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RADIATION AND RISK—THE SOURCE DATA”
' H. Wade Patterson and Ralph H. Thomas
Lawrence Berkeley Laboratory

University of California '

Berkeley, California

July 1971

"A likely impos sibility is always preferable to
an unconvincing possibility "' .
Aristotle—~from the''Poetics '

1. INTRODUCTION
We have seen evidence in the past' several years of a growing con-
cern-on the part of the generé.i- public over the possible risks to which

they may be subjected as a result of Man's in:cr.é‘asing uses of ionizing

‘radiations.

The specific benefits derived from the ﬁses..-of' ionizing radiations
in medicine and induétry may be a matter of:particuiar debate, but it
seems generally to be accepted that benefits do in fact accrue. Public
concern is centered on what risk, if any, is involved in suchv activities.
In the words of the International Commission on,'Rad_iological Protec-

tion (ICRP), "If the quantitative relationship between dose and the risk

of an effect were known, societies or individualé could judge the de-

gree of risk that would be accépta.ble » taking into account the particuiar
circumstances requiring a radiation exposure. Ideally, such a judg-

ment would involve a balancing of the benefits or necessities of the

‘practice against the risks of the given exposure, which could also be

(1)

related to that of other risks in the particular society."




Wi.th' re spé ct to phys'ic.al and chemical cémponents in the.na',tural
envir‘.o"n‘nient bihe'r;“fhan radiatioh, it Woﬁld ‘s‘ee'm tiiat Man has, throﬁgh
ev'olutionarybpro‘cess'es, been adapted’to f‘u:nctiornvadequately over a
rather broad rang‘e' of exposuiﬂe. E’Xamples of this are carbon dioxide
concentration in air, tefnperatufe, and barbﬁ;etric pressure. Obser.v-
ing this, we might be tempted to posit that Man'é response to ‘radiationv
e}_cposuré_wdu'ld be similaf.' 'Héwe.vér, as scieﬁti‘sts we must stre_vss
thaf we do not know the effe ct of small exposures to radiation on human
b.ei'ngsv, g We do not know whether such exposure.-s.ar'e deleterious,of »n'_o-
éonsequence, ‘or beneficial.

It is perhaps true that rn'ore. is known of.Man's response to ionizing
r’adiéti_ohé than to any other self-inflicted poliufé,nt of hié -environmeﬁt;
This is largely due to the experience of rédiati.on injury resulting from
early uses of x-rays and _fédioactive substances, particularly radium.
Fro.m these early experiences and from studies on vcé rtain other groups
of individuals subje cted 'bto high radiaﬁdn e'xpésures as a result of
rédiqthe_rapy, nuclear Weapons attack’, or ré.diatiop accidents, a lim-
ited amount of information has be.en pié c.:ed't'ovgether. Such information’
is élmos_t enﬁrely about the effécts of large egposures and high dose-
rates. If we are to make anyvprogress in the diffi.cult task of under-
standing the possible deleterious effects on the health of the population
due to small exposures to ionizing radiation at low dose rates it is
clear that much greater efforts at inter_discii)‘linary studies are needed.
Radiatio‘nvphysicists can rﬁeasure humah'exposures to ionizing radi-
ations, physicians can advise on the appropriate "in,dices of health, and
statisticians can shov.z us how to analyze availéb_le data in fhe most
fruitful manner.‘ It also seems cleaf that any conclusions we may

- reach as to the probable risks to human beings of low dosg_’;;éﬂolfh‘""u
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radiatiﬂo'n ‘will almost cerfainly have been reached by statistical infer-
ence. Heretofore much of the analysis of radi’ation-ris’,k data has been
performed by non-professional statisticians, and_. we believe that much
benefit would de rifre from a re-evaluation of thé éxisting data by profes-
sional statisticians.

Although much of what we say here will be familiar to specialists
in the fields of study involved, we do try to draw Atog'ether what seems
to us the relevant threads of the arg.ufnént inﬁoivéd in setting up an
epidemological stﬁdy of this nature. |

In this paper we first briefly review the '-souvl‘ce of the studies that
have Been made of radiafipn-induced injury for #'ather large acute ex-
posures. These studies enable one to make .some first-order ai:proX-_
imatioﬁs on the level of risk involved.

Next we sumfnariz_e Man's natural radia-tib_n environrhent and show
~that the extreme variations in whole body ekposures vary from about
100 mrem/y to an upper limit of a few rem/y. | Man-made radiation -
level‘s are, with one exception, small compared even with the fluctu-
atior;-s, in these natural lex}els due to geography and personal habits.

The one exception will be shown to be due to medical radiology.

2. SIZE OF POPULATION NEEDED FOR AN EPIDEMIO-
LOGICAL STUDY OF RADIATION-INDUCED DISEASE

1t seems to usbthat_ a mostv important preparatory step in designing
a studf to identify the risks of radiation expo_é@fe inducing disease is
to determine the size of the group needed.

The.following simple a.rgurhénts indicate tiné size of the population

needed to identify the magnitude of risk.
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The _tbtal number of cases of the disease, N;) ,  observed in a popula-

tion, p, over a’ péi‘iod of y years is given by -

(1) D N =fpy

wheré £ is t}ie'probabi-l'ity of_contra_..cvting the di_ée_asé per yeaf. |
Assume that this disease may also be induced by low levels of Tadi-

ation exp’béurc vand furi:h_er assume that at 10;‘_’» doses thve.‘dose-effe ct

: relatio'ns_vhipis line_air. At equilibrium ain ahi’méi doée rate of D rem/y

will tl'ieiil pi'od_iice an.addifionél mirriber of cases of the disease due to

'.radi'ati'vqii,v NR,‘ given by | |

@ Ny =rDpy
where r is the risk per year per rad.

'I."h.e total number of cases of the disease. a_c‘tﬁalvly observed, NT’
is then '

(3) . Np= (f+rD)py
and we aék the qi_J.e stion, when can we be sﬁré ‘;i;ha;t the 'difference,b A,
A= NT - N0 is greater than zero? ”

(4) ' ; A=rDpyze
where the error € is giveh by -

(5) € =py(f+rD)+fpy.
To be sure ‘of the magnitude of A we must demand that -

e<rD py-

Typicaliy, r D py will be small and this .constz.'aint may be difficult to

meet. However, let us arbitrarily write .

. rDZ. ..’v



frofn which it follows thatr

' | ~ 2f
(7) Py*® rD 1+

This e.quatign enables us to calculate the numbe.x; of man-years (py) re-
quired to.v'form the basis of a study to feveal_:radia.tiovn-induced disease.
As an example, the proBability of death_in the United States» due to
malignancies is about 1_.5)(10-3 per year, (2) arid one may readily cal-
culate the number of ‘man-years (py) from Eq (7) for several dose rates

and degrees of rad1at1on-1nduced risk. Table 1 Summarizes such a cal-

culation.

Table 1. Number of man-rem years needed for an epidemio-
logical study of radiation-induced cancer. *

Dose rate Radiation risk o Man-years
(rem/y) (deaths/y/rad) '
0.1 10°1 5.2 102
0.1 - 10"% 1.~6><10:
- 0.1 10'3 1.2x 10"
. -4 8
0.1 10 1.2%10
0.1 1073 1.2x1010
1.0 1071 4.1% 101
1.0 10~2 5.2 X 10°
1.0 . 10”3 1.6% 104
Al -4 3
1.0 10 1.2%X 10
1.0 1072 1.2% 108
-3

Takmg "normal'" risk of death due to ma11gnanc1es as 1. 5>< 10"~ per
year. : '
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As vSa.'il-o‘r has already discussed in this syrvnp'o‘sium(3) and we shall
s_hov‘vvl‘ater, it is 'possiblev to find'ndiffe‘re'n_ces. 'inradiation expesure rates
of suh‘stahti‘ai_ poiaglstions of ﬁp. to a few hundred rnrem/y. In com-
paring the .deathrates due to cancer in groups.'where radiation expo-

sures have changedIWith time, studies must extend over periods long

compar‘ed with the latency of the disease It W".oul'd\ seem mandatory
therefore to carry out such 1nvest1gat1ons over per1ods of someth1ng like
10- 30 years, and there are those Who would suggest even larger periods.
If one takes the r1sk of cahcer 1nduct10n due to radlatmn as 10 -4 per rad
per year [a cor}servatlve upper limit if the 1nterpretat10n of the pertinent
data pre sented hy the International Commission on Radiological Protec-
tion '(iCRP) 'isv‘ace_epted(‘l)] , Table 1 ihdieates _that .p'opﬁlations in excess
of 10 miliion people whose radiation exposuresvdiffered by 0.1 rem/y must
be studied for extended periods. o |

There is no ehance of fihding such large pef)ulations within the United
States whose environments.are so similar and stable over such extended
periods—differing only with respect to their 'r.adi_ation exposures. How-
ever, much sr-nal'ler pepulations are heede'ct te test the hypotheses that the
risk of death from radiation—induced disease is much higher than sug-
gested by ICRP.

Gofrnan et al (3) have sugge sted that the 1ncrease in cancer mortality
rates is as h1gh as 2X10° -2 per rem/y. (This is in fact roughly equiv-
alent to assuming that all cancer mortality is due to radiation exposure,
since the ''natural mortality cancer rate 1s 1._5__>< 10_3 deaths per year
and the'average annual dose rate is about 0.43 rem/y)'.(3) One might
think this to be an uppe'r limit since chemical carcinogenesis might be

suspected to contribute to the death toll.
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At levels of risk as high as 1072 per rad, S‘tudies with relatively
small numbers of pebple (several hundred) should be capable of reveal-
ing significant differences between populations v'vhlose radiation expo-
sures differ By a few rads (integrated dose). |

Oneb of the populations most frequently exposed to ionizing radiation
is atomic energy workers. The USAEC makes annual reports of the
eprsv,res for such workers. Using data for 1960,: Eisenbud(é) esti-
mated a per capita dose of 0.6 rém to a population of 82000 workers.

Table 2 summaries similar data for 1969.

Table 2. Estimated whole body doses to employees of AEC contrac-
tors, AEC licensees,and agreement state licensees for1969.

— —

Number of e mployees

Annual dose

rem - AEC contractors AEC licensees state licensees
"0 -1 98 625 59496 23082
1.- 2 2554 . 1489 786
2 -3 1313 - 583 - 321
3-4 335 . 191 107
4 -5 86 109 - 69
5-6 4 .64 56
6 -7 0 48 v 39
7-8 0 " 36 24
8-9 0 -44 ‘ 6
9 - 10 0 43 6
10 - 11 1 3 4
11 - 12 0 4 0
12+ 0 22 19
Total 102 918 62072 24519

i
F

If we assume, with. Eisenbud, that all rhtembers receive the mean
dose of the dose grouping (probably an overestimate) we can conclude
that within the atomic indu.stry the accumulated dose for 1969 was about
140000 man-rems (at an average .per c.apita ‘c._lose of 0.58 rem). Failure

‘to find any significant increase in cancer risk in this population should
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therefore be able to set the risk of cancer induction below about 10~

per. year per rad.

3. RADIATION AND RISK STUDIES—A BRIEF REVIEW

What has heen estahlished "'beyond reasonable doubt". thus far?

Fortunately Man s exper1ence of radiation-induced injury is now-
adays qu1te 1nfrequent Neve.rtheless in the past 70 years a number of
\persons have been exposed to rather large doses of radiation, and the
data obtained from epidemiological and cytogenic studies of them pro-
~vide some rneasnre of the incidence of radiatio.n-‘lnduced diseases. In
the main these persons fall into three main gronps:

a) Medical patients undergoing radiotherapy—for example, ankylosing
spondyhtls pat1ents treated by x-ray 1rrad1at1on of the sp1ne radium-
therapy. and thor1um -therapy patlents, pat1ents treated for hyperthyro— ‘
1d1sm, women treated for cervical cancer, or ch1ldren irradiated for
enlarged thymus and tinea cap1t1s A group of chlldren exposed in

utero for d1agnost1c purposes for the rnother have also been studied.

~ b) Victims of nuclear warfare or testmg,e g., those exposed at

Hiroshima, Nagasaki, and the Marshall Islands ( )

c) Occupationally exposedpersons, e.g., radium-dial painters,.
radiologists, and uranium miners.
From these three main groups the ankylosing pat1ents, the Hiro-

sh1ma and Nagasaki victimns, and the radium-dial painters have been

most extensively studied.
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3.4. Hiroshima and Nagasaki Victims

| Perhéps the most thofough and extensivg study of the incidence of
disease in human pbpulations e.xpo'sed to ionizing radiations has beeh
pervforr'ned (and is still in p.rogress) for the viéfinis of the nuclear weap-
ons attaéks on Hiroshima and Nagasaki in 1945.‘(8- 10)

Within about 2 years from the exposure a‘ sig'n:ificant increase in the
incidence of leukemia Wabs observed in the expos‘éd‘ population. Early
studies showed the increased frequency of leukemia to be inversely re-
lated to d‘istance from the hypbcenter. This fé.ét led Lewis“ﬂ to sug-
gest that the inéidence of leukemia Waé lineaf'ly revla’ced to dose. How-
ever, 'su‘bsequent analyses of the dosimetry hé.ve revealed some uncer-
taintiés that make such a conclusion uncertain. In his analysis Lewis
utilized dose distance curves known by their oi‘i_ginatofs to héve sub-
(12)

stantial errors, but the best available at that time.

Auxier et al.,(13)in arecent paper on dosimetry, have suggested the
probable error inthe air dose to be +30% at Hiroshima and £10% at Nagasaki.

Problems of local shielding, spectral distribution, and relative propor-

tions of neutronand y dose make the assignment of individual doses a

(14) made this

much more difficult problem. Moloney and Kastenbaum
distinction when they showed that for persons exposed at the same dis-
tance, thé incidence of leukemia was higher in those who suffered radi-
ation sickness in the_few weeks immediately following thé‘exposur.e.
Milton and Shohoji“s) have reviewed the dose eétimates due to Auxier
et al. ‘and thoseu made by Hashizume ét al., (1_6) .based on méaéuremen’cs
of residual induced activity and thermoimninésé:ence in irradiated mate-
rial, and concluded that '"it is not possiblé at present to give a quantita-
tive evaluation of either fhe accuracy or precisic’m of the final (individ-

ual dose) estimates. "
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| Inability to as sign‘ doses to individﬁal& re;qﬁirea that mo>rbidity and :
mo_rtKaliﬂtly dé;fa be lumped on'_the basis of dis.tan(v:e_". Whén this is done,
even w1th a distance interval as._ small avs_‘ 50 met‘é‘r_s, the unce.rfaihty in
dose is as larvge- a.é 30%.. And, if the daté aré lumped in large intervals,
é,s, is done ih ICRP Pu-blicétibh 8, (1.7_) the dc.)se., '1.1ncer“ta_inty approaches
two ord‘e;rs on méghitude. The se conside_rati‘o:h»s lead one to conclude
that the' _Hiro.shi‘ma-Nag.a's.aki dé’c_a are of insuff_'i.c_iént accuracy to te st
any .dbs'e'-exposure_ hypbthe ses. ‘Levvi‘s's" a".nva‘tl;tsis‘ 6f. sever.a'l e_éposed
gréups: éﬁimﬁariz!éd_inv _".I“af_)le 3, ‘aséur.ning a linear dose.;c;f.fe ct relation-
ship; vsug’ge sfed fh’e iﬁcidence of leukemia to I‘)e4.1,to 2 ga’ses _pvervmillion
persdneyéars at risk per rem. | | :

_ Re"c'entv studies :sugge.svt thé.t‘diffve_'rent type s v(_)vf cancer do ;";Ot"have the
samé dése incidence .félatio'nship.'('ig).'T‘he_seﬂ _aﬁ’chors 'cvo'nc'luc.lé'v: "_If has
.been réé.onfirmed that in both sexes risk of léukemia mortality increases’
. rharkedly with inéréasé of dose. _Allso',' in both sexes for all sifés_' ex-
cludihé 1er,vukemia,v 'a. 'élight trend is noted for'fhé '1.'isk to increase with in-
.crease in dose. This 'inc.x'érriént is attributablé éhiefiy to the increase of
gastric cancer g»n'dAluvng cancer. Sqmé, for é'xample' uterine ca"pcer., show
hardiy any effect “ofbexpo'sur'_e. no |

Studies made during autopsy indicated a slight tendency for higher
mortaiity due to gastric cé.ncer iﬁ fémales ahd__luhg cancer in females
and lung Can;_:ver'..in Bofh males and females, but the authb_rs‘"note that
the s‘e>trendé were .nbt Staﬁstically vsigr;xifi.car-lt.ﬂ No signifivcant're‘la‘tibn-
ship was noted between radiation exposuré aﬁd mortality due to cancer of
the 1i§er_and bi‘liary-ducts and cancer of the uterus (in women).

Studies of thé incidence of cancer, however, showed that thyroid_
cancer, breast cancer, lung cancer, and leuké:rﬁia all'showed increased
incidenéé with increasing exposure. "HoWevé_r,v in Nagasaki, while

¢




Table 3. Summary of Lewis's estimates of the

(;ﬁc)')bability of radiation-induced leukemia per individual per

of leukemia (Brooklyn,
N. Y.)

ground sources

rad per year. Source: Lewis 1957.
Probability of leukemia of
specified type per individual
per rad (or rem) to region
irradiated per year
. Types of ~ Estimated range -
Type of Region leukemia Lower Upper @ ""Best'
Source of estimate radiation : irradiated produced limit limit estimate
Atom bomb survivors ' 'y Rays plus neutrons Whole body All 0.7X 10--6 3X 10-6 2)(10-_6
Ankylosing spondylitis _ _ 6 6 ' 6
Patients x Rays -. Spine Granulocytic 0.6X10"° 2x10™° 41x10~
(only ?) :
. ’ ' ' . , an-6 -6 -6
Thymic enlargement x Rays Chest Lymphocytic 0.4X10 6x 10 1x 10
'~ patients : lonly ?) ' v
| Radiologists x Rays, radium, etc.  Partial to All(?) 0.4%10"% 11x107® 1% 1078
, - whole body A : -
Sponté.neous incidence - All natural back- ‘Whole body CA11(?) 10 X '10-6 2X '10-6

[After Upton( 18)] .

-;‘p -
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ihcidenee“(for leukemia) ‘ivne_l.'eased \.avith ciose as in Hiroshima for the
group 'expe.sed to 100 rad or more; no ~incr_er:-a-sevvas noted under 100 rad.”
Th1s latter.. con_clu'ﬁon by Maki eﬁ al. (19) indicates the difficulties (and

-+ possible d\;_'e're stimate s) inv-deri{ring estimates of cancer incidence in
humaris.at'ehronic low doses and dose rates fl_;em these data on a’cute

high doses. - ‘ : S _

3.2. Ankylosing Spondylitis Patients

Studies of the subsequent incidence of dise'a'ée in patients treated with

X rays for ankylomng spondylitis have revealed an elevatlon in the inci-

dence of leukem1a and other cancers (see Table 4)

Table 4. Change in rate of 1nduced mahgnant disease with duratmn of
time since exposure in irradiated ankglos1ng spondylitics (data
from Court ‘Brown’ and ‘Doll, 1965)

_—
—

’ Cases pei‘ 10 000 man-years at risk

Years after - Leukemia + " Cancers at heav-
‘ irradiation ‘ aplastic anemia ily irradiated
' sites
0-2 2.5 3.0
'3-5 6.0 ' 0.7
6-8 : 5.2 : ' 3.6
9-11 ’ ' 3.6 13
12-14 o . 4.0 ' 17

15-27 0.4, 20

Total of expected cases in 10 000
persons in 27 years calculated . : :
from the rates given - 67 v 369
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éourt Brown and D011(21) first suggested a éorrelation between the
incidence of leukem:ia in the sé pa’cients. and fadiation ekposure. Further-
more, in the dose range studied, the data were consistent with a linear
reIat‘idnship. Court Brow:.;l and Doll, however, éxcluded those cases in
which extraspinal irradiation was given. Brués(?z) has noted that this
exclusion resulted in a severe bias in the anaiirSis' because the cases ex-
cluded we;;e predominantly in the high-ddse rar_xgé. The complete Court
Brown and Doll data thus indicate not only a curvilinear relationship, but
pérhaios also a threshold for leukemi; induction in the range 50 to 100
R(ZZ) (see Fig. 1).

Nevértheless, this study clearly demonstrates an almost 10-fold
increase in lé.ukerhia among irradiated patients and an almost 30-fold
increase in the related disease aplastic anemia, whereas cancer of other
heavily irradiated sites was increased by a facto_l"of onlyb 1.6. In a'bso;.
lute numbers, 67 cases of leukefnia and aplaiétic anemia were found, 61
cases mbre than expected as co’rhparéd with 73 cases of all other cancer
beyond the expected. However, there shbuld be some caui_:ion in neces-
sarily 'attributing'this increase in cancer (other than leukenﬁia) found in
this study to irradiation. The largé st cont.ribﬁtor to the excess deaths
from cancer of patients in the study was contrivimted by lung cancer, now
well known to be caused by smoking and unforfunately the smoking habits
of these patients are not known, and it is thergfore possible that differ-
eﬂces in cigarette smoking may be responsible for part or all of the dif-
fere‘nce in lung ca.ncer rates betv\}een patients and cgntrols. Further-
more, it'is not known whether lung cancer may or may not be increased
among patients with rheumafoid spondylitis ir‘r‘e spective of radiation.
Lung disease is knc;wn to occur as part of thé primary disease. (2_3) Still

another reason for caution in attributing all these additional cancers to
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Fig. 1. The dose-response relationships for radiation
'leukemia in radiologists, irradiated spondylitic patients,
and Japanese A-bomb survivors. (From Brues, 1959.)
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radiation i.s due to the abserice of the typical latent period, peaking, and

decline in incidence associated with radiation-induced cancers.

3.3. Radium-Dial Painters '

The fate of radium-dial painters who inge éted toxic 'quantities of
radium and radium daughters és a direct result of their occupétion‘has
been st_udied over the past 40 years. These péinters absorbed radium
tﬁrough the mouth as a result of théir.practice of tipping their paint
brushes with their liplsk'. Radium and ifs daugl.l'térs. are'_depositied in bone
and in ti{me, if absorbed in sufficient quantitiéé,-.can lead to skeletal dam-
age, osfeosafcoma, and other injury. (24) Olfle.().f' the most extensive and |
complete 'analyses of radium and rneéothoriﬁm toxicity in human beings
der'ivéis‘ frpm the MIT grbup fhat has followed ,604.,cas.es of radium expo-

sure over the past 40 years. (25-28)

These data have been interpreted
as sh_oWing .b'oth' a curvilinear dose-eff_ecf re sbén’se relationship and a
practical threshold. The ti.rne for appearance of bone cancer is inversely
relatéd-to the quantity of radium absorbed in bone. Thus at the point at
which the latent period éxceeds probable life span a pfactical threshold
exists, and the MIT data put this é,t a few tenthé 6f a microgrém of ra;
dium deposited in bone. Statistical analysis of the data in which some
incidence of bone cancér-ié observed (thésé cas'kes in Which the absorbed
‘dose to the bone exce‘eds 1200 rads) indicates extreme improbability that
the.dosev-_resApo_n-se relationship 1s linear;. |

Other studies of radium- pa'inters, of patients treated therapeutically
with radium, and of animals have shown e‘sser:iti_al agreement with the
conclusions of the MIT group. (29-36) Finkelfet;al. , (37) in a study of

293 patiénts treated with radium, found no p)erso'n with a radium body

burden below 1.2 pCi who had developed a inalighant tumor ascribable to
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radium .de.pesition

Recently Goss( 8) has expressed so.me reservatlon about the anal-
yses of the de.ta. in both_these two studies. In the MIT studies it is sug-
ge sted that the data do not exclude the possibility that t_he dose response
model 1s linear and vs%ith no thre shold. Inthe ANL studies Goss sug-
gests that.'the. highe'r-than-expe cted incidence o-ftumors of the centr—a{lv
, nervous system might be 51gn1f1cant in an evaluatlon of r1sk
It would seem that here are studies that would benef1t from an in-

devpendeht analysis by:one or more groups of stat1st1c1ans.

3,4. Incidence of Lung Cancer in Urariium Miners

As early as 1500 the h1gh 1nc1dence of lung disease amongstminers
in the cobalt mines of Saxony and the pitchblende mines of Bohemia. was
recognized.( 9 One comp'onent_of this d1sease—colloqu1ally referred

to as ”Berg Krankheit"-was finally 1dent1f1ed at the beg1nmng of the

oot

tvventieth centur;r, as lung carc1noma Sikl(4 ) suggested in 1950 that
the one commo’n factor to the se mines that seemed primarily respon-
vsi.ble' f'or.'the high inciden.ce of lung”cencer Wes'the radiation exposure
fr'om the radioeetive daughters of uranium, particuiarly radon and polo-
nium Several studies of the incidence of lung cancer showed the death
rate from lung eancerin these mines to be abeut 30 times as éreat as
riormally expected. (39) B

Studies of the relationship betweeri the incidence of lung cancer
and ré,diation exposure for urariium miners in the Uriited States have re-
cehtly‘ be_len reported. (41, 42) The lowe st—exposure group studied in
1968 | bsr a National Academy of Sciences Subcbmmittee(42) had cumu-

lative ~exposures roughly corre sponding to lung doses from radon and

its daughter pro’ducts up to 250 rads. After careful study the sub-
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commit_te'e favored the hypothesis that radiation »e?éposure had probably
at least contributed to the higﬁer incidence of lung cancer found in this
group of v_vvc\)rkerS than in the general populatibx;_l. - However, they were
careful t‘o‘-pointb out that a. curvilineaf re lation_shib between dose and
probabi'lity of cancer induction \.x./ould be expected for lung cancer,
which depends on localized tissue dvama‘ge for .its_'i_nception. Wagoner
et al. (43) did in fact find a curvilinear relation bévtween working" level-
months (a rough measure of radiation exposure) and annual incidence
of re spir.a.tory .cancer. Even after correction _fovr the influence of age
distribution ‘in the working popﬁlatién, smoking.h‘abits, and number of

years since onset of cancer, the relationship is still curvilinear.

3.5, Inc-idence of Leukemia in U. S. Radiologists

Some additioﬁal data m.ay be gleaned from a study of the incide nce
of leukérﬁia in the ear'ly‘ U. S. ra'diologists, who—it is estimated—received
doses as high as 2000 rads o_ver'.a peridd of many years.(44) Although
this cumulative dose re sultingl frorﬁ chronic éxpo‘sure‘was far in excess
of a léfhal single dose in man, it re’s-ulted in an i,ncidenc}e of leukemia
far loiver-than for either the nuclear bomb vbicvtirr»is 6r the ankylosing
spondylitis patients (see Fig. 1). This fact suggests that some sub-
vstantial dose-rate effect may be {mportant. |

T‘h.e 'diffi.cultiesvin establishing a measure “of the risk of radiation-
induced disease are evident from this brief reviéw.

In its studies of exte rﬁal radiétion effe cts‘éh humans, ICRP has
concentrated .ori two. familiar séts of data: (i) ‘tlrvlc.>sek‘frorr.1 a study of vic-
tims of the nuclear weapons attacks on Hiroshima and Nagasaki and
(ii) those from the study of a.nkyl.ovvsing spondy.litis p’atient.s exposed to

high-ievels of r_adiation for therapeutic reasons. Neither of these
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studies provide evidence of an effect witﬁ WhoIei body irradiation of
~ less than 100 rads. In order to prdvide guide lines fdf the control of
radiati_o‘h exbosure', how.ever, ICRP haveve.stirh-‘ate,d the risk of the inci-
de nce qf 1eukelmia and cher canceérs on the basié of a line ar aose effe cf—no
_thre shold m.odel. This model was pot, h'owev:e‘r,“’advanced as a scienti-
fi;: h;.rpo.’tc:he sis. Nieve'rtvhéle‘s's, ", | .. there must ‘a..lre.ady be many heaith
phys101sts who believe as a fact that rad1at1on risks are linearly related
to dose and 1ndependent of dose rate, although this S1mpl1f1cat1on is
little more than a convement s1mp11f1cat1on frorn wh1ch to derive basic
: radiati_on standards. " (45)

v,I_n' discvussing‘its most recent re-éxéminatién of the. available data,
ICRP Concli;ded. (46) "In essence this ré-—exarn'i-'nati;)nvinvplvéd as de-
tailed a sub—division as possible of the categofy ofv'other'fatal nebplasms',,
and the re c.ogni’.cion that tissue dose was far from uniform in each of the
three éhiéf .irr'a;di'ated human pOpula,tions—médical radiologists, ankylos-
-ing \spdnd-ylitics and survivors of the atomic bomb explosioﬁs in Japan.
It had also to be reéogniZed that the time which has elapsed si_née expo-
sure is still much troo’ short for it to be possible to assess the full tumor
incidence in the spondylitics and the Japane se:' the ‘followinvg table showé
fhat evidence collected during the first 15 yea-fs or so after exposure
could .b.e .régarded as covering only the beginning of the pé'riod invwhich
neoplasms other than leukemia might‘be expe.éted to appear. If so,
‘relativély small differencés in the latent period of neoplasms arising in
different tissues could 1ead to ciuite erroneous ideas about relative tissue
suscept1b111ty | | | |

"The data in the table [Table 4] may also sugge st that malignant

,disease other than leukemia will be 5—6 times more frequent than
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leukemia plus aplastic anemia when the yield is assessed after 27
years of observation. However, in this context the rates cited for
15-27 yéars after irradiation are quantitati(ve.ly:ﬂ'ie most important -
and it should be stressed that these have a considerable statistical un-

certainty. "
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4. NATURAL BACK GROUND RADIATION

4.1 Terrestrial Radioactix}ify

Those radionuclides which hé.ve survived in measurable
quantit':ies,. 1n the eafth'é crusf are of éoufse t.hose_: with haif—iivevs
compéiml‘ra"bl_ev witﬁ the age of the éartﬁ ( ~ 5 X 109-_y¢:‘a.r's')'.” Thfee
radioactive decay chains account for much of the -vpatﬁral. ‘radioactivity
to which man ;ié eXposed — the familiar ura‘z:ﬁun:n ’sevr'i‘es (dérived
from 2_38U), thorium series (233Th), and thé a’ctiniund series (235Ac).
Of the other naturally occurring ra.diovnuclides,,' 4OK contributes most
significantly to the natural backgroﬁnd. ' In:additicin to these radio-
nuclides‘ ‘of terrestrial origin one must include in this discussion of
naturaily occurring radioactivity thoée radioﬁuclides produced by
the interaction of cdsmic radiation with the éé.rth's atmosphere;
of these, the mosf signi.ficé.nt are 3H and14C. Many extensive
studies of terrestrial radioackti‘vity have been made around the world,‘
and .the- interested reader is 'referred to excellent summaries
,prepared by Claus, (47), Eisenbud, (48), Adéms. and Lowde'r, (49) and
the Uniteci Nations. (50) |

] Table 5 shows the typical concentration of 40K, thorium, and

uranium in igneous and sedimentary rocks.
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Table 5. Potassium-40, thorium, and uranium in igneous and

sedimentary rocks (in ppm).

Igneous Rocks : _vsedimentary Rocks

Basaltic Granitic Shales =~ Sandstones Carbonates

Potassiur_n-40f5 _ _ -
Average 0.8 3.0 2.7 1.1

Range 0.2-2.0 2.0-6.0 1.6-4.2  0.7-3.8
Thorium : : '
Average 4.0 12.0  12.0 1.7
Range 0.5-10.0 1.0-25.0 8.0-18.0 0.7-2.0
Uranium ' - —
Average 1.0 3.0 3.7 0.5
Range 0.2-4.0 1.0-7.0 = 1.5-5.5" 0.2-0.6

0.3

- 0.0-2.0

1.7

0.1-7.0

2.2
0.1-9.0

* Chemical potaésium contains 0.0119 per cent potassium-40.

These variations in concentration of radionuclides in rock

-natura'lly lead to changes in éxtei‘nal radiation levels, and Table 6

shows estimates of external exposure levels for four regions around

the world. We see that natural background levels due to this source

may range by more than a factor of 10, principally depending upon

the concént_ra.tion of thorium, uranium, and potassium in the

surrounding rocks. -
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Table 6.  Mean dose of irradiation to gonads and bones from natural
. external sources in normal and more active regions.

Population Aggregate mean dose” _

Region ' . in millions- (mrem/y)
1. Normal regions - 2500 - 75
2. Granitic regions invFrance' i ' 7 o 190
3. Monazite region, :Ke_ral-a in India O.i . _ 830
4. Monazite region, Brazil - _ 0.05 i | 315

Us1ng a shielding factor of 0.63 for v rays and a dose’ rate of
28 mrem/y due to cosm1c rays.

Al_fhough there is lavrge v’a‘.r'ivatb:ion 1n 3.e§.cterr.1a1 radiation levels from
piace v.tuc‘> ;pl‘aee, at a p_afticula.r lobca‘xti'ohr there is little Qarietion with
time. Because bt'he ‘contribution to Man's _exterhal exposure is dominated
- by the component due to terrestrial r_ad.ioact-iivity, it follows that the
seculalr' perturbations in the ofher sources of his external exposure,
e.g., lco_slmic radiefion, do not have a g_lfeat influence in the variation
of expvose.re with time. | | E

Coﬁeiderable variation in radiation expos_l'lrev from buildings due
to thev uee of differing construe’cion rnaterials‘ is to be expected,
howe'vevr-'. Studies of the incidence of cancer end l_eukemia. in areas of
high'.’cerr»evstz;'ial radioactivity or in ai‘eas which utilize building
- materials'of high radioactivity have been suggested as possible
sources of information in radiation-induced disease.

| Ta]ele 7 lists some areas of high terrestrial radioactivity, while
Table 8 lists areas with high radiation levels in dwelling houses due

to the use of special construction materials.
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Some details of areas of high terrestrial radioactivity.

~ Demographic Natural radiation
Area Population information received (multiply Possible
available by 0.63 to get control
' gonad dose) populations
Part of Kerala State Approx Some information . Approx 1300 Similar ethnic
and adjoining area in 80, 000 on births and mR./y (plus about group further
Madras State deaths: could 200 mrad beta along coast
probably be rays) '
developed
relatively easily
Monazite area in Approx. Specially prepared Average ?
Brazil (States of 50, 000 statistics would be 500 mrad/y
Espirito Santo and L required .
Rio de Janeiro) o
Mineralized volcanic. Pastureland, Very little Average ?
intrusives in Brazil scattered 1600 mrad/year

(States of Minas,
Geraes and Goiaz) —
6 km?2in a dozen
scattered places

farms, 1 village

‘'with 350
inhabitants

Peak value
12,000 mrad/y

Primitive granitic, schistous and
sandstone areas of France with
slight elevation of natural radiation
said to cover about 1/6th of French

population (7 million)

Specially prepared
. statistics would
be required

180-350 mrem/y

Remainder of
France esti-
‘mated at 45-
90 mrem/y

There are also some areas of high natural radiation in the Belgian Congo, but these are said

to be uninhabifed.




Table 8. Some details of areas with high natural radiation in houses made of special materials.

Area Population Demographic Natural radiation - Possible
. ; : information received (multiply ~ control
' available by 0.63 to get populations
gonad dose)
Sweden — houses - Relatively Special statis- 158-202 mrad/y Wooden houses
made of light-weight small tics being ... (cosmic radiation 48-75 mrad/y
concrete containing obtained excluded) (cosmic radia-
alum shale : tion excluded)
United Kingdom Population of Leukemia ‘Results from a few Approx. :
(Aberdeen) — Aberdeen ‘statistics buildings indicate 78 mrad/y
houses and build- approx. -being studied 102 mrad/y in other cities - .
ings made of 186, 000 : - . o with brick
granite o buildings, e.g.,
Dundee —
population
178, 000
Austria —— ? -Special Granite houses’ Wooden
granite houses statistics 85-128 mrad/y houses 54-

necessary.

Brick or.concrete
houses
75-86 mrad/y

64 mrad/y

_vz,.
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One interesting example of how Man may (unwittingly) change his
radiatiOn' environment due to his use of a naturally.r radioactive
substance has been reported by Jaworowski et 'a. (.51) These authors
s.tudied the concentration of 226Ra occurring in snow around a coal-
burning po§vef station in Warsaw. Table 9 sho§vs fheir data presented

as a function of distance from the generating plant. Similar data from

U. S. coal-burning factories and stations could be developed.

Table 9. Concentration of 226Ra. in show around a power station in
- Warsaw. ?

Distance from power plant

(km) E _ v } pCi/kg :!:Sb
0.6 | ©0.98 = 0.12
1 8 - 0.63 % 0.07
2 o |  0.45 & 0.07
4 | 0.076 £ 0.019
30 | . 0.073 % 0.033
45 0.019 = 0.011

From Jaworowski et al

Statistical counting error at 0.95 confidence level.

4.2 Natural Radioactivity in the Diet

The natural radioactivity of soil necessarily leads to a transfer
of radioactive material to human tissues through ingestion. Much of
the o - activityvingested can be directly absorbed to decay products

of the uranium and thorium radioactive series , in particular 226Ra
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210

228 Pb (and their decay products).

- and Ra, and
Table 16 vgives .est.ir:r'la.,tes: of .the total hufn;h inté.ké'df. 22'6Ra.v and
the corr';tril‘autivon to the total from di.ffelrent foociétuffs for th.ree
differ’ent. cvogntries.. We see that within the co_nfihental United Sfates :
the évéi‘ége ingestion réte is,abouf 2 pCi/day with some sﬁggeStion
that the '-qlJJ.antity ingested by young péoplve is .sqfneWhat higher.

It 1s _vimporta_nt‘ to know what qué.ﬁtity of 226Ra b_éc'o‘mes permanent-
ly in.co‘.rlz;éxv'ated in hurnan tissues (principally Bone in this case).
Table 11 shows 'th_e Ciuantitiés of 226.Ra meas"u:r.ed in human bone

around the worl‘d.' It seems that the total quantities of 2_26Ra in the

-humah' skeleton correlate with the intake in the diet given in Table 10.



Table 10. Estimates of total intaké of
Report, Ref. 50).

226

\

Ra and of contributions from different foodstuff categories (from UNSCEAR

United States ' United India
) ' ‘Kingdom L
Consumers' Union - Kerala
. Five-city Teenager Country-wide State
New York, Chicago, San Fran- San study twenty-two  study : Monazite
Category of foods N.Y. u1. cisco, Ca. Juan, city study Bombay area
P. R. '

Cereals and grain _
products.......... 0.56 0.76 0.51 0.17 0.44 1.48
Meat, fish, eggs..... 0.38 0.37 0.28 0.38

: | .
Milk and dairy 0.14 0.12 0.13 0.14 0.04  0.19 S
products. . ........ !
Green vegetables, 0.81 0.56 0.48 0.32 0.17 0.81
fruits and pulses..... .
Root vegetables 0.40 0.22 0.26 0.10 0.02* o0.07"
Water ~0.02 ~0.03 ~0.01 0.07 .0.06 0.29
Total pCi/day ~2.3 ~2.1 ~4.,7 ~0.7 ~3 ~5 ~1.2 ~0.7 ~2.8

226 (2.2-4.3) (2.5-6.5)

pCi Ra/g Ca L 2.2 2.0 1.6 1.3 1.9 2.5 1.1

a _ .
Miscellaneous
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Table 11. Ra in hurnan bone as reported after 1962 (from UN_SCEAR R‘evp.ort,_ Ref. 50).

Location of area _ - pCi/gash pCi/g Ca

Total® in the skeleton(pCi)

" NORMAL AREAS

" Central America
United States

PuertoRico............. ' 0.006 0.017 17
Europe. . ‘ - ; _
Federal Republic of Germany 0.013 . - 0.040 36
- United Kingdom. ........... 0.008-0.02 S
North America
United States b o
HOlinois ................. , 0.0127 32 -
New England ............ 0.014 , : -39
New York, N.Y. ......... 0.012 0.032 32
Rochester, N. Y......... 0.010;0.017 - 28,48
San Francisco, Calif. .... 0.0096 - 0.026 27
HIGH LEVEL AREAS
Asia , : o C ' '
India . ' R
State of Kerala........... N 0.096 .~ 270
(monazite area)......... . (0.03-0.14) S
North America
United States : e
Nlinois .. ... ... 0.037_ ~100
Nlinois .. ...... ... .. ... 0.028 78 .

a

b In people consuming water with "normal' levels of 226R.a.

In people consuming water with elevated 22%{51 concentration.

Skeleton of 7000 g fresh weight yielding 2800 g ash was assumed.

-82-
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4.3 Cosmic Rays

The principal variation is the dose rate from cosmic radiation is
with altitude. Table 12 shows that the dose rate roughly doubles with

an increase in alfitude of 5000 feet.

Table 12. Cosmigéray intensities at various altitudes (from S. A.
) .

Lough
Altitude, feet : Cosmic -ray intensity
| (wR/hr)

Sea 1éve1 ' : : 4.0
1000 , 4.7
2000 : 5.4
3000 - 6.2
4000 | 7
5000 8.1
6000 | | 9.1
8000 | ' | 11.7
10000 14.6
12000 18.0
14000 | 21.0

Cosmic radiation contributes only about a third of the total
external natural radiation levels and so such a change is not large.
Furthermore the relatively small population that lives about 40 000
feet in the United States militates against Car_fying out a useful
epidemiological study. Nevertheless, it has been suggested that such

studies might be made of populations who live at high altitudes, for
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example, in La Paz in Bo‘_li'_viav'. Table 1 3 gives détails

of high-cosmic ray intensity areas.

Table 13. Details of some high—altitude .areas.

Demo- . Natural radiation
, graphic . received (multiply Possible
- Popu- informa- by 0.63 to get  control
Area - lation tion avail-  gonad dose populations
o able
La Paz, Boli- Approx Some Approx. 3-fold in- This might
via (altitude 349 600 statistics increase in cosmic present
about 11909 ft ' available rays near equator difficulties
3630 m); -~ but not at 3000-4000 m as lower
latitude : compre- above sea level..  oxygen
~16° S. . hensive Cosmic radia- tension at
‘ tion tends to be high altitude
about a third of is a compli-
total external " cating factor

natural radiation

Other high towns in South America — -

Quito, Ecuador - altitude 9350 feet (2850 m) lat. 06; pop 212 873
Bbgofa, Colombia - altitude 8660 feet (2640 m) lat. 4° N; pop.325 658
Cerro de Pasco, Peru - altitude 13973 feet (4259 m) lat. 10°S; pop 19 187

Himalayan area - altitude 12087 feet (3684 m); latitude 30° N;
Population (Lhasa) about 20 000.

Populations and altitudes from the Columbia Lippincott Gazeteer of the
World (1952). o :

b ——

4.4 Summary

(53)

’T_able 14 summarizes the exposures to Man due to natural

‘background radiation.



Table 14.

Turner.

)

Various st}mates of exposure of man to natural background radiation (mrad/y) (from Morgan and

Mean dose to gonads

Mean dose to bone

Mean dose to lungs

10,000 ft, > 50°geo. lat.

Total for normal regions near sea levelb

84, 66, 128, 120

100 av, 150 max, 70 min 100 av, 150 max,

70 min (180), (250),
(140)

Type of Exposure {mrad/y) (mrad/y) (mrad/y)
Internal, from "°K 19, 20, 18, 18, 22 10, 11, 7. 15
-radionuclides 226Ra  3, 3.8, 6.7, 3 " 0.5
228Ra 3
210Pb »
4c 1, 0.7, 1.5, 1.3, 1.8 1.6, 1.3 _
Internal .ZZORn in wooden house 26 av, 45 max, 2.3 min
from 220Rn in brick house 46 av, 210 max, 2.7 min
220, zzan 2'zoRn in concrete house 94 av, 290 max, 3.9 min
222Rn in wooden house 19 av, 39 max, 1.3 min
222Rn in brick house 58 av, 120 max, 5.7 min
zzan in concrete house _ : 64 av, 140 max, 4.0 min
External,from Normal regions 47°, (range 28-82)a, 392
z;zu and - Granite regio.ns in. Fran'ce 162 Approximately the same as for gonads
Th series Monazite regions in India 802
and from
40}{ Monazite regions in Brazil 287
External,
from Sea level, 0° geo. lat. 23, 24, 35, 28; 30, 33
cosmic Sea level, > 50°geo. lat. 26, 27, 41, 37 Approximately the same as for gonads
radiation 10, 000 ft, 0°geo. lat. 56, 50, 89, 80

200 av, 570 max, 70 min

(4500), (110)

a
These values were reduced

for both sexes by a shielding factor of 0.63.

b The values given in parentheses are in units of mrem/y using an RBE of 10 for alphas. »

\

_‘pg—
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5. MAN-MADE RADIATION

-.Th;_.e.lfe are various sources of rnan—fnade radiation which contiibute
to pdpﬁlétioﬁ expg:)sure:. 'Nuclear reéétofé are .rel_a.fiveiy .iinimpo>rtant :
in terms of the fa;diationvexi)vosu're vthey deliver vvt'o‘ fhé po.pulv'ati'on..; This
hé.s .been ¢’st‘ifnafed by ‘alnumb.er of al;.thors to l‘)éiless than 1 mrem/y
aver'a’ge‘ and no ﬁiofe than. a flewf m1111rem pe1; yeé,rzvv" to -ény individuél. _
As répdfted at this Syfnpoéium, epidemological studies of popﬁlations
likving_neari ﬁuclear reacto'rsAh_a've shown no evidence of changes in
infant n‘;ortality. due_to radiation exposure (the iﬁdex of health
suggé_s't'e.'d by some as fhé most sensitive indicatér of radiation-induced
diseas§(524) ). |

At the r;réseht timé there ié a dramatic i‘n_crease'in the ﬁumbef of
_ ri'uciéar 'pbwe.r plants pianned or under c.on'sti‘u_cﬁon in the United
- States, as can be seen by inspecting Fig. 2. However, even with this
large increase in thé numb"é_r of reactors it séems unlikely thé.t the
popula}tions in their immediate vicinity wvill bev suitable for epidemio-
llogicalrstudies of radiation—iﬁduced disease because of the low
exposures involved. '

Fallout from nucleal_' weapons testing h_a's‘,‘ in the past, contributed
signific;ntly. to population exposure. . At present, it does not.

- Table 15 gives the dose commitments from nuclear explbsions taking

place between 1954 and 1965.

@l
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Table 15. Dose commitments from nuclear explosions (from UNSCEAR
o Report, Ref. 50).
' Dose commitments
u {(mrad)
-for period of testing
Tissue Source of radiation 1954-1965
Gonads External, short-lived 23
3¢, 25
Internal, 137Cs 15
14Ca
To’calb 76
Cells lining  External, short lived 23
bone surfaces 137CS 25
Internal, 9OSr 156
137cs 15
14Ca 20
8981' : 0.3
Totalb 240
Bone marrow External, short-lived 23
137 25
Internal, 9.051- 78
137Cs 15
142 13
895r ‘ 0.15
Tota.lb 150

& As in the 1964 report, only the doses accumulated up to year 2000
are given for 14C; at that time, the doses from the other nuclides will
have essentially been delivered in full. The total dose commitment
to the gonads due to 14C from tests up to the end of 1965 is about

180 mrads.

Totals have been rounded off to two significant figures.
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'NUCLEAR POWER PLANTS i ve UNITED STATES |

The nuclear power’plants included in this map are ones whose power is
being transmitted or-is scheduled to be transmitted over utility. electric
power grids and for which reactor suppliers have been selected .

NUCLEAR PLANT CAPACITY

LEGEND

(KILOWATTS)
OPERABLE 8,306,800 '
BEING BUNLT v 47,102,000 : e 1 C oL e
PLANNED ' REACTORS ORDERED 36,727,000  PLANNED (Reactors Ordered) 8 ((3‘7) ratato o

TOTAL 92,135,800

U.S.Atomic Energy Commission

TOFAL ELECIRAIC UTILITY CAPACITY AS OF
March 31, 1971

JANUARY 31, 19711 440,716,926 KILOWATTS

Fig. 2. Nuclear power plants in the United States R
- (from Radiological Health Data and Reports, May 1971).
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5.1 Radiation Exposures Resulting from the Medical Uses of Ionizing
Radiation

(55), have drawn atten-

Several authors, most recently the ICRP
tion to the increasing medical uses of radiation. .The.Adrian committee
report identified medical radiology as the dominant component of man-
made radiation in the United Kingdom. Table 16 summarizes typical
estimates of the average genetic dose due to medical radiology in the

late 1950's. Morgan(56)

estimates that medical x-ray diagnosis
accounts for over 90% of all radiation exposuré from man-made
sources. In 1963 the U. S. Public Health Service reported the
genetically-significant dose from diagnbstic radiology within the
United States was 55 mrem/y. Morgan(56) has.-estirnate.d that this has
probably increased to 95 mrem/y on the basis of a recent USPHS
survey. | | .

It is possible to identify single procedures that contribute sub-
stantially to these exposures. Thus, for example, Penfil and Brown(57)
éstimat_g that nearly half of the genetically significant dose for U. S.
males aged 15 - 29 years is due to x-ray examinétions of the lower
spine (see Fig. 3).

"Probably the most important criterion of the somati(; damage
incurred by a given population is the mean annual bone marrow dose
per capita. Surveys have indicated that its magnitude is similar to
the per-capita genetically significant dose.'" This may be seen in

Table 17, which summarizes estimates of the gonadal and bone-

marrow doses published recently by ICRP.
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Table 16. "Average genetic dose to each member of a population from
diagnostic and therapeutic use of 1on1z1ng radiation .
L (after K. Z. Morgan(53)

(2'12527;? [ty
United States 84 12 : 8

United States 437100 . 47 . . - 0.25-7
Australia = 459 28 i}
Hamburg, Germany 17.7 2.2 V 0_;19
France ' v 58.2 5.6 B
Leiden, Netherlands . 6.8 . . 4.4-13.4 - -

United Klngdom | 141 .5 0.18

Denmark | 275 4-1.5 .

Great attention has been given to the suggestion first made by

(58)

that pfehatal ekposur'e significantly increases the

(59)

Stewart in 1956
risk of cancer induction. MacMahon's stud1es have supported the
cencluéion of Stewart et al. His dat_a'sﬁggested an increase in cancer
: , , . A
mertality by 40% among children who were ifred._i'a.ted HL‘EEEEQ_
Gibson et' al. ,v(éo); however, found no _association between in utero_
irradiation alene and an incr_eased risk of leukernia.. This multi—
variant“rstudy of 13000000 children revealed an a‘ssociation between
irradiation and an increased-'fisk' of lé;ukerpri_e;‘;or{ly when other factors
were if;yolyed. - |

(61) have sugge sted that the

Most recently Stewart and Kneale
‘leukemia incidence among such children is linearly related to the
‘number of abdominal x-ra}fs'taken during pregnancy of the mother.

These studies have led some workers to suggest that infants and



Table 17. Gonad dose grouping, radiological'e)’\-arriination of adults.

Gonad dose Approximate o Approximate
(mrad) percentage J percentage
Male Female contribution Mean bone contribution
a to genetically marrow "~ to per capita
significant dose mean bone
dose {mrad) marrow dose

A. Low Gonad Dose Group . . : -

Head (including cervical spine) less than 10 less than 1 : 50 3

Dental (full mouth) : LU . " 20 6
Arm (including forearm and hand) " " <10 -
Bonythorax (ribs, sternum, .clavicalshoulder) " : " 100 -
Dorsal spine " " 200 -
Lower leg, foot ' " " <10 -
Chest (heart, lung) including mass . .
miniature radiography " : 4 40 ' 35
B. Moderate Gonad Dose Group
Stomach and upper gastro-intestinal :

tract 30 150 4 300 15
Cholecystography, cholangiography 5 150 1 ' 100 -
Femur, lower two-thirds 400 50 .4 50 -
C. High Gonad Dose Group . .
Lumbar spine, lumbosacral 1000 400 18 200 7
Pelvis ' 700 250 9 100 2
Hip and femur (upper third) © 4200 500 8 50 -
Urography 1200 700 12 500 10
Retrograde pyelography 1300 800 4 300 -
Urethrocystography S ‘ 2000 1500 1 300 -
Lower gastro-intestinal tract : 200 © 800 13 : 600 8
Abdomen o _ 500 500 4 100 3
Obstetric abdomen : .- 600 10 100 2
Foetal 1000
Pelvimetry _ 1200 -7 800 4
' Foetal 4000 2000

Hysterosalpingography , 1200 <1 300 -

*The gonad dose values given are composite figures from many measurements in many countries and
are to be taken only as an indication of the order of magnitude of dose in the three groups. The mean
bone marrow doses, included in this table for convenience are similarly composite figures. The (55)
mean bone marrow dose is the average dose to the active bone marrow [ From ICRP Publication 16. ]
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Fig. 3. Estimated percent distribution of genetically
significant dose by type of medical roentgenological
examination for males aged 15 - 29 years, United
States, 1964, indicating:that the major contributing
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pelvis [From ICRP Publication 16(55),] .
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the developing embryo are some 100 to 1000 times more sensitive
to fadiafion than the mature adult.(s’ 62) ‘Gofman et a1(5) in a
recent study suggest that in utero irradiation will result in a 50%
increase in cancer mortality rate per rad.

It is surprisingvto us (perhaps because we are not statisticians)
that theré can be such diségreement as to the implications of these
studies. It would be of great benefit to have an authoritative study of
the morfality rates due to leukemia and cancers in young people over
the past 50 years in the United States. If this were coupled'with
careful measurements of the medical radiation exposure to the
individuals in the group studied it should be poséible to make some
definitive statements. If the risk of cancer induction is indeed as
high as suggested by Gofman, Sternglass, and.othérs we can expect

to detect substantial increase in cancer mortality rates due to medical

radiation exposures from studies of fairly small population groups.

6. CONCLUSIONS

In reaching our conclusions we should perhaps first indicate our
general views as concerned scientists and citizens. Matters concerning
the future welfare of mankind are of course, of grave concern to all
of us. The fact of Man's pollution of his environment is not at debate;
the impact of this pollufion upon his health is not completely known. It
seems to ﬁs that one of the first concerns of a symposium such as this
should be to order its priorities. Given a limited amount of effort and
talent that may be employed on identifying the significantly harmful

components of pollution, it would indeed be tragic if this effort were



-40- |

1neptly d1rected toward tr1v1a11t1es'

| We, of course, hope to learn these pr10r1t1es from sympos1a such ~
as th1s, but, wh11e reservmg Judgment, expect to learn that the risks

due "to "_radiation pollution" do not rate high on the list of urgent
pi‘iorities . | | |

‘Neve.lithe_l.e.s's‘ there ar'e many: v.ailuable contributions.that independent
stat.isti’call _studies rvr.layi make to our uhderstanding of the risks of low
radiat"‘i’on .'doses . -

At the present time our estimates of radiation risk basicaiiy all
derive from h1gh dose, acute exposure data ‘Thefe does not seem to
be general sat1sfact10n w1th the analyses of the data. It would seem
to ’usf'extfemely worthwhile if much of these 'data were re'—exa;nined:by
ffesh minds dfawn ’frofn‘allv the discipliues heee'ssary for an. exhaustive
stud;r. ‘ .Such anb authofﬂitati\}v‘e independeut”study‘- eleai‘ly stating What »
the h1gh dose data tell us about the dose-effect relat1onsh1p would be
1nva1uab1e in plannmg future stud1es of the mductlon of dlsease by lowt—
rad1at1on doses. | |

It does not seem reasonable to expect that :we can.establi'sh from
epiderriiological studies" that the risk of_ eancer induction by radiation
is less_than 10"4 pé: rad pe.r year, since such a study would require
a populati’on containiu'g- 10 milli-ou man rem yeafs at risk. | While -
fairly large dlfferences in rad1at1on exposure from natural sources &
occur aro_und the wor_ld, such d1fferences are at most a few hundred
fnferh/y within the United States.

Of all man-made sources, 'vmedivca.lvx-.ray_s':_ vare by far the greatest

contributor to populatioh exposure and little .i.s known about the
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individual exposure received by a member of the population. It
seems imperative that any statistical study must take both population

average exposure and individual exposures into account.
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APPENDIX: RADIATION CONCEPTS AND UNITS

The units and terminology us.ed_to quantify exposure to ionizing
radiations is a source of confusion to'more than isymen. We therefore -
append s_orne brief definitions of the ter_\ms used in this paper, appealing
to the knowiedgeabie reader to forgive us for stating the obvious.

The first attempts to quant1fy radiation f1e1ds began with x and Y
rad1at1on. Although the energy absorbed by 1rrad1ated mater1a1 is im-
portant in dete rm1n1ng the blologlcal re Sponse of l1v1ng orgamsms, in
practice these energ1es are typically too small to measure d1rectly
Energy absorptmn in air, however, produees 1on1z'st1on ‘and provides a
convenient method of measureme nt. Therefore.vthe concept of exposure
was developed (1- 3\) which is a measure of the radiation basedbupon its
ab111ty to produce ionization. The special unit of exposure is the
'roentgen— one roentgen being that exposure that produces one ele etr'o-
statio unit of charge of both positive and negati.ve signs. in one cubic
centimeter of air at standard cvonditions of temperature and pressure.

It should be noted here that in this brief review of radiation units
our discussion cannot be _of great depth, our purpose being only to
paint a broad canvas indicating points of spe‘ciel importance. The
reader interested in more.'detail is referred to texts on radia'.tion 3
d051metry-for example, that ed1ted by Attix, Roesch, and Toch1l1n(, é)
or the euthomtatlve reports of ICRU.

| DeSpite its great utility, dissatisfaction with the concept of expo-
sure arose because of its exclustvenéSs;it is, for example, inappropri-

ate for neutron irradiation-and the fact that exposure is not linearly
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related to energy absorption in tissue. Both disadvantages are due to
the basic difference in atomic composition of air and tissue. This dif-

ference is most striking for neutrons, since the production of recoil

protons is the main mechanism for energy transfer to tissue, but even

for photons the different chemical compositions of various tissues-—{fat,
muscle, bone—compared with air become important at low energie s.(7)
A concept more widely applicable to radiation protection was needed.

Since energy absorption seemed to be related to biological response,

it was natural to define absorbed dose.

Absorbed dose due to any ionizing radiation is the energy imparted

to matter by ionizing particles per unit mass of irradiated material at
the place of interest. The unit of absorbed dose is the ‘''rad' and is

equal to an energy absorption of 100 ergs/g.

Relative biological effectiveness is the ratio of the absorbed dose

of reference radiation to the absorbed dose of a different radiation re-
quired to produce the same biological effect. An RBE may be specified
for any kind of radiation or condition of exposure.

The RBE for radiation of type i is, then, '

(RBE), = Dx/Di,

where Dx’ Di are absorbed doses of 200 keV x rays and of radiation of
type i to produce the same biological effect. Thus the biological effect

of irradiation by n different types of radiation would be identical to

n :

that from Z (RBE)i Di rads of 200 keV x-rays. This concept was
i=1 ‘

first known by the term RBE dose, (2) later becoming modified to dose

equivalent;(3) its unit is the rem (Roentgen Equivalent Man).
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