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! On a v oinht basis mony radisnuclidas et be viewed as amona the most

LOXIC Ay ¢ RaoWno For the regaon a0l Polcese 00 the poo
radier o creduce Tong-rores efioes ot bmgns and geattio, aovery
amount of work has oeen done. inoa sense our knowiedge of these agenis is
almost o' o proportion 0 rhe numbers of human beings affected directiv.
excepx for o ubiguitous exoesure 1o neshidis from fali-out. For this reason (he
current o.Uui v Y0 pul rediztion hasards i porspective with other hazards,
parucm.u'._- i considericy environmental potlution, is laudable (1). However,
knorwlevre gained with radiation and rudicisoteores is proving very useful to other
arcas ¢f ovvcciony, Honco ths review is dir:;.i:u arimarily to the pharmacologist-
e st e radiocion Bology.
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s depesties in hune cele, assees, end or;.z-“ s
~ost entirely in (he omzng radunon produced. Wi
:nuoad2s of very fow specific aetivit, ey, natural wronium and therom

cherical toniginy ma play @ significant rodz. Except indidenially, 1bis s not

are crnsidered to resicle

pernnent tere, Thare are a few very puzzhiog dircumsiances, e.g. the low carsno-

genicy of radon gas in ammals (19) compared o the high carcinogerian ol
some= cther alpha-emuiters aiter inhalation, which tempt intreduction of @
¢ chemncal effcet tor the more effective nuclide. Another example s thar
d oy Mosialey (6) <o u,crr“nv nuclides such as 9Co, *9Fe, *¥Za, s
Cwhireh rroaresent analogs of siable clements normally ¢

gevel *;“».:;

L-n ithe micrcdos ey o6 radiniion souroes i tissus is so hi
that thers is no chance for discrepancies stch as those mentioned to e accoun:ie
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 chemizal
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 ultimate effect with sources usuaily external 1o the hody such 1
X, 5, and neutron radiaiion, is thus idiosyncratic.

Acute effects of derosited radionuclides are similar to the acute radisiics
syadreme (20) seen vk external sourses, porticuiarty with nuciidos i
rat Biotlv localized, AV dividing cells, and therefore the tissues in whioh »-
reside. may be affected severelv and the patho.og, s Geread from Gl ‘ﬁ
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 immuncloclc Sistuibances transion 20
cortinu‘ng hematopoietic disturbances; and nonspecific cnanges inciudt: .
span shortening, an effect that may be unrelated to speciic pathologicar 2.0
(21, As discussed later, the effects of very Jow doses rsaaily mast oe o
fiur;. 288,
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core srontive. rutheniam, cesium. and radon (,.’-i‘; radiadiive covd
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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“-
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Rediological effects are seen at average cumuiative skeletnl doses above Betveen
FOMC-1200 rads, ThHz orvatt Lot Geror CcCurienes (salouii wd head cardino-

1ays arong e erudc s O CASEN 18 L TH o

WREY VLDl fanseiected) mivb-d
000, Incidence remarisd ainost e seme aover & wide docase range from KO-

L0 curalative w5 A bhaer W

fobont 300 adeadanh) no radivgenic

tumors or other dicornabic chanees were found, Lo, were appgars to be no
chnically significan, changs bodow ooresidual body vurdes of about 0.5 uwCi of
AN 22 R Adso, ao frivatr anciz o ced tuncaon give . o close-L1 o e dose-
fesponse relationsaip (or Wmor muwdence. T Cassical eray score T, a nun*ﬂxw&l
uation of cl) sketera! effects in cach individual, dil miss with Sose. - :
Urie sigmificant chares ocurring celow 1000 rags. The inada
LAory 1 greater st !
cone plunges mariedly downward, Tous, il s only the tumor vicganee thet

scars Lo bave » v dat T dose-responee retationsivy in the range DOO0-20000
canuiative rads.

In contrast to ecxpectitions from animal experiments with alpha emitters
(sl 29) there seeried to ke a dose-rate effect in these studies of alpha irradiation
I hemans (iess changze per curulative rad-year at lower dose raies), alinough
rather complex compuratons are requ'red to demonstrate the etfect.

Another human popuiation studizd independently at the Argonne National
boramr\' and Arconce Cancer R ecarch Hospital covers an identified group

‘ : of aom } save bzar studied insome detad, Most of
to “oniez T 29[ fatrogenitully. Firkel, Miller & Hascarlik
S repori -0 aaliinol o Cssnoees b those 293 cases, 23 boie sarcemas, 16
mardinomas nestly o.‘"rs»i\tl.\) d ord peranasel sinus, and 7 leukemias and anlastic
e AT s e e o Lo caoparable anespased popaltion.,
e comuars kb to rha MIT encas but witho the co - nlexity
SeonlE ey e el ahodisbvne o e 1 Lhe seuree, For a variety of rzasons
[ReSe ALl 0rs Pralae Lo e g 2 acsude premardy as maximum radiurn burdens
U CUTTeT o ater Tt e v than as a calcwlated radiation :‘u%e in
pote, tecderie of o e s Tl T mlizienr tume s rose mere or lesy nrearly

B aulatve dose, a 1\.* the que dbhir=uuon at

JE A

e ity earient o pretermingl burden or about
1.2 01 %% Ra (mezio estimuizd maximum burden. Wo cases ware fou-d helow
these medn vaives o wody burden, Tous a possible threshold appears in these
Gata also. If the saoe Convoniwns of dosimetry caiculation are used as arplied
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Argnione seadies o enablv comearable to thase in the MUT st
Therewsorhory o ooy oo Aoy Josoerasponse roation aneve th

'w inthe MIT ¢ 5 bt a wmere croiess Hnear relason in the Argonre cases s

Susdhedr e o a s b s read diference. T Gald wre prisenied i
FPRSORTECRY £ ST RSB EREY AL T
BRI, g b Craringg, SrORNS S 0T e
Ui e 2 it o 4 de v e o0 any respects. The un velis

reside in the mois ol o0 Jatg haodling, a view strengthened, thoush not proven
by an anatysis (< ot cae combied MIT and ANL-ACRH cases. \With 777
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. O L - e e e . . . : il
CLuioee {sarcomus dT\d nead carcino- ',' dose-response expre-sion i sauared vapotentat orm [/ I\D2 - D", where
Aeociceted high-dose cases 15 028 + fesincidence, O - toral skeizal doss fmean) accamuiated to the time of diag-
e idedesaaee rarge from 1000~ : rosinl When ¢ ,g-»»\ vospepeatsdbwith tater Gz by the same aroup (42)
vt MR indneadaals) o radiogenic 5 tha carciroma Ao Mo the T did nad it a contingous funclon over the
s round, Lo, LCre applars o be no ' entire dose ra. 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
w0 Lssical Xeray seore ', a numerical , furiner study. concemitant with the official retrement of Die. Evans from MIT.
Siedust, did rise with dose, again with : This and reiaad protlemns are coneolidated in a * Center for Radiobiology ™ in
v e tads, Toe dncidence of severe . the Division oi adivlogical Prysics at the Argonne Laboratory under lhe

o ddost, and the age cistribution at direction 0! O, Rotert E. Rowlard. Thus, this invaluable resource to the under-
anly the rumoer incidence that standipg of tha wondcly of vadiaeadides in man wiil, il is greatly to be hoped.
p in the range 100J-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.

ol esperiments with alpha emitters
Lot these studies of alpha irradiation
©racevzar at lower dose rates), aithough
e 1o demonstrate the eftect.
wfoperafently at the Argonne National
2owd Hespital covers an identified group
~eer studied in some detail. Most of
—seewally, Finkel, Miiler & Hasterlik
ook 243 cases, 23 bone sarcomas, 16
oaaasd sanas, and 7 leukemias and aplastic
11 corearable unexposed population,

- ——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 24*Ra (Thorium-X, half-life 3.62 days). They received a
aostrum cailed © Peteosthor ™ for tended treatment of ankvlosing spondviizis,
tubercuiongs, and other disease on th2 initial recommendation of a country de.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

[P R e

sildases byt withou the complexity years tor the adulis. Incidence seemed to be related more or less linzariy to the
vt w2 Foroa varfety of reasons avgrag e cbaizial dase with sone inconsistencies. The incidence rate 571 this
""" et as maximum radium burdens , heeis voas 1.497 por 100 rads average \ke\ tal dose for juveniles and 0.7 per
‘it s a cakculated rediation dose in 3 10G rods in adults. The lowest wwerage skeletal dose associated with a bore
Pt T mers TOSE mote or less linearly : Sef0 e e 90 reds inan adult, about 120 rads in the combined juveriles. These
oz preterniunal burden or about ' minimai caleulated doses (if they are minamnal ar all) arc considerably beiow the
it 1 :myw No cases were tound below comuarable figures for radium-226 ¢1¥-1200 rads). This may represent a
¢’ble threshold appears in these : greater inherent efectiveness of the shorter-lived radium isotope, but the differ-
< eomeeerre caleulation are used as applied ence Is more lilely to be a matter of dosimetric calculation. As Spiess & Mays

Seooethe applicable rad doses in the : ceint out (43), the caleulated dose from 22#Ra to the cells at potential risk, c.i.,
s an the AUT study. ‘ Boa s00iussae Joyer 10 pm hick ad.ecent 1 vene surfaces, 5 poihaps 9 taws
v ~<. r:‘ali}.vn above the “ critica; ™ ; Wigher for 22#R 4 than the caleulatcd average 1o bone. The shovt-lived isclope
sl Phelinn The Argonne cases is expents et ere of its energy «hite adiering o the bone surface than afier
rroes The data are presented in ! Nt orehoe Looe the mineral mattiv, The result of 5 recalculation of dose on
coas sartiarly witl regard to this fos st 1;'<.‘: the lowest surcoma dose f.u’" Z*Ra and o reduce the
Crietieal Also the popta cos ot o e o PRy a-d Shmos eliminstes tre apporent dittertner in

oo SLrende Miay acluoel R R
Ceottenec thoagh nor proven. P e o mese e meon A real difference in efeciivoness or a differ-
PANE-ACRH casss. With 777 i ur Cadcew e calculiioms, the Yot that radiogenic tumors are occurring
£
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vioin another homan popu!son is mconirovertible

ave etk ced i s popataadn, bul il s not wertaiiy wi

ther

Two leuke
thov are rieiing e

Of spacis’ interestin this soady s the effect of r\mtr. ciion of esnosure reported
very revenddy adn Vo g oteed wiel dos ¥
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-ratos

and excecds oven tre usual evpectation of hitde eniect o dose-rase widh hugh unear
energy transter (1 FT) radivtaon (39, 46), Spisss & Mays ofler several plausinie
vadiobioiczicar explanations Jor this unusual, but not urknown, efvs of
PLOLLEUCN, Cg., increased xxumhcn of irradiated cells, iess subsequent
of prematipnant cells, prosraiion of Gie stmalus o ced division, eic
renains diificult 1o esplain, A further examination of this phenomenon is .,

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
con:to! for thens is a lively and immediz'e topic. But it is aiso a much :.ore
disfical. group to analvze becouse of technical and scientitic comple iz
parzicularly 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 incicense
O U g LARCel tas DEEN aROW G & veoy fong e, That it was Jdue i palt o
taiet co sypesore 1o raden fand its davohkter products in the mires < o =~k
maore recent rehization (A7) The most studied and anaivzed porufaton s owe
miners of the Colorado Plateau region in the United States. Saveral reo:imt
syinposic and governmental reviews. incleding hearings efore 1z Foine
mittee o Atomic Ecergy of the Congriss, previde ampie documnoririon f-?‘-—'¢
Tae subject 1s stitl controversial but (a2 primary facts have now been i¢aso o

wall settled.

The prohlem here is not uranivm at all, but exposure to radon gas sea~irg
into the tunnc's from the decay of radium in the uranium ore 1 rz.ion an:

i Lain, Goderiiig o n.s sevelel wadminer producis, }\Aﬂ ‘" HUERUN

-, 21 \‘ 21 210 2t .
RaC ¢ 3o Ral (CUPo), Rl (C1%Pb), RuE (FUUBh. und
Toeg fun T as be presuent in Virvihig poaporions

mey develop in the bady from cogeners i

SUUE 1y Aaanen W0 vl T

s, : 2
e ke e seve ws deugeier produ s are e rrooirad e TLlver
yoager o T TS ong s st toer daughter. hat v gerr sn2ir oy L e

o oa e Prows g acliBii of 21 Tedlbe ApIrels :

dimr o et

MQUETT R Emngrs. bui e are o sorrr g
ination of exposure. Since the bieigze o
crest o postaar of these daughiters are a-emitting nuclides, and all bat raio o
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criahon, but it is not certwn whether

et ererraction of eaposure renorted
o osereved Incidence was higher on
sorw e hie usue dose-rate effects seen
“osery can oceur ad lower dose-rates
ot S erof dose-rate with high linear
s & Mays offer several plausible
41, but not unknown, effect of
vued cels. less subscquent killing

o ~amulus 1o cell division, ete. But it
a0 of this phenomenon is clearly

wma population demonstrating the
sonn of miners who work under-
coeoof ruimonary carcinoma occurs in
Lt this 1s one of the most important
. z'- are currently working and exposure
Lt topic, But it s also a much imore
wivad and sclentific compiexities—

U ladinall SrOups.
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
o analyzed porularion is the
l,?-viw' States. Severzl recent
alany §eatings before the Joint Com-
feoowtnpie Jocumentation (48-3u).
L.t Ll have now been reasonabiy

!rit exposure to radon gas seeping

11 b uranium ore to radon, 2nd this
v, RaA (*'8Po), RaB (*!*ph.
webo (77UBi. and RaF (*ftPoy,
et rrcquem]} atiached to vector
enors that entered earhier. s
wetne omincipal offenders rather
SLra it may exert thetr tuil radio-
v TS -""‘I'v.,Llu')f ?
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ToumhwasuId ol caposare was edopted that could be related
to the r oo U akne air. The umt agiced gpon is the " Working
Leval” (\\‘L), defined 25 anv combination of short-lived duughters of raden
(radium A, B C, and ('t in oae liter of air, which resuits in emission (not
necassirily absorpdan) of 13w 108 MeV of potential aipha enérgy in their
decuy to radwm D, intezral exposure units are the ™ Working Leve! Months
(WLM) and the " Working Level Year ™ (WLY) and cumulative values of these
CCWLAL CWLY). With certain assumptions regarding daughter-product rating
and ]-uun::we of Iree ions. | WLM is equivalent to about 7 rads (52) but with
& larie fuctor of venance, e = 3 rads,

\'vuhr conveniont 1o measure., L} sse 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 {rom 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
concen!rations 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 broachiolar 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 tieir mover2at out oi the lung make retrospectivz analysis of lung dose
from axcreiion racs, deposition of 2'°Pb or 2'%Po almost as tricky. Therefore,
the rono vy mensurable unit /e sie has continued to hold sway,

in 1957 th: Federal Radiatzion Councii issued guidance for the cortrol of radia-
tion hazard in uranium mining (55). Because of the urgency of the subject, a
NAS-INRO Advisory Committee prepared a further report anaivzing scienuis
nndings 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
avrostre {~om redon daughter products contributed substantially o this irzrezes
e incresses 1in :ower WLM groups were ot stanistically significant but mas
bacorme s with time as more individuals enter the group u~der sav, A gy
g .1eux izatiow, e number of lung cancer cases among, the urantum nuners in

: P8 i ahout 6 Cimes that of nenm
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CNASNEC, Tnsoconclusion: 784, 5Ty modifv the carlier oncs
essence confirm e vecreased cancer ruisk for nmers in the 2
range. A ool

Lad nestton iy taken on the rode of clearerrs an

agency Repori it is concluded thav cigarette smeking does not az
excess meidence of cancer.” Also, the Interagency group idenified
in earicr work thut mudicate that the exposure levers mayv have beer
ated. Thus, the 120-359 CWIA] category may actually be lower.

The histological ceil tye of bronchiolar carcinoma in Uranivm minar
reportzd 10 te markedly diferent from that in the general popaiaticn t
Smat! celi undiderenvared yposof tumers (2A and 2B ander the WHO 2zsei

tion schemie) predaminate among uranium miners. To verify this an - Jependent
paneg! of pathalogists reviewed the histologic material recently (3%, Wi & few
minor disagreements this panel confirmed the earlier relative predsminarce of
small ¢cell and wndifferenticied cell types. This may or may not b s-ecific ©
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 s daughter
products necessarily absent in these environments.

Animal studies in this field have provided support for, arnd extzian of, the
deta on human exposees aad puzzling contradictions to the numz i <:t2. Ore
contradiction has been the difficulty in producing broachogenic ¢ars.noma in
animals by exposure to radon itself (19, also Morken, personar CORIMIMCALON
although prenecplastic change is suspected. The inductien of lunz cancer &
nuckdes in de aaughter product chain is not sertously doubted. Tneeed. Cuir,
Terke & Mol (60) show that 2'%Pa is 2 very efizctive agent o ~rofacic ;1o
cincer in rats.

Stuart and others in the Battelle-Northwest group have beea expos
siers and Jogs to various mixiures of radon daughiers, urariy cre
exbaust frmes, and cigarette sicle (61--63). Early rasults (51 show S0
hvperplasia but no signiticant d.fferences among the grouns a: vet.

the development of silicotic nodules or otherwise significantly mocify the ~i-
pathologic picture of rats receiving radon and Si0, simukarcousiz. Th: tor i
cwrher wurk by French dudiors, However, the time 0 oostivendars sis th. 0l
short.

A protific literature has Jeveloped, much of it during the per od o7 8!
on e deoposition, rranslecaton, and excretion of rudon and o' seners
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Producis diid L0 oealiin V1 alvew pociviiclld on yose calcujauon. These include
= - N . { 2 K
consideration of usme the relzively loneer-lived nuclides < °Pb and 21%Po as

asnrd, Thos Bicrature is docuawinied i the several general

Ieviews Chicd.

Thoretrast padivey—-The fourth populatien of human exposees with primarily
afpha-perticle exnosire containg a large but diffuscly scattered gr oup @ of patients
who weceived thoramas, a radivopague medium used in diagnostic mgmggnO"
logy, between 1930 and 1950, This colioidal preparation can remain i sive almost
indefinaiely. [t contams several thorum isotopes in low but significant quantity,
whicr rax and wene according 10 the age and treatment of the preparation. A
variety of tumors of soft tissue, particularly of liver and the hematopoictic systerm,
have heen atiricutad w the presoace of thoretrast (65). A siveable popuiation s
potenn: liy avallable for study rarticularly in Nerthern Europe, but also in
Poriugal, the United Siates, Japan, and elsewhere.

While there were earlier reports, a meeting sponsored by the International
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
incidance of tumors was not higher in the thorotrast 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 1=creased 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
mazlignant vaszeuiar nsoplasms that seem to be clearly associated with the
exposurss. Faber (67) recommends holding off for 2 much larger series of cases
than o0 e fos v sadied (10.007-20,000 vs 1000-2000 in wie studicd group)
and an Chservation pariod of 25 years. Abbati (71, 72) called for a coordinated
international «ffort to reach these goals while the material was still available

Dosiretry has been difficult, and even separation of radiation from chemical
effects has caaszd concern for the validity of the results. The internaticnal effert
urged in Vieuna has not materialized. But a few further reports of eifects have
appeared.

Nath et al, in 1971 (73), summarice d chinical examinations of thorotrast
por oot v eroups ‘n Homburg (Szar) ad Trenkfuct 2. M. and corrslared iheny
with the total bod: turden of 2°%T1(Th "”) measured by whole bodv countire,
ant by rhoriar cotane ef exeired air. The new results do not prewvide 2 Basis for
eitner incidene - dose-response relationships of tumarigenesis. Of ‘he 6000

ey Sodsowere anciveed,

0 f‘.,") arg atrcady decrased and ragasurs-

Trcbs ot foasibles 1877 cannor bo ictated. while 127, huve

e Sarmiineg chocatly, A high percentoue of those with RES
o abowed atholagic valaes in the Bromhoalein test. Muah

o reptioT L3 patier oo with G primary liver temor.
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pelphiciai 0100d. Al 6 the SU ihorotrasi patients exammned shoved abbc rarionc
while none were seen in the control cases, Also a dose-cfiect refe.
to be nanlinzar but ju any ovear rising with body burden or culeaiaics vose o
appear povable (o derive. The aberrations weare largeiy breaks (586 per hur oo
scored celist and dicentric chromnosomes but not deletions or rings, The raiar &
ship between these findings and cancer inctdence is, of course, still in the spee tia-
tive siage.

It ceems ualikely at the present junciure that the mammoth scientine o
technical problems in the thorotrast patients will be solved in time 1o moae o0
group as quantitatively satsfyving as some of the others but it s hopod -mar 1o
effort will continue nevertheless.

Pluocim—There are no recorced incidents of cancer in mai fron
tion of ary plutonium isetope, although there have been some deros o -
the worer population (74, 75). This reflects largely the effectiveness of corisal
measures and perhaps also the relatively short time during which these "ow
burdens have been extant. Nevertheless, because of the importance of prote
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 #3%Pu. death with osteosarcoma 8 vears after inieation 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 empirizal
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 deposiis
more or less throughout bone minzral (although still not uniforrly). Thals has
led many to refer to plutonium as a * surface seeker ” and to radiumas a " volume
seeker.”

There are other differences. Plutonium deposits in soft tssue, while ©oraoe i
traisiently, to a much greaier extent thar rediurm.and timers of sots e o

liver, are now appearing in animals carrying long-orm devosiis o7 o
(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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PHILOMUM dlid W LIe CONCIULION 1Al v Tisx 1 aluli vqlai. L distaclioneg
depends on the rovte of entry. Hence the relative risk will also vary with 1.2
snd this concluzion cannor be extended to plusonage»

,\.;,‘1:“1.,": T3y

made of adminisiretion
CHICTHIZ DY TOULSs Cther e Hgoouon,

The mean skeietal rad dose at the fowest level showing ostcosarcema to datc
is 78 rads «t 1 year before death, 86 rads at the time of death and the years
between injection and death: 9.92 (79). 1f we compare these 1o the numbers seen
in other anima’s znd mon for 22%Ra the empirical toxicity ratio of slichtly ahove
S anpears to be tully confirmed in this ‘arge experiment.

Recent work also makes possible comparison of the effective doses for ostec-
sarcoma in rodents to those in beagles. Buldakov & Lyubchanskii (8S) sum-
marized work with 2298 rats receiving niutonium 239 at about 3 months of age.
incidence rutes of ebout 39 are seer at aversge caiculated skeletal doses of

from 25-76 rads depcuding on rouie of entry and compound. Mavs (personal
communication) calculates the lifetime risk of bone sarcoma in this experimient
as .06 % per rad. But this may not be a smooth function, as many grouns at
low doses showed no ostecsarcomas.

The data of Finkel & Biskis (86) using CF1 female mice show as calculated by
Mays & Lloyd (79) 3.9°/ incidence at 40 rads dose accumulated up to 140 days
before death. This is less than 0.19 incidence per rad. Neither of these rates are
markedly different from those for the dog, e.g. 0.379; per rad at estimated start
of tumor growth or perhaps lower. Since this figure is for monomeric plutonium
{see page 336), which may be about twice as carcinogenic as the polymeric form,
the difference among the species becomes even less signiticant. This relative
confluence lends credence to extrapolation to man and the expectation that the
carcinogenicity of plutonium in the bones of man may well be a factor of 5 or
more greater than that of radium. This is the figure currently used in assaving
hazards of man. Lioyd & Marshall (87) suggest that the relative efiectivenss:
factor may be higher in man than in dog because of cifferences in bone structure
and the hicher rate of burial of surface deposits of 23°Pu in the dog.

The development of lung cancer in ammals inhaling aerosols of plutonium
has now been fully documented (19, §8. 89).

In an independent study on inhaled acrosols of 23°Pu and Z*®Puy in the dog,
Yuile, Gibb & Morrow (90) report increasing pulmonary pathology, typical of
radiation effects, from about 1500-2000 rads to 15,000 rads. They do not,
however, report frank pulmonary carcinoma.

Damage to accessory pulmonary structures, especially pulmonary lvmph
nodes, is commonly seen, especially if the compound inhaled 's insoluble and is
cleared from the lungs primarily by nonsclubilization processes. Wita plutonium
axide, major cecumulations eocur in tracheohroncival-lvenph nodes: $2-100

tintes the concentration in lung. Fikrosis. scarring, and loss of bmphatic nodutes
are common, bur frank neoplasia ¢ these struciures has not Tl Srund, Yo
that two dogs and several rass that inhaled

AR nironiyy

131 reports
developed malignant lymphoma, and Lebei et al (92) spoit s
regional Iymph nodes of a dog receiving air-oxidized plutenivm by subeutanecus
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injection. Lymphoma of the hepatic lvmph nodes of a pig receiing plurersiug:
nitrate subcutaneously is reported by MoCianashan et al (93). OF cpecial inrer s
in the study of Ywle, Gibby & Morrow (907 i+ the fact that fang “esions voo

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 incidence
numbers of mice with tumors and in aumbers of tumors per mouse, i
concentration of monomeric phitonium upon endosteal surfacos of menen
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 ditivre
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 suiliciznt number 0 ailow a cemparison or effes

Tven though ne cancer cases or ather serious iesions {eweant o)
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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jesion, and one mclraoms of '3 bun "u*'nmd in another individual,
hut corrclation wirh ~lwroninn domocrion is very ciccumsianiial at ths juncture.
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Natural Urvandon - Uecomal ur y (3PP lus amall amounts o U and

23H0) bas been the suniect of szuera !o“g-urm stdies over more than two
These wre now essentiahy complete. Thy eftects of U-nat m soluble
form are seen Lircelv as nenhrctonicity and are attributed to chermical rather
than to radiatior eftecis, In insolubie form the etR ts of natural urantum are
Sut only rec i;. have neoplastic changes
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 wok schedele and @ posi-orotare obsenvetion period of up to 6.5 yeurs
the fong-term Rochesior experrment (98) bas now shown pulmonarny neoplasi
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
effects and it control showd be based on potencial 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.

decades.

considored to be doee o radiation,

CIARCINOGENTSIS BY BETA AND BrTA-GayvvA 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
radiostewati-nm esposure heid in Davis, Catiforma in February 1471 are now
avetabiz Iy a Trog up-to-date many aspests of Hus large field.

Phirtesa noer o cermmpents are rresered in the radiosirentium svmerosium.
Sothe prinary ead point and csuse of cegth 0 9 of hese
LITALGIOEY e otar ook 2pe offeet i s
J<rme charoesin man in 1 o0
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Sos by perwed radiostrejur 103107
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ate ostevsurconyd, hevarmasarcoma, and fibrosircsmz in bone as well as
epdermoid carcinonin o the oral and meal cavities, fvmphosarcoma, myelaid
Lol i oM agroart s Tiare were sore hemetoogical fata'ities

intte Utah exporinyes:

i, aed e

Fogested ©UST as Luea associaied vl tebh EMOgenie tiecns o bone marrow
and the lvmphoreticuiar sveter of ininrure swine as Cosoribed by Clarke et @
(1051 while Pool cf al 107 repart a nigh incidence of bore sarcoma in beagles
receiving guile laree radiation doses from “YSr received by ingestion.
MeClellan & Jones (10RY have sivmmanize? cogently avch of the informuation
o4 turnor incidence with radiostresiaum s andraals. Ahthough small changes in
il " ;-ic:ur hiave ocenrred in the inw/un, their Table 1uU is such a usefui summary
oot s veproducec aclow (TR T
Our experience with inhaled crentom (109) shows also a predominence of
caseovs of booe sicnivr to the Uien and Argonne National Laboratory siudies
with dogs receiving, single intr encLs injections. Ths indicates that the inbaled
stiontum compounds are rel.iivay more mobile than some of the insoluble
sides such as Puy, and Mhm l.oxe = apt to be the chief tissue at risk with
strentium, regardless of route of cr.try, as long as the doses are small.

Adl of these studies show sirondin 1o be'considerably less effective as a car-
caogen in bone than radiccn and he othar alpha emitters. Its effectiveness
peutive o radioon s oz Uzanke oapeniment et Utah ds about 0.07-0.24, and
% ar effecan oiiotad from the other experiments.

in dogs frihiating “Qru . calowizred cumitlaiive doses associawed with neo-
piasms rangea from 400G rads to as ugin as 22,400 rads (110) compared to much
sraltor dosot aencaated wih sin e degrees of development of bone sarcoma
WD LAGUdrr, PrIane, o iz emwers, The new experiments con-
' i aeg ot veeeeis by betz aad beta camma
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.pt for the worldwide popula-
OO BAPGIeA 10 fabeola, G U cocuded separsizl:, there is only one discrete
rolation of humnnas aveinie for enidemiclocicz! study which has bad expo-
suce 1w radiostrontoar:, Foer a ;hoA per.od luminous dial painters in Czeche-
slovakia and Switzerland caed a compound containing °°Sr and 22%Ra. Volf
1021 reports on a 2reun of 163 cases. Miller and contritutors (111] veport on
@ ETOUP O 6D L8 £70 ~ LR3I dlld Baiony, In twsiis. group, viile carvinosone
abnorinzeiies wers & .0 aouble tee contol rate and pesidve clinica! findings
SOPCRIEd, VO GCOf . WwTurrsd it coud bt autrivaied 1o the radicnuciids

yposure Hong oo v voe, Weaesin mather sommren. There ware ony 4 cases
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il s o h s ar o of kel study is devoted ooanlysis of thb
featare snd to phoor wokinee stadies. They do report 6 cases of carcinoma

wiih incideace in 20 uiocawd group so low 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
37¢s, Radium C. and radon as weill as "98e-%"Y are s S

maximum permissible body burden for eccurutionad evpo
refuss o believe the curcinomas to be radingenic. They st

af folivw-up and further anadysis of the groug, before conciuding it inds o~
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
burdens are gencrally considerably greater than those o¢f radivm or

4 and efTects, if they do appear, might thus be relatable to radiostroniui ca b uls
. I o
' i i Rediciodine —The fuct that radioiodine, primarily 134 can produse o7
carcins na in animals is well-esiablished. That ionizing radiation (e ar s -
rocuced thyroid neopiasia in man is also clear (112, Provany inteest o0
procuced thyrotd neop v Y

review centers on the populations exposed teo fall-out and paticits riion o
radiviodine for the treatment of thyroid diseases. The iail-cui e AL
considered under a separate heading. In the studies with petients, =*f cea~:
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 mzv be due 10 thc
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: 3 10-25
additioral cases per rad per million exposed perseas (114). Tie visk from 7%
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 between patients receiving ' or thyroid surgery. Bat with eitier

A

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 oomwo-e dora fod oy 0 1907
The age-adiusied feakomia incidence rate was i1 per v nind pates -
the '¥ ' —treated patients and 14 ia thow: tronted b .y .
lack of a gross increase was confirmed, althcugh the comerse cffez :
confirmed, as a much larger population would have been uceded to prove this.
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Lo 2O8r"MY are so low (wall he s
r recenational exposursi that tha awutior
r.uiiugenic. They suggest a fonger penod
e wroup, before concluding that tho i .
enposutre.
ated Dy the presence ¢i radiam 150[0,&: in
or aralysts 1S tmportant since the * Yy
areater than those of radium or cesium,
. 'x'.I\, he relatablie to radiostrontium exposure,

cvivae, primarily 1T Lan produce thyroid
shunl 'IKh.at jonizing radiation can and has
+ il claar (1125 Primary interest for this
eanosed to fall-out and patients receiving
‘ ..r;n'd diseases. The fall-out exposures are
" I the studies with ratients, "*'l seems

-1, ce tpyroid carcinoma than comparable rad

qerer of about 10, o
"t and 135 seem to be more effective in pro-
~tavsted doses are more similar to external

_{rat this difference may be due to the

v uf iodine isotopes in follicular colloid along
< te Ui beta particle compared to the other

;toveaid carcinoma in Chi 'drar for external
. ¥ .isradiation and gamma photons) is 10—»70
-+ cornsed persons (i 14). The nsk from SR
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i weuhemia than from thyroid carcinoy,
w1 the chances for leukemia induction from
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There was an apparent excess of acute leukemia in males receiving 121

(5 cases observed ver ws 2.3 eupecisdy and a comparable Coficit i boath sexes
IR AE O L G20 VLRGeS G 100 Kemud 200 anserved versus 4.8 expecte
Trese andings are compared to and souad consistent with the data from lhe
ankuiosing ano- 3 > bbb survivors, Tomg condludes tha
none of the siudies domonsirat: indudtion of :eubemia at low total-hbody deses
sradiziion cnd o VU weatment of thyroid discase curries no greater risk

ol nL.}A“-xm TRAT UUes 3UTeTy.

Indiction of carcmaossmal aberrations by iodine-isotopes has ben reposied
in heth anmals (17 N1y and moe 119y
| :oatormation on foding-isoropes in animals utilizes relatively high
Thcmm Scotr & Chifieile (1201 have reperted on th:
: 12 not oniy at moc‘ ately
L Cose k»::s but o levels vonscdered dn the past as control o or Tracer
Tm average infinite oeta xamunon doses to the thyroids of these animals ranged
from 797-4310 rads. The lowest infinite dose was 286 rads and the highu:st
15,605 rads. Thyrcid tumors, usually roliicular adenomas, occurred in ali
animals including the controls, but tumor incidence in the higher level animais
was greater by a factor of about 3 over that in the control and low-level groups.
There were also alterations in the pituitary gland with pituitarv adenoma
occurring after moderately high dosage. It is interesting to note that there was
no alterz:icn in life-span in animals maintamed for a longevity studv even
tnough sote of them received accunulative radiaton doses to the trhyroid of
approxinneely 13,000 rads. However, biological change of a greater cr iesser
degree was seen at ail of the dose levels.

[ agae

.l'

.mcd wha ngected

Other betu aid Dwn-qanuna emirrers.—Bair (19) summanze: the incidence of
o ler PG gl n by Gnratecnzal injection, “URa. CYTRn pelled
impldnl«;‘ P iraplanis, c'Cg wire implants, '73Au, 59[‘&. **s, and "“*Ru
after inhalaticn or injaction. Sanders, Thomnson & Bair (121 give an experi-
ment-by ~exnerimart review. Radiation dovas to the lung are so high in oM thase
instarces ibut it 15 reascnable to contiude chat these nuclides are cclaidved
inefiicien: carcinogenic agents. However tlie studies do not ordinariy include
many jow-dose segmnents or sufficient (ime really to determine the iong-term
potentialivies of t.“uc auclides. There i" areport of four squamous coil carcino-
sl UNTD vann Tnmaling TMPCe onile noamaunis nrodusicg oo Gl o
only up te 2500 ra.s. and a Jarge study with dogs recsiving P4Ce irocrporaies
inen furad oy s o srogress ot the Loevetace Foundation, Berke & D2irch :}3?
hnd mose pelmenars pathology than neoplasiic change in rats receiving aerosa’s
Se o o comiam [51-185,

ot TN AND DMOSE-ETSPONSE RELATICNSHIPS
S G sege marars oo Do cadonuctides are much mere comines,

S e i }‘;}\.:‘; sedctice ol prariadoudogy o wxacology, Tois anises in la-ze

vare g the prociian of radintion niciomets not to be satisfied with such simple
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parameters as administered dose, Since the units for dose of
are it rhysicel terms 0 is natural 10ty o prosont doses as .
effects of radionuclides i similer terms (1.2, rads and rems). Sne b
doses depends beavily upon ihe Kinetics of absorption, dlht'l e
transiocation, etc., at all levels of organization from organ EUN
much of the 1i(“alur9 pertinent to the toxicology of radionuchides is S
primarily to this aspect, i.e., pharmacokiuetics. Space zrevents iy sotwy
consideration of this enormous iiterature here. Alse in the pracuce of nuc
medicine it is desirable to know within reascnable fimifts toe rading o
the target tissue and others, either to provent undue exposure I Geag
tests or te deliver a known dese for therarv.,

The classic schema for internal dose compuiation devised furg: v
Quimby & Hine (124) and universally applicd since the late 15+ . o0 L.
expanded in the intervening years (125). Rather elaborzte cquw ke
developed for photons, beta particles, point soucces, surface snd vl v L
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 Medicine. Several pamgphlets 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 o an, twrgs
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’edlCIMQ hiologn
effect, and to the extent the schema give them directly, the new plan has =3
tages. For those brought up with the Marinctli, Quimb,y & Lice meno e,
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 “unction of
of metakoliz data and letimes of nuciizes adr Lnstood as ol oo oL
ceuticals, along with inforaation on facier:
purity, swability, ctc, whica might affect asorbed dose.

Greenfield & Lane (125) have contributed a timely and complec ¢n
radioisotope dosimetry airned at both the researcher end e physicn
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Kinee the units for dose of external radiatiin
S iny to present doses asseciated with b
ragds and remsy. Since the ahsorp s
. aeics of absorption, distribution, retcotivg
Jrpanization from orcan sustems lo Lo,

1o the toxicology of radionuclides is devored

STACORIICUCS, SPAce PIevenis dny scrious

cutare here, Also in the prasice of nuclear
weifen reasonable limits the radiation dose to

i prevent uadue exposure in diagnostic
hereny.

...:u.\n,pt.(.nfor. 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
st 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,

e e,

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
Colialiv Jiferent from those caleulated

MIRD commitice iv the compilation
S0 adminisiered s labeliod pharima-
o seeh as chemical o) radiochemics!

Lhai DG cose,
vooasated a 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 !
fui'r'.'hl[. of the & ¢ found i e
chapler by Harper (1320 and the book oy Headee (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-resnonse refat xonsmps as a generai problem. OF special interest,
nowever, 1S @ series of parers irom the New York University tasutute of 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 frequently Auzer ¢lectron emission, which can occur in such cases, is
“riore probable thar «-ray emission for elements of biologizal interest™ 1134,
p. . The range of ar Auger eleciron is considere bly shorter than the mean (ree
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 rradiation may
take place. Conventional dosimetric calculations assuming uniform distrioution
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 cven greater. Feige et al {137) and Gillsspie ct al (138)
have explored the physical dosimetry in thyroid for 1231, another Auger electron
“emitter.”

Absoy o gead sarves classical™ appivau can b

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 evident to the
extent that the true relationship His tolow a linear extrz polatien from do:
wiich data are extant

vans et al pave taken the view rhat the region of no-effes: desorbed 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 lin2cr no-thrachold model enn neither be supported nor refuted witi:
muc: lrger nuoabers of oxposees e tiw oy dose demain. A full-blowr ¢ s
trovessy bas roried oo this matter and w3 prabably not be settled to o
ones satizfaction undl studies now 1 progress or planned can be comnlewd
b s anad experinwsts can conttibute signiticantly, and show ciearly 1,
the ansver i+ not a stinpie one, Mavs & Lloyd (11C) summarize § exia
experments involving graded deses of radiostronuum and radiocaloium o
muce, raty, pigs, and dege. A lincar relation does not it the dose-respor«
relation very well in any of themyand at low doses there is always a lower incider: -
{(frequently zero) than peedicted by a lineur extrapolation with no thresho.d. o
sizmaid type reletion: fits better. By contrast, the analysis by Mays et al (79) ¢«
slidr cxpecimonis with afpha emitters (plutonium, radium, et shiows a ke
i1t 1o a buncar no-threshold relauon than w a sigmoid one. Tanmphin & Go'muo
(1430 nsst that e biear hypothasis is the only one that fits the beagle-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 -

years is 1 0= 1 sarcomas'10® person-rads for a “low-dose lieur model™ :
4 -= 4 sarcomas 10'°® person-rads for a dose squared model. Tihus the dufee
is not trivial!

Other models have been presented. Rosenblatt (146, 147) utilizes a irtw
dimensional surface logistic model to account for simultapcous conrribut .
of dese and tme v osieosarcoma incidence in beagies rcu:ivmg ;-a P

radiostrontium. and cmplovs the Cutler-Ederer life vihle mothad 04 ‘
treatiag deaths trom causes other than the one atissue. This Iogmrc 1,\"‘9 pese s
1s not linear anvwhere. Also, it permits age-refated incidences tn be calen .o
{e.er.. 109 cumulative ostrosarcoma incidzace weuld occur at aze 76 .

beaglu. It is discussed in «detail along with risk evaluations busad o5
Goldinan & Bustad (7 43).

emitied in the ske!etm oer kxlcgram bedy weight, This did not appenr 0 o'l
aeeorer, for sipha en He also gencralizes that the ddia oo anou:.,
ra'"it, rat, and dog de menstrate essendially equal raciasensitiviny of the Giad s
sucaendosteal ceilsy, a somewhat urenected phenomenon.

imellve as remarkid by Evane ef al (37) the linear nonthroshold s
Gie S the sume vusnber of angured hdivideals paropersoa-rad regardless o
A0 e expospre doe oy snbdivided i

he exnesed groun. Thic hzs uor -

'

cosboheon fouod T the somatic oot of eadlation althousy it s genaa
ot b e forogenetic etfects. Ivoalmaost never appaurs v che r'“' o

o s olony,
It must be oovious from all this that aone of the studies, mun or anire

1 Tree ot PLET sy

Mole (150) describes thz promability of bone tumor in mouse and dog o o
90%r as directly proportional to the square of the number of betz »uriicles

~\,,(.Mw.,\,.. G n Gk TN b dih

of Mays & Lloyd. At doses below 1000 rads the projected risk {in man) in ¢

7 R TERIRIT Ko 5V S 4

E iR A VTIPS, BUR ST AR B NN 1Y
R Wl ey Y . ; Lora iAol R N A
. A .. - . R . . P P S MR S SRR T
P A i AT TE I TS Y USRI T AT ST SUPAr B ERINRIIL A% S N I S YA L AR IatR .

e



N R vt

T

i . . - S L. H .
POPUPRSNIEE £ 1 I MU NPT R e SRR | R

P TRV SRP ORI TY £¥ Uty RS- SRR L I SRR

TR VT IRSR Y 1Y N I

wrNIA DTy TOXICOLOGY OF LADGRUCLIDES 345
~+-an peither ve supporied Ror reluied without B T O Y SO T UV . . e

. O N e Toee thy
| sme low dose domain. A full-blown con- in shd[\ of the Curves ﬁan Gre o Q! ]14: A fu\ candv iess than
the sosticr ©f the data Alro, as Car

v poyinaed oul plottiog

Cownd wili prehally ret be osertded to every-

nrogress ot plasied car be comipleted. togeth £ ol rolations f“‘“‘ v s man pive noseariovi uscally
,;b,_!(c simiticantiv. and show clearly thar spumiousls fhwar, et He ale calls attenton so the dmperiant s that a
Gaes & Lioyd (110) summarize § extensive SIEMOEKI FEhAISNSIHp sean I a4 taobvety  Boindgeicods @nibiae pepdidion
o radiostrontium and radiocalcium in (homoegeneous (n terms nol oriy s cut of exposure o conributing
A rcaton does not fit the dose-response facters. e-wiremment. care, ettt mrav refiect rrimarnily e refative idestitv of
41 tow doses there is always a lower incidence threshoids in c.at popuition; thresholds mug i vary much more o a highly
 linear extrapolation with no threshold. A heterozenscors buman population and the relation be less sigmoid and more
o ontrast, the analysis by Mays et al (79) of lincar.

< (r'utonium, radium, ete.) shows a better Anotker “aei of the intensive siudy of Cosc-response relations for radio-
et to wostamoid one. Tamplin & Gofmar nuchides Is 7 reoant use of the Cdoudling-dose T coneepi, This wis develened
. the only one that fits the beagle-dog dam to hendle ¢ 0 azserhing the genctic atfects o7 eadiation and is specifically the
w Jiffcreice between the alpha and beta or dose requiio.. (o doubie the ingdenue faw of wogven mintauen. (NOTE: Some
ssalvsis suegests. the direction is consistent other g < Tects may rise @ the squarc of the dose or by other functions).
w"uc rccoh;cr)' from effects of the two kinds The corce:t i.overy dependert cpon the partiotiar kinetics of the genetic res-
~thions may be just as valid. ponse, €. saav, cumdative, eto. Same atithors (143, 151) have applied this
“sx dulfer with the model is seen in the analys's concept o oo nogenesis induced by radonuctides as well as by external radia-
100 rads the projected risk (in man) in 50 tion. Furaarental to the argument is whesher o not'increase in incidence is
-« -rads for a *low-doase linear model ™ and in propasron w normal iacidence rutes or on ar Lhsolute basis. While the data
-+ a dose squared model. Thus the differer.ce broushr ¢ wae are prinwedy tor extoraal tedivion, an [ICRP analysis (152)
does cot o coneral suppoer ag borrer view, 100 makes considerable difference
~rsd. Rosenblatt (146, 147) utilizes a three- o theprooction ot risk from the tyainy of verieas forms of cancer induced by

1 10 account for simultaneous contribut'ons radior e,
1 wnchdence in beagles receiving radiury or Bla: for raionuclides as a tool
s utler-Ederer life tble method (148 for for invm o seceni stdies (133, 154), the dast
st on atissue. Tois fogistic type response suntoot s boatiooe it beaghes ckin
s ave-related incidences to be caleuiated CotTes onliTe e vt : et Saoerd, Newman & Altschuler
s inardence would occur at age 50 in the (1525 av o Lung caneus B waniar, v cures b cach aase he conciudes that there

bong wath risk evaluations based on it by o SaL NS G L aeie ton. oy dwdiesion. One, char-
£ 1s direct & '.Am PR <sis. The wtier, characteristic

rsamachise son Aoan and follcws only after a leng

“enf mone tumor in mouse and dog recelving cdnses, e

‘e square of the number of beta particles el pErow. 1 uscs averag: .»Aci-'.u du_\‘. from thc soversl bone-seeking
 nody weicht. This did not appear to hold, suchidss i the dogs. applied beta-radiation d")sc in the rats, and the inferred
v eeneralizes that the data from mouse. hirg doww by valediation back o measuivd 7 7Pb coctenn of bone in the
sentrally egual radiosensitivity of the eritical VS SOR P EEN FRRANATS SN U TeN z':S") Ve G0 bosdtaes Colsiant doscrale, vl s cer-
* revncora 4 chengmenon. BN T e Dt B a1 essen o S0 0w catsuging sanplificavon of the
¢ ] 137) the linear nonthreshola moudel Galin, 2o L 0l g d0ses i UEor 5ig D Lo 2ul ih2 ider
Swidi s per person-rad regardless of IR cw cdee doman reoon o Comsant for oooeen tmor e,
e eanosed grovp, T b e Rl Catnea coe clered Bialrs conceo

oo of radiadon withough i s ;_.:x:ur‘.Ii, SRR Lone colt e ianation oy

v N alaest pever arpears in et Rl L B L R AN 1 T I 14T uxi;m*m
P N 1 U R O I g Joso at e produse o ol :
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346 STANNARD

Agreement to the data is as good as for Biair's original assumptions,

It is unforiunaic that there is no m(.upuu!w evidence from biolog. 4,
in oncogenesis and it is difficult to visualize how these could aperare *1 oo
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 convias
scatter.

Thre most nesded informatica ln the reatm of dose-respunse ralations:
as fuli and complete coverage us possible at low doses, an aimest unendin
full ranzes ia single experiments, an expensive and tme-con
mformation irora cetiular and ussue piclegy which would ven
now being, if anything, overworked.

ENVIRONMENTAL ASPECIS

Fall-out from: weapons testing.—The enormous ectivity g
*fali-out coniroversy” has great!y enhanced our knowiedge of :i'.;.' :
and effects of the radionuchides produced in fission. In the period of this rz. s
the environmental surveillance activities begun by the AEC and luter the U5
Public Health Service have continued regularly. They show continued Cecr::
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 Saiz:;
Laboratory in New York City and the several stations of the PHS newwerk
reported in * Radiological Heaith Data and Reports ™ should be consu’red for
details. The effects of Siberian, Chinese, and French tests on the inveniory ca‘
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 th2
importani nuclides to be predictable in bread terms but idivs, neratic 1 detaiis.
Remote corners of the world and their indigenous ponulations Fave »een szar :
out and measured and seme evidence gathered of espacizily fugh concenirations
in simpie planis and animal life in the arctic.

The passage of fall-out nuclides through food chains and their circulat e i
the tropcsphere and stratosphere can now be viewed as reasonably estahish22
despite the need for fuller understanding of many detads (172-1810). The Lviv
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, partcularly Rongelap, and the craw of & Japuness 1i

vessel involved in the same incident. The Rongelap group, which was 2vposed
to fresh fall-out fTom the test of & tharmonucizar device 1§ 334, ausseena 2t

studied by a multi-disciplinary, multi-institutional group. The mcst ~oiz™ie
internal contaminalion wis viah isotopes of jodine. Conard ¢! i (iel; romoi
muitiple nodules of the thyrowd gland 1014 vears atter (ne exror s s
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reoutng hines o data with considerabic

<y eaim of dose-response relationships is
S b fow doses, an almest unending task
Cvrtsee and tUme-consuming task: and
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~oowotogy which would verify the models

CENTAL ASPECTS

norrous activity generated by the
canced our knowledge of the metabolism
in fission. Tn the period of this review
¢ begun by the AEC and later the U.S
vatrly, They show coatinued decrease
- e anmosphere and the biosphere which had
“oeaerts itom the AEC's Health and Safety
"ie several stations of the PHS netvork
12 and Reports™ should be consutted for
s s znd French tests on the ianventory of
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the 1retic,
'*mm*h tood chains and their cireulation in
© he viewod as reasonably estahliseell
st of many details (172-180). The 1979
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s ars now 20 0ut of A4 exvos \.(b. 17 children

aeintee (7 : 'n m Jdoses

the Rongelap residen:a. T

E N I ), PR AN - T R I I |

»leyd

ated Tand o

THYrO1d SUTEELY 01 il visiiaievas tosshi = wlbld avbominn v o e e
matous nodules eacept for ¢ 7 meed papiiiary and fuilicuiar cercinoma 7 in one
sauli vinake. letal neinted with jodine deficiency but

od ond de ot normaliy show

shisse

The fosionT o
ine Mirs ullu.:\_ Daiived Lal l.u-\. daraounts of seafle
ioding deficiency

Growth

degree in some o the ¢

and Juvelopnwat retardation wers also desertbed in siight w0 moderate

yposed children. Two male children developed atrophy

of the byroid and const Jevablz growsh rerardation. The condition was consider-
ably alleviated by reatment with thureid hormone.

Exposazs on neighooring siands 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 Rongelup residens, [t ceanat bz stared with 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 iodine in
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 porr‘.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, Thah
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
vrel athaloes 7 this group correlatatle with ingestion 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 yvield 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
ot end Dol mertality, including 2 ereater than exnected incidence of child-

cnia. Since he is now applving the sume views 10 radionuciias dis-
-3 meeloar epergy installations, the discussion will be postponed 1w
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D T onnclides from vielear emersy insiallations—Thz environ-
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power reactors, fucl reprocessing facilities. and nuclear research ¢ wd 2
ment iuborarcsies s an active. indeed crucial, ssde at dhe presem v
made now rezarding the biclogical impact of such roleased
probability of their occurrence may well deiermine ihe airecilon ol voy 7o
technology. Some of the major issues will be examined here. Many surm o
arc aviiluble (180, 185).

The biological problems devohe again upon the true shape of the ¢
response relationship, although for practical purposes the conservatine 2y,
tion i3 made that the linear no-threshold model holds. Also. i i
must show that they are maintaining the lowes! practicasle releass icvis, rogar .
less of general standards (140).

The primary considerations are (o) evidence of effects from past ecovit,
(b) actual and potential relzase rates and their impact, and (¢, L2 rowe o v
ecosystem.

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 (a:ma‘;‘.y a lesser dec“nirr
e ; slope on a long-continuing dacrease in rate w hich ke terms an * excess mortality ™
e r:‘.np-..,(,‘.,,,,,,‘}.,mv;,.-,_;;. T with infant mortality in Albany-Troy, N.Y., New York State vs Califernia,

. 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 efect 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 release, or even multiples tiercof, i=dicaes the rad.z-
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.. .
sensitivity of the fetus and newborninarim s 712y Soarlv sb s
than adulis or evon the young bovond infuney the Ll
approach those necessary o accouasi for the moral 3ot .
nuclide exposurcs. Thus, the human embrye aad "etvs st be LO"l\ld"T.""\
more sensitive than any of the animal popuiaions stud’ed, 10 substantate the
proposition made by Sternglass.

|r\

Towe vy

v
>
s
M
%

’i»’t\i-z';f*nfﬁ'{;v‘i.'iu;;:n;;._”}.». o e e e

S N T




A

RPN TRAAL LT CRERATINCNL TR S0 LU ST S PR

N

\.u_‘ .

-lities, and nuclear resezarch and develop-
uctall isoue ot the present time. Decisions
nnpavt of sech refeased neclides and the
“wali dereenmine the direciion of our future
o+ will be 2xemined here. Many summaries

~gdin upan the true shape of the dose-
~ractical purposes the conservative assump-
~.nold model holds. Also, all installations
1. the lowest praceicable velease levels, regard-

& evidence of effects from past activities,
- ard their impact, and (¢) the role of the

anivities.—Eacept for the rare instances of
guantities of radionuclides, all inferences

-« involve the epidemiological approach. Stern-
a1 in fetal death rate (actually a lesser declining
S in rate which he terms an ** excess mortality ™)
irov, N.Y.,, New York State vs Califorriz,

: comparcd to Sweden, and the like with tie

~ Nevada tests, USSR tests, and Pacific thermo-
-+ 3 he relates excess infant mortality to routine
dng water reactors in Illinois, Mich gan

. York, a fuel reprocessing facility in western
Sducts Works at Rithland, Washingion and

- r« on Long Island (190-192). Even the small
zrv linked, by Sternglass, to deleterious effects
+oood. In all cases the efect is described as
ceroetrcemscribed geographical area ™ down-
~le fuient period, and due to radionuclides
~xims, many of them made in public hearings
vorsiderable concern in the general public

~i*ws 10 the recipients but any reasonabie cal-
or even muibples thereof, indicates the radia-
ST ;..Lax radiosensitivity of the embryo and
Jieest ixboratery studics of the relative
s 112 clearly show arpater sensitivity
dmtans the facters of diference do oot
far the mortality rates attrinuted 1o radio-
cubryo and fetus must be corsiderahly

! populations studied, to substantiate the
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There have been many and voluminees rs fma"onr of these claims ( 193201
and it 15 anpossible (o daatl ther hve i
tack of an eridemologiontly gt ol ;»-ltw-_u.'-t‘i
lack of conspderation of changes 170 8370-2
tions.
have been exondad or accounted Jor, and lacs of st
the data. Thi. criticiem has coree saraely rom o)
Secondly, ot o5 take sue wan the ©
directions, a .t other aspects of the XooHUTe Si(Lation, 4nd s
tion wasz not > deserined. Finally some of ther o {
data. Whilc e orttiosaus do tot show conciesgly that there s v
they plac: YL caiden OF proot on g profoscs i
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There b . oocen & few otner similar cuz‘;tz‘ Uoat RVEIVIDG Cancar Wncidernsd
the entit culation, e.g., Welk (203 cites iocrzassd cancsr inoadens? in :

small popuin on living near the Indian Point. Mew 'Iork nu lear 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
deernad ot the copoivsiens By Boyoie 4 Yourg (205) because severai
perirent e COunus v e 9mii Fein - anaton, sasic data on acti 2l
nunbe, s deaths weie voosapplics, Loere s g mJ\ of 232 or sex adjustmen:
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in wransferring ihe nuslides from veicase pon'? or mands 10 intake by man. My - :
of the burpaaniva ‘;?vsg‘, or radinoceinay js devoted o stadies on this aspess Son
ha - T rrost corman foiny Y amciable that :
1€ SUMITGRIAINL W man in sighificant quantity oy,
by direcs von or a contannnated wouad (206, 207, Other nuciides 'ra.{\
rand 10 concentraie in ONe Or more organism or vector in the ecosvstem. Ultire.e
accuraulntion n man derends upos whether or not this criticel step is invoivg! i’
or by-passed. Concentrauon factors of several thousand are not uncorimon
{208).
Much effort has been and s being expended in identifving critical patbuays .
209, 210) e.w.. air-}caf—cow-miIk-bodv versus air-soil-plam-cow-nnl,.'-boo'y. H
Rewent wark at foliar absorption of many nuchides 1s e
greater than f‘ﬂ E 'ou"‘w root svsteras to make the first the “critical putinay ™ '
e.g. 7YSr in many instances. However. this is not the critical pathway i1 naik or i

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 ricvc!opmcn o d iferent fuel cycles.

ot ra e forgodten eithar, 1s the ro'e of tirne, since sonepzs Sl imporie. 2 s
fresh tssicn products be ome less sigrnificant later on. Indeed, if ttmes ore Tong
¢s in the consideration of radioactive waste disposal, some very unexgania
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).

Radionauclide effects on “lower ™ organisms.—Quite apart {-om the mover e
of radionuclides through an acosvstem o man is the possipiiaiv of daicier’ .
ertects in i wer organisms. This assumes IMpPOrtance 10 N i proparios (& <
'n"lorr:r.: ~ of that organism "o the ecosvsiem or as & muernber o1 a * i
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aruunisms.—Quite apart from the movement
~sstem to man is the possibility of deleterious
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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

fish ezzs that hotehing o lemvae s reduced cven at 1077 pCH of certnn isotor 20
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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by Jatots (224) and recont symiposia (L g, 2235,
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