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FOREVO Jill 

I In its continuing asscssmciit of the iiealtli implicatioiis of cxposure of iiinii to ionizing 
radiation, the Fctlcral Radiation Couiicil iiir,itcd tlic National Acntlcrny of Sciences to aid 
i t  i i i  rcvicwiiig yariour aspects of  tlie field. An Advisory Commjttce to the I"cdera1 1:adia- 
tion Coiincil was d u l y  appoiiitetl by tlie Acadcniy witlrin the Divisioii of RIcdicnI Sciciiccs 
of tlic h'atioiinl Rcscarch Couiicil. 

Thc first request of tlic Fcderal Radiation Couiicil was for a suiiiniary stntcment con- 
ccrniiig tlic effccts to I)c cxlwctcd in man from irrntliatioii lip intcr~ially dcpositcd s~i~ont iuni-  
89, stroritiiim-9O, arid ccsiiiin-137, with referencc to effccts that niiglit occur a t  dose levels 
of tlic ordcr of 25 rads 01' lcss. Tlic report wliicli follows was prepared 1)y the Advisory 
Cotiiriiiticc. It sui.\-cys tlic possil,Ie effects of tlicsc ni~clidcs in  i i iaii  in  light of their par- 
ticular metabolic propcrtics and in rclation to the known effects of irradiation from otlicr 
iritcrnally dcpositctl radioclcments and  from csternal sources. 

I Iic vicws of tlic coiiiniittce a rc  based on cyidcncc documenred in thc scicntifir litcra- 
turc and reviewed cslciisivc.1y in citcd reports l)y the Rational Acadciny of Scieiiccs Com- 
iiiittccs on the Biological Effects of Atomic Radiation, by thc United Nations Scicntific 
Coninlittee on the Effects of Atomic Radiation, and by tlic h'lcdical Rescarch Council Com- 
inittcc on tlic Hazards to h lan  of Nilclear and Allied Radiations. No attempt has Ilcen 
iiiadc to discuss tlic evidcncc fu l ly  again a t  this time. Consequently, tlic presciitcd matcrial 
is sulitiiitted as a working p a p i  for the use of the Federal Radiation Council. 
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SECTION I 

INTRODUCTION 

1.1 All ioiii7,itig radiations can caiisc tlic s;iiiic typcs of 1)iological cffccts, thc prolia- 
1)iIity of any givcti cflcct dcpciidiiig 011 thc conditions of cxposllrc. Coriscclucntly, the 
] . .  . ] .  i a ~ i i c  s of ii.rntIiatioti froin rndionctivc stroiltiurn and ccsiuni, as from ally intc:rtiilfy 
dcpositcd rndioiiuclide, dcpcnd OH the distriI)utioli of tlie clclncrlts in  tllc I~ody, tllcir 
rctctitioti, and tllcir. radioactive decay. Thcsc propcrtics, in  ttirli, depend OH thc clmnical 
1,chnvioi. of stroiltittin atid cesium i i i  the forms i n  which t h y  arc encountcrcd and 011 the 
pliysical cliarnctcristics of tlicir scveral isotopcs. 

_ .  _ -  

1.2 Ccsiurn-137 is a n  alkali metal chcinically siniilar to potassium, whicli it resctn- 
hlcs mctal)olicnIly. A s  S U C I I ,  i t  is dis t r ihtcd rclativcly uiiiformly tliroiigllolit tltc 1)ody 
a i d  is cscrctctl 1iir;;cly ikitliin a pcriod of months. Bccausc of the tlis[ril)iition of cesium- 
137 in tlic body, tlic radintioti from this isotope rcscn1l)lcs \vliole lmdy ii.ratfiation. I t  is 
a I~ctn-cii i i t tc~, tlcc;iyirig w i l l 1  n physical half-lifc of 29.7 years, to f o ~ m  1)ariiitn-I 37171, 
wliicli i i i  t i i n )  decays iilrllost at oiicc with cmissioil of gainnia r:\ys. 

1.3 Strouliiiin is aii nllinlinc caitli, similar to cnlciuin ntid radiuni iti its mctnliolism 
1)y thc I~otIy. As S I I C I I ,  i t  has a prctlilcction for Imiic, iiito wliicli i t  I~ccoii~cs tightly l)ound 
n i id  froin wliicli i t  is C S C I . C I C ~  sIoivIy over n pc-riod of ycars. h c a u s c  tlic rndiatiotl iron1 
sti~otitiurn-89 n r i d  S ~ I ~ O I ~ I ~ I I ~ I I - 9 0  is localized primarily in  hotic and to a lcsscr cxtcnt in  1)oIic 
i ~ i a i ~ o w ,  tlic ~iiiclidcs givc I-isc to csposurc principally of tlicsc tissrtcs, altlio~gli thcy Inny 
irradiatc 0 t h  parts of tlic body i n  tlic proccss of iiptnkc and excretion. Both nuclides 
arc I)cta-ctnittcrs, with physical half-liws of 50.5 days  aiid 27.7 ycars, rcspcctivcly. 011 de- 
cay strontiurii-90 g iws  risc to a hcta-emitting diiuglitcr clenicnt, yttrium-90, ~vliicli l i ~  a 
plrysical half-life of al)out 2.5 days. 

1.4 Principlcs for cvaluating tlic licalth implications of radionuclides, a s  sunininrizcd 
in earlier rcports b y  thc Fcdcral Iladiatioli Council (No. 3, 3962; No. 5, 19G4,), Iiavc la id  
stress oil pcrmancnt somatic atid gcnctic eITccts, which may I E  induccd 1)y low-level iimdia- 
tioii i n  the n1)scnce of iinincdintc or o h ~ i o u s  mnnifcstntions of radiation injury. Jri tlic report 
that follows, these principles will I)c applied primarily to n considcration of the licaltli iin: 
plications of the uptakc of strontinm-89, strontium-90, a i d  ccsiuni-I 37 by a small fraction 
of thc popiilation oil a short-term 1)nsis (;.e., for a period of days to months,). 

1.5 Tlic evaluation of the effccts of these iiiiclides involves many uncertaintics arid 
dcpciids licavily on extrapolation from studies with csperiincntal animals, since ~Lse~vatioiis 
on tlie cffccts of radionctivc stroritiuni and ccsium i n  ninn are frag~iientary. 

1.G With  whole body exposure, such as from radioactive cesium, the possi1)le cffccts 
' of chicf conccrii arc genetic damage, leukemia, and other neoplasins. Other effects to lie 

considered, however, include injury to the developing fetus, life-sliortening, and retalda- 
tioti of growth. 
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1.7 With locnlizcd irradiation of tlic I~otie and Lorle ninrrow, ;IS €ronl radioactive 
sti~o111ii1111, thc principal cfTccts to bc co~isidercd a rc  induction of lmie  tumors a11d lcukcmia, 
as  wcll a s  dis iurhnccs in the gro~vth a i d  developiiicnt of skeletal parts a i d  tech. 

I 
I 1 .P, 

this rcport, i t  is recognizcd t l i n t  they will lie eiicouiitcrcd togctlier in most iiistanccs of 
coiitain inntion. 

A Illlough radionucliclcs of ccsium and strontium are considcrcd scparatcly in  i 
I 
I . _ -  

I 

i 
I 

. 
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SECTION I1 

CES I U hI 

M c t  :il)olisin 

2.1 Ccsirim cxists a s  stahlc ccsiuni-133 i i i  mammals in  a conccntration of al)out 
IO-’ itgranis pcr grain of wet tissuc. Cesium-I 37 is the only isotopc of cesiuiii that niakcs 
a11 a~ipi~ccial~lc  coiitriI~ritioti to tlic radiation tlosc to man. Cesium-134 lias l ~ ~ n  detected in 
1nan Iiut  only i n  thc picxricc of a much grcatcr activity of the longer lived ccsiu~n-137. 

~. - -  

2.2 Cesium-I 37 is a fission product which enters the hurnan food chain primarily 
b y  dc1)osition on foliagc that is Inter co i i sund  Iiy domestic aniinals. The ainount of 
cesium-1 37 that ciitcrs tlic human food chain nppcars to increase with the aniount of 
railifall i n  the arcn  wlicre dairy cattle graze (Rickard et al., 1962). The major portion 
of tlic cesium-137 1)urdcri i n  the Uiiited Statcs population conies from tlic consi~mtpion of 
milk aiid milk products; nicat products arc tlic sccond most important soiirce (Anderson, 
E. C. et al. ,  1957) .  A rclntivcly high ccsiurii-137 1)urcIen has been found in Swedish Lapps 
(Lidcn, 19G2), resulting from the consumption of reindeer meat which, in turn, dcrivcd 
its ccsiuin from a lichcn having a Iiigli affinity for  extracting this clenicnt from its environ- 
ment. A similar food chain appears to account for the relatively high ccsiuni-137 levels 
found in  the Northern Alaskan Eskimos (I-Ianson et al., 1964.). Elevated levels have lxen 
reported in other populations living i n  the far north (United Nations Scientific Committee 
on thc Effects of Atomic Radiation, 19G4,). 

2.3 Cesium-137 has I)ccn detected in cdililc marine organisms, iilcluding fish, hut  
the coiicciit1:ation factors are too small to make a n  important contributioii to the total human 
intakc. 

2.4 Cesium-137 has also h e n  observed in human milk (Aarkrog, 1962). The 
cesium-i,otassiuni ratios in human milk rangc up to about twice tlle corresponding ratios 
in  tlie mothcr’s diet, indicating that the nianimary gland tends to concentratc cesium in tlic 
mi lk  rclative to potassium. The cesium-potassium ratios in human milk parallel bu t  are 
slightly higher than the corresponding ratios in cow’s milk from iicigliboriiig areas. The ab- 
solute cesium-137 content per unit volume is loivcr in human milk than iri cow’s milk, 
~ O I Y C V C ~ ,  l~cca i~se  the Iattcr contains about three timcs as much potassium as the former. 

hleasureincnts in  animals (hloore and Comar, 1963) show that a developing 
fetus conics rapidly into cesium-137 equilibriun~ with cesium ingested Ly the niotlier. 111 

a small number of observed cascs tlie concentration of cesium in children shortly aftcr 
hirtli was cssentially the same as that in the niotlier (Dengtason et al., 1964). 

2.5 

2.G Most cesium salts are  quite solu1)le and hence are rapidly and eompletcly ai)- 
sorl~cd, wit11 l i~ t l c  dcpendence upon the route of administration. Tracer studies in  the 
cow show tliat a1)out 13 percent of a single cesium-137 dose appears in  the milk over a 
30-day period (TIood and Comar, 1953). In a woman esscntially in cesium eqiiilihrium, 
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over t i @  perrciit of  thc da i ly  ccsi[iiii-137 iiitnkr, appcaimI in tlie niilk at tlic 1)cginning of 
Iactniion, this pro1)ortion tlccrcasiiig to aborli 20 pcrccnt witliin a fclv nloll th (Aarkrog, 
19G2). 

Ccsiuiii7 like po\assiunl, tends to he ioriiid within cells, although small extracell- 
ular co~~centrntions are ol)scrved. Assays of Jnpaiiesc autopsy spcciniens (Yaniagata, 1962) 

2.7 

~)roJiiccd 111c vnl i lcs  i l l  Tul,lc 1. 

- -  Table 1. Ccsiuin-137 concentration i n  Tissucs of Japanese People* 

Tissues pCi of y37Cs pCi of I3'Cs 
per gin of K per gm of tissue 

13.2 
9.8 
9.1 

10.0 

*Froin Yamngata, 3 062. 

2.8 Although tlic distrilJutioi1 of cesium is sonicwhat different from that of potas- 
sium, over 55 pcrccnt o f  tlie cesiuni-137 burden can be expected to be i n  the total muscle 
mass. 

2.9 The rctcntioii of iiigcstcd ccsiuni as n functioii of time is a niost important factor 
i n  any cstimate of a l J S O l l J C d  tlosc. Althougl~ soinc data have suggested that tliere is little 
clioicc Iietivccn an cspoi1ciitial futiction and a power law furiction, retention studies which 
have I)ccn cxtcntlcd over scvci-al h i i t i d  red days favor a two-cornponcnt exponcntial function 
(Stewart et al., 1058~ United Nations Scientific Committee on tlic Effects of Atomic Radia- 
tion, 19G4). The short lived conipoiicnt witli a 1)iological half life of the order of one 
day contriliutcs little to tlic total absorbed dose and can be neglected. 

. 

2.10 Biological half life valucs for the long lived component range from about 74 
days (Liden, 19G2) to 180 days (Stewart ct al., 1958) i n  adults, witli lowcr values for  chil- 
dren (United Nations Scicntific Coinniittce 011 the Effects of Atomic Radiation, 1964). The 
range of oherved  values appears to represent diffcrences among individuals rather than 
instrument or ealiljralioii crrors. Values obtained by  hole body couliting agree well with 
those olitailicd by assays of excreta. A similar two-component exponential retention func- 
tion was fourid in  the dog (Nold et al., 1962), with biological half lives in a small series 
ranging from 18.8 to 40.9 clays. 

Data from adults arc too meager as yet to permit B precise determination of 
a most probable biological half  life, and indeed this value may l e  a function of the eating 
habits of a population. Retention data in children are even more meager, and few children 
have hcen studied for tlic Icngths of time required to obtain good values of biological half 
life. During the first dccade aftcr birth, biologicnl hulf livcs for ccuiuni.13'7 inuy Lc lcvs 
than one-third of the adult value. 

2.11 
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2.13 Expos i t i~  to ccsium-I 37 from weapons fallout is more apt  LO IC long-continued, 
at an approxinintcly coiistniit IcvcI, than is exposure that inight result irom an industrial 
accidctit, \vliicIl is apt to be limited to a single, 1)ricf pcrjod. 

2.34 To illustrntc tlic build-up of a cesium I~ody 1)iirdcn, let 11s considcr a stcady- 
stntc situation i n  w*liicli there is a constant da i ly  intake of k nanocurics of cesium-137. I f  
a biological half life of 100 days  is assumed, tlie effcctive decay constant 3, = O.G93/100 
= 6.93 X lO-’/dny. At n i iy  time t days after tlic start  of exposure, the liody burdcn I1 i n  
nanocuries will be Given 11y 

It A 1  

h 
B = - ( 1 - c -  ) E-1 

’I’hcre will be a n iax imum 1,ody burden at equilil~rium of 

bu t  this ~ s l i i e  will lie approached slowly. I? will reach 90 pcrccnt of its maximum value 
in ahout 330 days. 

Do siiiie t ry 
In calculating thc al)sorl)cd dosc, i t  seems reasonable to assume that the body 

burdcn is uiiifornily distri1)iitcd throughout tlic body. The variations in conccntration be- 
tween o m  tissue and atio~licr arc stnaller tliaii the uncertaintics in the half-tinic of rctcti- 
tion for a given iridividual. The tissue dose will come mainly from the h a  particles 
emitted hy  cesiuin-137 itsell and from the gamiiia rays emitted b y  its mctastable dauglitcr 
bariui i~- l37m (ICRP, 1 9 G O ) .  TIE range of most of the beta particles will extciid well bc- 
yond cellular boundaries, so that cxtracellular tissucs will receive a radiation dose com- 
parable to that delivered to the interior of the cell. 

2.15 
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SECTION 111 

STRONTIUh1-89 ARD STRONTIUM-90 

_ .  - -  

RIc tal  POI ism 
3.1 The I,cliavio*: of  strontiuni in  niammals is inextricably linked wid1  tllat of other 

clcinciits, cspccinlly calcium. I t  is also affcctcd by variations in nritrjtion, IJOIK pliysiology, 
fetal clcvclo~~~iicrit, aiid lactation. It is not fcasi1)le in this report to attempt a rigor- 
oils considcration of a l l  such factors in  estin1ating tlie hazard from radiostrontiunl to 
mail; instcnd, attcntioii is given primarily to conditions that ivould rcsult frorii short-term 
contamination, in  which case i t  is assuined that fresh cow’s milk would be the priricipal 
contributor to tlic body burden. 

3.2 The mctalmlic proper~ies  described Ixlow are equally valid for strontiuln-89 
and strontium-90. 111 tliis c~iscussio~~,  radioactive strontium is designated as Sr*. 

3.3 After radiostrontiuin is ingested, part of i t  is a l~sor l~ed  from the gnstrointestiiial 
tract into tlic l r loot l  stream and part is escrcted uiial~sorlicd i n  tlic feces. Tltat whicli j s  nb- 
sorl~cd is ( a )  dcpositcd in tIie skeleton, (b) distriliutcd in  thc soft tissues aiid circulating 
fluids, or  (c) reiiiovcd froni tlie l ~ o d y  b y  urinary excretion and endogenous fecal escrctioii 
(Uriitcd Nations Scientific Corninittee 011 the Effect of Atomic Radiation, 1.9G2, 19G4; Coniar 
and Wasscr~i ia~i ,  19G4; Loutit, 1962; Caldecott arid Snyder, 1960). 

3.4 Tlie pattern of skclctal distribution after short-term exposure can fJc pictured 
as  follows: Radiostror~tiu~n frorn the blood rapidly enters the bone by ion escliarige on the 
surfaccs of hone crystal aiid 1)y incorporation into new Lone which is being iornlcd in 
zoiics of growth and rcmodcliiig. This leads to focal areas of highly localizcd radioactivity 
a d  diffuse areas of gcncrally lower concentration. In youiig, growing individuals and in 
cancellous I)one formation rates are relatively high, resriltiiig in  coniparativcly high local 
deposition aiid intensity of radioactivity. 

3.5 The removal of radiostrontium from bone, once it has I ~ c n  deposited, is rcla. 
tively slow, depending inaiiil y upon tlie extent of bone resorption and niincral escliaiigc. 

3.6 The beliavior of stroiitiuni in the body can he considcrcd eitlicr i n  terms of 
stroiitium itself or i n  terrns of the rclation htwccn strontiuni and calcium (United Nations 
Scientific Conimiticc on tlic Effects of Atornic Radiation, 1962; Coniar and \Vassernim, 
1961 ; Caldecott and Snytlcr, 1 960; Wasserniaii, 1963). Althougli the data on the rctcntion 
of stroritiurn i n  the body sufice for estimating body burdcns for short-term ingcstion, 
analysis of the stroiltiurn-calcium relationship facilitates estimnting concentrations of rndio- 
strontium i n  newly formed honc and in the entire skeleton tinder conditions of protracted 
intake. The reasons for this are  ( a )  honieostatic control of calcium leads to a rcniarkahle 
constniicy of calciuni conccn t~~a t io~~s  i n  most tissues and fluids; (I,) stront i i i r i i  InctahoIism 
is rcgulated more- by calcitini lcvels than by normal amounts of stable stroiitiiini; and (c) 
stront i 1111) n i d  cir 1 t - i  ti111 I ~ ~ O V C I I I I C ~ I ~ S  LII‘C \ IsunIly II flcctcd siniiln 1.1 y Iiy cstim iicous factors. 
Extensive esperi~ricrital evidence in  man and animals shows that tlie stroiitiuni-to-calcium 
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ratio i n  tissues and secretions is diixxdy related to the ratio that cxists in the dict, within 
iiorii 1 a1 tl i eta ry lini its. 

3.7 Organisms gciicrally utilize and retain strontium less effectively than calcium; 
that is, they discrirrzin3le against strontium in favor of calcium. The term “Strontium- 
Calcium OLservcd Ratio” ( O R )  is used to denote the coniparntive strontium to calcium 
ratios that exist at equi1iI)rium in a given component of the body and in its dietary pre- 

~ - -  cursor; for cxaiiiplc, 

3.8 Tlie ovcr-all discrimination, which is designated by the OR value, is brought 
allout 11y o ~ i e  or morc physiological processes, of which gastrointestinal absorption, renal 
escrctioii, plncciitnl transfer, arid mainmary secretion are most important (Coniar arid 
Wasscrinan, 19Gll.). 

3.9 Thc OR value is affected by age and dictary composition, altlioiigli the effects of 
the latter are sinal1 unlcss tlic dict is hig111y exceptional. Under the usual dictary condi- 
tions the 011 va1uc.i for oltlcr cliildrcn and adults fall within a reasonably narrow range, 
wit11 fcw indicatioiis of variation by a factor as high as two (United Nations Scicntific Com- 
nlittce on the EfTccts of Atomic Radiation, 1962; Comar and Wassemian, 1964.). 

3.! 0 In  the movenicnt of strontium and calcium ljetwccn 1)onc and thc cxc1iangcal)le 
pools t h e  ’is liltlc or no discriiiiination hctwcen the two elcmcnts. The terms ORhody,d,r, 
and OIl,,,,,,,.,,,i,., are, Ilicrcforc, used intcrchangcnlily. If  the skeleton of a n  individual is 
foriiicd entirely from a dict of a given Sr*/Ca ratio, then all the 1,one shouId have an es- 
sentially uniform concentration, equivalent to (OR,,,,,,p,~,ic,) X (Sr*/Ca of diet) ; an ex- 
ample of this woultl I)c tlic casc of a ncwborn child of a niotlier wlio had a constant dietary 
Sr*/Ca during gcstation. 

3.1 1 Undcr conditions of short-term exposure. to radiostrontiuin or csposurc to 
changing lcvels the situation is niucli more complex. Tlie highest concentrations a re  local- 
ized in  “Iiotspots” wliicli represent sites of active Lone formation and are estiiiiatcd to con- 
tain almut Iialf of die deposited radiostrontium. The rest of the radioactivity is diffusely 
distri1)utcd ir i  IJotie at a considcral~ly lower concentration 111an in tlie c ‘ l ~ ~ t ~ p ~ l ~ ’ ’  (La Croix 
and Rudy ,  1962). The theoretical maximum concentration is equal to the value of 
( OR,,on,., ,ii~,) x’ (Sr*’/Ca of dict) . In  actuality, it is espectcd that the coiiccntration in 
hotspots” niay Le as low as half the theoretical maximum because of the contribution of 

calcium from tlic body storcs. 

C L  

3.12 Also significantly iiifluencing the deposition and retention of radiostrontium is 
the rntc of turnover of  1)onc salts, or the rate of replacement of existing mincral in the skele- 
ton. Sonic consideratioils suggest that the skeletal calcium of the newhorn infant turns over 
so rapidly tliat appt~rcial~le cquililmtion of skclctal strontium to calcium ratio wit11 tlie 
stroiiliurn to calcium ratio of the circulating fluids proha1)ly occurs within n m:iltcr of weeks 
(Coniar ct al., i n  preparation). This means that die strontium to calcium ratio of the skclc- 
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ton of t l i v  iicwImrn infant will govcrncd primarily by the stroiltiurn to calcium ratio of 
:tic tlict diiriiig tllc first icw \vccks, and perliops iiiontlis, after birth. In infants n d  youi~g 
child tcn it has  l)ccir cstiiiiatctl t h a t  about 50 pcrccnt of 1)oiie mincrnl is rcplaccd an~lunlly, 
~ v i t l i  an  almost coiiiplcic rcplncciiiciit of skcletal mineral in  the first two ycnrs of lifc (Bryant 
and  Loiiiit, 1964). 111 oldcr int l ividt inls ,  a grxdiition of rcplaccrncnt ratcs is tl~ouglll to 
csist ; for  csnli1l)Ic, i t  is cstiiiicitc:d ~ h n t  tlic rcpI:icc~iic~\t  r:itc in ndult long I ~ I I C S  rtiiglit I I C  
;:/)out 1 pcrccnt pcr ycnt as coniparcd to a1)oiit 10 percent in adult  cnnccllous honcs 
(L,outit, 1952). Tliosc par ts  of Loiic with tlic Ilighcst growth-ratc are those i n  which are 
dcpositcd tlic lnrgcst amounts of the radiostrontiuin ingested ovcr a short time period. 

3.13 Typical data for cstiniation of body co~icentrations of radiostrontium following 
short-tctin contnniiiiatioii of cow’s milk are sunln~arizcd in Table 2. The values liave heen 
appropriately rountlcd, sincc 110 singlc f ‘ g ~ r c  can Le rcpresentative of nu cntirc pol1ulii- 
tion, and siiicc tlic valucs arc iiitcridcd only for illirstrntivc comparisons and rough estimntcs. 

3.14. The values iol- OI~,,,,,,,,,, (column 1, Table 2) are as  follows: for the fetus, a 
rour~dcd va lue  of 0.1 \vas iiscd, nltliougli the data in the literature would suggcst values up  
to 0.13 (Uiii1cd Nations Sciciitific Coininittce on the Effccts of Atomic Ratfintion, 1962; 
Coniai- ant1 \Sasscrn~an, 1964 ; Loutit, 1962) ; the OR value at liirtli is close to 1 (Lough 
ct al. ,  3963), decicnsing to allout 0.5 at 1 year of age and prol)al,ly rcacliing the adult 
valuc of 0.25 somctiine shortly thcrcafter (United Nations Scielitific Corninittee on the 
Effccls of Atonlic Rntlintion, 1962; Loutit, 1962; Benison et al., 1964.); for  pregnant and 
nursing iconmi, the value acccpled for adults (0.25) was iiscd. 

3.15 The fractioii of tlic calcium intake that iniglit Le derived from frcsh cow’s milk 
was calculatcd irom considcration of the amount of calcium consumed in frcsh milk (col- 
iiniii 3, Tnl)le 2) in  rclotion to tlic total calcium intnkc (colunni 2, Table 2).  Tlie data on 
C ~ J I I I I I I I I  2, ‘rahlc 2, wcrc derived from recomniciiclcd dictary intakcs (Food and Nutrition 
Board, 1958 and 1963) and i n  column 3, Tahle 2, from cstiniates of inilk consuniption 
in homc and school (Bureau of the Census and Division of Ratliologicnl Ilcalth, 1963). 
The diet of hnbies less than 4, months of age will contain no fresh cow’s inilk if they arc  
breast-fed or rcceive formulas made with proccssed milk; however, for purposes of corn- 
parison, an  cntry has been made for such infants fed a diet Iiased cntirely on frcsli cow’s 
niilk. 

3.16 The values in column 5, Talde 2, which represent the maximuni Sr*/Ca in 
new I)onc per unit of Sr*/Ca iii cow’s milk, were calculated by multiplication of columns 
1 and 4. The Iiiglicst concentrations occur in the 4-6 month age group (except for the 0 4  
month infant fcd on fresh cow’s milk) and a re  2 to 5 times higher than those calculated for 
ages 6 months to aliout 20 years. 

3.17 The daily retention of Sr* per unit of Sr*/gtam of calcium in fresh milk 
(c*oliirnn 6, TnlA. 2)  was calculatcd on the basis of n gastrointestinal absorption of 30 
pcrccnt (Lough et nl., 1963; Gran and Nicolaysen, 19G4), neglecting endogenous losses, 
wlric41 nre small. Tliese values do not apply to long-term ingestion, siricc under clironic 
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co11(liiio1is tlic skclcton tends to nppro:icli a steady statc wi th  regard to Sr” cntry and rc- 
11ios;1I, and 111c cxcrctioii from the Lody incrcascs. F r o n ~  estiniatcs of thc total calcium of 
tlic \mdy (XIitclicll et a]., 1’31S), the dai ly  retention of Sr* per unit of Sr*‘/gram of cal- 
ciunl i n  frcsh inilk can be expressed in  rclntion to tlic amount of calcium in the body 
(colurnn 8, ‘I‘al,lc 2 ) .  For esamplc, an adult man is cstimated to consunie daily 0.3 gtn 
or  (:;lIciiiiii f rom frcsl1 cow’s m i l k ;  ii this milk coiitaiticd 1 picocuric of Sr“/gin Ca, it is 
assumed that  he would consiiiiie 0.3 picocurie of Sr” of which 30 percent, or 0.09 pico- 
curie, ~vould lie rctained. If his hody contcnt of calciurn were 1078 p, then his daily 
retention of Sr* pcr grain of calcium in his body would IIC about 0.00008 picocuric. 

3.18 The rate of eliniinntion of radioactive strontium from thc body, as influcnccd 
I)y age and other factois, is not well-known. Studies i n  several spccics of lal1oratory ani- 
mals liave indicated tliat llic ratc of cscretioii of strontium-85 varies markcdly in rclation 
to agc during [lie first few months aftcr a singlc iiijectioil of the isotopc but later approxi- 
mates the same power function i n  animals of all ages (see Finkcl, 12ergstraiid, and Grau- 
I)aId, 1950; S1)cckinnn and Norris, 19G.2.; Decker ct al., 19G4). Liniitcd human data 
fiitcd with a power function and  extrapolated to 40 years give a Icng-term retention half 
life of 110 years, or 4.0 >i: 10‘ days (Colin et al., 19G2), as compared wi th  the half life 
of 1.3 X 10‘ days listed b y  the 1CIW (1960). The difference bctwcen the two half lives 
is nttril)~ital)lc in part to a rclntively rapid rate of excrction during tlic first several months, 
which can bc dcsci- i ld  1)y tlil-cc successive exponential functions with half lives of 2.5, 
13.7, and 84.3 days, res~icctively (Colin et al., 1962). Clcarly, more data are nectletl 
over longer intervals to cnnblc confidcnt prediction of the long-term retciition of radio- 
active strontium by huiiian populations of various ages following short-term intake. 

3.19 Although the init ial  concentrations of radiostrontiiirn are  obviously higlicst in 
young idanis  fed frcsh cow’s milk, the turnover of tlie isotopc and its removal from the 
hody are also relatively high in infancy. Because these opposing cffccts cannot yet he 
balariccd prccisely, it is difficult to state unequivocally whicli age group of the population 
may rcceivc thc largcst cumulative radiation dose from short-term ingestion of strontiuin- 
90. Stroiitium-89, however, wliicli has a physical ha l f  life of only 50.5 days, wi l l  tend to be 
rcinovcd more slowly h y  excretion at all ages than by radioactive decay, so that the cuniu- 
lative radiation dose from this isotope will depend primarily on its initial concentration in 
the body. 

Dosiixictry 

It is not yct possible to interpret thc radioactive strontium burden meaningfully 
in tcrms of the rclevant resulting radiatioii dose to the target tissue of interest, especially 
iiiider conditions of relatively short-term exposure to stroritiutn-89 or  strontium-90. At 
any given time, the inaximuiii local conccntration of radioactivity in the skeleton, and thus 
the niaximurn dosc in  “liotspots”, dcpcnds 011 tlic Sr*/Ca in  new bone (column 5, Tablc 2). 
On the otlier I i n n ~ j ,  tlie average conccntrat ion of radioactivity in  the skclcton, and thus tlic 
tlvci-age dose to bone, is rclntcd to the ratio of Sr* i n  the 110dy to the total calcium in the 
Ijody. Use can be made of eitlier of these values to estimate the corresponding doses in 

3.20 
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ri1~15 (sce I,ocvingcr, 1935; Mays ct al., 1959; ICIIP, 1960; Unitcd Nations Sciciitific, 
Cuiiiii!ittcc- 011 tllc 1’:flccts of  Atomic I<adiation, 1964). Thc d i R c r c ~ ~ c e  1~twcc11 tlic r c s ~ l t -  
ing two doses is large, and \vhicli of the t ~ o ,  i f  either, is appropriate in cstinlating l~cal th  
I w ~ i d s  is 110t clcar. In gcnel-al, Iiowc~~cr, values of the mean dose to I)one arc  I d ,  
nltliougli i t  is rccogriizcd tha t  thcy would l)c strictly appropriate only if the incidence of 
tIic cn’ccts i n  qucstioll vui - iud  us  u Iiiiciir iullctiorl of thc dotic to I > O I W  ovcr 11 widc rltttgc of 
doses. Wlicn tlic al~sorbed dose to the bone from these nuclides is used in this report, it 
will rcfcr to the mean dosc in rads. 

. 

. 
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SECTION IV 

GENETIC EFFECTS 

4.1 Appraisal of gcnctic i jury is hampered hy our inability to measure thc over-all 
daniage icsulting to the popiilation from thc total cffccts of dclctcriol~s ~nutntions. Never- 
IIICICSS, i t  is nc-ccptcd t l iu t  nny  iiicrcusc i l l  thc in1itntion rritc is undcsirrll)lc, sincc nlutntions 
nre prcpondcrantly harmful and are  transmitttcd to succcssive gcncrations. Furtliermorc, 
sincc any incicase i n  tlic radiation dose to germ cclls is assumed to cause some increase in 
h e  mutation rate, thc Natioiial Academy of Scicnccs-National Research Council Co~mnittee 
on Gcrictic Effects of Atomic Radiation recommended in 1956: 

That for thc prcsrnt i t  lie accepted as a uniform national standard that X-ray 
installations (rncdical a i d  nonmedical), povicr installations, disposal of radioactive 
wnstes, expcriinvntnl iii5tnllations, testing of weapoiis, and all other l~umanly control- 
lable sourccs of radiations be so restrictcd that meri~Lcrs of our general p o p ~ l i i ~ i o n  
shall not rcccivc froiii such sources an average of more than 10 rocntgcns, in  addition 
to hackground, of ioni7ing radiation as a total acciimiilatcd dose to the reproductive 
cclls iron1 conccptioii to age 30. 

That individual pcrsons not rcccive more than n total accumu1;rtcd dose to the 
reproductive cells of 50 iocntgens tip to age 30 ycars (by  wliich age, on tlie average, 
over half cf  their childrcn will have bccn born),  and not more than 50 roelitgens 
additional u p  to age 10 (Ly ~vliicli time about nine tcnths of their children will have 
bccn born) .” 

4 4  

. 

4.2 The 195G report was written before it was demonstrated in  mice that, for those 
germ cell stages which, in man, arc the ones of primary concern, an exposure to lo~v-dosc- 
rate radiation is lcss niutngciiic than the same total dose given at a high dose rate. At 
about tlic same tinic, the susceptibility of Iiuman clironiosomc~ in somatic ccll cultures to 
breakage 1)y radiation doses a s  low as 25 R was reportcd. Aftcr weighing thc various 
aspects of tlicse and othcr new developments, the Committee reiterated its position in 19G0, 
reporting as follows: 

“The Committee continues to rccomniend that for the general population the avcr- 
age gonadal dose accuniulated during tlie first 30 years of life should not exceed 10 r 
of man-made radiation, and should be kept as fa r  below this as is practicable. This is 
in essential agreement wit11 the most recent suggestions of the International Commis- 
sion oii Radiological Protection.” 

4.3 
vidual dose. 

4.4 The last dccadc has been one of significant progress in genetics and molecular 
biology. hlany of. the dctails hy which the DIVA niolecule replicates, mutatcs, carries in- 
formation, and ~ I I ~ ~ U C I I C C S  dcvelopmcnt are now known. The basic principles of protcin 
syntlicsis under the control of DNA through the mediation of RNA are  bcgii~ning to IE 

The Committee did not coniment further at this time with reference to the indi- 
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understood. Tlic iclcntific~~ion of DNr :  wi th  tlic p i c  hits made possil)lc a rational study 
of cltcmical ~niitntioti, a n d  a nuinbcr of compounds kiiown to aflect DNA in onc ~ v a y  o r  
anotllcr have 1)ccti sliowii to alter thc mutatio~l ratc. T h e  has also l)een considcraldc 
PI-ogrcss i n  undcrstnnding snmc of tlie chcinicnl stcps in  thc induction of inlitation by 
uitraviolct radiatfon. The induction of niutatioii by ionizing radiation is lcss nndcrstood 
nt ~ I I C  cllcinical IcvcI, h u t  thc IiioIogical kiiowlcdge of such iiiut;itiou h n s  I,ccn grcntly 
incrcascd. For cxamplc, tlic intitation process has been found to LC dcpcndcllt 011 a grcat 
marly ~ar ia1) lcs  in  a complcx way. The stage of the ccll i n  mitosis, the stage in tlic life 
cyclc, tlic atnourlt o r  osygcn in the ccll, and a nuniI)cr of other factors have all hccn shown 
to 1)c iiifluciitial. l'lici-c is also strong evidcncc for ccll sclectioi~ tllat can diminish, o r  
pc i~ l~aps  in soiiic circunistniiccs iiicrcasc, thc impact of a mutation. Wlien tllc 1956 report 
was ivrittcri sollie of tliis was rcalizcd, but the pro1)lcin of cstiinating thc damagc from 
radiation scemed siniplcr i n  S O I I I C  ways than i t  docs now. Iii particular, at that time it  was 
not rcnlizcd that tlic dose rate was of importaiice. The rolcs of this and othcr factors, 
incIutIing conipIcsitics in ~ I i c .  dificrcnt mutatioilal rcsponscs of malc and fcilialc gcr~li CCIls, 

havc iiow hccn rcvcalcd t1iroug11 intc~isivc studies in micc (Russcll, 1963). 

Thc scieiicc of I iurnnn cytogenctics has  Ilecn ndvaiiccd considcrallly since the 
1956 r c p o r ~  It is 1 1 0 ~  I-calizcd that several typcs of Iiuman al~normality-scvcre syndromes 
with various physical tlcfccts atid nicntal rctardatioii-arc causcd by cliromosomnl nbcrra- 
tioits. I t  is ivcll esta1)lislicd i n  cxperiincntal animals that nondisjunction, cliron~oson~e loss, 
and translocation a r c  incrcnsed Iiy radiation. Furtherinorc, i t  is now possililc to study 
chroiiiosonie hrcakagc and rearrangement in liumaris in thc saiiie manner as has bccn so 
productive of new inforination in plant gcnctics. Rccent rcports cmpllasize that irradiation 
in vitro wi th  doses down to aliout 12 R causcs about 1 percent of human somatic cells to 
have cl~roniosoinc alinormnlitics, and radiatioii workers rcceiving approximatcly 10 times 
thc Imckgrouiid dose Iiavc I m n  dcmonstratcd to have a significant increase in abnorinal 
clironiosornes in circulating white blood cells (Norman et al., 19G4). 

4.5 

4.6 There have Lecn almost no reports on the inutagcnic cffccts of radioactive 
strontium and radioactivc ccsiurn. Embryo niicc from fathers that Iiad reccivcd intravenous 
injections of 0.7 niicrocuric of strontium-90 per gram of body weight have been rcportcd to 
h a w  n higher frequency of d l s  with an abnormal nurnlm- of chroniosomcs than the con- 
trols (IIcl1ricso1l arid Nilsson, 1961.). The authors stated that the results could be due lo 
radiation-induced aneuploidy in the gcrni cells, but suggcstcd that another type of damage 
not prirnarily conncctcd wi th  tlie chromosomes may liavc been irivolvcd; namely, a radia- 
tion effcct on the cell division niecl~anism that was transferred from spermatozoa to ern- 
bryos. The same large ainounts of strontium-90 injectcd intraperitoneally in mice have 
Ixen reportcd to produce a significantly higher cmbryonic mortality in dcscendants than 
was found in thc controls or after iiijcction of the same number of microcuries of cesiwn- 
137 (Lulling ct al., 19G3a, 1963b). The effect was interprcted by tlic authors as resulting 
from incorporation of strontium-90 ,in the chromosomes. This interprctatiori raises tlie 
question of wliethcr radioactive strontium should he given special consideration as 8 genetic 
factor. However, as tlie authors pointed out, there a re  apparently some puzzling inconsis- 

.' 13 

. .  



tciicics in thc rcs1IIti 1% I i i c I i  cannot  11e rcsolvcd without further expcri~nc~its.  Furtlicrmorc, 
cvcti i f  tlir tiingtiitudc of tlic i c p 1  tcd effcct were confirrncd, i t  woud still sccm unlikely that 
i t  would prove to I K  tlic Iiniititig factor i n  setting up protective action guides for strontium- 
90. 111 tlic fiist placc, ~ l i c  doses to thc mice were large (about 18 microcuries per nioiisc). 
Sccoiid, tlic 1ciil;tli of tii,ic tlic strontirrrn stays i n  h e  germ cells, or cven in tlicir vicinity, is 
pIol)nl,ly only of tlic o idcr  of days,  aiid most of i t  that is not deposited in tltc LOIICS is 
escrctcd. 

4,.7 A numbcr of largc-scalc popiilation studies on mammals have l~ccn coniplctcd 
or arc undcr way (SCC Roderick, 1964). In  general, doses dclivcred to mature germ cells 
at high dose rates hnvc heen ol)served to cause detectable effects on viability, size, and 
similar traits in the first gcncralion progeny. Thus, large doses given to rats have been 
sliown to have a significant cfTcct on the maze-lcariiing ability of their progeny (Newcornhe 
atid hIcGrcgor, 1964). Also, a significant iiicrcase in skcletal al~normalitics has been 
fouiid i n  tlie offspi.itig of irradiated mice (Eliling and Randolpli, 1962; Ellling, 1964). 
n u t  cxpci.inictits that have iirilizcd radiatioti to premeiotic g e m  cells have, in general, 
I)ccn iiico~iclusivc, evcn when srvcral generations have been exantincd. The inconclusive 
naturc of the ecpcrinictits sliould not fie regarded as evidence against the existcncc of 
radintioii-iiic~iiccd effects, brit rather as an indication of the difficiilty of precise study of 
srtcli effects. Consistcnt wi th  tltis thesis is the absence thus far  of conclusivc evidence of 
ally substantial incrcase i n  ovci-t genetic effects in  the offspring of the Japanese A-l~omb 
survivors (Utiitcd Nations Scientific Committee 011 the Effects of Atomic Radiation, 19G2). 

4.8 Quantitativc asscssincnts of the genetic risk to human beings from radiation 
esposiirc arc difficult Lecausc of the fact that  almost all the information comes from cx- 
pc r i~ncn~a l  animals. The pi~o1,lcrns of differential cell sensitivity, dose-rate cffccts, inter- 
cell sclcction, and the otlicr coniplications a l l  make it very dificult to assess the full impact 
of radiation evcn on a mousc population. In  man the problem is compounded by the fact 
that the social iiiipact of mutation dcpctids on a number of uniquely human factors. The 
varicty of effects that can occur as a result of mutation and cliromosonial anoinaly, and the 
incidciice of these, havc I m t i  discusscd repeatedly (National Academy of Scieiiccs-National 
Rcsearch Council, 1956, 1960; Rlcdicnl Rcsearcli Council, 1956, 1960; United Nations 
Scientific Conimittec on the Effects of Atomic Radiation, 1962; Federal Radiation Council, 
May, 1962). 

4..9 In clioosing the 10 11 l imit  for population 30-year exposure, the Genetics Com- 
mittee thought, for a variety of reasons, that doses below this level, although not desirable, 
would ])e  acceptable i f  there were compensating benefits. I t  was also thouglit that the 
chalice of gcnctic damage of such a nature a s  to affect the individual (by being cxprcsscd 
in  his jIiinicdiate family) would be acceptably small if tlie individual dose were kept below 
50 R. Thc i~casoiis for this conclusion still seem to be valid. . 

4.10 In reference to tlic dose of 25 rads of interest in  this report, i t  niay he noted 
tlint this is Iclow the level that the Genetics Committee set for an individual dose, and 
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ir.oiil(l ~ ~ r ~ s u ~ i ~ a l ~ l y  Lc reccived at dose rates lower than tliosc which had to be considcrcd 
1))- that  CoinniitLee. Furthermore, as I O I I ~  as the group exposed is small, the averagc dose 
to I ~ C  populntion will not be greatly clinnged. Therefore, genetic considerations are not 
likely to Le limiting if the cxposed group constitutes a small fraction of the population. 



SECTION V 

SOMATIC EFFECTS 

meets oll r ~ l ~ ~ ~ l l ~ ~ ~ ~ ~ ~ o ~ ; c ~ l i  ~ ~ ~ ~ i ~ p ~ ~ ~ ~ l ~ t  

5.1 A single, lJricf c x p w i i i c  of the I n i l i i i i i i a l i n n  fctus to us little 11s 10 or 20 R of 
X-rays Iias I~ccn  noted 10 cause a1)iiormalitics of brain devclopmcnt carrying ovcr into 
ndult  lifc (IIicks and D'Arnnto, 1063). Dc\~eloprnental skeletal alinorma1itics have bcen 
iiicrcnscd i n  niicc gciicticnlly disposcd to show thcin following a single, brief x-ray expo- 
sure at cwii  tlic Ioivcst dosr  I c i ~ l  tested, namcly 25 R (Russell, 1957). 

- -  

5.2 Protracted C S ~ O S U I I ' C  of mice, on the other hand, to a continuous dose of 12 11 a 

day tlirouglio[it thc first 15 clays of pregnancy has h e n  obscrvccl to produce no gross 
nnatoiiiicnl alnior-irialitics i i i  t l ic  exposed offspriiig, altliough i t  shortcned thc reproductive 
life o i  [lie c s p s c d  fcmnlc yoiilig (Russcll et al., 1960). Exposure of pregnant rats to 1 R 
a day for 20 days has I J C C l l  icljortcd to car~sc  detectable changes in thc devclopmcnt of 
hcliavior i n  thc csposetf ofTsl)i.ilig (Pjoiitkovsky and Semagin, 1961 ; Piontkovsky, 19G1) ; 
i.e., rctai.rlcd dcucloprnciit of coriditioncd rcflcxcs and poorly retaincd reflexes. The brains 
of the afrcctetl offspring iwrc  said to Le smaller- than noniial. 

5.3 Effects of stroiitiuni-e9 on development have been obscrved in o m  study with 
mice (Finkcl, 1947). The doses iiijectcd were relatively high, 1 to 10 microcuries per 
grani weight in the prcgrinnt ar i imal .  Strontiunl-89 was deposited in the bones of the ofl- 
spring. The liiglicr doses of stroiitiilni-89 rcsultcd iii stillbirth. At  lower doses of stron- 
tium-89, rctnrdcd gro~vtli, Il~nliorln;ltion of the skelctan, anemia, and osteogenic sarcoma 
wcre notcd. 

5.4 hlalfonnations have l x c n  incrcascd in frcqucncy in  tlic human cmllryo and fetus 
by rclntivcly lnrgc doses of iadiation delivcrcd at high dosc rates. For exainple, an a h o r -  
nially high iiiciticncc of microccphnly with niental retardation has 1)ecn noted aniorig 
Japariesc chilrlreii exposed i i i  iitcro to the atomic I)oiiili (see Burrow et a]., 19G4). From 
tlie iricngcr data available, liowcvcr, it is not possible to determine the rclationsliip hctwccn 
the risk of sevcrity of SOCII  cfTccts and the radiation dose. 

5.5 On the basis of a small  study, i t  has  lvxn suggestcd that hcterochroinia of the 
iris may be related to prenatal diagnostic X-ray exposure (Lejcunc et al., 1960), lmt in a 
sui)scqriciit, niuch larger study, tlrc suggestion was not confirmed (Chceseman et al., 1963). 
At the prcscnt time i t  sccnis iiiilikcly h a t  tlierc is a causal association bctwcen prcnatnl 
X-ray cxposurc and Iictcrochrornia iridin, although the possilility of a much lower order 
of association than tliat originally reported cannot Le unequivocally excluded. 

Prcnatal X-ray Exposurc and CIiiIdhood Glncer 

5.6 An association hetwecn prenatal X-ray exposurc and the incidcnce of cancer in 
childhood has Lccn rcporred, which is importnnt in the present context bcc;rrrsc of tlic rela- 
tivcly wrall dosc o f  Indintion involved. 
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5.7 Tlic original oliscivation (Stcwnrt et al., 1933; Stewart ct al., 1958) was that 
a l ~ o u t  twicc a s  ninny motlicrs of childrcn who dicd of cancer reported (lingnostic X-ray 
examinatioii dirriiig the rcIcvant prcgnancy as did niotliers of normal cl1i1d1.cn. The sig- 
Iiihcaiicc of tlle fiiidiiig was widcly qiicstioned 1)ecausc of the invcstigators’ rcliancc on 
motherb’ rccall of X-r,iy cxposures that may liavc occurrcd UP to 10 ycilrs h f o r c .  1 1 0 ~ -  

obscrvation, although at a sonicwliat loiscr level of  association than the original study 
(Agcr ct al., 1962; Ford-ct al., 1959; Icaplan, 1958; hJach‘lahon, 19G2; Polhc~nus and 
Koch, 1959). Some ncgativc studies have lieen reported (Court-Brolvn ct a]., 1960; 
Kjcldslxrg, 1957; Lcwis, 1960; hlurray et al.. 1959; Wells and Stccr, 1961), but a l l  are 
bnscd on sniall n u m l ~ r s  of CRSCS and 110 publis!icd study rcports results significady dif- 
Icrcrit (statistically speaking) from the nican value quoted below. 

6 

b cvcr, il iiumbcr of su\)scqucnt studics, utilizing diffcl .c~~t nicthods, havc corlfirnicd the 

- - -  

5.8 No factor which might increase both X-ray exposure and cancer rates and thus 
producc a spurious association has bccn dcfinitciy iinplicated, altlioi~gii most oi  thc obvious 
possil~ilitics have 1,ccn cxplored. 

5.9 I f  tlic association is assiimcd to be one of cause and cffcct, t l ~ c  maximum like- 
liliood cstirnatc of thc cancer risk associatcd with prcnatal X-ray cxposui.c can he calcu- 
lated. Sucli an cstimate, liascd on poolcd data froni all pul~lisllcd series (MncRIalion and 
Hutchisoii, 1964), calculnted thc cancer risk of the csposcd to Lc 40 pcrccnt higher than 
that of non-csposed children, tlie 5 percent confidcnce limits of this figure being 20 and 
60 pcrccnt. 

5.10 The X-ray dose involved in tlicsc exposures is not known prcciscly. For coni- 
parat lc  proccduics i n  Great Ilritain in 1957-58, the Adrian Coiiinii~tec rcporlcd a nicaxi 
dose of 0.8 I< to tlic matciiial gonad, h i t  w i th  a raiige among hospitals from 0.03 to 10 R. 
I t  is likcly tliat mean doses i n  the earlier periods included in the caiiccr stiltlies were 
Iargcr-perhaps Ixtwcen 2 and 5 R. The fctal exposure is cssentially to the wholc Lody. 

An assumption of linearity in  thc dosc-rcsponse relationship a t  a value of 2 5.11 
Icukeniias per millioi~ exposed pcr ycar per rad, commonly quotcd for tlic rclationsliip in 
adults, would undcrcstiniatc tlie frequency of leukemias associated with ictal irradiation 
I)y a factor of between 2 and 5. .. Associated with fctal irradiation, there arc, in addition, 
otficr types of cariccr (tumors of brain, kidney, and other sites) which havc not so far 
bccn linkcd to radiation cxposure in adults. In  all, lictwcen 4% and 10 h i e s  a s  many caticcr 
cases (Iciikeniia and otlicr cancers) are associatcd with this typc of antenatal cxpogure as  
would be postulated by assuming a n  incidence of 2 cases (leukemia only) per riiillion per 
year pcr estimated rad. 

5.12 These data rclate to what is essentially a single cxposure-the effcct of irac- 
tionation is unknown. Also equivocal is thc effect of duration of gestation at exposure, 
tlic grcat majority of these procedures bcing conducted in the last trimester of pregnancy. 
One large study (Stewart et al., 1958) suggested higher risks for childrcn exposcd early 
in prcpiaticy, h i t  the finding has  not yet bccn confirmed by otlicr work (MacMahon, 1962). 
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Indiiction of Lcd:crtiin 

5.13 An iiicrcased incidcncc of Icukcn~ia, a relatively rare discase in  11ia11, has I ~ X I  
foiiiitl in ynrious popuI,itioii g1-0~1115 csposcd to extcrnal radiation in cliildhood or adult 
Iifc, a s  v,,clI as i i i  utcr-0. -Data 011 niiiriinls givcii Imnc-sccking rndionuclitlcs indicate tliat 
~ i ~ a l i g ~ i a ~ ~ c i c s  of licmopoictic tissues inny rcsult from internal, a s  well as cs!~-!~iiaI, radialion 
esp0”lrc. 

5.14, Thc incidcncc of lcukcmin i n  man has been obscrvcd to Lc iiicrcased aftcr a 
siriglc tlosc of estcriial radiation to the wholc Iwdy at a Icvel of approxiniatcly 100 rads 
or iiiorc (Follcy et al.,  1952; United Natioris Scientific Committee 011 tlic EITccts of Atomic 
Radintioii, 1961.) n i i d  af ter  irradiation of an apprcciable portion of the ],one marrow 
with nppi.oxiniately 500 rads or  niorc (Court-Llrown and Doll, 1959) .  

5.15 In tlic H i i m ~ l ~ i i i ~ a  A-l)ornli survivors, the incidence of lcukemia incrcasctl prog- 
rcssivcly to a ~i inx i i i i i i i i i  I~ctwccn tlic 4d1 a d  7th ).cars aftCr exposl~rc atid dCCliliCd tllcre- 
nftcr, I J u t  i t  was still sigiiific;liitIy nbovc the control level in 1960. ’I’lic ittcitlcncc of I c ~ k c -  
n i in  iiitcgrntcd over tlic fii-st I5 ycars aftcr irradiation incrcascd with dosc at  dose lcvcls 
grcatcr tlinn approximnlcly 100 rads. Althougli tlic exact rclntioiiship Iictwccn dose and in- 
cidcncc has  1101 Lccn cstaI,lisIicd, thc increasc al)ove the natural incidence averagcd over 
tlic 15-year period can ]IC calculatcd to be about 1 to 2 cases pcr niillion pcrsons per rad 
for cncli ycar at risk aitcr cxposure to 100-500 rads or more. Tt is not know hovr long the 
nnnunl incidence will continue to exceed normal. 

5.16 TIic risk estiniatc given aliove cannot IIC applied to the population nt large 
without rcscrvation. Thc s ~ i ~ ~ i v o r s  in  Japan wcre hcavily sclcctcd as a result of the early 
Icdial cffccts of the cxposurc; thus the irradiatcd sui-vivors may not reprcscnt the entirc 
populntioii with rcspcct to stisccptildity to leukemia induction, In addition, the increase 
in incidence more nearly approximated a constant mult ipk of the natural age-dcpendcnt 
incitlence than a constant nunibcr of excess cases. Hence, the estiniate is pro1,ably too high 
in  adolesccnt cliildrcn and may be too low in adults; additional data will be needcd for 
accurnle estimation in limited age groups. 

5.17 External radiation delivered at low dose rates to the entire body or to a large 
segmcnt of thc bone marrow lias also appearcd to Le lcukemogcnic to human populations 
at  high dose lcvcls (Unitcd Nations Scientific Coinniittee on the Effects of Atomic Radia- 
tion, 3964.). Nevertheless, uncertainties about thc iilfluence of dose rate, €ractionation, and 
total dose under thcsc conditions make it  impossible a t  present to estimate quantitatively the 
probaldity of leukcniia under circumstaiiccs other than short-term cxposurc to high doses. 
Long-term cxposurc is less leukemogenic than short-term exposure €or the sanie total dose 
if the dose-rate dependency observed in animals (Mole, 1962; Upton, 1964) ~ l s o  exists in 
man. . 

5.18 The types of leukemia showing a relationship to rndiatioli cxposure RI-c the 
acute forms and the chronic granulocytic form (Moloney, 1959; United Nations Scientific 
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Conitiiittcc 011 [lie Effects of Atoitiic I~atlintion, 1964.). Rclated diseases ~ l s o  rcported to 
occur niorc oftct? than uormnl in  irradiatcd populations includc tiiultiplc myclorna (Lcwis, 
19G4; Andcison atid Isliitln, I964), aplastic ancniia (Lewis, 19G4) , niyc1ofil)rosis with myc- 
loid rnctaplnsin (i2uclcisori et al., 19G4), ITodgIiin’s discasc (Anderson and Ishida, 1964), 
and l~*~i i~ i I~osnrcoi i ia  ( A~idcrscin ntid Isliida, 19G4.). The cominoiicst foini of chronic lcukc- 
n i i r i  i t i  dic IJiiitc[l Stntcs i i t i t l  tlic Uilitcd Kiiigdoiii is tlic lymj~liocgtic forii i ,  [ha iiicitlcrwc of 
which ltas iticrcascd during I C C C I I L  years; llolvevcr, no correlation has bccn observed be- 
tween previous radiation ~ ~ p o s i t  rc and the frcquency of this disease. 

9 

~. _ -  

I 

5.19 Thc inductioii of Icukeniia and lyniphonias in animals by cstertinl radiation has 
1)ecn aniply tlocunicntcd, Lilt tlic dose-response rclntion is not prccisely k n o ~ i ,  and [here is 
no conclusive evidence that tlic frcqucticy of tlicse diseases is inereascd l y  lcss than 50 rads 
(United Nations Scicutific Coniniittec on tlic Effects of Atomic lladiatioii, 19G2). 

5.20 It is r c a s o n n b l ~  wcll cstablislicd that iodine-131 administered in doses greater 
than 1 curie (c.g., for tliernpy of carcinoma of the thyroid) may be leukemogenic to inan 
(Rloloncy, 1959;  Utiitcd Nations Scientific Conimittce on the Effects of Atomic Radiation, 
196%). IIcmopoictic tissuc receives a considcrablc radiation dose in the course of such 
therapy; ;.e., of thc order of 1.0 rad pcr millicurie (Sinclair, 1957;  I-Ialnnn and Pocliin, 
1958) .  

I t  has not f m n  esta1)lishcd whcther internal emitters selectively deposited in 
1)onc (1,onc-seekers) arc Icukctnogcnic in man. Tlic apparcnt increase in  leukemia nniong 
paticnts with polycytliciiiia vcra (OSgood, 1964) trcatcd with pliosphorus-32 is suggestive 
of this Iiut  not conclusivc i n  the a lmncc of an  adequate control popi~lation. Ccirkcmin has 
Lecn rcportetl i i i  d ia l  painters and otlicr individuals who reccived radium internally some 
years previoiisly. IIastcrlik et a1. (1964,) have rcported two cases (death certificates) of 
acute myclocytic Icukctnia i n  approximately 400 radium patients, one of which was con- 
firnicd hy their study of tltc original blood smear made shortly beiorc the patient’s dcath in 
1931. An additional case of myelocytic leukemia has bccn reported from a scrics of 150 
radium pnticnts studicd in Ncw Jcrscy ; thc body burden of radium-226 was less than 
0.00.1.2 microcurie. No leukemia has been found in a series of 237 indjvidiinls exposed to 
radium studicd by Evans aiid eollcagues in  Boston. 

5.21 

5.22 Althougli thc human data in themselves are  not sufficient to establish that ex- 
posurc to radium or other bone-seeking isotopes will lead to an increased leukcrnia inci- 
dencc in man, large amounts of strontium-90 have been reported to cause leukcrnia in 

Radin tion, 1962) and other animals. Furthermore, the onset of leukemias and lymphomas 
in  Inice has Ixcn found to be hnstencd with a dose of strontium-90 (8.9 microciiries per 
kilogram) which did not dctectaLly induce bone tumors or shorten the lifc span (Finkel, 
1959). 

1 

b mice (Watanah ,  1957; United Nations Scientific Committcc on the Effects of Atomic 

I 

: 
I 

5.23 Preliminary results from esperinicnts with dogs and swine (Aiidcrscn and Gold- 
man, 1962;  RTcCleIIan and Dustad, 1964; Andersen and McKclvic, 1964; Biskis ct al., 
1964) suggest Ihat strontium-90 may induce leukemia and possibly other ncoplasms of re- 
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ticwlar tissues i i i  tlicsc spccics also, bu t  tlic data  are too limited as yet to disclosc dose-cficct 
rclationslli1,s. Tlic ]o\vest nvcl;lgc dose at ivliicli such a n  effect has beell ol)servcd thus fa r  
lins 1)ccn cstiinntcd to I)c 900 rads, delitiercd tlirougllout life to tlic skeleton of a dog IIY 
stroiitiuni-90 ntliiiiiiis\cicd dai ly  ii i  tlic diet. Tlic ai i in~al  in qucstfon died at 192 days of 
ngc, nftcr Iicing fcd siiicc I~irth a ration containing strontium-90 and after rccciving stron- 
titiin-90 i r i  utcro ironi its dam, whicli wlis fctl tlic snnie ration (Andcrscn niid Golclrnan, 

_ -  1962). 

5.24. ?'he dcvclopntcnt of leukeriiia in G clironically strontium-90 treated dogs hav- 
ing cuniulntivc iiicnii skclctal doscs of 900-4000 rads and in 3 chronically strontium-90 
treated swine having cumuIntivc mear~ skelctal doses of l.G,O00-18,500 rads contrasts with 
the almiice tlius f a r  of  Imi1c triinors at these levels arid the nbscnce of leukemias at liiglicr 
dosc Icvcls, wlicrc iustcnd 1)oiic tuiiiors were induced in high incidence (hlcClcllnn and 
Bustad, 1964; AndcIscn a i d  Goldman, 1962; Andersen nnd hicKelvie, 1964,; Diskis 
ct a]., 19G-lq. arid dose rate-dcpcndcnt differencc in the types of 1ieopIas111~ 
cannot I I C  cxplaiiicd. I t  iiilty, liowcver, be related to diffcrcnccs in (1) radiation dosc 
rate, (2 )  radiation dosc distriIiutiou, ( 3 )  age at  exposure, (4.) latent period of leu- 
kcmias as  opposcd 10 l)onc tuiiiors, or ( 5 )  other factors. Although thc npparcllt dif- 
fcreiiccs may not he Ical, t h y  imply that animals cxposed chronically to strontium-90 
from i i i  fancy may dcvclop Icukcniia at dose levels lower than those causing a coniparable 
i~icrense in  the incidencc of I~oiic iieoplasnis. 

This dosc 

Inductioii of Conc Tumors 

5.25 Tlicrnpcutic cstcrnal irradiation has  been followed in scvcral dozen human pa- 
tients l ) ~  dcveIopnicnt o f  o\tcogcnic sarcoma, the neoplasm i n  most cases arising nt thc 
site of a pre-existing benigli tunior or chroiiic inflammation (B10ch, 1962). The 1ntc11t 
period pixxcding tlic npl>c3ra1icc of sarcomas has  ranged froin less than 3 to over 30 
years (Cloch, 19G2). In some instances, gross radiation daniage to tlic bonc was cvidciit 
liefore tlic neoplasm appcnrcd, but in  other illstarices this was not detected. The relation be- 
tween the incidence of sarcomas and the radiation dose cannot IE inferred irorn the itifor- 
mation at hand, but  3000 rads is the lowest dosc thus far  associated with the formation of 
such a tunior i n  the almlicc of factors knowi to predispose to neoplasia (Jones, 1953). 

5.2G Doscs of extcimal radiation down to 250 R have teen rcportcd to induce 
ostcogcnic sarcoims in  laboratory animals (Kolctsky and Gustafson, 1955;  Biiilianiiiicr et 
aI., 1957; Cater ct al., 1959; Finkcl et al., 1964a, 1964,b) ; however, tlic natu'ral frcqucncy 
of sucli tumors is higiicr in tlicse animals than in man, suggesting that their susceptiliility 
to radiation neoplasia may also hc higher. Precise information on dose-response reiation- 
ships is not available for  any species. 

5.27 An increase incidence of benign bone tumors ( i x . ,  osteochondror~ins) has been 
noted in children irradiatcd over tlic chest with doscs ranging froin 60-600 R (Pifer et al., 
19G3). The few iutnors observed do not indicate the quantitative relationship hetween in- 
cidence and dose (Toyooka et a]., 1963) ])ut they suggest thai susccptibility to tlicse 
cffct I.: m a y  be higher in children than in adults. 
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5.28 T l ~ c  iiidiictioii of Iioiic tumors in inan 111, iiitclnally dcpositcd ratlionuclidcs is 
dociiiiicntctl h y  ail incrcase i n  the incidence of ostcosarcoIi1as wi th  incrcasilig content of ra- 
d i u m  in tlie skelcton (Rlnriiiclli, 1958; Ilasterlik et al., 1964). The avni1al)lc data itiiply 
t l i n t  tlic tuiiior iiicidciicc niorc iicarly appI-osimatcs a sigmoid tlinn ;I lincar function of the 
tci-rtiirial rndiuni biiificn ( ~ l n ~ ~ i n c l l i ,  1958), i n  kecping wi th  comparable data from expcri- 

rcspoiic relation. Thcrc is no evidcnce that that the induction of malignancy is assoeiatcd 
wi t l i  a tcrtiiiiinl body !)urtlcn of less tlian 0.4 microcurie of radium (Unitcd Nations Scieii- 
tific Committcc on thc Effects of Atoinic Ilndiatiori, 19G.I.). Analysis of tlic 1irinia11 d i ~ t n  js 
coniplicntcd l)y tlic fact tlint nicnsui~cinerits of tlic terminal body burdcn linvc been inade 
dccadcs after iiicorporation of vastly larger amounts of radium and mesothorium into the 
skeleton, wi th  tlic result that cstiinntion of the original body Ii~irdcn, ant1 licnce of tlie total 
dose to the Iionc, iiivolv’cs assumptioils alJout tlic fraction cxcrctcd (Norris et al., 1955). 
Assessincnt of tlic relcvnnt tumorigenic dose is furthcr cornplicatcd by large variations in t l ie  
macroscopic arid niici-o.col)ic distri hution of radium witlii~i the skclcton, tlic dose to diffcreiit 
areas of bone saryiiig ljj, nil order of magnitude or niorc (Lam’erton, 1960; Iiowlnnd, 19G3). 

! 1iict11;11 mice (Filikcl, 19561, I I U ~  the data arc too scality to defiI1c prcciscly tIlc (IOSC- 

- .  _ -  

5.29 Oiicogcnic cffccts of boric-seeking radio~iuclides other than radiilin 11nvc I,ccri 
docurncritcd ~liiis f a r  orily i r i  Inl,or;itory aniriinls, and rcsults of srlcll studics arc as  yet frag- 
nicntary for  species otlicr t l i n n  the mouse (see Andcrscn and Goldman, 1962; Casarett 
et al., 1952; Doughel-ty, I9G2). I n  CF, mice, thc oncogenic potency of various radiocle- 
xnciits, as coiiiparcd with riidiuni per microcurie injccted, lias I)een tcntativcly estilnatcd 
as follows: ratliuiii-226, 1 .Q; strontium-90, 0.2; s t Io~i t i~i i i~-89,  0.1 ; calcioni-45, 0.05; and 
pluroiiiurn-239, 20 (Firikcl, 19%). These cornparativc potency values may not I)e valid a t  
low lc\~cls of oiicogcr~ic cffcct, liowcvcr, lxcause tlic dose-effect ctirvcs for the various nu- 
clides are coniplcx i i i  sliapc and not pnrallcl. Furthcrinore, siricc tlic values w r c  based on 
coinliarison of the cffccts of the several niiclidcs in relation to the rcspcctivc anioiriits of 
ratlioactivity injected rather tlian in  relatiori to the respective doses of radiation to 1)011c, 

they may not be app1ic:iLlc to animals that diner from inice in the gctomctry, growh, aiid 
nietnlmlism of their ])ones (Finkel, 1958). It lias lxcn calculatcd for cxaniplc, that tlie 
nioitse skelcton ~ ~ S O ~ I J S  only 32 percent of the available energy from stroiitiiirn-90 plus 
yt t r ium-90 contained tlicrciii, wliereas tlie larger skeleton of the dog a11sorl)s 79 pcrccirt arid 
that of inan 88 percent (Parnilcy ct al., 1962). On the basis of tlic mean dose to Lone, 
pliitonium-239 and radiuni-226 appear sig~iificaiitly iiiorc effcctivc thaii strontiiim-90 in in- 
d~rcing osteosarcomas i n  dogs (Doirglierty, 1964.), hut  tlie data are  prcliniinary arid the 
basis for the diffcrcnccs remains to be dcterniined; i.e., i t  is not clear to what extent tlie 
differences arc  attributable to tlie higlier effectiveness of tlie alpha particles from plotonium- 
239 atid radium-226, as compared with tlic beta particles from strontium-90 plus yttrium- 
90, or to what extent tlic differences are attributable to other factors, such as distribution of 
the radiatioii in  bonc. 

5.30 The influence of time-intensity factors in  the induction of Iioiic tumors is uncer- 
tain (Finkel et al., 1964,; Lamcrton, 1960; Lnmerton, 1959). The rcliitivc tumorigenic 
cflcctjvciicss of n~ult iple  iiijections of a radioriuclide, as conipred  witli a single injection of 



. . - -  

1 1 1 0  S;I I I IC tola1 dose, is dificult to cwluntc bccausc of diffcrcnces in  the tlistril~ution of the 
r:idionclivit), iciOiiti lmnc iiiidcl- tlic diffcrcnt codi t ions of administration. Thcrc is evidence, 
Iiowcvcr, tlint irradiatioii a t  a low dose rate, 11irougli gradual incorporation of strontium-90 
into tlic skclctoti from tlic dict oyer n grcatly protracted inteiml is substantially lcss 
oiicogciiic t l in i i  iri-a(li:\ticli at Iiiglicr r;ttcs (Finkcl et al., 19GO). 

'I'lie cficcts of pIt~.siological variables on susceptibility to induction of lone  
tumors are, likcwisc, poorly !iiiown. Strain and spccics variations in susceptibility among 
rodcnts arc niarkcd and uiicsplairied ( h n e r t o n ,  1960; Law, 1960; Fiiikel et al., 1961). 
Agc vai.iatioiis, sinlilarly, h n ~ e  I)cen notcd in tlie carcinogenic rcsponsc of aninlnls to 
I)orie-sccliiiig radiotiuclidcs, 11ut i t  is not yet possil,lc in  such instanccs to determine the cx- 
tcnt to which the ol~scrvctf varint iotis may IIC ascrilxd to differences in uptake and rctcntion 
of thc nuclide arid to \v l in t  extent they reflect differences in radiosensitivity (Larnerton, 
19150). 

5.31 

Tumors of tlic T h y r o i d  

5.32 ?'he rclntioi~sl~ip 1)ct~vccn irradiation a d  induction of thyroid tumors was cval- 
riatcd i n  19G2 by a pn~ie l  of tlic Nntioiinl Acadeniy of Sciences-National Rcscnrch Council 
( Fcdcral Rn t l i a t in r~  Council Rrpoi t Pathologicnl Eflec/s of Thyroid Irradici/ion, 3962). TIE 
conc1usio1is rcnclicd a t  t l int  t i  nie liavc Iiccn strcn$iened and extcndcd Iiy fiiidiiigs i n  the 
intcriiii (Sactigcr cl al., 1963 ; 1,indsny and Cliaikoff, 1964.; Pifcr and IIcmpclt~ianti, 1964,). 

5.33 'I'lie sitriatiori at prcscnt may bc summarized as follows: external radiation de- 
livered to tJic tliyroid :it  tlosc lc\,cls almve 100 rads has becii correlatcd with tlic appearance 
01 111yroid nodiil!:~ i i i  i i r t n inn  I)ciiigs. In soinc studies, tile incidciice has appeared to lie 
proporliorial to dosc witltin L I I C  ratigc of npproximately 100 to 300 rads, from which the 
risk over this dosc rnngc has 1)ccii cstirnaled to I x  I per million person-ycars pcr rad during 
at lcast tlic first 16 ycnrs aftcr cxposurc (Unitcd Nations Scientific Coiiiniittce on tlic Effects 
of Atomic Radiation, 1964). I t  has Iicen suggcstcd that external radiation IocalizEd to the 
thyroid rcgioii aloiie (Pifcr and Ilcmpelrnann, 1964,) and radiation froin radionctivc iodine 
(Doiiiacli, 19G3) are  less tumorigenic to tlie thyroid than is external radiation not so 
sliarply loci1lizcd. l'hcse studics i m p l y  that exposlire of tissucs other than thc thyroid co11- 
tributcs indircctly to thyroid neoplasia or that tlic tumorigenic effect decreases with dccrcas- 
ing dose rntc, or both; l io\~cvcr,  tliesc questions remain open at prcscnt. The I)ulk.of the 
thyroid t u  mors associntcd to date with radiation has occurred aniong people cxposcd to 
X-rays during cliildhood. 

5.34 Trirnors of cpithclial and fibro-vascular tissue adjoining cranial bone have been 
associatcd with irradiation from bone-sceking radionuclides in laboratory aniniols and 
hunian 1,cings (c.g., Casarclt et al., 19G2; Hasterlik et al., 1964.). Such tumors iiiclude 
squamous cell carcinomas of tlie paranasal sinuses, which a rc  rare in tlic general polmla- 
tion. hldiougli tkc incrcnscd frequency of thcsc neoplasms is nttributahle to radiation 
emaiiatiiig from radioisotopes depositcd in adjaccnt lime, quantitative dose-incidence data 
for sricli growths arc lnckiiig. 



5.35 Tumors of tissucs other than tliosc mentioncd in tlie forcgoitig paragrapl~s have 
1)ecri iiidiiccd l J y  irrndintior~, ] ) l i t  the rclativc incrcasc in  thcir incidcncc appci~rs  IO have IICCII 
siiiall i l l  marl. ‘IIlcrefore, altlioiigh quantitative cstimatcs are not possilJc, i t  is unlikclp 

iially dcposited C ~ S ~ I I I V - I  37, will exceed L j r  any lnrgc factor the risk of lcukcniia, thyroid 
tunioi‘s, : l i d  sIicIrinI ncol’lasins (U~ii tcd Nations Scientific Coniiiijttcr. on the Eflccts of 
Atoniic Radiation, IQG?.). By the sanic tokcn, tlie over-all risk of nialignancy from CX- 

posiirc to intcriially dcposited radioactive strontirrm is unlikely to cxcced greatly the risk 
of skclrtal tuiiiors, lcukcmia, and cancers of soft tissue adjoining cranial hone. 

i t1i;it the over-all risk of 1nn1ie;nancy from wliolc 1 d y  irradiation, as in the case of inter- 

i 

_ .  - -  

Other Soinntic Effccts in Children mid Adults 

5.36 Altliougli a ~iuiiihcr of perinancnt cfiects other than maligiiancy have  Imm ob- 
scrvcd followiiig postiint;iI c s p o s ~ ~ r e  to radiation, fcw are of coiiccrn at  low dose levels. One 
of tlicsc is nonspecific cleterioration and life sliortcning from causcs other tlian ncoplasia. 
Data on animals indicate a close-de~~cndent shortening of lifc-span. Data 011 Iiunian beings 
(Scltser and Snrtwell, 1964,) arc, lilccwise, coiisistcnt with a life-shortening eficct of irrndia- 
tion, I n i t  the relation to dose. cannot he cstimatcd from the liitiited information availn1,lc nt 
this Lime. IL is clcar tha t  tlic effect is so smaI1, Iiowver, a s  to lic dctectalh only in  sizcal~lc 
populations and at dosc levels cscceding 100 rads. 

5.37 Effccts or1 tlie Growth and dcvelopmeiit of bone and teeth are well known (see 
Elliiigcr, 1957). Stunting effects are dose-depeiidcnt and vary iiivcrsely in relation to age 
and maturity.  Effccts of this sort have lieen rcported i n  J a p n e s c  surviving exposurc to A- 
IioiulJ imlia~ion in cliildhood (Greiilich et al., 1.953). Such effccts have not been docu- 
mented, Iiowever, at dose lewls  I d o w  100 rads. Few data are available 011 their induction 
by  ndniinistratioii of radionuclides, although impaired growth and deformatiori of Lone hove 
heen iiotcd in dogs with 1)urclens of 300 microcuries of strontiuin-89 at Lirtli nnd in Iiiice 
under similar conditions( Finkcl, 1947, and persoiial communication). 
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SUhlT\.IIZRY AND CONCLUSIONS 

I ltc possil)lc I)iological cffccts of irradiatioii from intcrnolly dcposited stroiitiuni-89, 
struiitiutii-!IO, and ccsirtin-I 37 linvc licen reviewed. Particular considcratiou tins Ixcn givcrl 
10 cffects t h a t  rtiigltt result froin ttptakc of any one of these isotopes by a srnnll fraction of 
~ l i c  l ) o p t t l : ~ t i o i i  OYCI' a short I r r iod oE time uiider cotiditions Icading to a cnmulative average 
al)sot.l)cd ( l o x  of tlic oidcr  of 25 i d s  or lcss to any tissue of tIic 1)ody withi11 about one 

P .  

' 

_. ycnr ;iftci- coiitamii~ation. 

IIccnusc of diffcrciiccs iri tlic 1)clinvior of radioactive strontium and radioactive ccsirim 
i l l  tlic I ~ o d y  aiid dif l~i .c i ic~s i n  tIic radioactive dccay rate of tl:cir scveral isotopes, the im- 
plicatioris of i1itc1'11alIy drpositctl radioactive s~rontiuni diner from those of radioactive 
ccsiirrii. Ccsiuni-137, ii I~ot;i-ciiijttcr, is distril)utcd relatively uniformly througl1out soft 
iissucs aiid gives risc to a fi3ii)iiia ray-einittiiig daughter elemcnt, I-csiilting in irradiation of 
csscntialiy tlic wliolc 1)otly. Sti.oiitiuni-89 and strontiuni-90, on tlic other hand,  are localized 
CIiicfly i t 1  thc skcIcton a t i d  tcclli and give rise to energetic beta-rays, wliich are coiisidcrcd 
to aITcct mainly tlie lioue, I K ) I I C  inarrow, and adjacent structures. Tissues remote from bone, 
sucli a s  tlie goriads, rcccivc. cunipnratiwly little irradiation from radioactive strontium, will1 
tlic I-CSUIL tliat cffccts 011 tlicsr tissucs arc regardcd as non-limiting uiider the conditions of 
in  tcrcst in this rcpo I t .  

In  tlic n1)seiice of dircct ol)s.ci.vatioiis of effects froin internally deposited radioactive cesium 
atid stroiitiuni in h i t m n i ~  Iieitigs, the evaluation has Iicelz bnse,d of iiccessity on cxtrapoliition 
from lltc cnccts of tliesc radioriuclidcs in experimental ariininls and the cffccts of irradiation 
from otlicr soiii'ces it i  t i ixt i .  Tlic oLsc~.ved cffects have resultcd, liowcvcr, frotii irradiation 
utitlcr coiitlitioiis that do tiot pi~cciscly duplicate those associated with deposition of radio. 
active ccsiuni and stroiitiurli i t i  tlic hiininn liody itnder the I~ypotlictical conditions of inter- 
est. JIc~icc, llic conclitsioris dcrivcd licrcin are  considered teiitative. 

Risks of chief coiiccrii i n  the case of irradiation froni internally deposited cesium-137 un- 
der tlic coriditions i n  qtirct ion are considered to be the following: 

1. Carcinogenic cflects on thc exposed embryo arid ictus 
An association l)ctwcc~i cancer incidence in  childhood and antenatal diagnostic X-ray 

cxamiiia?tioii has 1m.n reported, which implies that the freqiiency of cancer may be in- 
creased 1)y a single ex-pos~it~c of tlie fetus to high dose-ratc whole Iiody radiation at dose 
Icvels of 5 rads or  less (SCC paragraphs 5.6-5.12). If this interprctation is verified, similar 
cnrcinogcnic cfTccts 011 tlrc fctus arid embryo might result from 25 rads delivered over 
a pcriod of ivccks 1)). ccsiiim-137, but the degrcc to ivliicli the incitlcnce of any such effcct 
would lie altcrcd I)), the rclativcly low dose rates in question cannot be determined from 
the data  now availahlc. Tlic rcported association between prenatal exposure and cancer in- 
volves a dose of radiation smaller than that associated with any ollier comparable injury in 
ninn. I t  suggests that sensitivity to radiation carcinogenesis may be scveral tiriies higher be- 
f o t v  1)irth !l l: \t i  later i n  life. At present; thcrcfore, the fetus is considered to represent the 
criticill wgr i icnt  of the population for a given dose from ccsium-137 under the conditions 
of interest in this report. 
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2. Kflcct.7 on thc tlci~eloprricrrt of /he czposed crribryo nrrd fetzrs 
I)istr~r.I~aiiccs of growth have liccii notcd i n  devclopillg emliryos of csp~rii i icntal  ani- 

~ n a l s  singlc X-ray dose as  low as 10-20 rads. Effccts on the dcvclopmcnt 01 the 
I i u n i n i i  crnP)r)-o n i i d  fetus might result, tliercforc, from comparablc doses dclivcred by 
ccs i~m-I37 ,  ;iItLougli .it caiiriot I J C  Iircdictcd frorii the evidcnce at hand what  effects, i i  any, 
ivoultl occur a t  11ic  OW dose rlktCS i l l  clucstioti, pnrticuInr1y sitwc ~ I I C  total do:jo I*t:cc:ivctl J L t  
any  givcii stngc in developincnt would Le small. The freqncncy and scvcrily of any such 
eflccts woiild Lc cxpcctcd to depend on the age of tlie enibryo at the timc of exposure. 

3. Carcitrogcnic effccts O I L  thc cxposcd child and ndult 
A dose-dcpcndcnt iiicrcasc i n  thc incidcnce of leukemia, thyroid tuinors, and, to a 

lesscr cxtcnt, other ncoplnsnis has  I~ccii o1)served in inan at dose levels of al~otrt 100 rads 
arid more. The prccisc way i n  which the incidcnce of tlicse effects is rclated to thc dose and 
dose rate is not kr16ivn, and i t  is not clcar ivhethcr smaller amounts of radiation can aug- 
nicnt thc risk of canccr. The excess incidcnce of cmcer  demonstra1)ly associated with high 
doscs, however, is of the order of one additional neoplasm per million pcrsoii-years at risk 
per rad, which can reasoriably he assrimed to rcpreserit an upper liniit of any effect that 
might occur a t  lower doscs arid dose rates. 

4.. Genetic cflccts 
I t  is assumed that any increase in radiation exposure to thc germ cells causes solnc 

incrcasc i n  tlic mutation rate. Hencc, heritable effects may be expccted to rcsult from 25 
rads urider the conditions in question. I-Iowevcr, 25 rads is below tlic limit of 50 rads for 
831 individual rcconimended by the Natioiial Academy of Sciences-National Research 
Council Committce on Gcnctic Effects of Atomic Radiation in  1956. Furtliermore, the 
radiation would prcsunial~ly I x  rcccived at dose rates lower t hnn  those which lind to Le con- 
sidercd 1)y that Committee and would dierefore lie less damaging. Also, as long as the group 
cxposccd is small, the avcragc dose to the population will not be grcatly changed. Thcrc- 
f o x ,  gcnctic considcrations are not likely to IJC limiting if the exposed group constitutes a 
small fraction of tlie population. 

Risks of chief concern in tlic case of irradiation from strontirrm-89 and strontium-90 under 
the conditions in  qirestion are considercd to ] ) e  the following: 

1. Cnrcinogenic cflccl.s on the exposed embryo and fetus 
The e m l ~ - y o  does not take up radioactive strontium i n  its Lone until  tlie second tri- 

mester, when its osscoiis tissues IJegin to mineralize, but thereaftcr i t  incorporates tlic elc- 
rnent tliroiigliout its skelcton. Indications that susccptil~ility to Icukcmogcticsis by  X-rays 
may be 2-5 tinies higher during the fetal pcriod tJ1nn i n  lnter life, and tliat ictal irradia- 
tioil iiiduccs other neoplasms not known to 1)e associatcd with irradialion i n  the adul t  (see 
paragraplis 5.63.n), imply that the prol)al)ility of effects from a givcn conccntratioi~ of 
radioactive strontium in  I)one may Lc inaxim a1 during prenatal dcvclopinerit. On  lie other 
liantl, retention of strontium niny lie limited by  mctabolic factors to a grcatcr degrcc during 
tlic fetal period than later i n  lile. Also irradiation from rntliostrontiunl cliflcrs fro111 X- 
irradiation in  being concentrated in bone and bone mnrrow and in heing n1)sorI)ed during 
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;II' iiitciy:iI 01 tiionths rnthci. t h a n  sccoiids or  tninutcs. 7'hc extent to ~rliich tlicsc differ- 
cticcs t i l a ! '  t.cducc the Ieukcmogcnic cffcctivcticss of radioactivc strontiuin, as  coniparcd 
\vi l l i  t l i n t  of X-rays, is not k n o w .  Tliiis, wlicthcr cxposurc i n  utero to radiosiroiitium d c r  
tlic roiiclitioiis of iiitcrest wouI(l iiicrc;isc the iticidence of lcukcmia a i d  otIier caiiccrs in the 
csl)oscd cliiltl cannot 1~ tlccidcd conclusively froin exisling data. Tltc infcrcnce that tltc 
fctus is I I I C  iiiost cri t ical  I I I C I I I I J C I ~  of tlic populntion must also I)c consiclcrcd tcntativc. 

2. f)istrrrlxrnccs o/ .sliclc/nl gr-oicfh. a i d  deociopnrcnl iri /he cxposed crnbryn rind j c t ~ t s  

Siiicc .ckclct;il ;il)noriiinlitic~s Iiavc I)cen tiotcd in  cmliryos of gciictically susceptil)le 
I a I~o i~a~oIy  aiiinials after n single X-ray dose a s  low as  25 rads, i t  is conccival~lc that solile 
I i t i m n i i  ctiiIli.yos iiiight I IC  affcclcd ljy 25 rads delivered ovcr R pcriod of nioiitlrs from 
iiitcrtinlly tlclmsitctl stroiitiiiiii-89 or stroiiliuni-90. However, mouse cnil~ryos givcn ap- 
prositiiatc1y I 2  rads d;iil?. for I S clays by continuous cxpos~irc to ganirna rays sliowetl no 
FI'OSS dcfccts, p ~ ~ c s ~ i ~ i i ~ l ~ l y  1)ccnusc the radiation was lcss cffcctivc st the loivcr dose r a ~ c .  
1 Itus, i t  is 11igIily (1tics!ion:il)lc t l in t  such cffccts would occiir at a total dose of 25 rads urider 
11ic low (losr: r n ~ c s  i i i  qucstioii. 

r .  

3. Corririogrriic cflcrfs on llic exposed child nrrd ntlritt 
lindioactivc s t i~ i t )~ i t t i~>  1i;is 1)c:cii o1)scrvctl to iiiducc Icukcniia and  lrotic tiirnors i l l  dogs 

niitl sl\,iiic, 1, i i t  fcw S I I C J I  n i i i i i i n l s  h a w  Iiceii stridicd to date, attd tllc cffccls have not I)ccii 
clcnioristra~cd at nvcungc dose lcvcls 11cIo~v about 900 rads. I t  is not clear wlictlicr strotitiiini- 
89 or slroiiiiiiin-90 iiiidcr tlic conditiolis of intercst (i.c., 25 rads dclivcred ovcr a pcriod of 
inontlis) \vould iiicrcasc tlic iiicidcncc of these forms of cancer in man. Any iticrenient 
aliovc the nnlural illciderice that might result utidcr these circumstances would, howcvcr, 
I lC  sm:lll. 
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