotd qhnds rf'Sultfld 

frm •Hur-e.nts on thyroid\ ""~ oa tl 1ble at autopsy f\ .,,11 H frCf'I tn ~h~ 

11e>nttorh'9 (Ehenbud et 11., 1Q67). Th11tsf' liter rtattwHf' ohta1nfld in 1%1, 

tft.,. the r'ft\allPtfon of •tmO'\phtrlc .e1~ns tf'stlnq by thf' 11.S.'\.R. 

Jn tt• •fd·19SOs, r .. sult\ :if \tudte\ on t~ l'llf'tahoH\."' ri1 rt!i\n!Mt"' tn 

ltttlt1on --.re belnq r•portf"(L Thfo 1prw-1r1"c'" h1 r!fH of IJ11 tftrr ttt. 

l 



. ' 

1dmtntstr1tion to• nursing wanan (Miller and Weetch, 1955}, to goats (Wright et 

11., 1955), 1nd to cows (Comar and Wassennan, 1956; Lengemann and Ccwnar, 1956) 

WH shown. In the last case, the radiofodfne wort was p1rt of a study designed 

to provtde tnfonution about the secretion of f1ssfon products fnto mflk. These • 
studies 1n people and large animals, however, wre not publf shed until some time 

1ft1r the transfer of 131 I throu·gh milk was used as a method to frradfate 

•· nursing nttce (Rugh, 1951 ). 

After these early reports on the radfobiology of radio1odine, studies on a 

n1tion11 1rd 1ntern1tton11 scale cont 1roed. The pr fmary pattway of 131 J to 

people WIS recognized n be1 ng 1tmsphere+vfgetat 1on-.cw.ilk-+peopl e, and pre

dictive •odels for this and other paUways have been developed (Soldat, 1963; ~g 
• • 

Ind ThQ11Pson, 1966; US ,.C, 1977). The prominence of the thyroids of childre~ 

tn the 1311 .. nk pattway WIS recognized. A major symposium on radfofodf ne was 

held tn 1963 (Bustad, 1964), f" which were presented 11111ny papers on these and 

ot,.r topics. 

Studies on the enviror1nent1l aspects of rad1ofod1ne have contfnued to the • 

J;r•ent, not so lltUCh lwceuie Gf conti~e-;f coni:,arn nver short-ten11 fallout frCJ11 

nucle•r -.epsons, but 111>~ so br:ause of the potentf1l for ridiotodine rele~s~s 

fn11 nucle1r re1etor5. lnvestt91ttons tnto the chemtc1l nature of the ra~io· 

todtne hive been llfde to tdenttfy radfotodtne species fn nuclPar r~a:tors 

(Pt11et1er et •1., 19781, l978b), and ~aluattons of otMr todlnt i<sotor,.~. 

1291 for ex .. ple (Soldat, 1916), have b~en nide, 

~~t!c P1t~IJ'.! 

Ttlt phy,tol09tc1l rol .. of to11ne, that h, ft\ conr.entrtt 1or1 tiy tt-~ · .... · • 
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gland or released to the body llhere they influence growth, developri1ent, and 

metaboltsa, has been understood for some time (Salter, 1940). Hence, when 

rad1o1odtne became ave11able in the late 1930s (Livingood and Seaborg, 1938), it 

found prClllpt ut111ty among thyrofdologfsts and phys1cfans who used the iodfne 

isotope to trice pattw1ys of the element in the body ffrst in rabbf ts (Hertz et 

al., 1938) and then 1n rats (Perlman et al., 1941). Much of the early use was 

rellted to diagnostic eval uat1on of pat fents wf th thyroid disease (Ham fl ton and 

Sol-.,., 1940; Hertz et al., 1942; Hertz and Roberts, 1942a; Hamilton et al., 

1943; Qu1111by 1nd McCune, 1947; Soley and Miller, 1948; Werner et al., 1948; and 

Sk1ns1, 1949). 

The concentration of rld1ofod1ne by the t~roid in developing young was also 

studied. Thyroid glands were shown to ta~e up 1311 fn utero 1n the rat 

(Gorbl~n 1RI EYlns, 1941), the mouse (Speert et al., 1951), and the h~ster 

(Hlnsborough and Seay, 1951), and prior to hatching 1n the chick (Hansborough 

1nd Kihn, 1951). The hurun fetal thyrofd also was shown to concentrate raf'fio .. 

iodine e1rly tn tts development (Chapman et al., 1948a). Not only was the 

trtMf~r of radtoiod1ne across the placenta recognized, but so, too, was its 

llOVl!llent 41Cross the IM!lnmlry gland, as evidenced in studies on lactating and 

suckltng •tee (Rugh, 1951). 

After these e1rly reports, considerable informatfon contfnued to be produced 

on the aetlboli• of 1311, prftnarily because of the use of the radionucli<1P. in 

-.dtc:tne Ind tn phystological and encfocrlnologfcal studies. The widesprea1 use 

of tht rldtofodtne uptake test tn dfclgnostic med;cfne resulted in ;ncr?asP-1 

under$tlndtn; of how 1311 wn haMloo by the thyroid and the tiody. 

Th1rold upttlres of huNn n~:-tate~ ( Z-3 days of age) wre fir\ t donp ; ,, ti-.., 

•fd-l~o, (Van "'tddles~rth, 1954b). Nrwhorn fnhnt~ were fou"'' t<' '.lf' ii,;~·· 

thyrotd-lU•, \lt'lth rPqaM to thfttr 1311 qptaif'S, -'1f'n rfT!r•.trf'l1 ~,., ~·1;1•~. 

--- :,.."': 
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R1d1ob1o109tc1l Effects 

In the 19401, there WIS 1lrudy much 1nfonnat fon atlout the effects of high 

doses of rldto1od1ne. R1d1otodtne was used therapeutfcally fn the treatment of 

Gr1ves' dtsea_se to reduce the amount of thyroid honnone produced by the hyper· 

1cttve tf11ro1d (Hert1 •nd Roberts, 194Zb, 1946; Chapman and Evans, 1946; Soly 

Ind Miller, 1948; Hoe et al., 1950; Chapman et al., 1948b) and in the treatment 

•·of tf11ro1d c:.r-ctncna (Se1dltn et al., 1946; Keston et al., 1942; Frantz et al., 
• 1944; Setdltn et 11., 1949; Rawson et al., 1949; Trunnel et al., 1949; Dobyns 

ind Mlloof, 1951)~ R1d1o1od1ne was also used 1n the treatment of 1ngfna pec

torts Incl congesttve he1rt f1flure 1n patients who had nonnal thyrofd function 

(8l11911rt et 11., 1948; Freed berg et al., 1950); the resul hnt hypott'l)',ofdf sm 
• 

decre11ed c1rd1lc funct ton. 

· vttlt t .. •ceptton of the patfents mentionaf abcwe who were trttated for 

~ dtse1se, llOSt exposures of normal thyroid ttss\J! to rad1otodine wer! made 

111 •pel'1•nt11 1n1111ls. High doses were required to fnterf'ere with. norn11l 

th,yrotd f"9ctfons; therefore, the thyrofd was considered to ~ fairly radto-

t..,.tr t'- hormogentc cap1btlit1 of the thyroid, and can rt\ult fn effects that 

ire sbthr to those seen 1fter t~rofdectMy or as • rHult o' tl'\Yrofd dfsu\e 

'"YOlvtng loss of th¥rofd functfon. Hypothyroid fndtvfduals ofttn manifest a 

nUlllber f1f condfttons, tncludtng dry, cold, and c0ctrse skin, coarH "'tr, 1 

decre1s.e tn s-.1tfft9, 1111P1knns, letha~y. constfpition, ~l9ht 94tn, f'<1....,, .~. 

fn te. very 10Uft9, r•tfrdpd vrowth. Tht effects of 11""'•91rwJ doHs of ,.~11o· 

iodtnt _..,..studied tn a nUllb9r of anf~•l s~ct~s. inclu~f"'J chic•tns fS~•"~"• 

1948; Wfnchnt•r, 1?49), rtbbffs 1m dnqs (lltmllton, 194?; H~111"" !'Yl 

lbre>nc•, 1941), 1tfce (!".nrtWl\ln, 1947, l'~Sl'l; S~"rt l't 11., 1qc,1\, tl'll1 qt\ 

1 
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(F1nd11y 1nd LeBlon:t, 1948; Goldberg et al., 1950). These studie:; in)·olved the 

id•1n1str1tion of 1 single large dose of rad1oiodine. 

The effects of chronic rxposure to radioiod1ne in sheep were reported by 

Bustld et 11. (19571) 1nd Marks et al. (1957). Exposures ranged from 0.15 to 

1800 11C1 1311 per day for periods of a few months to 4 years. Correspording 

total doses to the thyroids ranged from 400-800 rads to over 100,000 rads, at 

dose rites of 3.4 rids/week to 30,000 rads/week. At the lowest level 

(0.15 .,Ci/day) thyroids showed no damage, while those at the highest levels w~re 

1bl1ted. Exposures 1t tntennediate levels resulted in slight, moderate, or 

r· severe th.)'roid1l effects, dependi'lg on the dosage, and the ttme of exposure. 

l -Ao.+·r==tm._____ 
--·------- -----

AlttDugh 1•pt1rwent of ttt'ro1d fimction was the effect ·at interest 1n this 

stud1, SClll thyroid 1denca1s and a ftbro~arcoma were also reported (Bustad 

It 11., 1957b; Marts lrli Bustad, 1963). Sim1lir effects may be expected tn 

tuthyrotd people 1fter ce111par1ble doses. Exposur·es required for abl1t 1on o< Lhe 

h1111n tt\Yroid were found to be 30,000-40,000 rads (Goolden and Uavey, 1963). 

Thyroid Neoo11st1 

Although 131t was being used in the treatment of thyroid cancer tn the 

lMOs, there WIS tpP1rently no won being done on the role of radtotodfne 1n the 

production of thyrotd c•ncer 1t that tfme. This fs not to say that the 

poss1btltty of the c1rc1nogentc nature of rad1otod1newas beinq ignored, 

however. A 1946 edttort1l tn thP Journal of thP American "('1(1ical Assoct1t;~n 

(Ano~s, 1946) st1tf'd that 

The l1t1 devel~nt of c1ncer •~ a rPsult of trradlatt~n 

[by r1dfotodlneJ, 1Hhn•19h perh1r\ un1H4'ly, h n•rt.ttn1y 

w1th1n U~ real11 of po~~ihil tty. 

l 
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Nickson (1948), 1n dtscuss1ng needs for protection for ttose worldng wfth 

radtotodtne, pointed out the need for understanding the potential for cancer and 

J other tttyrotd1l effects that rad1o1od1ne possessed. Later, Trunnell (194~) 

r 
l 

T 

Wlrned 

... 

• 

The poss1b11ity of the development of neoplasms fifteen 
or twenty years after radioactive iodf ne therapy should 
preclude 1ts use 1n all but elderly or otherwf se bad 
r1slc patients. 

!l Werner et 11. (1949) also brought out the concern for subsequent t~rofd cancer: 

• 
It 1s faired by same that later malignancy may be induced 
tn the thyroid as a result of the effects of a radtoacttve 
1gent •••• Thts ••• rld1atton ••• makes tt lfkely thlt 
811tgnant degeneration tn the gland may appear fifteen to 
twenty years hence. 

• 

When Goldberg Ind Chatkoff (1951) reportP.d the product ion ui u.,, u1d t.:~~ 

1n r1ts gtven 1311, they also enphastzed the need for caution in using 

rldtotodtne tn IH!dtctne. 

In 1950, Duffy 1nd Fitzgerald (1950) reported that several young patfents 

with t~rotd cancer had received prfor irradiation. later, Simpson et al. 

(1955) and Clart (1955) reported on the assocfatfon between relatively low •-ray 

exposwes and thyroid cancer fn children. Subsequent studies, too numerous to 

reference tn thts report, but well represented by the long-tena follow-ups of 

WtMMp Ind Rosvoll (1970), Hewpr;1lmann et al. (1975), and Modan •t al. (197~). 

tndtcated tti.t e~~ur• of the thyroid gland to •-irrarli~tion durinq t~f!ncy an1 

.. 
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ch11 dhood tncrtlSed the tnctdence of U~rotd t1<1ttnous aM c.ncer. f"o 11 ow-11p 

studies on t\yperthyroid pttlents treat9d with lar'}e doses of 1311 elso 

tndtc1tld thlt tt11rold ldena11s and carctna111s were produced (OobyM et al., 

1974). 

The c.rctnogen1c potent 111 of 1311 was aho noted tn ant"'al experiments. 

Goldberg 1nd Chatkoff (1951) gave 400 ~C1 1311 to 10 rats and found 2 thyroid 

Dont1ch (1963) swnmartzed the results of severtl studfes done tn the mtd 

1950s 1nd Hrly 1960s, t n whtch the tt,yrotd ca rct nogenes 1s of 131 J was 

enlU1tld 1nd cmpared wt th thit produced by x-trradtat fon. In that rev t ew, 

1311 w11 co,.1dtrtd to bl 1/10 ts effec:t1ve as x-r11 tn the pr\lduc:tton of 

c1nctr, t.e. 10,000 rids frc.a 131 I would produce tn rats the same level of 

effects n 1000 rids fre11 1-ray. 

Difftr!f!Ces tn R1dtobtologtc Effecti~eness. <t-ser1attons of other ttiYroidal 

effects fram diverse 1nt .. 1 studies support the existence of dtfferences tn 

tfftcttveness of the two r1dt1tton exposures. Mc:Clel lan et al. (1963), for 

t•lllPlt, ca11parld the htstoptthologtc changes 1n Irradiated thyroids of sheep 

and atfuttd 1311 to be about 1/20 as effect tve es •-rays for t"'e protiuc:t ion 

of htstologtc effects. In •tee, where the tnhtbttton of 9ottro9enic stimulation 

wts used n '" tndH of ridtatton ~feet, 1311was1/4 to 1/2 n tfffcthe u 

1·ray1 (V•llnder and Sjoden, 1971). Data frcn rats, ustn9 the Stnlt model ts a 

tHt for eff•cts, 1ug9nt lllJ to M M>out 1/8 as effectivf IS •-trr.tdiation 

(Grt19 et 11., 1970). Anott..r study tn rats, ustng thyrotd tun:>riqtnesis u tht> 

tnd·potnt, show.d 13!1 to be lbO&.lt 1/2 to 9/10 n eff~ctive n 1-ray~ In tN-

product ton of tdenCYlils, but of ~ual rfffct iv'"''' for t~ product lo~ of c•r~l· 

n~u (Ltt et 11., 1981). Unfortuntlf"ly, tnir'lals In th"t Hudy ..... rf" • 11 lt»1 ? 

l 
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111" 1fter 1rrldhtton when 62 percent of them were still altve. tfad the 

1n1Rll1S been 1llowed to 11ve longer, the product ton of tumors may have changed, 

Ind the relit 1vt effect tveness of the two rad fat tons r1ay have been shown to 1>e 

dtfftrent. 

Differences tn effectiveness tn thf production of tt"l)'rotd gland effects hy 

v1rtous 1od1ne isotopes have also been observed. ln studtes of mice whose 

--·tt,rotds were trradtated wtth 1311, 1321, or x-ray (Waltnder et al., 1972), 

X·1rr1df1tton 1nd 1321 (physical h1lf-ltfe • 2.2 hours) resulted tn similar 

effects that were gr1ter thin those fran 131 I. In rats, usfng the 1nhib1tion 

of gottrogenests to COlllplre the effectiveness of 1311 1nd 132t, 131 I was 

slDwn to be only 1 /9 1s effect 1ve IS 1321 (Book et al • , 1980). Kl assov
0
sk t 1 . 

tt 11. (1971), who ccnp1red the thyroidal effects of 131 I w1th aahtures of 

1311, 132I, 1nd 1331 (pt\Ystc1l half-life • 21 hours) tn rats, concluded 

th.tt the h1stolog1c effects of 131 I were only 1/10 to 1/25 times as pronounced 

11 ttDse frCll the radtotodtne mixture. Studies canparing 1251 (physfcal half 

lift• 60 dl.)'S) Ind 1311 fndtcate that up to 20 times 111Jre rads are required 

frGI 1251 thin fran 1311 for the same suppression of tracer uptake or 

tnhtbttton of gottrogenesfs (Gross et al., 1967; Gri~ et al., 1970; Vickery and 

Wtl 11•s. 1971). 

Hence, tt c1n be concluded th1t these radtattons indeed have differences 1n 

their b1olog1c effect tveness. The differences, apparent between x-1 rrad iat ion 

Ind 1311, ind 111>ng r1d1ofodfnes with dtfferent half-11ves aru emissions, can 

be cons fdered to be related to the dose rate and the tiose di str ttiut ion of the 

frr1d11ttons. X-1rr1df1tton ts gtven at high dose rate~ ~nd results in unifo~, 

1rridht1on of the thyroid. lodinP-132, a st.:irt-llve<f rildiolodlnP, irra1liatf'\ 

It htgh dose rite\, and since tts f!l'lllH1ons are fairly ~ner~ttc, tht>rP i\ f.1i~· 

ly il'1fon11 trrtdhtton. todlnP·lll, with Its lor•1Pr half-lfft• trradi•tt\ at~ 
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lower dose r1tt •nd tn 1 spi1tt1l ly hss ~tfon11 '"'""''· O-cu9h 1rn~1Jhly not tn 

too 9rt1t 1n extent tn sa11l rodent thyrofrts. JodtnP.-12~. hn an ,...,," ln..-r 

dost rltt, 1rwj, btclUH of tts mfntoM of lowr •n~rgy, trr-11tttf'\ 

non-111Horwly wtth htgher doses to hDn11>noC}entc ptrts of thyrotd foll tcular 

cells 1nj lower doses to thetr ruclet (Grtt!9 et 11., 1970). 

Followtng exposure to f1llout frOll • then11>nuclear test tn the Pacif tc tn 

1954, the exposed populltton of t~ M1rsh1l l Islands exhthtte'1 a proport ton of 

thyroid dtsorders, tnc:ludtng neoplast1, ~uch htgher than would hive been 

Hpectld, The "'rsh1llese, however, tn ldd1tfon to lllr hid also recetved 

total body gnaa exposure and thyrofd glam ea:posure to stort·l 1ved radtotor1tn~~ 

1331.1351 (Con1rd et 11., 1980). The shDrt·lhed rld1o1odtnH have not ~en 

studted for c1rctnogenests, but other effects have tndtcated that ttwtr 

effecttveness should be greater than that of 1311, as discussed above, th1t 

ts, they .ct .,re lfkt x·trr1dt1tfon. 

lodtne-129 (Tp • 16 •tl Uon yurs) ts another fission pt'oducf'd radfo

tocftnt. It ippun to not hue been considered 1n ttnvtroment1l or M1lth rhk 

unt11 l•ter 1n the ,.,clHr 191, .tten 1ts st9n1ftcance n • problelTI of s~nt 

nuclear fuel pr-ocen1ng 1nd stor1~ or dhponl --.s reco9"1tzed. IB h11rort1nc-. 

tn tt• erwfrort'l•nt 11 1 cont•tn1nt of food ftMs was revfewd by Sold.It (1<H6) 

tnd Book et 11. (1977). Tht toxtctty of 1291 ts 1 fmited, however, b~aus~ of 

tts Ytr')f 10"'1 hllf·1tft (Ind, therefore, l<* rldioacttv1ty pi?r unft run) 1nd 

bectusc the thyroid can cont1tn only a ffntte quantity of todtn• (~o~k. 1977, 

l 981). 
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Est1111tes of Th.)'rotd Rfsk. Several attanpts have been made to predfct the r1s~. 

of th.yrotd neoplasi1 from trrad1at1on. Beach and Dolphin (1962), usf ng data 

frCll sever11 studies, described the thyroid response to dose as lfnear, corres

pond1ng to 1 rate of 1.71 thyroid malignancies per 500 rads to the thyroid, or 
• 

34 11111fgnanc1es/106 persons/rid. Since the t1me at rfsk was taken to be 

20 ,years, the1r annual r1sk for thyroid malfgnanc1es can be expressed as about 

1-.1/106 persons/rid/year. Hempelmann (1968), wf th data fran other studfes, 

prldfctld 1 rfsk for m1ltgnanctes of 0 to 5.5 cases/t06 persons/rad/year, and 

for t~roid nodules of 38-53 cases/106 persons/rad/year. Dolphin (1968), fran 

other data, estimated the rfsk for thyroid cancer to be 1001106 persons/rad, 

or. cons 1der1ng the ttme at rtsk to be 20 years, 5 cases/106 persons/rad/year • 
• 

The Nit1on1l Ac:ad81y of Sciences BEIR Report (HAS, 1972) estimated the risk of 

t~ro1d cancer to be of the order of 1.6 to 9. 3 cases/106 persons/rad/year. 

Later. the National Academy of Sciences (NAS, 1980) estimated the rfsk of thy

roid c:.ncer to be approximately 4 cases of thyroid caret nana a~ 12 cases of 

thyrofd adenoma/106/rad/year. In the Reactor Safety Study (US NRC, 1975), 

absolutt rtsks for t.hyrofd rnal tgnancf es and nodules. based upon et large number 

of studfes, '-lere estimated to be 4.3 and 8.1 cases/106 persons/rem/year, res

pectfvely, or 1 total of 12.4 cases of U1)'rofd neoplas1a/106 persons/rn/year. 

For CC.Plr1son, these nulTOers can be ccrnpared to an average annual fncfdence of 

t~rofd cancer for both sexes, al 1 ages and races canbf ne:t, of 3.6 per 100,000 

for loc1tfons represented tn national surveys (NCI, 1975). 

Since these estimates for ttiyrofd neoplasia are primarily derfvf>d fr<J11 

external 1rrad1at1on, estfmates for 1311 rfsks should be lower to ~ccount for 

the d1fferences 1n effttct1veness of x-ray and 131 J, as discussed above. 

The lfkelfhood of hypothyroidism fs low at low dn~es. Ma1on et al. (1977} 

rev 1fWld the med teal 1 f terature and found that hypot hyro1<1 t ~:,, wn rrflurt Pd 

1 
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following doses above 1000 rads for external frradfat1on and 20 rads fol lowing 

1311 expo5urt. From the review of Maxon et al., the BEIR Canmfttee concluded 

thlt the tfreshold for the induct ion of hypottiyrofdi sm was 2000 rads 1n external 

exposure and 5000 rads for 1311 (MS, 1980). 

Means of Protection 

The tfl)'roid gland's affinity for iodine not only makes ft the target organ 

for rad1o1od1ne but also provides a neans by which the thyroid may be protected 

frcn rid1otodfne. The idmfnfstratfon of stable fodine suppresses the uptake of 

radfotodfne by the thyrofd by dflutfng the radioactive isotope and by invoking 

hmeostatfc mechanisms w1 thfn the gland that reduce the cJnount of iodide taken 

up by the gland. 

This so-called •blocking• ability of the thyroid gland was demonstrated soon 

after 1311 bec1111 available (Perlman et al., 1941), when rats were given 

1311 wtth either 0.5 mg iodine as potassium iodide, 0.03 mg 1odf ne, or no 

todtne, that is, carrier-free. Subsequent peak uptakes by thyrofd glands were 2 

percent and 7 percent for rats that received 0.5 or 0.03 mg iodfne, respective· 

ly. fqts receiving only the tracer had peak uptakes of 65 percent. 

The blocking ab11 tty of the thyrofd has been the subject of many papers, 

tncludtng those by Adams and Bonnell (1962) and Blum and Etsenbud (1967). The 

Nat1on1l Council on Radi atfon Protect ion and MeasurBllents (NCRP, 1977b) 

rec01111ended the adequate blocking dose 1n cases of radioiodtne exposures to be a 

d1tly dose af 130mfl11grams of ix>tasstum iodide (and half that ~ount to 

infants under one year of age). Administration of the blocking agent wa\ 

recCJltflended to occur at thyroid doses of 10-30 rads or mort. Oita frmi 1 liter 

study (Sternth1l tt 11., 1980) liuggHtP.d that thyroidal uptake can he supprP~'iP:i 

~--... ~--
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i' 111rkecll1 by 1 single dose of 30 mg iodf de and that suppress ion could be main-
~" . . i 

t11necl with di111 doses of at least 15 mg. Because there are a number of 
' ; r 
:• 1dverse conditions including t~rofd abnonnal ftfes that may develop after 
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exposure to large quant1ttes of stable iodine, as discussed by the tCRP (1977) 

and Sternthal et al. (1980), care must be taken 1n fts admfnfstrat1on. 
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Y!. RAD IOSTROHTIUM 

S!Pfr,l 

Stront1u•90 1s the important strontium isotope fn rad1oactfve fallout. 

It his a 29-yeir physical h1lf-ltfe and it and fts short-lived yttrium-90 

d1Ughter aa1t beta particles. Strontium behaves like calcium; hence, bone is 

the principal site of 90Sr concentration. Unlike the other fission products 

discussed heretn, stront 1um has a long res fdence t fme arlf slow turnover rate 

once tt fs incorporated into bone mineral, characterfstfcs that enhance 1ts 

ridtobtologtc .signfftcance. 

The met1bolf sm of radiostrontillll, ft'S similarity to calcfllll, fts concen

tratton tn bone and transfer to mflk were all documented tn the early 1940s. 

The effects were also fmplfed tn those papers that suggested tts use 1n .t~e 

treat.ent of bone cancers. The carcfnogenfc potential of radfostrontfum was 

doCUIMmted by the lite 1940s, after having been detennined fn anfm&l studies. 

Isotopes of stront iu• were known to be conponent s of fal 1 out by 1950, and 

reports of f1llout 90Sr appeared in the open literature fn the early 1950s. 

Long-tena studfe1 un the effects of low leveh of 90sr began (and contfnuf!) 

at several llboratortes to fnvesttgate and better unde~tand the late effects 

of thh radfo,.,cl tde on bone and bone marrow. 

Envtronmental Pathways 

Isotopes of stn>ntfUlll were 1dent1ff ed by 1950 to be potential contributors 

to envtro~ntal ridfoacttve contlftlfnatfon frm1 the detonation of at011fc 

w1pons (Glnstone et 11., 1950), and subseiquently 90sr was c1oc-11""1Pnted 1n 

t.ht oprn lhrr1turt H a C<J11ponent of hl lout (£hP.nbud and Harley, 195), 

19S6). Soon, tht 9lob1l nature of tt'w> fallout WH dl•H:uHf'd wltti rf'lgard to 

-~--
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world·wtde Meteorology (Machta et al., 1956). In ~df t1on, me11o;1Jrments of 

90Sr co..c:entr1t1ons 1n foods and hUllln tfssues were made, and the potential 

haHrd to people WIS consfdered (Libby, 1956; Ehenbud, 1957; kulp et 111., 

1957; Lingh•, 1958). 

Wort tn•the early 1940s (Erf and Pecher, 1940) had reported the secretion 

of stronttu~ into cows' •flk. S~ other aspects of env1ronr.iental behavtor of 

rldtostront1u•, nnely, the uptake of the radforucltde by plant roots, had 

also been 1nvestfgated fn the 1940s (Jacobsen and Overstreet, 1947). 

Studies on the transfer of 90sr and other ftsston products tnto mflk 

were begun tn the •td-l950s (Comar and Wasse1JT1an, 1956; lengemann and Comar, 

1956). Ingestion was considered to be the most s1gnff1cant route of huMan 

11s1•t11tton of 90sr (L1nghifl!, 1960), 1nd da1'1 products were considered the 

prt .. ,., source of 90sr 1n the diet (Russell, 1960). The transfer of 90sr 

fn111 tbe 1tll0sphere to dfet to man was revtewed by a number of authors (e.g •. 

Wlsserw1n et al • , 1965; Bennett, 19 72). 

"'taboltc P1thw11s 

Even though S0111! tnvestt9attons fnto the metabolfSlll of stronttUl'll were done 

11rlttr (for fnstance, Mc:Cance arw:t Wtddowson, 1939), ft was not t1tttl the 

1v1tllbtltty of r1dfo1ct1ve stronttu• (89Sr) that fts metabolt!'.n! bec&~P wel I 

understood. Huch of the experimental us! of rad tos tro"t tum w.s as a 

substttute for calchn. 

Early 'tudtes demonstr•t~ the stmflarity of strontium anct calc1u,., In 

the1r •tfboltc pathways. Pf'cher (1941a,194lb) de\crlbPd the d1~trit'u~ i.1n ,,,,.~ 

thsut uptne of fnjected 89sr •~ 45ca, \howinq skeleul uptai:@' hy th.-

t.-o rad1onuc1 tdn. After 24 houn, SA Pf"Ctnl of th<' adn1fniqf'rf"114'if 4 '""' 
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in tt• skeleton, as was 33 percent of the B9sr. Pecher also notPd the hlqh • 
yield ind ease of counting of 89sr, ccrnpared to 4Sca. Pecher and Pecher 

(1941) 1lso demonstrtted 1n mice the abfl fty of radiostrontfum to cross the 

plietnt1 and the 11.....,ry 9land in m1ce and concentrate f n young bones. Erf 

Ind Pecher (1940), 1s mentioned above, collected milk frcm two cows fnjected 
• 

wtth 89Sr, 1nd recovered 11 and 8' during the 4.5 days after fnject1on. 

Other studtes fncluded invest fgat tons fnto the bfl fary secret ion of 

c1lciU11 tnd strontiu• (Greenberg ind Troescher, 1942), the 1nfluence of gro~th 

hont0nt on strontfu11 depostt1on (Marx and Refnhardt, 1942), and the effect of 

1>1r1thyro1d extr1ct on stronthn metabolfsm (Tweedy, 1945). 

Treadwell et 11. (1942) pel'"fon1ed metabolfc studfes of neoplasms of bone 

ustn~ 89Sr, "lhtch WfS found to be taken up by growing bone and by osteogenfc 

tCJllOr tissues. Possfble therapeutic use of radtoactfve strontfum was 

..,.t1oned (Treidwell et 11., 1942) as 1 means of·incre1s1ng radfation dose to 

affected 1ren, th•t is, 1s an adjunct to ongo1 ng t herapevt tc ~thodol og 1 es. 

The 1sst•tl1tton of 1 n11nber of fission products and he•vy elPments, and 

their dhtribut ton tnd retention were stu!ifed fn rats by H.wnflton (1947}. for 

89$r ind 90Sr, he found that S to 60I of an oral dose was absorbed, that 

651 1cCU11Uhtld 1n bone, 1nd that they ~re exponent hlly el tr.inated with ' 

htlf·tf1111t tn the body of 111>re than 200 days. 

Copp et 11. (1941) 1ho fnvest191ted the metabolisns of rad1oclctive stron

tiUll, 1long with yttrtUlft, cer1Ultl, and plutoniU111. Of these, only strontl!JflJ w1~ 

ablo~ 1pprecflhly frClfl the 9utrotnteHln•l tract. Absorption of 11tron

th11, furthe,...,rt, wu ZS tf~s u great in 9ro111fnq rats ffld 1 1ow olcium 

dttt H '" .tu1t\ with r.1ple c1l1.f1M11 lri tht" dirt. 1' deftcif'ncy In rhn\;'hll,.u~ 
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format1on. Neither growth nor decreased dietary calcium or phosphorus had an 

effect on the metabolism of yttrium, cerium, and plutonium. Strontium was 

e11~1nated with a half t1me of 3-4 months, much more rapidly than the elimina

tion of yttr1llll, cerium and plutonium which had half-times of 1-3 years. Work 

in rlbbits also indicated that upt~ke of 1njected B9sr and 90sr by the 

.Jkeleton was greater in young animals than in old ones, and was inversely 

related to calcium levels in the diet (Kidman et al., 1950). • 
The transfer of rad1ostront1um from the lung into the bloodstream was also 

1nvest191tld 1n rats (Abrns et al., 1946). Immed1ately after 30.min exposure 

to 89Sr 11 SrC1z, more thin SOS of strontium that was deposited fn the 

• lungs hid been ranoved frClll the lungs, and 25S9was in the skeleton. Tne lung 

burden was reduced by half over the next 30 mfnutes, and after 8 hours, only 

2.SS of the 1n1t1al burden was in the lungs. Over ssi was skeletally 

depostted. Direct skeletal uptake of inhaled weapons fallout radiostrontfllll 

1n test animals was demonstrated fn 1952 and was found to be pref.eretit 1al ly 

concentrated tn grow1 ng bone (Smith et al., 1952). 

Alttmugh the beh1vfor of strontium was qualttattvely similar to that of 

calctUlt, ft WIS shown in experimental animals that the ratio of strontium to 

c1lctU11 tn tissues WIS dffferent frClll the ratfo of the two elements tn the 

d1et. To better quantify and predict the dtfferentfatton fn t1~~ues or 

excrete, CC1111r et 11. (1956) proposed the terni •stronttum-Calcfu~ Observed 

A1t10• (OR), where 

OR SleC• of sa~le sat11plt-""'Kursor • ~ ··-·- · -· ·~ - ·,.. ;>r ·• of prPi..ursor 

-~~-----·· -·-·-·-· 
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The Cit denoted the individual tissues, excret1ons, or pt\)'siological processes 

1nvolved 1n the preferential ut111zat1on of calcium over strontium, and when 

less than 1, expresses such a preference. For example, the l»lbone-diet for 

rats on a canmerc1a1 diet was O.Z7. The OR did not 1mply action by the tissue 

causing the d1scr1minat1on. Instead, to denote the physiological process of 

d1scr1minat1on in a given tissue, the authors util 1zed the tem •strontium· 

Calcium Discrimination Factor" {OF). The product of the DFs equalled the OR. 

That strontium was preferentially discriminated against by the placenta 

WIS found tn beagle dogs {AEC Project No. 6, 1958). The ORfetal bone·diet 

WIS 0.31, based upon data from two pups, a value somewhat lower than the 

Oiltdult bone-diet of 0.4-0.5 of mature beagles (Della Rosa et 11 ., 1972). 

The metabolic studies of radiostrontium intensified when its potential 

tox1ctt.Y as a canponent of radioactive fallout was recognized and studies on 

its effects began. The r1diobfologfcal significance of stronti\111 i:etabolism 

WAS discussed in reviews (Thompson, 1960; Loutit, 1962; ICRP, 1972) and 

s111posi1 (Lenihan et al., 1967; Goldman and Bustad, 1972). 

R1d1obiolog1cal Effects 

The tumrtgentc ability of rad1ostrontium was recognized tn the 1940s. 

Strontf um-89 was descrfhed as a •producer par excellence of bone tumors" by 

Brues et al. ·(1947), "'10 reported that tumor development tn over 3000 mice was 

tpproxtmately proportional to dose and to t fme, wtth a latent p.?riod that 

1ttelf was related inversely to dose. Such a scheme was s~wn to ftt data 

ttt.t ~re 1w1ilable for hu""n radflln d1al painters. Besides bone tUM>r~. 

tpln\.ic 1ncnh and 111yelofd metap1as1a were ccm!Trln at necropsy (HJ"\IPS flt 111., 

1949). 
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The bone tumors that were produced were single and multiple, and, partf· 

cularl1 in rats and rabbits, there were many instances of metastases. Doses 

ranging fran 0.05 µCi/gm to 5.0 11C1/gm resulted in "considerable oombers" of 

tumors. Mos~ of them (611) appeared in long bones (Lisco et al., 1947). 

Other work done at this time centered on the effects of 89sr on preg· 

n1ncy and the transfer of the radionuclide fran mother to young via the 

•· pl1cent1 1nd mamnhU')' gland (Ffnkel, 1947). Animals exposed to 89sr fn utero 
Q 

or prior to weaning showed retarded growth, malformed long bones, anemia and 

bone cancers. • 
In a symposit111 on radiostrontium (Goldman and Bustad, 1972) effects of 

injected, ingested, or inhaled 90sr in beag1e•dogs ~re reported. Studies 

on 90sr-tre1ted beagles began in 1947 at Argonne National Laboratory, and 

were subsequently expanded into several large prograns at the the University 

of Utlh, at the University of California at Davis, and at the Lovelace 

Foundation in Albuquerque. In these progrcJlts, the beagle dog ranafoed the 

expe~1menta1 subject of choice (Book, 1980). The most significant effects fn 

1ni•11s given adequate exposures to 90sr hdve been tumurs uf bone, ;;;o~tl y 

osteosarcoma, and myeloproliferative disorders, which includes both neoplastic 

hematopo1et1c disease and preleukemfc cor;;1it1ons. 

All species that have received sufffcfent 90sr have developed osteo

sarcanas, including dogs (Pool et al., 1972, Dougherty et al., 1972; Finkel et 

al., 1972), monkeys (Casarett et al., 1962), p1gs (Clarke et al., 1972), 

rabb1ts {Vaughan and Wf111amson, 1969), mice (Nilsson, 1972), 11nd rats 

(Moskllev et 11., 1969). MyeloprolHerative disorders have been noted in dog~ 

(Dungworth et al., 1970), pigs (Clarke et al., 1972), and rats (Moskalt"•v et 

11., 1969). Mice developed lr1phatlc lP.u~:l'lllia hut not yranulocytic le>~1•1"n1~ 

(Nilnon, 1972). 

---·- ·---· -··· . 
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Tumors 1r1s1ng adjacent to bone have been noted in several species trrdtfl(f 

w1th 90Sr. In mice, squ .. ous cell carcinomas were reported to orf9tnate tn 

the hard p1l1te and sebaceous gland of the external auditory meatus {Nflsson, 

1972). Squ1mous cell carcinomas were also reported 1n the maxillary sfnus in 

rats (Moskalev et 11 •• 1972) and in the lf nfng of fnternal and external ear tn 

rabb1ts (Vtughan tnd Wtl11amson, 1969), Squamous cell carcfnomas of the 

gtng1VI have been found to be important later-occurring effects fn beagles 

exposed to 90sr (by ingestion) from prfor to birth until 18 roonths of ~ge 

Ind observed for 11fe {Ptrts et al., 1980). For the dogs, the -g1ngival tumors 

probably reflect the results of continual 1rradiat1on from 90sr tn teeth 

th1t ts •• tntatned tt 1 high level, sf nce teeth srow 1 slower turnover of 

90Sr thin does the rest of the skeleton (Della Rosa et al., 1964). 

Fortunately, too few humans have been exposed to radiostrontium at h1gh 

enough levels for tht risk of neoplasia to be estimated. Based on radium dial 

p1fnt1r risks, however, Mays and Lloyd (1972) estimated risks fron 90sr. 

The1r best estimates for the 50 yr risk to an individual for bon~ sarcoma frt11l 

one rid were (i z 1) A 10-6, u~f~ ~ lfnP1r model, and (4 ~ 4) x lQ~lO, 

using• dose-squared model. The current lCRP (1977) estimate of rfsk for 

90sr-1tke radiation 1s 5 x l0-6 per ren. These numbers can be ca"ptred 

with 1 natural incidence of about 5 x 10·4. 

. ·------
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VII. RAIUOCESIUM 

Sunn1a 

; · · Cestua-137 ts the s1gn1ftcant cestura isotope in radioactive fallout. It 
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ts • bet1 1nd g..._. .. ttter with a 30-year physfcal half-life. Since ft is 
• 

simi11r to pot1ssiu11 in its •etabol1snt, 137cs ts distributed throughout the 

soft t1ssues of the body. Its relat1vely unifonn distribution throughout soft 

•t hsues brings about a decl1 n1ng whole-body exposure that f s relclt ively short -

lived, stnc• 137cs 1s not retained 1n the body for long periods of tfme. It 

tastly 11CWes ttrough food chains and has been the subject of many radioecolog-
• 

teal 1nvestt91t1ons. Ces1un1-137 was not appreciated as a significant fallout 

dose ce11ponent 111t1l tt was found to be present in people fn the mtd-1950s. 

Envil"O!!llfttll PtthwiYS 

The first report of cestum-137 tn people came after its presence was not~d 

in •••sur•ents of Wiole-body radi-.>act1vity by gamma spectranetry (Ntller and 

Mir1n1111, 1956). The persistence of 137Cs fn the human body despite fts 

rel!ttv~ly stnrt b1o10Q1cal half-life was explained by contiooed exposure viit 

the dtet; 137cs was present in m!lt and m11k powders. The presence of 

137cs tn people and 1n various foods and its relation to 4~ was reported 

by Anderson et tl. (1957) who calculated that the si9nffic1nt contributors to 

d ietaey 137cs were da try products. Da try products and meat were considered 

to be the pr1111ry sources of fallout 137cs, while inhalation and fngestfon 

of dr1nktng water were Hid to contribute minimally to tht> l 37cs t>O\l.v burl1en 

(Langham and Anderson, 1959). 

The extent to wh1ch body burdens of l 37cs reflf'ct di~tary tnri11t was 

bHt tunp1tfted in two hurun population\ who ~ertt llt ttu• tni1 of the 
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env1rornentll p1thw1ys for rad f oces tum: atmosphere• licherPreindeer Laplander 

(Ltnden 1nd Gustlffson, 1967) 1nd atmosphere•l tchen.carfbou Eskiino (Hanson, 

19'7). In thtst popuhtfons, 1tHon1l tnfluencn on dfeUry practfc1u 

•esulted tn large f1uctU1ttons tn 137Cs burdens. Many other environmental 

1spects of 137cs wre su111n1rized by Davis (1963) and were addressed by 

others 1n 1 symposi1111 on radiation ecology (Aber9 and Hungate, 1967). 

Metabolic p1thw1xs 

In the 1940s, ftsston-produced rad1ocesfum was admfnfstered to rats 

(H .. tlton, 1947), Absorptton from the gut was 100 percenti 1ts dfstrfbution 

WIS ttroughout soft thsues, wUh 45 percent deposited tn muscle, and 1t was 

r1t1tnld tn the r1t with 1 h1lf·tfme of 15 days. Inhaled rad1ocesfum was 

r1id n 1 1bso rbed f ran the 1 ung s. 

The .. tabo11Sll of 137Cs was studied later 1n rats and sever1l farm 

1n1 .. 11 b1 Hood and Com1r (1953), "10 found a sfm11ar wfde and hfrly uniform 

dtstr1button throughout the body. They also found that 0.2 to 3.Si of 

etbtnht~~!d ll7cs NU transferred frm pregnant rats to fetuses 1n late 

gestttton (it days 17 to 21. respect hely) with a fairly constant tissue 

conc:entr1tton of 0.06'1 dose per gm regardless of fetal age. A 11•1ry cow was 

Sho"'1 to secrete lli of an injected dose of 137Cs tnto mtlk over 1 30-day 

period. Fron 1n ortl dose of 137cs. 1oi was \ecreted ;nto ~tlk in 30 days. 

The entrance of 137Cs tnto antmal tissues ts prtmartly throll9h the 

1ngHtion of cont•1nated foods. Absorption of cesium frm the gut is cl~P 

to 100\ tn monogastr1c animals (Richmond, 19S8), but ts 9ener1lly only SO\ t.n 

8Qi fn runtinants (McClellan ft al., 1961; WaHf'r,,,tn ttt al •• 1961). Ttiti 

r,.<111'.:ed at>\orpt1on, along with th.- high fKal·to-url""Y rttio of f'•Uf"tM 
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137cs ch1rtctertsttcally seen in ruminants (Hood and Comar, 1953), probably 

rel1tts to the k1nd and greeter bulk of thefr diet (Davis, 1963). 

Ces1ua beh1ves in 1 manner that is physiologically somewhat analogous to 

potasstan. Hence, cesium is d1strfbuted throughout soft tissues, an1 can 

expose those ttssues with beta and gamma 1rradtat1ons. Unlike the bone-

•. seeking r1diostrontit11, however, retention is short (that ts, elimination is 

rapid), wt th tissue exposure (and dose) decli n1ng with a half-period of about 

2.5 to 5 111Dnths tn people. 

Bec1use 137cs intake results fn unffonn exposure of al 1 tissues, its 

stgn1ftc1nce 1s a hazard to the most sensitive tissue must be balanced by 1ts 
• 

d1str1but1on and dilution into all tissues. Cesfum-137, like tritium, lii'lich 

elso ts un1fonaly distributed in the body, possesses the potential for genetic 

fr\jury 1s well 1s carc1nogenes1s in sensitive tissues. 

Radfob1ologtc Effects 

Begtnn1ng tn the 1960s, the long-tenn effects of 137Cs were studied in 

beagles 1t Argonne National louurtlur;, i5 ;e-•h•cd by the ~RP (1977~). 

Sixty-five beagles 1n a 11fet1me study were gtven single intravenous 

tl\1ect1ons of 137cs w1th dosages ranging fran l.65 to 4.31 ~1 l37Cs/kg, 

among their age groups. Destruction of bone marrow resulted in 2S deaths 

wfthtn 2 1110nths after ir\ject ion. Cancers were the ma 1n cause of death of the 

40 dogs th•t survived acute effects (up to 12 years post-1nJectfon), and 

1ccW1Ul1ted frcn 700 to 1600 rads. Ctncers accounted for 20 deaths, ~nd 

C•nc•~ were 1lso found tn tissues of oth~r dogs dying frm1 oth~r causes. 

Neurof1bros1r"tou, 1 tumor of the ncr-te shPath that fs rare In doqs. ~as thf 

IK>St frequently occurrf119 cancer. ""d was found tn n 11f tht- 4f) 1foqi;, 
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VIII. PLUTONIUM 

Sunmrx 

Pluton1u11-239 is a man-made 1lph1 emitter with a 25,000 yr half life. 

For plutonium that reaches the blood, 1ts target organs are bone and liver. 

Inhaled plutonium may affect the lung as well. Plutonium 1s an efficient 

carcinogen. 

-· The metlbo11sm of plutonium and its production of bone tumors were 1nves

t1gated in the 1940s. More elaborate and soph1st1cated studies on the 

biological s1gn1f1cance were begun in the 1950s and 1960s and cnntinue. Its 
• effects on bone, 11Yer, and lung have been demonstrated in a number of 

1 ab oratory animal species. 
• 

Env1rorvnental Pathwtys 

Most of the 1nfonnat1on on plutonium in the ·environment that evolved 

during the 1940s was related to monitoring environnental materials near 

nuclear installations {Stannard, 1973a). These investigations were centered 

primarily on aquatic envirorments and biota. 

Alpha activity was found 1n animals trappt!d 1n the fallout zone of the 

1945 Trinity shot several years after that detonation. The activity wss 

assumed to be plutonium-239 (Olafson and Larson, 1963). By 1950, plutonium 

released to the env1ronnent fran atomic weapons testing was recognized as 

presenting a serious potential for fnjury if inhaled or ingested,· and cal cul a

t ions of hazards fr an world-wide contam1 nation by plutonium were al so made 

(Glasstone et al., 1950). Dogs and sheep intentionally exposed to the rad1o

act ive fallout fran weapons tests fn 1951 were found to have 239pu in their 

1 ungs (Smith et a 1. , 1952) • 
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In 1957, studies were undertaken on uptake by the body and retention after 

dtrect inh1l1tton of plutonium in the radioactive cloud after detonation as 

wll 11 1fttr inhalation of plutonium resus~nded by wfnd action following its 

depos1t1on on the ground (Stannard, 1973a). Rats and dogs were exposed dur1rg 

P1Ss191 of the radioactive cloud, ~ne dogs, sheep arl:I burros were ex-posed 

for 1 long post-event period of up to 160 days at several down-wind locattons

Tht r•ults 1nd1cated that dogs exposed to the cloud passage at the time of 

d1ton1t1on had h1gher pluton111n burdens than animals exposed to resuspended 

pl uton1u11 for long periods of time, even though the animals exposed to the 

ptss1ng cloud were not exposed to the highest airborne concentrations at 

ground level • 

Bec1use of concern about plutonium in the envirorrnent from atanic weapons 

Ind, liter, the nuc:le1r fuel cycle, considerable infonnation has been 

published on 1ts radtoecology (Olafson and Larson, 1962i Stannard, 1973ai 

He111. 1975; IAEA, 1976; Friedman, 1976; Hanson, 1980). 

Plutonium has a low solubility tn water and biological fluids and tends to 

be ften1Ct11e in so1h •nd «her media. Hence. plutonium 1s much less likely 

to llOve through food chains to man than fission products discussed heretofore. 

Nonetheless, plutonium in the env1ronnent continues to be a timely topfc, in 

view of 1ts role 1n the end of the nuclear fuel cycle. 

~ Metabolic Pathways 

.. 

Because plutonium played a major role in atomic weaponry, considerable re

search on tts metabolism and toxicology took place in the 1940s. Studies in 

r1ts on the dhtr1button and excretion of plutonium in various chen1cal Hatt!S 

were made following intravenous (Carrttt et al., 1947) or tntramu~C'ular 
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11\jections (Scott et 11., 1948), or after oral .t"'tntstratton (Hamfltori, 

1947), from ••'h mode of exposure, roughly two-thirds of the assimtl~tP~ 

plutoniwa deposited in the skeleton, \lllfle the lher generally received the 

next htghest !oncentr1t1on of the radtonucl1de. 

Plutonium was found to be so poorly taken up frClll the gastrointestfnal 

tract that only 0.007 per cent of an orally administered amount was absorbed. 
•· 

Of that which WIS absorbed, 65 percent was deposited in the skeleton. ,_emr>Val 

fro. the skeleton was very slow (Hamilton, 1947). 

lntr1venou1l1 injected plutonium had its trfghest tmme'd1ate concentration 

tn ltvtr and spleen. later, it was transloc1ted to bone (Bruts et al, 1947) • 
• The distribution and elimination of plutonium was also studied after rats 

were eaposed to it by inh1l1t1on (Scott et 11., 1949). After nose-only ex

poswes of several •f nutes' duration, most of the rad101ct 1v1ty "1S in the 

held and lungs, but after 4 days, the lungs conta1ned 11tOSt of thP residual 

1cttv1~. The lung concentr1tion declined over the course of the' 64-day 

study. After 64 days, 12 percent of the plutonium inhaled as pluton111n 

n1tr1te was 1n bone, ccnpared to 0.4 per cent of that inhaled a~ piutonium 

d1oxtde. 

The ••taboltsn of plutonium was also stud1ed 1n 18 htNn subjects 1njected 

wtth trtcer doses of 239Pu tn 1945 and 1946. As reviewed by Durbin (1972), 

bone Ind liver were soown to be the principal sites of pluton1u11 cP.pos1t1on. 

Pluton1"" met.t>olis~ In pre<}flant rats and mice was also studied (Finkel, 

1947). A very ~11 fraction of tnjected plutonium was found to move ~roH 

the phcenu. 

Studtes of hctors tnfluenclng thf' m'tabolhm and liftpositlon in tiflne of 

Uvtrll rtd1onucl1des, 1~otOf)4"\ of plutonium, stronthJM, yttrlu111 11~ c@lrl\l'TI 
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were done tn rats at about the same tfme (Copp et 11 ., 1947). Unlfke stront

t111, but ltke yttrium and cerium, plutonium showed behavior that _.s 

unaffected by the age of the rats wider study or by cal cf um or phospoo nis 

levels 1n the dtet. Thfs suggested that, while strontium followed the 

p1ttw1ys of calctura metabolism, plutonfum, yttrium, and cerium dfd not, and 

that th_,. "'9re deposited fn the skeleton by other mechanf sms. 

A met-h>d of protect ton fran plutonium toxfcfty NU proposed by Copp et al • 

(1947), who suggested that where contamfnatfon h'ld occured, the dfet could be 

altera:t to di11fner111ze the skeleton. By then ranineralfzfng the skeleton via 

dietary change, 1 protective layer of new bone would be laid down over the 

pl uton1U11. 

Subsequent studies fn rats showed the uptake of chronic, orally admfn

tstered pluton1um to be O.OOJS (Katz et al., 1955, Weeks et al., 1956). 

Uptake of plutonfllll gtven as a sf ngle dosage to ptgs was 0.00?.S of the 

adllin fstersf nount (Weeks et al • , 1956). 

In ptgs the metaboltsna of plutonium after tntravenous, fntragastrfc, or 

1ntr1trache1l adrafnfstratfon of plutoniumCIV) nitrate was aiso studied. Wlifle 

ltver and skeleton were the princfpal sites of plutoni\111 deposition, the quan· 

t tey absorbed depended on the mode of ~min istrat ton. less than 1 percent of 

the adm1n1stered Pu was fn the skeleton and 1 tver up to 2 years after fntra

g1strtc td~1ntstr1tfon or fntratracheal dos1f'Y:1. After an intravenous dose, so 
to 77 percent was fn skeleton and 11ver; tn thts case, however, the plutonium 

nttrate solutfon was buffered wfth citrate, "'11ch may have contrltiutt>i1 to the 

difference (Bu'itad et 11., 1962). 

Stover et al. (1959; 1961; 1968) ~tud1ed the long-tenn i¥tabolh • .., of pl.1-

-J tontum 1n dogs who\e s•el~tal and ~oft tlHut" rf"trnt~o.1 of fnj .. rtf'd plu!nr,lu~ 

l . 
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WIS d1t1rained. The •etlholtsm of tnh1led plutoniu111 also was sturlted 1n 

bt19l1 dogs (Bttr tt 11., 1962) fndtc1t1ng that not only tts chenitcal form wH 

taportant but, IO too, w.s tht parttclt stn wtth whfch tt •n auocht~. 

Thlt 239Pu WIS not only ret1tned tn the lungs but also cont1nu~ to 1cc1.111u· 

11t1 1n bronch11l 1.)'llph nodes suggested that thesr o~•ns may also be 

1•port1nt t1rve~s for plutonium to•tctty. .. The •ttlbo11 • of pl utontum was rev f ewed by Lanqhn {1959). More rtcent 

reviews tnclude those by V1ugh1n et al. (1973) and Bafr (1974) • 

• 
R1dtob1olog1c1l Effests 

The effects of plutontu•-239 were noted tn.the 1940s. Based on 1ntin1l 

stud11s, •p1utont111•, H 1t wu c11led, for h1gh e•posurn Wis de~rtbed as 

! betng st•tl1r to effects of teute whole body rad1ation. Results of acute ex-
,1 

. : 
l • 

j 

posures were presented by Bloc. (1948) and ffnk (1950). Plutontsn1 for chrontr. 

exposwe WIS seen ·to .,nifest itself, with pr09ress he 1 her dam19e ind bone 

t.on (Brues et 11., 1947). The 111jor1ty of bone tunors produced by pluton-

1947). SOlll 1spects of the e1rly toxtcologtc studies ~re reviewed by Stan· 

n1rd (1973b). 

In the 1950s 1nd liter, the radtob1ologtcal rf frcts of plutonium wer~ 

stud1ed fn 1 v1rfety of laboratory antmal s~ctes, tncludtng mice, rats, ra~

bfts, pt9s, 1nd d09s. Many aspects of plutonium toxtctty worr prest>ntf'd tn 

urtous l.)'1tposh (Thc.pwn, 1962; Mays rt a1., 196q"' Stover and ,)t"t, 1972, 

Healy, 1975; J•e, 1976, Wrenn, 1981). Other ovt>rvil'W\ wert> ahc ruhllsht'rf 

(Hod91•t11., 1973; R11r •l 11., 1974; ,.AS, ll~.'6). H wcare b1bl109r.,phf!'~ 

(ThQlllPM>n, 1976; l1\tth ttt 11., lQAO). 
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The llOSt slgnffic1nt effects of plutonium eiposure are bon~ c~ncer~. -;iich 

~been produced fn •ice (Finkel, 1953, 1~6; Ffnkel 1nd Btskfs, 19621 and 

dogs (Jee et 11., 1962; Meys et 11., 1969b) that were 1r\jected wfth plutoniu"1. 

In d09s thit 1nh•led 238Pu (physical half·11fe • 88 ye1rs), bone cancer5 

wre 11 so i11port1nt c1uses of death, but some d09s al so died of 1 ung ca ref nrria 

and frOll pneU111>nit1s 1nd fibrosis (ITRI, 1980). Studtes of do9s that inha1P<! 

Z»Pu, uro- of '9tlcn ire st111 under study, showed radiation pnNmon1t1~ and 

ftbrosts 1s i•portant causes of death, with some incident lung cancers (ITRI, 

1980). Mlny other imestig1tors also reported bone cancers and lung cancers 

t11 nUlllber of species expcned to plutonium, u rev1ewtd by Bair (1974). 

Other bone changes were noted 1n dogs (Tlylor et al., 1962, 1972) and pigs 

(Cl1rt1, 1962) injected with plutonium. Liver degeneration was noted 1~ mice 

(ftnkel lftd 81skts, 1962) and dogs (Taylor et al., 1973). Acute hematological 

chlnges were 11so noted in 11ice (Finkel ar.d 81skh, 1962), pfg~ (Bustad et al, 

1162), Ind dogs (Dougherty, 1973). Early lung charqes {ffbrosh, a.etaplu1a) 

fro11 tnh1led plutontu. 1n dogs were noted (Park et al., 1962). 

The role of these and other anfinal 5tudies fn predfctf~ risks to hVT11an 

pcipul1tfons have been discussed (Thcinpson et al., 1972; Balr, 1974; Th(r1p~on, 

1975; 81ir Ind Thcritas, 1976). The animal data art! P'rticularly important 

stnce d1t1 frOll hUNn ex~ures, ft 1s hoped, wtll rernafn inlldequ.tte for thP. 

cal cu ht 1on of rh~ s. 

Gen@rally rfsks for plutoniurr-ln(11J".:f'd hone cancer are d@rlvf'd frM e"! i

•tn for thf radfu11 dial patnte~ f~tty\ ~nd l lny'1, PH2; Ro'""hhtt Pt .,1., 

1976; Rowland et 11., 1978). ani1 r•YH1H1t'd to occnunt fort~ 111ffnrnl'.t ,,.., t~ .. 

dhtrtbut1on in bone t'wtwef'r, r•dl11"' ""''j plutonh..,, the fomt"r ~i~ t,..,..11t•1rn· 

1111 COn\idtr"'1 I 'I01u¥ \f'f'~f'r lr·1 P'1f' lHttr, ! \\ldt<:f' 'lof"P•H (~" ... ,:1, 

1969). 
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Recently, Thompson 1nd W1chholz (1980) estfm1ted the number of cancer 

de1ths 1n the United Stites due to fallout pluton1lln. They calculated that as 

upper 11a1ts, 1 total at 125 deaths would occur, with 64 (511) lung cancers. 

27 (221) bone cancers, and 34 (27S) liver cancers. They also noted, however, 

that ttw poss1b111t.Y of no cancer deaths fron fallout plutonium was not 

precluded • .. 
Plutonium has effective rad1olog1c characteristics, yet it fnefffcfently 

• 
90ves through envfronmental 1nd metabolic pathways. Hence, pluton1lll can be 

descr1bed IS hiving 1 hfgh toxfcity, but a lo-.hanrd rank1ng • 

• 

• 
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IX. lRAN 1\14 

SU!!l!ltr 

Naturally occurring, uranium has an exceedingly lor.;J half life and snits 

alphl pirt1cles. It is concentrated in kidney and bone. Uranium has been the 

s~ject of toxicological study for many years, and its nephrotox1c properties 

were known a century prior to work on its radfobiological significance. The 

chemical toxicity to the kidneys of natural uranium overrides any potential 

for rl'diobiologic toxicity. Only with high specific activity isotopes of 

uranium 1s the skeleton at risk for subsequent radiation-related cancer 

development. 

Environmental Pathwaxs 

Uranium (238u, 234\J, and 235u) is naturally occurring and is 

distributed ubiquitously but variably throughout the earth's surface. It 1s 

present in water and in foods, so that small quantities are ingested daily. 

The fCRP (1975), fraa data of Welford and Baird (1967), reported an average 

daily intake of 0.9 picocuries of uranium. Approximately equai illlounts (about 

22 percent) of dietary uranf\111 were derived from each of four food groups: 

cereals and grains; meat, fish, and eggs; green vegetables and fruits; and 

root vegetables. About 7 percent was fran dairy products, and 2 percent was 

frcn drinking water. Inhalation was cons idera:S to be a very minor route of 

ass f 1111 at ion. 

The dose rate to bone fran natural uranium was cal cul atf.'d to tie ah out 

12 rlrf/l/a/yr (tCRP, 1975). lh1s value amounted to only ahout one-tenth of the 

total for skeletal tissues fran naturally occurring rac1ioact1vity. 

Atty uran1um that 1s rPleasPd into tht> envirorwn<'nt s ich as th<'lt which itn1•c; 

not 1.11dH'90 fhston 1n a nuclttar l'llPdpon c1Ptonation w1rnlct t~ rt>~tnn~1 to thP 
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... · naturally occurring inventory of uranium. Its subsequent trans fer to man can 
'' 

':
1 

be expected to be like that of uranium in nature. 

I 

Metabolic Pathwl)s and Effects 

Uranium has 1 long history as a Jubject of tox1cologic study. Hodge 

(1973), in revtew1ng the history of uranium poisoning fran 1824 to 1942, cited •· 
over 350 references. Later research was reviewed by Yuile (1973), wtio 

discussed experfmentatfon fn animals, and by Hursh and Spoor (1973), who 

st11111rtzed data on people. Most of the early st1Jd1es, and the later ones as 

well, for that matter, emphas1zed the nephrotoxic effects of natural uranium • 
• 

In general , hazards fran uranium were cons iderm to rel ate more to 1ts 

che11tc1l tox1c1ty than to its radioactivity. This is because uranium-238, 

wfth 1 pt\)'sfcal half lffe of.4.5. x 109-years, has a very low specific 

act htty of about 0.33 m1crocur1es per gram. However. there was conce.rn that 

long-term exposures of sufficient duration, particularly enriched uranium, 

•1ght pose 1 radiation hazard, such as that which occurred in the luminous 

dill industry with the radium dhl painters (r-1art1and and Humphrfes, 1929; 

Mart land, 1931 1 Aub et al • , 1952). 

Wort tn the early 1940s (Tannenbaum et al., 1951) showed that tracer doses 

of uran1ura·233 as uranyl nitrate injected subcutaneously into mice and dogs 

were primarily 1n the skeleton one and two months afterwards, respectively. 

For •fee, 67 percent of the total 233U in the body was in bone, ""ile 14 

percent WIS in the kidney and 1 percent in the liver. for dogs, 90 percent of 

t~ tot1l burden was 1n bone, 3 1iercf'nt 1n It idneys, and 3 perct'nt in l her. 

That bone and kidneys wert the pr Incl pal sites of urani1J1n acc1irnulatlon was 

1 lso found by rlf!uman et a 1. ( 1 ~ R). 
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Even tMugh •o•t of the retltned burden tn 11tce •nd r1ts was tn the 

skeleton, t .. tottl aMOunt retltned tn the body was sm111 (hnnenbaum et al., 

1151). Less thin 10 percent of the tnjtcted quanttty of uranfu11 remained In 

the bod11-2 llOnths 1fttr the tnJttt1on of non·toxtc quant1ttes. When the 

tf\ject• quant1'3 of ur1nhM11 WIS •t 1 ht9her, toxtc level, a.s 11uch as 40 

percent WIS ret11nld. The destructive effects of urantl.n on tht kidney 

(81rneU tnd Mttctlf, 1949) were responsfble for the alttred pattern of 

ur1nh• acret 1on 1n the litter group. 

The to11c1t,J of 1r1ntura cC111pounds was stlldied tn a nullbtr of antmal 

species durtng the 1940s tnd liter. Admfntstr1t ton of ur1n1U111 ws by 

tngestton 1NI tnh1htton 1s wll IS by other modes of e.posure, 1nd the 

dur1tton of tndtvtdual stud1es ranged frcn one 1110nth to two ye1rs (Voe9tltn 

lrd Hod91, 1949 Ind 19S3). 

The stgntftc1nt t1rget of natural uranium toxtctty ts the k1dney. Even 

tt.>ugh tt.re ts long ttna retention of 1.ranfu~ by bone, 1d11tn1stratton of 

j. suff1c1ent ur1nh11 to result tn radi1t ton effects would be difffcult. Thts t~ 
l 

product sktlet1l effects would sttll be h1gh enough to lfftd to toxic, fAtal 

tffe.cts on the ktdney (Bernard, 1958), It h the •.s x 10-9 yr half-1th 

Ind the low spectftc 1cttvtty of urantUJ'll·238 (about 0.3 ntlcrocurfes ~r qrdm) 

thit Hatt the .aunt of ridtoact 1v1ty that can be lnco'l>orated In tM t'iody. 

Even Wn n1tur1l ur1ntU11 Is enriched h~yond thP nomal 0.7' nSij (half-lift 

• 7.0 x 108 yrs),'' ht~ cur for uranl\I~ ~HM1 &tflr'l1ic w•apon-s (ti.9., 

,.90ts 23Su) 1nd urantuta re.ctor furl, thtt 101' s1 ... ciflc tct Iv Hy of 

,,2 •tcrocurtn prr 9r .. for 13~1 would lll'!llt tktt r~l.,tllHl f.!'lf'\<l\uq·, 
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Sttltt•l effpcts c•n be eJtpected to occur wfth hfgh s~cfftc activity 

ur1ntU11 isotope such 1s 23~ (half-lffe • 1.6 x 105 yrs; spectftc 1ettvtty 

• 10 •t111cur1ts per gr,.) or 232\J (half-life• 72 yrs; spectftc acttvfty • 

37.7 cur1n per gr•). Indeed, fr\jectfon of each of these two uranfvrn 

isotopes was sho.., to produce bone cancers fn mice (Finkel, 1953). Natural 

ur1n1um, howver, showed no induct ton of bone tumors. 
.... 
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