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TOXIC Ay ¢ hauwin For the 1e :
radies v produce tang-rores efion Bost o omanis and goastic, a very
amoun: o work has oeen done. in a sense our knowiedge of these agenis is
almost o' o proportion 0 rhe numbers of human beings affected directiv.
except for s ubiguitous exoesars o nechides from fali-out. For this reason ihe
current o.Uui v Y0 pul rediztion hasards i porspective with other hazards,
particiics v in consideric g environmental potlution, is laudable (1). However,
knorwlevre gained with radiation and rudicisoteores is proving very useful to other
iozv, Honoo thiz review s dircoion arimarily to the pharmacologist-
[ (OO < 1 a FHoloay.

o oohan toxd -N'p;'/ musoaos tten ceyored in this Annual Review series
o ~le flood of new wark
it of ¢ ‘perlm"n“ and programs beoun
of reviews, Sy,
GO anns L3 U ot e oy e mrm»rant of Spiers (3), none appear
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GrVERAL CONSIDERATIONS

The eets of rody s depostiec ia hvne cete, dsswes, end ora.z-.'b B
are crniderad to reside altmost entirely in the iomzing radunon produced. Wois
SORE Lhonds of very low specific aotivity, e, natural uranium and thorom
chernical ton: Cpley @ significant rote. Except indidenially, ibis s not
pernnent i'“c Thare are afew very puzzhog Sircumsiances, e.g. the low carsno-
gern {radon gas in ammals (19) compared o the high carcinogenicos ol
soms cm‘“ alpha-enmuiters aiter inhalation, which tempt intreduction of &
tne more effective aguclide. Another example §s thur

. . o & 4 3 PP
d oy Mosialey {6 "-:‘nccm;m ruciides such as %%Co, *Fy, *7Za, 'S

SE coific chcmcal ¢

Ca, e, wineh
by

Lntil the micrcdos .oy o radiziion sourees i tissus is sa hi;
that thers is no chance for discrepancies stch as those mentioned to e :zu:o.m“d
for bty variations in the energy deposition pattern in time and space. radiation
efects {including recoil and excitation energy) will be assumed ‘o be sufiicent
except for low specific activities, presence of carrier, etc. Thus the cher
properties of the nuclide and its compounds enter primarily as determinants of
sub-cellutar, callular, and tissue localization. These, in turn. control biolozizal
2Tects 1o a large extent bv determining the distribution of radia:ion dose Hvh
microscopically and macroscopicaliy, Toxicology of radionuclides. espie -2
commonality of uliimate effect with sources usuaily external to the h(:u.i;-' such a3
X, 5, and neutron radiaiion, is thus idiosyncratic.
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eeenl analogs of stable clements normally poe
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Acute effects of derosited radionuclides are similar to the acute radisi

he (20) seen vl external sourcses, particuiarly vwitk nuciides e

Iohlv localized, AV dividing cells, and therefore the tissues in whioh -
reside. may be affected severelv and the peihoogs > Geroed from el ‘\
sive malfuncton. The long-term sequelae of moderate Gosas O greaest 7
ar¢ coocinogenesis, gan:tic changes, and nontumorous forms of -arhr
incicdimg nephroscleros's, proumresclerosis, fhrosisy vascuisr pathoine - -
ing hvpertension; endocrine, wnd immunclocic Sistuibances transion 2
cortinu‘ng hematopoietic disturbances; and nonspecific cnanges inciudt: .
span shartening, an effect that may be unrelated to specitic pathologicai .7 i ¢,
(21). As discussed later, the effects of verv low doszs saaily mase oe @ vorrad
fiur;. 288,

A cod example of thz bread range of v’f"et.m seen giter medernre dois of
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an eftecdve sofi-iissue soener is I8 studes with = "Po 78y Thig entiza ar . ~as
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] and general uw::\‘? o e i renhii s ted studivs, T ac volumes on €776 inciudes,
2o cells, Besues. and organisms for oxampios widinies i T TROSUT e ae Vi o 0 Larebral oo o raeaits 2y,
oo wr.“-mo radiation produced. With : elivils o il n.ia\.‘.\-_ai st 0 he eart (W) serelogical changes tdiy, immuno—
oo wering radia . : A D :
ratural gronium and thorium logy 132), some of v hien o nandty ooched ppon avalt 0 work f-om koboratories
¢ voe, Eacept incidentaily, this is not . inother jris o the world, Ve arel therefore, gready indetied to Go WL Dolphm
G Sreumslances, e.g. the low carcino- for his editing of the wensictions of these volumes into Englith.
PR N P H 5, LK. b +

Ceeored 1o the high carcinogenicity of
S on. which tempt introduction of a ) CARCINOGENESIS
© -y prochds. Another evample is that

e Jch as #°Co, 5%1%, ¢3Zn, 7S, ‘ The most common, most feared. and most studied long-term tosicologic effec.
Lo cloments normally present in the ’ ol deposited radiruclices is the inducticn of rpeceplasin, lonizing radiatic -
. hd:’ni::iy::xd CoULr TR0 PIOpST Soild Lons secins 10 bz neardy o unisensal carcii -
e Losue is 50 T ahiv developed l gov, [nad forms, a'prasnd bete parnides. rhotons, newirens, aceleraed partict s,
+ 4 Uiose mentioned to be accounted . hw\) r.udu. <l cances has been dcnnonatra;ed to occur either in increased
cpte-n in time and space, radiation ! incidence or bv temporal advancement of normal incidence with moderate o
i1l be assumed to be sufficient ! high doses. That it can occur at low doses is a reasonable exirapoiation but subj2ct
. .o oi varrier, etc. Thus the chemical ; to much concroversy fsee DosctRcspoxl.se §e.cuon).- '
<. wls enter primarily as determinants of ] None of tiese cancers are unique to ionizing radiation but can be caused by a
v+ nan. These. in turn, control biological varicty of otiler agents, and there is growing interest in the role of promotiona:
« v distribution of radiation dose both : agents, i.¢.. co-carcinogens such as virai agents {33), and chemical azents (1, 341
i of radionuclides, despite the i Cilvin (35) specutaies that the three most studied modes of carcinogenzsis—
. 1 ws w Ly external to the body such as : viral, chenical, and radiation—may have a molecular process in common, al-
e, : though fin:t sreof of this has not vet appearcd.
. -ites are similar to the acute radiation § That these processes may invohve somatic murations has been believed possikle
o cericelaly with nuclides that are k for at ozt nwa dendes. Recent recansideration of the pheromena of potorus
ard therefore the tissues in which they i and radium toxicolegy on the theory of steady-state mutation rates {36¢) reasons
iy i derived from their progres- 5 the phe L oo g tancagh en g gencta) basis using ebsolute rate thetry-—a treii-
o - of moderate doses of greatest interest | througs troin our all-too-common  dependence on stricily  obseivaticnal
d voorymerous forms of pathology ‘ aprroacthes,
+. $i~rasis: vascular pathology includ- { In tne period covered by this paper. potendal for carcinopenssis o a larae
io .10 distarbances: transient and long- : ve m of 1adionizlides has been revizved and decumented profusely (4-8,
i11s nonspecific changes including fife- 13
1 akeisted to specific pathological chaneges ! CARCINOGENES'S 'Y ALPHA EMITTERS

wfv o doses usually must be inferred

Po iy ol laced nuclides Diov oo = The Slassis berchmart Torahe st
Tooty seen after moderate doses of ainducad in man by radicuclides is found in studies of Cial puiniens
2 T19pq (%), This entire ure2 hws v rr*..*'.f'ut'.- shomises 2-d patients recels to madivm as a therapettic nosru, The
2 evterive USSR work added by nudiidtes are 22%Ra (hali-): 'e {620 \') 225 pa |N1r:sov YOTi 2. ”m“-

s by U radiation sickness i3 ) P T
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Rediological effects are seen at average cumuiative skeletal doses above ketveen
TO-1200 rads, Thz gean Lot Qerer cocurtenes is wl head carcino-
1hays amnang the erudd e W8 CRSTS 18 L IR s
0.0¢, Tncrience rematis
RACKEY I AN

JOOnNUs al

e orange from 1000-

Stive ro A beer b ooes fabout ‘()) sdvardacs) o radiogenic
tumors or other di-cormabie changes were found, ie., were wrpears 1 be no
chanically significan. changs bolow o oresidual body vurdes of about 6.5 uwCi of
e STURA Adso, ao foctr anchol el tunction give. o close-it wothe dose-
fepponse relationsaip (or Wmor uadence. T Crassical “-ray score T, g nunwrical
cestuation of all skelera! effects in vach individual, cid viso with Sonzl zaiinwith
i

“ie sigmificant chares oscurring colow 1000 yaas, The inadance of severe

2oy s oreater wotn mwrewsing Cmulative dose, aad the age distriuon at
cotii plunges mariediy downward, Tous, tlis only the tumor nicgence that

scars Lo bave @ 7 datT dose-oespomse retationsivy in the range DO0-20,000
chanuiative rads.

In contrast to cxpectition« from animal experiments with alpha emitters
s 29) there seenced to be a Jdose-rate effect in these studies of alpha irradiation
I hoemans {(ess change per curmulative rad-year at lower dose rates), alihough
rather complex computations are required to demonstrate the etfect.

Another human popuiation studizd independently at the Argonne National
teboratory and Arconre Cancer R varch Hospital covers an idsntified zroup
' Conoet 290 wave bzer siudied in some detad Most of
o7 2P datrogenially, Firkel, Miller & Hasterlik
LTkt i these 293 cases, 23 boie sarcemas, 16
fragstod ard peranaseal sinus, and 7 leukemias and anlasic

pecer AT Tz 0 s e svmoperable danespoced popaiion,
Dosure parar o werr comuars bty torhe MIT casas but witho':: the co-nlexity

&
-1
r

=
=
2
2
I

el loe o ol ol abogisivne e 1 Lhe seuree. For a varety of rzasons
(nese auioors p;cl:r Lot 2sn arsdee primardy as maximum radicrn bardens
crocuTrent o0 taters ol Y s paeber than as a2 calculated radizticn Jose in

a5 e s rose mere or fess nrcarly
b dere asove 2 0T d Dt caneat o pretermingl burden or about
1.2 07 %% Ra (mezio esnimuizd maximum burden, Wo cases were fou-d below
these miean vaives of sody rden. Thus a possible threshold appears in these
Gata also. If ihe saoe Convonnons of dosimetry caiculation are used as arplied
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CLuioee {sarcomus dT\d nead carcino- ',' dose-response expre-sion i sauared vapotentat orm [/ AD2 PP \here

siceted) high-dose cases 15 0.28 + o~ inaidence. £ o ol <teicwdl do-o Gmean) accamutated to the tme of diag-

< owida desage rarge from 1000~ : redin] When the el lvais s pepectd with lter dva by the sam2 group (42)

vt 3 ndividaals) so rediogenic 5 the carcinoma massy, now 20 o' the 7 ' dn‘! nai 17 4 contingous function over the

<o oround, Lo, 1Cre appiars to be no ' eitre dose Fal aiz;u-'\-gn the sarcooua data continued 1o 4t the above function
a4t ~vdy burden of about 6.5 uCi of ' reusorably weill

Concton gives a close-tiz 1o the dose- The MIT and Arponne ponulations are in process of being combined for

4 hassical Xeray seore 7, a numerical \ furtner siudy. concenmiiant with the officiai retirement of Dr. Evans from MIT.

. did rise with dose, again with : This and refatad problems are concoliduted in a * Center for Radiobiology ™ in

v e tads, Toe dncidence of severe . the Division oi adivlogical Prysics at the Argonne Laboratory under lhe

Coaee dosk, and the age distribution at direction 0! O, Rotert E. Rowlard. Thus, this invaluable resource to the under-

anly the tumer incidence that stamd coof vadiaeaddides inoman wiil, il is greatly to be hoped.

sorship in the range 1609-20,000 ' continue in a virtua'ly CimmortatT orgamization. Currently known expoiees

are eanected o survive well beyond the year 2000 and, from an epidemioiogical
standpoint, a complete study i< essential.

1 of tha tond

ol esperiments with alpha emitters

Lot these studies of alpha irradiation

©racevzar at lower dose rates), aithough
monstrate the effect.

-dently at the Argonne National

2owd Hespital covers an identified group

~eer studied in some detail. Most of

o oeserwally, Finkel, Milier & Hasterlik

v e 243 cases, 23 bone sarcomas, 16

s avaasitd ainas, ard 7 feukemias and aplastic

11 corearable unexposed population,

s eases but without the complexity

r‘ Csourr2 Foroa variety of reasons

----- et s maximum radium burdens

't it ws a cakculated rodiation dose in

- ——ryan =

Radium-224 (Thorium-X) in Fwmans.—An entirely separate population for
determination of the carcinogenic effecis of deposited radium in man is a popula-
tion of about 2000 German subjects who received, shortly after World War 11,
repeated injections of 2**Ra (Thorium-X, half-life 3.62 days). They received a
aostrum cailed © Peteosthor ™ for tended treatment of ankvlosing spondviizis,
tubercuionts, and other disease on th2 initial recommendation of a country do.tor.
Spicss {43) first described the population: 1178 names known, 802 individuals
checked, now 897 (4.1). Fifty-three bone sarcomas have now been reported with
averaze lime since the first injection standing at 21 years for juveriles and 18
years tor the adulis. Incidence seemed to be related more or less linzariy to the
aveig s sbaizial doase. with sonw inconsistancies. Thz incidence rate 57 this
besis voas 1.497 por 100 rads average \ke\ tal dose for juveniles and 0.797 per
10G 1ads in adults. The lowest average skeletal dose associated with a bore

[P R e

preveras

Pl TR TOSC more or tess linearls : SareOmia w0 reds inan adult, atout 120 rads in the combined juveriles. Thess
TR t‘ft"‘tfmlnal purden or about , minimai caleulated doses (if they are minamnal ar all) arc considerably beiow the
o ‘*’"f"‘!~ No cases were found below comuaratle fgures for radium-26 ¢1X¥)-1200 rads). This mayv represent a
dhle thu.fahold appears in these - greater inheret effectiveness of the sherter-lived radium isotope, but the differ-
e e e R . : ; i
seerre caleulation are used as applied : ence is more litely to be a matter of dosimetric calculation. As Spiess & Mays
ceoo the anplicable SN ; . RN N 22 .
moothe applicable rad doses in the ceint out (43), the caleulated dose from 22#Ra to the cells at potential risk, c.i.,
Vel n ‘\l:,! s - . Tt . - o 3 vy . “y
Seiaan e MUT study. i boa 50t vssae oyer 10 pm thick wd.acent 1w vone surfices, & pohaps Y Laws
corse relan ARl Rt L e 323, . : 5 ™ AN lecid
»¢ refanon above the * eritical ; bigher for 27?R 1 than the caleulated average 1o bone. The shori-lived isctope
coromdation in tke 4 & Cases 13 ‘ . e : A N o
: ~f~; ke Argonne cases is , expenss s rere of its energy 4 hite adiering o the bong surface 1han aiier
rer ‘o e e o PR SR i . . . - . -
e The data are presented in : noet cor:nhoe Lo the mineral meattin, The result of 5 recaleulation of dose on
e Saltiouls . o o gl K . s 3 <4
e Sartoudarly with regard to : fhis Fos 2 o0 caise the lowest sarcoma dese from 27 Ra and 1o reduce the
.1 me gy vy Te " S—— Y > T
e Alse the poputa ; cos ot o e o PRy a-d Shmos eliminstes tre apporent dittertner in
Too dilirende miay aclualy R E T
S b e g e . or e L. . . - . T
$ T heash ol proven, coosted o rmese restee meon a real difference ir effvoiivensss or a differ-
EANL-AC s3ca sy T R . . .
VORH cases. With 777 . i3 Cde sy caloulitons, the Uiz that radiogenic tumors are occurring
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Banoin another homan populidon Is nconirovent!

from radicnuclide dar>
Two leux
thev are rie g,

Of\pc"izf iteresiin this siady s the effect of rvuzr‘ ciinn of ey rosure reported

:" s vor g teed we! doe a2, V2N,

Oy O
profraction of e exposure. This s contrary to zh:‘ asui doszerate erects seen
w radiobiciogy which postiiate Ihat Mmore recovery can ocur at Lc-v»cr dose-rxtas
and excecds oven tre usual evpectation of hitde eniect o dose-rase widh hugh unear
wier (LFT) radiaton (39.46). Spiess & Mays ofler several plausitie
fodi esplanations Lor this wnusual, but nov unknown, en L

energy T

vadiabio:
PLOLLEUCN, Cg., increased xxumhcn of irradiated cells, iess subsequent =00z
of prematipnant cells, prooraion of e stimulis o ced division, eic. Lol o
renains diificult 1o esplain, A further examination of this phenomenon is Jicaris

in order.

Urariivm miners——A third important bumarn population demonstrei’ng the
carcinogenic effects of radionuclides ts the group of miners who work voder-
ground in uranium mines. High ircidence of puimonary carcinoma occtirs in
this gri:ap. From a sceio-economic standpoint, this is one of the most imporizat
exposzd populations extant, as individuals are currently working and ex~pryire
conurel for thers is a lively and immedic'e topic. But it is aiso a much ;.ome
disfical. group to analvze becouse of technical and scientitic comple iz
pariicularly dosimetry—than either of the radium groups.

The fact that miners in cerizin areas ot Central kurope (Erz nountains,
hzd excessive discase of the respiratory system and that there was a high incicenze
Of g Lancel s dgen antow:r for a veoy tong e, That i was dud in palt o
rescore 10 raden fand its davchier products) in the mires < a ook
maore recent rehization (A7) The most studied and anaivzed porufaton s owe
miners of the Colorado Plateau reg‘nn in the United States. Saveral rev:nt
syinposic and governmental reviews. incleding hearings * s Ina
mittee o Atomic Energy of the Congriss, provide ampie Jocumn :
Tne subyect s stiil controversial but (ag printary facts have noOw boen 1¢asom o
wall settled.

The prohlem here is not uranium at all, but exposure to radon gas
into the tunnc's from the decay of radium in the uranium ore 1 rz.io

Paiet o

D Lair, Bl aig to n.s sovelel wadminer producis, RuA ‘" iR

-l \‘ 1 215 210 21 ‘
RaC 1 Ral’ (F'7Po), Rul (-'°Pb), RuE (7'°
T i as De present in \'.;;'}m;; ;:.‘c.por:lf:.ns f
Gueosoo e mey develop in the bady from cogenors th

HURRT-DS B I FOU VU LU S U L S

rorzresd warher. bos

avie Cless e seve o dougiier ;;fa.ruu:.rs are ihe rraopal citec b vaive
ezt O U Ttis on e s Yo dauyhrer.shar ey g nEin Oy o0
ClodoskaDet s m.x:‘-:;;-‘.‘\. 2V yewss, Sporedietle Joce o
v v e fee oo b eubiguent emiers. b T s oF o m e

ey e vang rerosnecine deterrination of exposure. Since the bieiirz
crest o postaar of these daughiters are a-emitting nuclides, and all bat raio o

o X o eyens
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125 hiave aorxeced i s popalaann, bul il 8 not wertain whelher
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Cordahon, but i not certwn whether

ot ererraction of eaposure renorted
o onsereved Incidence was higher on
sorw ot the usuai dose-rate effects seen
A osery can oceur ad lower dose-rates
ot erof dose-rate with high linear
s & Mays offer several plausible
4t but not unknown, effect of
sued celis. less subscquent killing
c~anmulus 1o cell division, ete. But it
et 0 of this phenomenon is clearly

wmat population demonstrating the
-onn of miners who work under-
coeoof cuimonary carcinoma occurs in
Lt this s one of the most important
. z'- are currenily working and exposure
Lt topic, But it s also a much imore
Wil and sclentific compiexities—

U ladinil STOups.
wgoof Central Europe (Erz Mountains)
et and that there was a high incidence
forr tume. That it was due in part at
waodyois) in the mines is a much
i oanalyzed porularion is the
l,?-viw' States. Severzl recent
alany §eatings before the Joint Com-
feoowtnpie Jocumentation (48-3v).
L. Ll have now been reasonabiy

!rit exposure to radon gas seeping

11 b uranium ore to radon, 2nd this
v, RaA (18P0, RaB (*!*Ph.
webo (7FUBo. and RaF (*fPoj,
AR rrcquem]} atiached to vector
eenors that entered earhier. s
wwtne omncipal offenders rather
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TouhwasuId on caposare was edopted that could be related
to the r oo Ui mene air. The umt agiced gpon is the " Working
Leval” (\\‘L), defined 25 anv combination of short-lived duughters of radon
(radium A, B C, and ('t in oae liter of air, which results in emission (not
necassanly absorpdan of 13w 10% MeV of potential aipha enérgy in their
decuy to radmm D, intezral exposure units are the ™ Working Leve! Months
(WLM) and thie “ Working Level Year ™ (WLY) and cumulative values of these
CCWLAL CWLY). With certain assumptions regarding daughter-product rating
and ]-uun::we of Iree ions. | WELM is equivalent to about 7 rads (52) but with
& larse fuctor of venance, e = 3 rads.

\'vuhr conveniont 1o measure., L} se units have many problems. Radiation dose
is not proportional 10 WL, WLM, or WLY, but depends upon the ratio of
activities (concemrations) of the scveral daughter nuclides present and their
clearance from the lung. Morken states (33). the factor may be as large as 9.6
between mistures \\uh only RaA and those with equal concentrations of RaA.
RaB, and FacC. In a similar calculation, Pasternack (54) calculates a factor of 3
variation in the relationsaip of lung dose to WL (or WLM), depending upon the
concenirations of RaA, RaB, and RaC present. It is only when there has becn
total decay of activity in the lungs, i e., at the site of deposition, that the ratio of
dose rate to workingz leve! is unity. Add the fact that dose to broachiclar epithe-
Ilum may ke as much as a factor of 10 higher than average lung dose, and thz
WL is seen as a rather fluid measure of dose. Yet the short life of the daughtars
and teir mover2at out oi the lung make retrospectivz analysis of lung dose
from sxcreiion racs, deposition of 2'°Pb or 2'%Po aimost as tricky. Thereiore,
the ronothay maensurable unit fe s has continued to hold sway,

in 1957 rh: Federal Radiazion Councii issued guidance for the cortrol of radia-
tion hazards in uranium mining ($5). Because of the urgency of the subject, a
NAS-INROC Advisory Committee prepared a further report anaivzing scienuis
nindipas of pertinence (52). This report concluded that a causal associzrion exists
between lung cancer incidence in the mines and exposure to 1000 cumulative
WLM (CWLL) or more, that there is a statistically significant increase in lung
cancer risk for miners receiving batween 100400 CWLM, and that radiation
evrosire {~om recdon daughter products contributed substantially o this irzrezes
e incresses 1in :ower WLM groups were rot stanistically significant but mas
bacome s with time as more individuals enter the group u~der soav, A 3
s .1eux Zatiodw, e numaber of lung caincer cases among, the urantum nuners in

: P8 i ahout 6 iy that of nenm
Soith S-""uc crror reexamined all ~f the evidenee andd updon

and “'4“,.& NG
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PRl T oo 'n 9714 (.,l,, Tarsoass coordinated wvan, and foliowed by, an
’ Midng Review Greoup” convened o exeming th
St el ahe oo cnunee lenons regacding the contro! of mine aunos-
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CNASNRC, s conclusion: 84, 37 moedifv the carlier oncs
essence confirm e voreased cancer risk for nnners in the (2%

range, A raadined nedton i taken on the mole of cigarers: om

excess meidence of cancer.” Also. the Interagency group identified certain iases
in earicr work that mudicate that the exposure levers mayv have been overestim-
ated, Thus, the 120-359 CWIA category may actually be lower.
The histological ceil tyre of bronchiolar carcinoma o uranicm mu
reportzd 1o te markedly diterent from that in the general popaialic
Smat! celi undifderenvared yposof tumers (2A and 2B ander the WHO 2zsem
tion schemie) predaminate among uranium miners. To verify this at

> Jeoeadent
pane! of pathalogists reviewed the histologic material recently (3%, v
minor disagreements this panel confirmed the earlier relative predom
small cell and undifferenticted cell types. This may or may not b smool
radiation exposure. Current examination of other hard rock miners. Seorspar
miners, iron miners, coal miners, etc., indicates that many of these, too. show an
excess of urdifferentiated cell tumors. But neither are radon and i: daughter
products necessarily absent in these environments.

Animal studies in this field have provided support for, ard extzias of, the
deta on human exposees aad puzzling contradictions to the numiz i <:12. Or:
contradiction has been the difficulty in producing broachogenic ¢ari.noma in
animals by exposure to radon itself (19, also Morken, personiar CORIMUMCALOM
although prenecplastic change is suspected. The inductien of lunz cancer ™
nuckdes in die aaughter product chain is not sertously doubied. Tneeed. Cuir,
Terke & Mol (€0) show that 2'%Pa is & very sfizctive agent 7o ~rofacic ;1o
cincer in rats.

Stuart and others in the Battelle-Northwest group have beea expost
siers and Cogs o various miviures of radon daughiers, uranioy cre Dol Jis
exbaust frmes, and cigaretie sicle (61--63). Early rasults (51 show Sronchils
hvperplasia but no signiticant d.fferences among the grouns a: vet.

Kilibarda et al (64) found that ;adon (at 7.36 x 107% Ci1y did not oo
the development of silicotic nodules or otherwise significantly modify the “iroe
pathologic picture of rats receiving radon and Si0, simukareousiz. THs oo i
cwrher wurk by French dudiors, However, the time 0 ¢ostivenan sis td. 0l
short.

A proditic erature has developed, much of it during the per od o7 s revie.,
on oz depoattion, rranslecauon, and excretion of rudon and s severt Laughoer
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+ wevhiyv Lhe earlier ones sighitly, out & Proddcis dild Lie ueaiiin V1 alvew pusioilicild on Uose calculalﬂwu. ’l’hcs?li‘;.xclude
_— ;'\,- mipers in the 120-359 CWLM ; constderation of using the v,’d::.;\'c!) Longer-fived ruchides ' "Pb and ' "Po as
sole of cigaretic smoking. As ibe . mMERSLUICs of.cs:rfu:r capasire, This Hcidwire is docuawiied in the several general

. eokers, it had been diffeuit to tind a i reviews Clicd,

.- he data. However, in the Inter- .

“ie cmoking does not aicount for the H Thoretrast paiicn:v—-The fourth popularien of human exposges with primarily
ety group identified certain biases i alpha-perticie exposure contuins a large but diffuscly scattered group of patients
. e ievels may have been overestim- ! who recvived nas, a radivopague medivm wsed in diagnostic rocntgeno-
actually be lower. : logy, between 1930 and 19500 This colioidal preparation can remain i sive almost
" ",..m \in uramum riners has been ; indefivaiely. It contams several thorium isotopes in low but significant quantity,
1 1he general pcpulation (58). ' whict rax and wane according 1o the age and treatment of the preparation. A
“nnd 28 nder the WHO classifica- { variety of tumors o snft tissue. particularly of liver and the hematopoietic syster,
e TO \mly ﬂ,,\ wiindependent ‘ have been auricuted wo the presoace of thororast (65). A siveable popuiation 15
Loeriad recently (520 With a few i potenn: liy available for study rarticularly in Nerthern Europe, but also in

Co e vacher rclduvc pmiominance of ! Porwigal, the Unired Siwates, Japan, and elsewhere.
i« may or may not be specific to f While there were earlier reports, a meeting sponsored by the International
o e 'hu!'d rock miners, fluorspar’ ; Atomic Energy Agency end WHO (66) provides a good collection of the cogent

findings to that date. In some porpulations, e.g., Denmark (67, 68) the touai
incidznce of tumors was not higher in the therotrast patients but certain types
of malignancics appeared that were rare in the control group. In others, e.g.,
Portugal (69 a notable feature was the excessive number of leukemias, whilz in
Japan (79 1creased incidence of both liver cancer and leukemia and shertening
of the Latent pericd appear to be associated with thorotrast depositions. However,
the problems of radiarion dose calculation, the 'ow specific activity of thorotrast,
and thte rclatively low incidence cast doubt on the interpretations except for the
mazlignont vaseuiar nsoplasms that seem to be clearly associated with the
exposurss. Faber (67) recommends holding off for 2 much larger series of cases
than e e fos v sadied (00.007-20,000 vs 1000-2000 in e studicd group)

o e o.tistinamy of these. woe, show an

o Wt taer are radon and its daughter
[ P YO S

~ 1 wurmart for, and extension of, the

o, . toiaans 1o the human data. One

1+ - oooem ronchogenic cercinoma in

: iy personal communication),

Cuesds Tre mmgduction of tung cancer by

sopdy doubied  Indead, Yuile

s ey Gleetive agent in producing luag

I‘,.'

A S g | P S e PN

| .
we o opion) hdve beer exposing hara- i and an Chservaticn pariod of 25 years. Abbati (71, 72) called for a coordinated
w e arebiters, uranium ore dust, diesel : international «ffort to reach these goals while the material was still available
soos 1 ardy results (61) show bronchiolar 1 Dosirnetry has been difficult, and even separation of radiation from chemical
i the groups as yet. i effects has caaszd coacern for the vatidity of the results. The internaticnal effert
- e 1 ] . . 5 " - - . o
St 236 - 1078 Ci/l) did not modify i urged in Vienna has noi materialized. But a few further reports of eifects have
. u tanwase significantly modify the histo- § appeared,
..'.".:1’02simuhancously. This confirrs ' Muth et al, in 1971 (73), summariced clinical examinations of thorotrast
Y otime of observation was rather : per oot by groups ‘n Homburg (Saar) Cad Trenkfuer 2o M. and corralared s
! with the totul bod- turden of 29871 ("h"”) measured by whole bodv countire,
« "1t during the period of this revicw, f and by rhoriar cotant ef exeired air. The new results do not prewvide 2 Basis for
y of radon and its several daughter % ettner incidenie - dose-response relationships of tumoarigenesis. Of the 6000
1 poents o elos o mnds were ancivied, TOT are already doceased and roagusure-
) - X . ; pe T hode B b not fousiBlel 1877 cannot be dccated. while 127, aave
oo irge woup o7 ponoeynNins N . . . . . . .
T TEC ZTOLE @ FORMHAN I : Doenovoeoaed L saminee chorcaily, A high percenteue of those with RES
CEUOT L SUEVEYS L0 wiLier iy i ) . L . .
L N : R ST AN N 00 ’\ Bio Loalein test. vbnh
o JL‘\U‘\[Xi‘\K”L’\J 1' ‘ 0 N i 2 » : h) ¥ < VEIJLS ln t) ¢ m t’[ \[‘]11.
siice there is not general dl'r\«.ﬂ‘lNA[ 4 wiab it 3 patier s with u primary liver wemor.
1 senuie wize more posiuve for chromosome aberrations in sampies of
¥
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334 STANNARD

pelphiciai 0100d. All 6i the SU ihorotrasi patients exammned shov ed abbc rarionc
while none were seen in the control cases, Also a dose-cflect refe ot 2
to be nantinzar but fu any ovear rising with body burden or c.AI;.‘».‘m SR
appear povable (o derive. The aberrations were fargeiy breaks (586 pur hur ¢
scored celist and dicentric chrommosomes but not deletions or rings, The raia on
ship between these findings and cancer inctdence is, of course, still in the spee tia-
tive siage.

It ccoms valikely at the present junciure that the mammoth scientiine wnd
technical probk_ms in the thorotrast patients will be solved in time 1o moae s
group as quantitatively satsfyving as some of the others but it s hopod -mar 1o
effort will continue nevertheless.

Plua:cim—There are no recorced incidents of cancer in mai fro:
tion of ary plutonium isotope, although there have been some der
the worker population (74, 75). This reficcts largely the tﬂc‘CIl\LﬂGSs of gorirad
measures and perhaps also the relatively short time during which these "ow ~od:
burdens have been extant. Nevertheless, because of the importance of piuteric
to the nuclear energy industry, full-scale animal studies have been uncerna
since the early 1940s and have expanded considerably since the early and mid-
1650s. Also there are metabolic data in man extending over many years. These
have been reviewed, recalculated, and reinterpreted (76).

During the period of this review several milestones have ixen passed in the
animal weork. Dougherty & Mays (77) and Mays et al (4}, repcst that the chist
cause of death in their large beagle colony exposed to one of several bone-
seeking radionuclides, 22®Ra, 22°Pu, 228Ra (mesothorium), 22%Th, and *°Sr is
bone cancer. With 23%Pu. death with osteosarcoma 8 vears aftr irincticn of
plutonium appears to be about 6 times as likely (on an activity basis) as for
22%Ra. This high retative effectiveness is exceeded only by that for *=" Th.

The most recent data (78, 79) reconfirm this finding, and all studies reiterate
in the dog the earliest suggestion of such a difference in toxicirv berwzen ﬂ)"'o~
nium and radium made on the basis of work with rodents (8¢, 81). This empiriza
toxicity ratio has figured strongly in the setting of maximum allowable exposures
to plutonium (75, 82).

The possible mechanisms for this difference have now been all but settl=d as
residing in the mode of deposition of the nuclides in bone (4, 77, 81, 83, and manx
others). Plutonium deposits and remains on bone surfazes, wheoress radinn
after a short period of surface attachment, exchanges with calzium and deposi
more or less throughout bone minzral (although still not uniforrly) Tals ke
fed many to refer to phutonium as a " surface seeker ” and to radium as a " volume
seeker.”

There are other differences. Plutonium deposits in soft tssue, while ©ornoe
transiently, to @ much egreaier extent thar rediurand fieners af sors e
liver, are now appearing in animals carrying long-orm devosiis 07 hutoe s
(76). Bile duct and other lesions have also appeared. This nas led Mays (84) ¢
calculate the relative risk 10 pone versus liver cancer with parenteraliv injected
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"ot Alio a doéc-c!’."cct re!a:fénkéf;l:l;; (srau;;; 3 pluloml.mx i Lo e ;%:'lcfua:'sz; Fha.l WIS YEVN 1.5‘.;0%"‘9':, c%ugx‘i. ..A.‘.”ux?ujf»u;.,u.;
.. [T ! ) . depends on the route of entry. Hence the relative risk will also vary with 1.2
<owany body burden or caleulated dose) did B diode of adminicration snd 1"*&“ concluzion cannor be exiended to -plnmniu _.
nens were lurgely breaks (586 per huadred ’ l), ‘TL.,&_V‘ \; “"P?: “\;, “ ‘.‘ ;‘ll.:': ”L B R
v B Rt deletions ot rings. The relation. i “ :::)L‘ O‘ \;n L]‘ Ll ;"",“,‘J‘;‘f!" st level showing ostcosareama 1o dae
7 AEne s, Ofcoursc, siilin e specula- 1 ihe .l,“k_‘m S Lx-etn r.d Jose "il e i0WesS eyl 5;.%& HQ; k\ v‘g')leLGn'hl- O ayic
i is 78 rads «t 1 year before death, 86 rads at the time of death aond the years
] Fey ety At . YT JECRIPN > e AP SO
tature that ihe mammoch scientific and i .bct\x.ec:n ,l :J-u{,z,(i‘.n,land dmu gzqn ‘."9':' ,”,\h',-t?.'imri f.nc’se' l.(-).fhi fwnh‘t:u.b ;u.xi
“sients will be soived in time to make this | n wther L}..zma 3 .x:.i nn.-nwfor ‘Ro. [.,".X Lm;,xrn’La.foxmt) ratio of stichtly above
< smme of the others but it is hored that th ; 5 anpears to be fully confirmed in this 'arge experiment.
e ¢ : Recent work also makes possible cornparison of the effective doses for ostec-
sarcoma in rodents to those in beagles. Buldakov & Lyubchianskil (8S5) sum-
Snaidens of cancer in man from the deposi- ' En:?ized’.workﬁwi’tt; 23‘03 ra} Z vreceivi-ng”ni'utc:niu"r‘nv 23?,?% a?i“f 3 ,l??‘nnmi Ol_li_z_ige:,
“uele there have been some depositions i i :hnudemear.‘lns of e.)\.,‘.ut. 39, are seer at averege caiculated skeleial uo:f& oi
s rettuets largely the cffectiveness of control ! from 25—./(\ rads depeuding on .r-ouric nf. entry and compoun('l. M;.z_vs (pcr:»on:l
vy short time during which these low body 3 commu?:cauon) ca!culate§ the lifetime risk of bone sarc.oma in this experimient
< e because of the importance of pluton: ! as 0.06 % per rad. But this may not be a smooth function, as many grouns at
scale animal studies have b plutonium low doses showed no osteosarcomas.
.+ wied considerably since thee e::'[]]v Z’;ﬂe;‘fﬁ The data of Fin»k}e[ fgoBi§ki§ (86) using CF1 female mice show as calculated by
‘t3 in man extending over many yéar& These Mays & Lloycim(’.l9% 399 mcndenie gt 40 rads dose accum.ulatcd up to 140 days
sl reinterpreted (76). - before deatb. This is less than 0.1 % incidence per ra(?. Neither of th'ese rates are
.mvaral milestones have been passed in the markedly different from those for the. dog, eg. 0.37 ?0 per rad at est.xmaylcd sfart
“and Mays et al (4), report that the chief of tumor growth or perhaps lower. Sm.cc this ngu.re is fqr moiwmenc pm'uo!‘uum
:‘crlon) cxposed to one of several bone. (see page 336), which may be ab'out twice as carcinogenic as {ns poiym'crxc for_m,
STRa (mesothorium), 228Th, and 9%y s the difference among the species beco‘mes even less significant. Thvs relative
««:h osteosarcoma 8 vears after’iniection of conﬂuence 'le.nds credencg to f{xtrapolauon to man and the expectation that the
<5 is likely {on an activity bas.jS) as for carcinogenicity of plutonium l‘n the l?911§5 of man may well be a fac'tor of SAor
e is exceeded only by that for 2257, more greater than that of radium. This is the figure CUfrcmly qsed in assaying
o HEE NS Gedite, and all studies reiterate hazards o3 man', Lio?d & Marsi@]l (87) suggest ‘h'f‘.t the rei;;,:’_xve etiectivenass
snr o diference in toxicity between pluto. factor may be higher in man than in dog bCCEllleC ofze;gcrer?ces in bone struciure
VG rodents (80, 81), T his empirical ! and the hicher rate of burial of surfgce depos'.ls .of ' Pu in the dog. .
ne wtting of meximum aliowable expo i The development of lung cancer in animals inhaling aerosols of plutonium
posures i has now been fully documented (19, §8. 89).
“¥rrence have now been all but settled as } 1}1 an i'ndependem study on inhal;d acro§ols of 23°Pu and *3®Pu in thg dog,
- tuthides in bone (4,77, 81, 83, and many ; Yu1.le,. Gibb & Morrow (90) report increasing pulmonary pathology, typical of
L op kone surfaces, whereas radium L radiation effects, from about 1500—2900 rads to 15,000 rads. They do not,
N s with caleiun and dcposits, : kowever, report frank pulmonary carcinoma. .
© M ourh sl pot uniformly). This has i_ Damfxge to accessory pulmgnan{ structures, espc?cxally pul‘monary lymp'h
S eter 2id 1o radiu 458 " volume ! nodes, is commonly seen, espf:cxally if the compoz}nd inhaled s insolubie and is
cleared from the lungs primarily by nonsclubilization processes. With plutenium

b v—

LS SOTY tissue whiie b ovide, major ceccumulations eccur in tracheobroncival-lvenph nodes: $2-100
- SUTLUssue. while soumew : : ; . : : : o ;
ewhat tintes the concentration in lung. Fikrosis. scarring, and loss of brmphatic nodutes

L angd

PIOmMers o <o sicoe .
Clenr ey deposits o] plut ' 5s : are common, but frank neoplasia ¢ these struciures has vot &oen Frard F
oo > O piato i N 5 . ..
wearsd This has fed Vs }\E (Snfum i 131 reports that two dogs and several rais that inhaled ol niosonnpn
X EARREER LY B R A - N .. s . N . .
Neer cuneer with parsnierally e & tg i developed maiignant lymphoma, and Lebei et al (92) repoct ivmphome in dhic
ATLTHRET2 Y 1731ec - . . . PP . .
¥y 1jecte g regional Iymph nodes of a dog receiving iir-oxidized plutenium by subcutinecus
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injection. Lymphoma of the hepatic lvmph nodes of a pig receiing plurersiug:
nitrate subcutaneously is reported by MoCianahan et al (U3). OF qpeciad invers
in the study of Yuwle, Gibbh & Morrow (90 i+ the fact that Jung "esions rooo
to reflect tetal pulmenary redintion dose while Iymph node domage was g

sensitve o dose rute.

Few “ metabolic ™ studies of tissue distribution follow through the Tang-1e: -
toxicity (o the extent seen in the work of Rosenihal & Lindenhaum (91). In it
vierk plutonium received by intravenous iijecton in monomeric f50m voos
clearly mare carcinogenic 1o bone (CF 1 female micel than simidar doses
received in polymeric form. The mice receiving the monomeric vorin duga ™ U0 2
carlier with osteosarcoma and developed about twice the inddence soin
numbers 0f mice with tumors and in aumbers of twumMors per maose, §e b
concentration of monomeric phitonium upon endosteal surfacos of men .
and veitebral trabeculae mas have played an impertant role in this poereaeio
but it is difhcult to arrive at a factor of 2 by this explanation alone., Thg v
meric piutonium deposits 10 a greater extent than monomeric i hiver and ©.5or
elements of the reticulo-endothelial system and incidence of hepatomas was &°
with the polymeric form compared to 2-3%; with the monomeric plutonium:.
Whether or not this difference contributes also cannot be decided. Alse the
phenomenon may not occur to the same degree at very low concentrations of
the nuclide.

The above may contrast with the findings of Della Rosa & Starnard (95) with
21¢py where large differences in tissue distribution did not influence acute
toxicity. However the end points are quite difierent, viz: LDy, versus carcino-
genicity,

All of the work quotec above refers to ***Pu. Toxicity of >*”Pu has been
reported as greater than 2*®Pu on an activity basis (96) but the dats do no:
extend to relative carcinogenicity.

Irradiated nuclear fue's always contain some americium-24{ along with
pluionium. For this reason comparative carcinogenicity of “*'am o *¥pg
is of interest. Taylor & Bensted (97) huave recently negated earlier {indings
showing equal toxicity of these two nuclides in a long-term study in rats. in their
experiments 2*'Am appears to be much less effective than 239Pu in producing
bone tumors: 219 and 479 incidence in animals receiving 2.5 uCikg or
7 uCi kg of **' Am respectively, compared to 80°; incidence in animals receiving
2.9 uCi kg of 2?”Pu. The difference is wuributed by ihe authors to diiivrences
in the chemical handling of the trivalent amerizium compared to tae predor -
nantly tetravaient plutonium, e.g. differences in binding 1o plasma prowins,
clearance rate, etc. A few soft tissue lesions, including leukemia, were seen o
this study but not in suilicient number 0 aiow a companison or effcrnengas,

Tven though ne cancer cases or ather serious iesions feweant o) e
injury) have appeured in man, the popuizdon of putoaium wothas o dode,
constant surveillance (741, A Upited States Trars-Phromum Regiary Fas ke
orgarized under the sporsorship of AEC by the Hanford Envirenmental Health
Foundation and all possible efforts are being made to study this greup for com-
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" #ovwenthal & Lindenhaum (94), In this

oo dogection in monomeric form was

“F o1 female mice) thar similar doscs

© ey the monomeric orm began dying
+Lonnd wbout twice the u.cidence both

“ovhers of tumors per mouse, The higher

sion endosteal surfaces of metaphyseal

St mirortant role in rhis phenomenon.

i 2ty this explanation alone. The poly-

L gxtent than monomeric in liver and other

e and incidence of hepatomas was 69

2 37, with the monomeric plutoniurn.,

S hu'u also cannot be decided. Also the
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i dbiripution did not influence acute
e cunte different, viz: LD, versus carcino-
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ke effective than 23%Pu in producing
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Teowivanared by the authors to differences
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fesion, and one melpaom s of the chest fa3 bun "u*'nmd in another individual,
hut corrclation wirh ~lwroninn domocrion is very ciccumsianiial at ths juncture.

Gtural Urard. o - ezl uraniom (27U ples smalt amounts of U and
:“*Lv) has been the ~sumest of szeerat long-term stadies over more than two
These wre now essentiahy complete. Thy eftects of U-nat m soluble
as nechirotonvicity and are attributed to chemical rather
form the et ects of natwural uranum are
{v have neoplastic changes

decades.
form are secn Lirgels
than to radiatior eftecis, In insolubie
considored to be dee to radiation, Sut only rec
been Jumonstristed with this sery low speciiic act il) sub>uncc. After up to
5 vears of cxposare to UG, dust by inhalation at 3 mg U nag, ‘m* on a 5-day
por wevi schelale wn sare obhsenvetion perind of up to 6.5 yeas

g Y JAAEIR S e
the jong-term Roghes

WLroeNperen! w‘b.) kas now shown pulmenary neoplasis
in 4 o 13 exrosed dogs and epitnehal proliferation and metaplasia in several
others. While this is a definite findirg it is somewhat tempered by the fact tha:
25 exposed monkeys in the same experiment have shown only extensive fibrosis
and no ncoplisiz &5 yet. It can ke concluded that natural uranium is cleariy
not very likely to produce radiogenic tumors. Conversely, the fact that no kidney
damage was seen by any measure, histological or functional, supports the con-
clusion that ““insoluble™ natural uranium is not likely to show nephrotoxic
eficcts and it control showd be based on potenial radiation damage.

Hovsever cven 2 chanze to uranium trioxide makes a large difference in phar-
macokinerics and thus potential effec:s as demonstrated by Morrow, Gibk &
Beiter (991 Hence any such generalizations should not be extrapolated unduly.

CIARCINOGENTISIS BY BETA AND Br1a-Garymva EMITTERS

In generall nuclides whese carcinogenic action resides primarily in emission
of beta parecles and or a ganuna pooton are less erfective as carcinegens per
rad thar the alpha partile emitiers. This seems to be true in part for other
biclegics! end poinss also. Recent work of special interest is summarize? in this
section.

Strentium and related ruclides in animals. —The concern generated by the
presence in ihe piosphere of fission preducts from testing of nuclear weapons
in the atmosphere led 1o massive experimental studies of the behavier and effects
of these nuclides. While much work is ~ull in progress many recent reports may
be regarded as mvestones. The pubishea proceedings of a symposwn on
raciostroatiomm esposure held in Davis, Califorma in February 1971 are now
avanabie (1) and Sroag up-to-date many aspests of Hus large field.

Fhitteoa nl o o aeriments are mrasenved i the radiosirentium semeosium.
Sothe prinary ead point and csuse of cegth 0 9 of hese
oo b e g : Spat ot in b osiud

remizsome chargesin man in 102
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are osteosurcoma, Devangmosarcoma, and Gibrossreoms in bone as well as
1 omsal cavirkes, fvmphosarcoma, myeloid
foutoonsia, ced rencuieen oo saroants Thare worz sore e
inste Utah exporimes s,
borested ¢ USE s tuea assotiaivd Vol Lk ENIOZENS Civcts 0 bone marrow
and the lvmphoreticuiar svstert of mininture swine as described by Clarke et o
(1951 while Pool o al 107 repart a tigh incidence ¢f bore sarcoma in beagles
receiving guile laree radiation doses from “YSr received ty ingestion.

MeCletlan & Jones (10RY have siommanze? cogently avch of the information
o1 tuinor incidence with radiostresiaum in aniraals. Adthough small changes in
i picturs have ocenrred in the Inwricn, their Table JU s such a usefui summarn,
ot is eproduced oolow (Tokfe 1o

e experience with inhaled crerfom (109) shows also a predominence of
weseors of pose sicnier to the Lien aad argonne National Laboratory siudies
wiih dogs receiving, single intra/encus injections. This indicates that the inhaled
stiondum compounds are relLivey rmore mobile than some of the insoluble
aides such as Pu; and .ha; !,0:"..5 = apt to be the chief tissue at risk with
strentium, regardless of route of cr.try, as long as the doses are small.

All of these studies show sirontdum to be'considerably less effective as a car-
caogen in bone than radiccn and he other alpha emitters. Its effectivencss
ie’.;y.i\'e to radinon s var Ueadde oapesiment et Utah is about 0.07-0.24, and

anitar effecivetlss rotaes Lan e Laloointad from the other experiments,

In dogs inhating *#S$rCi, | cakovisted cumaladive doses associated with neo-
plasms rangea from 4000 rads o as lugn as 22,000 rads (110) compared to much
sater doson asroganed it win e degrees of development of bone sarcoma
with 1oy, peatonece, ao vhor aoong ennwers. The new experiments cone-

epidermold carcinoni O the oral o

wintngicel fataitics

e iy e e e el aeeeis by betz cad beta capuma
syt ers than avoniebs emicer
.
Tascndr. €Ll e, s SN gt for the worldwide nhopula-

OO BATGSEA T0 G-l o Dy Crecud cd scpardizl:, there is only one discrete
ropilation of humnas availabte for end olnrvrm study v/hich has bad expo-
suce 1w radiostrontoars, For o short perlod luminous dial painters in Czeche-
slovakia and Switzerland caed a compound containing °°Sr and 22%Ra. Volf
1021 reports on a 2rcun of 163 cases. Mualler ano contributors (111] veport on
G EFOUP €1 GO LASLL 1 v 0FE VL alld SAX0NY, 1Rt il s, grouyp, winle Chiruinosone
abnorrazeiies wers & .0l wouble tee contol rate and posidve clinical findings
COPRETE, GO BCOP . b WwCUITSG thit coud bt aunitaied 1o the radicnuciide

axpoeure Hong o '?h“v'\‘-‘:"v'.f. ruthor commren, Thare ware onhy 4 cases
I Slose RLXLTUNT Tersg tody ourden for
DTN = - ; o .

. Fad s St 2T,

g, cencr! - G A kETVOUC ChANGes weTe SE0n i O ery expased
dhvilo s, o Do ool "‘-"‘r study s devered wooanelyis of thi
feomure and to phoos wokinsic stadies, They do rerort 6 cases of carcinoma
wiih incidence in 20 winocated group so Iow that tae probability of sceing these
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6 cases of malignant discase is only 0.0006, Yet the body bur s of B ot
B37¢s, Radium C. and radon as well as "S-y are s¢ Jew e
maximum permissible body burden for ocourutionad evpos ;
refuse o believe the carcinomas 1o be radiogenic. They sugnet: o forge
af folivw-up and {urther analysis of the groug, before conciuding et i
true incidence due to radiostirentium exposure.

Althaugi. the groups are complhicated oy the presence of radinm fxg tonge
ihe patntand in the body burden, [urtiler analysis is importani since tn2 RS
burdens are gencrally considerably greater than those of radivm or ~es®
and efTects, if they do appear, might thus be relatable to radiostroniui ca b uls

Redicivdine ~—The fact that radioiodine, primarily '*', can prodoss o7
carcins na in animals is well-established. That ionizing radiavien (a2 -
procuced thyrotd neoplasia in man is also clear (112, Pravary inteiest |
review centers on the populations exposed to fall-out and patic
radioiodine for the treztment of thyroid diseases. The fail-cui enpis =05 .
considered under a separate heading. In the studies with petients, "‘I LT
considerably less prone to produce thyroid carcinoma than comparable rac
doses of external radiation by a factor of about 10.

Other iodine isotopes !*2I, 1231, and 3% seem to be more effective in pro-
ducing thyroid carcinoma, and calculatzd doses are mors similar to exier:
radiation. Casarett (113) speculates that this difference moy be due 10 the
extremely nonuniform distribution of iodine isotopes in follicular coltoid alore
with the relatively low energy of the ‘°'I beta particle compared to the other
iodine isotopes.

A general estimate of the risk of thyroid carcinoma in chitdrer for externa!
forms of ionizing radiation (largely X-irradiation and zammiz photons 13 16225
additioral cases per rad per million exposed persons {114). Tie risk from 351
would thus be about 1-2 additional cases per rad per million in children and
less in adults. Estimates for leukemia incidence from X-irradiation dare abou:
20 addirional cases per rad per million exposecs.

In view of the greater mortality from leukemia than from thyvroid carcinnma
much concern has been expressed over the chances for leukemia induction from
radioiodine in the treatment of thyrotoxicosis. This has received more emphasis
recently than the induction of thyroid carcinoraa. In 1963 Saenger, Thorm: &
Tompkins (115) putlished a preliminary report on a group ol 39,200 patients
{with 98.8 % follow-up) which indicated that there was nc ditference in leaseniia
incidence beiween patients receiving '*'I or thyroid surgery. Bat with ejtier
treatment the observed meortality from leukemia for hvnersthyretd patiens 1
group was reporied as 567 higher than vor the general U.S. poputarom Troay -
kins foilowed this nreliminary report with o mo=e de ooty o T
The age-adiusied 'u;’u.m‘; incicence rate was i per O nind pates
the '¥'—treated patients and 14 ia thows tronted b ez 2o,
lack of a gross increase was confirmed, althcugh the comterse offez w g
confirmed, as a much larger population would have been uceded to prove this.
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fall i< " There was an apparent excess of acute lenkerua in males receiving 131
“nannG. Yet the body burdens of all isorcn. D ‘ pparent
A as Y08rTMY are se low (well b (5 cases obwerved ver we L3 enpecisdy uad a comparable deticit 1 bath sexes
’ e ‘L'mnir\na! exposurs) that thiz qutieer T IR ICe O wnl (AR ST ALS URNARR SO (U ) R 20 opserved versys 4,8 eRPeCe
. v wiin;'eric They suggsst a fongzer renod Trese nm‘mgp dre compared 13 and touad consisient with the data from lhe
e "-"uzzp befare concluding that the i apkylosing sponduinss and =i bomb survivors, Tompiins condudes (o
A , befo Lading thor this i :
e pOSUTE. none of the siadies Germonsiraiz indudtion of :eukemia at low total-body doses
: . : . A PRSI e VALY L el T S TR . )
atd Dy the pressnce o radium 150[0;-,.,, in of srradicion wnd ot I ucatmient of thyroig discase cuiries no greater risk
. R 2
v aralysis is tmportant since the 2781y O feah @i than docs surgary.
.. erester than those of radium or cesium Indiction of caremosomal adberrations by iodine-isotopes has ben repoiied
AT 4 v ¥ . .
- is be reiatzbie teo radiostrontium exposure. in hethan'mals (1170 MY and muue 119

fthe information on todinz-isoropes in animals utilizes relatively high

v Thomuas, Scotr & Chifieile (1201 have reperted on th

cwieee, primarily P can produce thiroid

Cued. That onizing radiation can and has metaboiistl wad 0%y of phamed and mgected '7PL not oniy at mederateiy
il cloar (1125 Primary intercest for this hizis cose ovels but o levels conscdered in the past as control” or “racer .
+eanosed to fall-out and paticnis recci‘ving The average infinite beta radiation coses to the thyroids of these animals ranged
toooid diseases. The fall-out exposures are from 797-4310 rads. The lowest infinite dose was 286 rads and the highust
5._]" 1n the studies with patients, 131} seems 15,605 rads. Thyrcid tumors, usually roliicular adenomas, occurred in ali
-2 e pvroid carcinoma than comparable rad animals including the coitrols, but tumor incidence in the higher level animais
+ wtor of about 10. was greater by a factor of about 3 over that in the control and low-level grougs.
“v and 1351 seem to be more effective in pro- There were also alterations in the pituitary gland with pituitarv adenoma
< 1a:ted doses are more similar to external occurring af'er moderately high dosage. It is interesting to note that there was
<. trat this difference may be due to the no alerz:icn in life-span in animals maintained for a longevity studyv even
v uiicdine isotopes in follicular colloid along tnough sove of them received accumulative radiation doses to the thyroid of
S et beta particke compared to the ciher approxintaeely 13,000 rads. However, biological change of a greater or iciser

degree wuas seen at ail of the dose levels.
Sty ioid carcinoma in Chil tdrec for external

. X iraciation and gamma photons) is 1(?17(» | vO\I/ler /‘Cfu, cjrr‘cf an-qanuna ev,’,mm”‘t?a’i (19) summarrxfa fhej:;x sidente of

v cerised persons (i 14). The nsk from "'l ~' 2 :-"» 1» -‘-}2-: _Uﬁ L~ %‘c L-:u_h‘raL ,.L'\ 2al ll;téc,\.“\l'}g . R%:J x{.n! Ex}_d
. ”1! _i<cs per rad per million in children and Mt A} irapianis, Co wire implants, Au, ‘ Ie. S and R}z
“dence from X-irradiation are about after inhalaticn or injaction. Sanders, Thomnson & Bair (121 give an experi-
s P OSOS. ment-by ~exnerimart review. Radiation dos2s to the lung are so high in oM thase
o nc.ukcmia than from thyroid caicino, fstaress wat it is reascnable to conclede chat these audlides aze cclaiivey
w1 the chances for leukemia induction from inefiicien: carcinogenic agents. However tlie studies do not ordinariy include
.roticosis. This has received more emphisis marny jow-dvuse segnents or sufficient time really to determine the jong-term
v i varcinoma. In 1968 Saenger. Tioma & potentialivies oftxac auclides. There i" a report of four squamous cei! carcino-
 report on @ group of 36603 panenis mres 12 By eats Tehaling '*Ce onile o amcunts _h.':dL;‘,rz s i oy

) i—x? Jat there was no difference in leakemia only up to 2500 ra.s and a large stady with dogs receiving Y*4Ce ‘rocrporai:

"' or thyroid surgery. Pm with 2ither into fussd iy s Tnotrogress ot the Leveiace Foundation, Berke & Doinsh :}ZT
ek emia for h\,nerthvr\\]d pa: ;:m, as a hnd mose pelmenars pathology than neoplasiic change in rats receiving aerosa’s

e pereral U8, - X . Se o o comiam [51-185,
o detasled N .
(. SRR et T AND DOSE-ETSPONSE RELATIONSHIPS

e ad ey b ’ Jeoooe e e parars oo Dor cudionuetides are mucr more comnes
Coalt : : ’ UTIERTT L':;k.;‘; sractice ol pndriadoudogy oF wxcology. Tnis anises in fa-ze

VR VNI U FTTUIE MU PO SRR L vars g the prociivn of radiation oieicm s not e be satisfizd with such simple
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parameters as administered dose, Since the units for dose of i ol - a0 .
are in rhysicel terms 15 natural ooy o prosont doses siaconiied v
effects of radionuclides i sinuler terms (1.2., rads and rems). Snee he al o,
doses depends beavily upon ihe Kinetics of absorption, dlht'l uts
transiocation, etc., at all levels of organization from organ sy
much of the literature pertinent to the toxizology of radionu«:m.cu 5 Lo
primarily to this aspect, i.e., pharmacokiuetics. Space zrevents iy sotwy
consideration of this enormous iiterature here. Alse in the praciize of '
medicine it is desirable to know within reascenable limits the r2 :
the target tissue and others, either to prevent undue exjosur
tests or te deliver a known dese for therarv.,

The classic schema for internal dose compuiation devised Grgeie w100
Quimby & Hine (124) and universally applicd since the l(m Proe o s L
expanded in the intervening years (125). Rather elaborzte cquw 1 b
developed for photons, beta particles, point soucces, surfuace snd vl vz
etc. As described by Loevinger (126) a simpicr, more genoran tresia e,
desired, particularly for the practice of nuclear medicine. To accompiisn s
group known as the “ Medical Internal Radiation Dose Committee ™ (NMIRT
was organized by the Society of Nuclear Mecdicine. Several pamphlets bz
been published as suprlements to the Journa! of Nuclear Madicine 122'.-’--{?
which detail the work of this committee and its sponsers. They presens o
unifving principle the concept of ““specific absorbed traction ™ (d = ¢ m m.;_
¢ =the absorbed fraction in mass m) which had been introduced earier
gamma-ray dosimetry (131). The pamphlets give the schema tables of absoris
doses, radionuclide du:cay schemes, and other needed iniovmation. Foc
issues will concentrate on specific substances of interesr in nuch-ar me -
especially radiopharmaceuticals.

The principal accomplishment of the MIRD schema is to provide a si-.
expression which covers dose from any source of activiiy to an;
types of radiation. Ir js stated to have general appliceblity as long as relev.
geomeltric relations do not change with time (126). This jauer is a netincensic
able reservation with certain isotores. But to the extent that absorbed fracy
and specific absorbed fraction are parameters of interest for pl’ediCIMQ bxol*v
effect, and to the extent the schema give them directly, the new plan bas =i
tages. For those brought up with the Marinclli, Quimnly & Liiie menoze,
new approach will seern unfamiliar and not an obvious simphiication oo
may become clearer with use. Fortunately the aosarsed doses coculaind
MIRD Schema are stzted not to te radiceliv diffirer: from those caiculs
by the older mcthnds 7126, p. 487),

Ar egually important function of the
of metaboliz data and lfetimes o nuctiaes adrs
ceuticals, along with inforaation an facior: o
purity, stability, ctc, whicia might affect a’ o*hr‘d dfw‘

Greenfield & Lane (125) have contributed a timely and complee craqe
radioisotope dosimetry airned at both the researcher end e physicn
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Kinee the units for dose of external radiatiin
<o Iy to present doses assevialed with ik
ragds and remsy. Since the ahsorp s
. actvs of absorption, distribution, retentiva

Crpanization from orcan systems (o Lo

LR

e e,

o thye toxicology of radionuclides is dm‘otmj
CLITLUCORINCTHCS. SPGCe Provellis dny serious
cutare here, Also in the prasice of nuclear
weifen reasonable limits the radiation dose to
i prevent uadue exposure in diagnostic
viv.-r'v—\y
s omputation devised largeiy by Marinells,
-2inaiiy applied since the iate 1940s, has been
ity Li25). Rather elaborate eguations have
", pomt sources, surface and volume sources,
¢126) a simpler, more general treatment was
vt of nuclear medicine. To accomplish this a
ssternal Radiation Dose Committee ™ (MIRD)
s1 Nuclear Medicine. Several pamphlets have
¢ the Journal of Nuclear Medicine (127-130)
-nmitice and its sponsers. They present as a
+ Tievific absorbed fraction” (¢ = ¢/m where
3 m} which had been introduced earlier for
s ainphlets give the schema, tables of absorbed
and other needed information. Future
- abatances of interest in nuclear medicine,

LTaN,

e MIRD schema is to provide a single
«roany source of activity to any target for all
rave peneral anolicability as long as relevant
1 time (126). This iatter is a not inconsider-

.+ @3ut 1o the eatent that absorbed fraction
rxeters of interest tor predicting biological

et fove them directly, the new plan has advan-
¢ Mannctli, Quimby & Hine methods, the
Jror an obvious sicaplification but it
“atulv the absorbed doses calculated by
tealiv diffevent from those caloulated

AIRD commitiee is
i administered as

(e compilatien
Labelicd pharma-
v sech as chemical e radiochemicn!

.L. (a1 I)L\ (\Oat:
wooaested @ tmely and complete chapter on
- taad tae reszarcher and the physician. 1t
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“reflects the deliberations, if not the methods, of caiculaung absorbed dose
(125, p. 101) of MIRD tut on the whoele pr(wxdm A somewhat more classic !
forprat, Also, w gead sorves of the U classical™ apyu
chapier by Harper (1320 and the book oy Hendee (133

Hundreds of parers have addreseed dosimetric problem: of a particula
isotope in a particular sy siens. These cannot be revievied here except in connec-
tion with dose-response refationships as a generai problem. OF special interest,
nowever, 18 a sevices of '7(1,'35‘3 from the Now York University Lasutute ol En-
vircnmental Medicine by Wrenn and colleagues (134-136), on the radiation Cose
from nuclides tha: decay by electron capture or internal comversion. It is pointed
out that frcqucmlv auzer elec rmn emission, which can occur in such cases, is
“more probable clements of biologizal interest™ 7134,
p. i;. The range of ar, .ug-:r cicciran i :omidcr; biy shorter than the mean iree
vath of the equivalent s-ray. Therefere conventional dosage calculations mey he
quite inaccurate if the biclogical object of importance is small compared to the
mean free path of the anticipated x-ray. If specific localization of an Auger
electron emitter occurs in sub-cellular structures, very localized wrradiztion may
take place. Conventional dosimetric calculations assuming uniform distribution
would miss this almost entirely.

Wrenn (134) showed that the difference in dose to the erythrocyte with Fe-55
is a factor of 10 higher than to the rest of blood because of these phenomena.
and with some ron-coniaining complexes such as ferritin which bind closely to
intra-cellular structures. the difference between local dose and a conventiorally
calculatad one may be even greater. Feige et al {137) and Gillzsspie ¢t al (!138)
have explored the physical dosimetry in thyroid for 1231, another Auger electron
“emitter.”

“

vaon ¢ai be found oL e
3.

Dose-effect reiationsiips.—Understanding and formulating the refationship
of dose to effect is especially important in considering the effects of radionuchdes
at this time because of the strong current emphasis on the effects of very fow
doses. Acute effects at hizh doses of both external radiation and internal emitters
generally follow the sigmoid relationship familiar in chemical roxicology. But
genetic effects of radiation are characteristically linearly related to dose with no
apparent threshold [with a recent exception—female mice (139)] and the same
relationship is postulated to hold for some somatic effects including carcino-
zenesis. This has been terred the “linear no-thresheld rmodel.™ The 1972 parer
of Evans, Keane & Shanahan (37) presents a useful history of this corcept as
cpplied to radiation protection, where it was adooted primari'v because it was
conservative (114, 140). That 1t gives an upper limit to risk is evideat to the
exent that the true relationskip lizs tolow a linear extre palution from doses for
wiich data are extant

vans et al pave taken the view that tive region of no-effect deverbec in the
sccilon on carlinogenesis above is tuntemount to 2 “prasicdd thresheld ™ in
that the incidence is so low within the life span of the specics concerned as 1o be
neghyible. Others (141-143) do not accept this view and mainiain in essence
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that the linzer no-threchold model can neithe bv supnorted nor refuted Wi,
mach farger nuomibers of oxposecs e the v dose demain, A full-blowr ¢ -
roversy has rowred over this matter and 8 probably not be settled to o
enes satsicoton undf studies now in progress or planned can be complerd,
beowoanad oxperinests can contgibute signdicantly, and show ciearly i,
the ansver 18 not a stinpie one. Mavs & Lloyd (11C) summarize 5 exiersi.
CAPCT RIS mu)l\.m., vraded doses of radiwostronuum and radiocaloium
mice, raty, pigs. and degs. A lincar relation does not fit the dose-respors«
relation very w L“ tn anv of ihem and at low doses there is always a lower incider: -
{frequently zero) than peedicted by a lincar extrapolation with no threshod. o
sizmaid type reletion fits better. By contrast, the analysis by Mays et al (79) o
snidr cupesimenis with alpha emitters (pluwtoniu, radium, et shiows a b
i1t to @ uncar no-threshold relauon than w a sigmoid one. Tanmphin & Go'mun
(Ed3 1nsist that tie bivear hypothcsis is the only one taat fits the beagie-dog da: -
for alpha emitters. If there is really a differcnce between the aipha and beta or
beta-gamma emitters, as Mays® analysis suggests, the direction is consister
with known differences in cell and tissue recovery from effects of the two kinc
of radiation, although other explanations may be just as valid.

An example of how risk estimates differ with the model is seen in the analys «
of Mays & Lloyd. At doses below 1000 rads the projected risk {in man} in ¢
years is 1= 1 lercomrxs"()(> person-rads for a “low-dose {i-w.ir model™ ¢
4 .= 4 sarcomas 10'° " person-rads for a dose squared model. Thus the differo:
is not trivial!

Other models have been presented. Rosenblatt (146, 147 utilizes a iriacx
dimensional surface logistic model to account for simultanccus conrribur .
of dose and ume va osieosarcoma incidence In beagles receiving ya
radiostrontium. and cmplovs the Cutler-Ederer life sable moathad 04
treating deaths trom causes other than the one atissue. This logistic tyne rose <0
1s not linear anvwhere. Also, it permits age-related incidences tn b2 calen .0
{e.c.. 1097 cumulative ostrosarcoma incideace would occur at FE
beaglz). It is discussed in «detall along with risk evaluations barad o5
Geldman & Bustad (1 49).

Mole (150) describes th: prozability of bone tumor in mouse and dog oo ¢
90%r as directly proportional to the square of the number of betz »oviicles
em‘tied in the skeleton »or kilegram bedy welght Ttus did not appen- 0 hatl
sesrer, for cipha erclers. He also generalizes that the daia ion
ra'hit, rat, and dog dc moenstrate essen.ally equa! raciosensitiviny of the Gads
endosteal ceilsi, a somewhat urespected phenumenor.

Hvo as remarkid by Evans et al (37) the linear nonthreshold rud.
Si. e thie sdme vusnber of angerved tedivideals per persoa-rad regardless o
SO0t exposere doer o ~rﬁ‘m\.l“d 1 the exnesed groun. i has ot -

i

LTS

{is

Pobects fousd o the somatic effzots of cadation althousi i s gencis

'

ead oo be tre frrogenetic ettects It almost never appeurs in ch‘:rv*ﬁ;
o .C‘l’\QV
It must be obvious from all this that none of the studies, mun ot anim:!
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;tae low dose domain. A full-blown con-
Cownd wili prehally ret be osertded to every-
nrogress ot planned cae be comipleted.
vaoge siittcontive and show clearly thar
Gavs & Lioyd (110) summarize § extensive

of padiostrontium and radiocalcium in
aroreition does not fi the dose-response
44 dow doses there is always a lower incidence
A linear extrapolation with no threshold. A

Socontrast. the analysis by Mays et al (79) ef

Jrafrutonnnm, radium etc.) shows a better
Lot o oostameid one. Tamplin & Gofmas
& the only one that fits the beagle-dog dam
o Jilfereince between the alpha and beta or
ssalyvsis suggests, the direction is consistent
ussue recovery from effects of the two kinds
~.hions may be just as valid.

oy ditfer with the model is seen in the analys's

1000 rads the projected risk (in man) in 50
s-rads for a *‘low-dose linear model ™ and
o1 a dose squared model. Thus the difference

wred. Rosenblatt (144, 147) utilizes a three-
§ 10 account for simultaneous contribut ons
1 wnchdence in beagles receiving radiury or
« utler-Ederer life tuble method (148 for
S one atissue. This fogistic type respoise
oty ave-related incidences to be calculaed

e nadence would occur at age 50 in the

boug with risk evaluations based on it, by

“enf mone tumor in mouse and dog recelving
e osquare of the number of beta particles
« nody weicht. This did not appear to hold,

v oeeneralizes that the data fromy mouse.

sentally egual radiosensitivity of the critical
*ores e o b shengmenon.
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in shd!\ of the curves fitting ore ondel over the athay voiess than

the sosticr ¢of the datal Alro, ac Coarcv N D P coe rlottiog

togethor sors o relotions from cnfe o gty an g i oty useally

spuriow tear, reait He sl calbls attentinn o the iporan face that a

SIEMEKL YOIoNSIHP Seen N oot very  Beinogeiicous amiiiid prpdidgion

(homegeneous @ terms not oriy of 2 cs cut of exposure o conributing
facters. e~ roviment. care. ebe mav refiect rrimarily ne relative idestitv of
threshoids in c.at popuition; thresholds mug i vary much more o a highly
heterozenscors buman population and the relation be less sigmoid and more
linear.

Anotter Lt of the miensive siudy of cose-response relations for radio-
nuclides Is © - racant use of the CdoeSling-Jose T coneepi. Thiv w
to hendle ¢ 0 azserhing the genctic atfects o7 eadiation and is specifically the
dose requiio.. (o doubie the ingdenue faw of wogven mintauen. (NOTE: Some
other g v <'Tects may rise ae the square of the dose or by cther functions).
The corce:t i.overy dependert cpon the partiotiar kinetics of the genetic res-
ponse. e, Czar, cumudative. eto. Same atuthore 1143, 151) have applied this
concept o oo nogenesis induced by radonuctides as well as by external radia-
tion. Fur-iarental to the argument is whesher or not'increase in incidence is
in propa/ron wo normal incidence retes or on ar Lhsolute basis. While the data
brou.sh: ¢ wae are orawd vedation, an [ICRP analysis (152)
does ot T makes considerable difference

Ls develened

¢ Prime iy 105 ex
concral sappers as tormer view, 100
to the preo tion of risk fecun the trdiny of veraeas forms of cancer induced by
radior caiis,

Blat 77 bes used Rz e roonesse wollton for radinauclides as a tool
for inos -0 gemeved mescharrsmn, s reeal cecent stindies (033, 154), the dast
Suntt o R EAOR b creec bl in beagles. skin
ey U T e ; Newman & Altschuler
cuse he conciudes that there
indicion. One, char-
the atiwer, characterisic
2 Aewx and follews only after a long
JIo uses averag: s«eliwal doss from the seversl bone-seeking
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Ning doe By caleuiation back 1o mewsuivd © 7Pb cootes of bone in the
wineko 18 cer-

SV ioer,

e
PR ST SNt

(152, g bang Caneer 1 U
¥ O O ST

I U L e T ',f'.._“u’r‘
TR SRl EEP R Lo1s Cirect & '.Am I
-

20l dncos reaaires 2 mach ba e oy

T U S nEt

el ol

EANERTE SN TN z'.'S") Vi G bastlies Colstani doseeale,

PoR D S w b sSE w ied tiee over Catsuging sauplificavion of the
(N L U GLditadey oud iR dader
A nt for o aren banor rupe,
SIORES Cothba Now e clered Blades o re-
e col o csptanatto o T

PN e [ one uxi;m‘,r CU devait
a1 I,
derzly 0

P produse oz ez Dy

1t have :’:i'""t“e‘v af‘(umuhted ‘he dose.

b

HKORU SR T R APt Y PEVIITE SR RN C RSP

- 5. s [
3
] . Rasli Sioaled ol
- cediiay 4 ,M.’Z‘.&‘Tﬁ"”
ke Bl e ey v e e PN . e U . I i i
RS S R A ke ¢ L e O S AL A S S B SEN i B Srteiedl Jned 4 ?;;'_ﬂei}’[f',r‘a s
PERS p
. Foieen S DRSS Voored Y N d g
- PO + . L .




WAL A

4,00

Linhe

ke -'HQ,J-:MTM:“,‘ o

ks KR

o

beeada iR

cot

Ry O F R

g

346 STANNARD

Agreement 1o the data is as good as for Blair's original assumptions,

Il is unforiunaic that there is no independent evidence from bolog. o,
N i - L4
in oncogenesis and it is difficult to visualize how these could aperare '
a single low- and a singic high-dose mechanism. Without such direct .
the test of the theory resis homved. on fitung fines to data with consias
scatter.

Thra most nesded informatica in the reatm of dose-response rala
as fuli and complete coverage us possible at low doses. an aimest unend
fuli rangzes ia wngle experiments, an expensive aind UmMe-ConsuMIng
mformation irora celiular and ussue oiclegy which would verirv the
now being, if anything, overworked.

ENVIRONMENTAL ASPECIS

Fall-out fron: we(;pons testing.—The enormous zctivity generaied b oo
“fall-out controversy” has great'y enhanced our knowiedge of e metlb Lan
and effects of the radionuchides produced in fission. In the period of this rz. i
the environmental surveillance activities begun by the AEC and luter the U5
Public Health Service have continued regularly. They show centinued Cecriax
in the amounts of radionuclides in the atmosphere and the biospnere which .
their origin in fallout. The regular reports from the AEC’s Health and S«
Laboratory in New York City and the several stations of the PHS newwe
reported in * Radiological Heaith Data and Reports ™ should be consu’red for
details. The effects of Siberian, Chinese, and French tests on the inveniery ¢f
fission products can readily be detected.

Typical and moderately recent reports on the amouats of fission producis
and related elements in the environment {158-171) show the behavior of thz
importani nuclides to be predictable in breoad ierms but idivs, neratic i detaiis.
Remote corners of the world and their indigencus ponulations bave seen szar s
out and measured and seme evidence gathered of espaciaily fugh concenirations
in simple planis and animal life in the arctic.

The passage of falf-out nuclides through food chains and their circular or i
the tropcsphere and stratosphere can now be viewed as reasonably estahl :
despite thie need for fuller understanding of many detads (172-180). The Lvv
TAEA symposium (180) is an especially useful compendium.

Direct measures of long-term effects of an acute fall-out exposure on man are.
fortunately, represented by only one incident, the residents of the Marshall
Islands in the Pacific, particularly Rongelap, and the craw of 2 Japuness 1
vessel involved in the same incident. The Rongelap group, which was 2xp
to fresh fzil-out from the test of a thermonucizar device 1§ 534, suseena.
studied by a multi-disciplinary, multi-institutional group. The mcst
internal conaminalion wis wih isotopes of iodine. Uonard ¢! ai (lal; 72
muitiple nodules of the thyrowd gland 10-14 vears atter (he expos
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the Ronzelap residen:s. Tho 1ozt cases are now 20 out of 64 exposees, 17 children
Seanos Vs Tt e s e s indee (Todend e radinsion doses o

ThyrUld SUTEELY Ol d 1 mininsdebad messbd © Ml av thoiiin nan cv mm wsimes mwnon
matous nodules eacept for & T meeed pag ry and jciticwiar carcinoma in one
okt ohe seinted with jodine deficiencv but

od ond de ot normaliy show
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ihe Mars! ullu.:\_ Natives Sal laigd aliounls x‘f 3¢
ioding daficiency

Growth retordation wers also desertbed in stight w0 moderate
degrec in some of the exposed children. Two maite children developed atrophy
crablz arowsh rerardation. The condition was eonsider-

and duvelopnxat e

of the wbyroid and coas: !
bly alleviated by treatment with thureid hormone.

Lvrw"s or neighooring 1siands that received considerably lower doses (by a
factor of at least 2) have not shown any of the above changes with the exception
of ane noadular thvroid in an tndividual receiving about 40 %, ot the dose calculated
for the [t cansat vz stared wirty surety that this is radicgenic.,

No loakemia has been scen in the exroased eroun. Fertility has been unchangad
but the number of miscarriages and siiil-hirths was about a factor of 2 higher
in the exposed women during the first 4 years after exposure. This has not
continued since the initial period.

Of spacial iniportance is the delay in development of these effects of ioding |
fall-out. Until the mid-1960s, i.e., for over 10 years after exposure, the exposed
peopie gave no obvious evidence of thyroid abnormality.

Other po}'zr‘.ations have received more than the world-wide dose from fall-ou:
bui these Fave not and cannot be studied with the precision of the Marshaliese
group. For example, & group of childien (4827 examined) in St. Georze, Utah
received 1o but significant exposures 10 fall-out from some of the earlv Nevada
tests. This population, exposed in the early 1950s, has proven difficult 10 study.
fsrimated doses i ihe most exposed group range from 84-120 rads Av (182,
183) obruned primarily by drinking contaminated milk. Attemprs to fing
hyrei ! oy o Giher pathelogs T this aroup correlatatde with ingesiion of
contanunated milth have not been saccessful. Hoffman 1184} concludes that
“ba<ed cn the available data with its limitations, the exposure received by the
children does not appear to have caused any significant inciease in thyro!d
neapins a’ Barring unexpected new findicgs, it must be conciuded har this
group wiil not vield any further information.

Begioning in the late 1960s, Sterrglass has contended that there is a causal
association between the deposition of fall-out nuclides, particularly *®Sr. ard
il Lmortelity, including 2 ereater than exnected incidence of child-

Rongelap residens,

Tl

ot g

hood leelenia. Sivce he is now apphving the sume views to ra@onuciroe dis-
b e I’:'r 3 '«:!,rir erergy installations, the discussion will be postpoaed w0
the fol o crem,
D v anclides from wiclear enerny insiallations.—Thnz environ-
I Gociuel and noentiel discharge of raddi DT oaucizar
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power reactors, fucl reprocessing facilities. and nuclear resecarch L wd 2o
ment iuboraicsies s an active. indeed crucial, ssde at dhe present e 2y
made now rezarding the biclogical impact of such roleased nacd
probability of their occurrence may well determine e aireciion ot .
technology, Some of the major issues will be examined here. Many sumn o
arc avaiduble (180, 185,

The biological problems devohe again upon the true shape of the ¢
response relationship, although for practical purposes the conservatine aaunyng .
tion i3 made that the linear no-threshold model holds. Also. i inaieii s -
must show that they are maintaining the lowes! practicasle releass icvis, rogar .
less of general standuards (140),

The primary considerations are (o) evidence of effects from past ecovit,
(b) actual and potential release rates and their impact, and {¢; &2 rowc ol
ecosysten.

Evidence of effects from past activities—Except for the rere instances o
accidental releases of significant quantities of radionuciides. ali inrerer.ces
regarding cffects of past activities involve the epidemiological approach. Siern-
glass (186-189) correlates increases in fetal death rate (actually a lesser deckinirg
y LR » slope on a long-continuing dacrease in rate w hich ke terms an * excess mortality ™
g s r:Jnp-..,(,‘..,,,,,;;._wf;,‘-,_..;. T with infant mortality in Albany-Troy, N.Y., New York State vs Califernia,
W 4 Missouri, the entirc United States compared to Sweden, and tag iike with the
time of arrival of fall-out from the Nevada tests, USSR tes's, and Peciic thermo-
nuclear tests. For nuclear facilities he relates excess infant mortabity to routine
radionuclide emissions from boiling water reactors in Lumncis. Michigen,
Caliornia, Pennsylvania, and New Yeork, a Tuel reprocessing fac’irv in western
New York, the Hanford Atomic Products Works zt Ricaland, Washington and
to Brookhaven National Laboratory on Long Island (190-192). Even the small
educational and testing reactors are linked, by Sternglass, to deleterious effects
on children living in the reighborhood. in all cases the gfect is described as
“excess mortality ™ within a rather circumscribed geographucal area " down-
wind” of the facility after a variable latent period, and due to radioruclides
released in its operation. These claims, many of them made in public hearings
and proceedings, have generated considerable concern in ths general public
and government alike.

Sternglass does not estimate doses to the recipients but any reazonable cai-
culation from the levels of relcase, or even multiples dtiercol, 1-divaes the fad.2-
tion dose to be vary srrall, Thus, very great rediosensitiving =7 the embrvo and
fetus is implied by his conclusions, While diligent laboratory studi=s or the rela.. .
sepsitivity of the fzius and newborn inavir s 712y ozl s o
than adulis or even the voung bevond infancy the faloers o
approach those necessary to accoui for the mmoralio rafes
nuclide exposures. Thus, the human embrye zad fetes must be consideranh
more sensitive than any of the animal popuiaions stud’ed, 10 substantate the
proposition made by Sternglass.
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tions. lava Ui voavinang oviduros St uadio €
have been oxoindad or accounted Jor, ang lacs f:.t' s:azi~
the duta. Thi criticiem has coree arzely .‘rum I WION
Secondly, oiFors take G3ue win the Dioutes Ustd ror fail-out s s .
directions, a b other aspects ol the xo0Ure SHL AU, and State 1l tae siua-
tion wasz not > descrined. Finally some of e oracisnas imph wizeion o toe
data. While e oriticisas Jo not show cond :,\.) that there s ro such e,
they plac: Lcaiden OF proot on e profogs

There be . ooeen a few otoer s"nn'lar Clanns
the enti¢ . vulation, €.g., Welk (203 cios ine L
small poprula fon living near ‘he Indian Point. Mew York nuclear station. The
statstical ¢ 7 ooidemiologica) suitability « £ such a small population is in dout-
Fadzley (.1 oresenis data showing insrossed mellgnancy incidence for pomx 2=
tions in ¢orvue counties in Gregon itving rear, or infivenced ty, the Columbia
River. Tir -t-ibutes this to the redionuclides discharged from the Haaford
Atomic Products oparation upstrean o7 Rachland, Washington. The data were
deernod rot onsuppart the copcivsiens By Boyoie 4 Yourg (205) because severai

perirent el counuas v e gmitis s anaton, hasic data on actizl
nunbe. s, oo deaths wers vodsapplics, coere oo alack of 332 or sex adjustmen:

TOr CCuintids RBOWI L0 %aly i v porabicie s, and here was no accouni
for tho diterernce v co ey Moty oy o accur bebween urban and mra}
DOPAL L e, W 02wl B Pl Sledaee oL il heals 0 be along the river

rha= ' e

#0 L e Doiehnd Folcend Cwiss =t L ot relagse raves of radine
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ngures. eiects can be argued Sronn staizs i aounais wnd rman at higher doses,
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Th= role of the ceosvson - - The porentiel for toxic effects in man of radia-
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in wransferring ihe nuslides from veicase pon'? or made 1o intake by man. N, -
of H‘m harpeamipa fier! o radinoceinay is devoted 1o stadies on this .i\_pe;

SUueen RNy i v oSt commian forny, 21e 8y isciuble U
s nesvn from he envirorment o man in signidficant quantiny ey,
avon or a contannnated wouad (206, 207, Otner nuciides 'ra.{\
tand 10 concentraie in ONC Or more organisn or vector in the ecosvstem. Ultire
accurulntion n man derends upos whether or not this criticel step is invo?
or by-passed. Concentrauon factors of several thousand are not uncorimon
{205).

Much effort has been and s being expended in identifving critical patbuays
209, 210y e.u., atr-h.d}-ww xmlk body versus air-soil- plant-cow-nnlf.-uwv
zhear that feliar absorprion of many nuclides s suiriiiorne
greater than that throuzh roct systeras to make the first the " critical putiin oy’
e.g. USrin many instences. However, this is not the critical pathway it niik or
deiry products are not consumed. In this event, the critical pathway may instead
be through grain as is the case in the Orient, and the resultant intake ey be
yuite diflerent.

Arother aspect is the identification of critical nuclides (209, 211). The isotopic
composition of discharges differs with the type of reactor and the time ¢ ¢ pera-
tion, and it is differen:t for a fuel processing facility than for a reactor. T.ius, the
critival pathway will not necessarily be the same for different o pes 0 or<r xiinn.
Qf special concern has been the possibility of an undetected critical putiwey or
critical nuclide. The role of zinc-65, for example, was not apprecased uniil
Japanese invesiigator® drew attention to it (212). The primary likelthood for
such a finGing now is in aguatic environments, especially oceanic (213, 214
and in the covelopment of ditferent fuel cycles.

ot ra e forgodten eithaor, is the ro'e of tirne, since sonopss Fin:
fresh tssicn products be ome less sigrnificant later on. Indeed, if ttmes ore
¢s in the consideration of radioactive waste disposal, some very uneganicd
nuciues become T eritical 7 190 the evaluation of poiental nazard (18,

An excellznt summary of the iuctors to be consicered 1o ine instancs <
single river system in Europe is seen in the paper by Feldt (215).

h\, direcs 4
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Kewent work sl

Radionauclide effects on “lower ™ organisms.—Quite apart {-om the mover e
ol radionuclides through an ecosystem 10 man s the possiniaiv of daicter’ +a
eitects in i wer organisms. This assumes importance (O i il proparides (o i <
imporiarss of that organism 1o the ecosvstem or as a mernber 51 a -

Redayon eleets have aow been cieariv demonsirated in hige!s conns

syerer ocorZes control, sueh as White OQak Lake o1 O R r'd‘;'c heromeds ¢
cadien b haen directed ot determining the radicsensitici v of argwd’ - ~la s
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b boor somm o srrrses, e g, the relavvely hion eonsinvitv o cenerere

Il aedid

In inost organisgs, no key crganiom has vt ’.:1‘-{\..'-":3
wiih such exguisite sensitivity amd in « key positon In an ecosysiem o nwgl

Sig e OO Caviopment

\

\

o5

‘ : Tw .
[ " Loj 3 v A T s
EE R sy Y I S a3 dur - b

[ TRV ERETIRYS FE L AN TS T PPN H.Jr'%m}e‘gt Wotyred ,1.:{}&-.;»;{“,“ .
. . R
hd N A ! .
B e Y S Ny s e au




e

P e B e R

STANNARD

L hessddd PUILE U1 et 0 ddhand Uy ilatl. Sluen
ov 1= devoted o studics on this aspect. Seme

31 covamon form, are <o insohrble that the

L oanent to man in sige
Caeed wound (206, 2075 Other nuciides ray
srgaAnism or vector in the ecosysten. Ultimate

o+ whether or not this critical step is involved
- of several thousund are ret uncommon

W GuAnY et

-z expended inidentilving critical pathways
- wenhody versus  air-soil-plant-cow-milk-body.
sar absorption of many nuclides s sufficiently
s to make ihe first the ©eritical pathway »
wer, this is not the critical pathway if milk or

i~ this event, the critical pathway may instead

12 the Orient, and the resultant intake may be

- nen of critical nuclides (209, 211). The isotopic
.with the type of reactor and the time of opera-
crogessing facility than for a reactor. Thus, the
1y be the same for different types of operation.
roesibility of an undetected critical pathway or

-nf, for example, was not appreciated until
=qon to it (212). The primary likelihood for
o environments, especially oceanic (213, 214),
- fuel cyeles.

2 role of time, since isotopes of importance in
aificant later on. Indeed. if times are long,
arive waste disposzl, some very unexpected
v evdivation of potential hazard (18).

sectors to be considered in the instance of a
=i in the paper by Feldt (215).
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There are some findimngs that clearly need further explanation. For exam. ic,
Pelikarpov (217) reports from extensive studies with marine ond frovhe

hat hotehing o7 lareae i raduced wven at 1077 pC

fish ¢z

hof cerim isotog 2.
Also, the oceanic environment is s0 vust that we cannot &l Tully conlident ae
have aay more than begun the study of iis radioecology (2131 Tt is heoped a
sitbsequent review can devote special attention to some of these problems.

SPECIAL. PROBLEMS

Tritium and transnuitation—Eniering the body as tritiated water, tritium {*H)
distributes as body water and any radiation eifects produced are comparable
10 whole body irradintion. When it enters in organic form. particularly es
label for nucleic acid precursors, it may be incorporated into vital structures such
as DNA, This fatier s led 10 much concern that its effects, especially geietic
and carcinogenic, might be much greater than the calculated radiation dose wouid
predict. That suct: concern was lurgely unfounded was shown by Bend &
Feinendegen (218) in 1966. But the concern has continued in both scientific and
lay circles and has become part of the ‘* nuclear power controversy.”

A full re-examination of all aspects of the problem was presented by Bond
(219). His conclusion is that in higher organisms, at least, all effects of tritium
can be accounted by the radiation dose delivered and have the same rad:obio-
logical meaning as a similar dose from X or alpha rays of the sume dose pattern.
Also just recently the ICRP (220) ard NCRP (140} have revised an sariier
recommendation that a quality factor of 1.7 be applied in calculating rem doses
for tritium and other very low energy electrons or photons. The factor has bez2n
returned to 1.0.

One of the flaws in the earlier reasoning secms to have been the misonder-
standing that the range of the beta particle even frorm a low-energy source such
as tritium is actually long compared to the cross-section or other reasonable
ineasure of DNA as a target. No special local deposition of energy should be
expected except for Brage-Gray considerations.

A residual concern is the so-called transmutation effect (change of parent
atom to one of different atomic number, usually plus local recoil and excitation
energy). Re-examination of this possible effect not only for 3H but for other
incorporated isotopes, e.g., 2P, shows (218, 221) that a transmutation eifect
does exist sometimes in eukaryotc cells but not in prokaryotic cells except under
special circumstances. These special circumstances involve specific molecular
arrangements such as cytosine tritiated in the five position and incorporated
into DN A of growing cells (222), Since considerable efiort must be 2xrernded to

- procuce such latelling and incorporation it can be concluded that rransmutotion

viTectn play a minor role, if any, m rrokaryotic cells,

Cahill & Yuile (223) have recently described effects of continucus ¢ prsurs
¢ trivated water on piregnant rals. The calcuiated radiaticn dose was Toal
(.3--30.0 rads day. The higher doses produced microzncephaly, sterility, siunting,
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