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PREFACE

{11 Since 1977, when the Commission Wsued its basic recommendalions as JCRF
Publication 23, it har reviewed these recommendations annuaily and, from time to fime,
has igsued supplemeniary Stalements i the Annals of the [CRP A complete list of the
Commission’s pblications is glven in Annex D. Thevelopments in the last few years have
now made it nocessary to issue a completely new sel of recommendations. In doing sa,
the Commiszion has had three aims in mind:

{u) 10 take account of new bitlogical informarion and of trends in the serling of safety
standardy,

(b1 laimprove the presentation of the recommendationg,
fc} 1o maintain ax moch stability in the recommendations 23 is conmintent with the new
nlormabon,

12} The draft of these recommendations was prepared by 2 Task Group sl up by the
1985-£9 Commiasion and comprilsing:

D. Beninson (Chairman!  Chairman of the Commission

H. Jammei Vice-Chairmarn of the Comimiission
-W, K. Sinclair Chairman of Committes |

. B. Meinhald Chairman of Commiltes 2

). Lintecki Chairman ol Committee 3

H. 1. Dunxler Chatrman of Committee 4 Ic 198%
R. H. Clarke Chairman of Commitiez 4 [rom 1939
B, Lindefl Emeritus Member of the Commission

H. Smith (Secretary} - Scientific Secretary of the Commisstan
The drafl was discussed znd adopted by the 1989-93 Commission in Movembar 1990,

COMMISSION MEMBERSMIP. I9A5-80  COMMISSION MEMBERSHTP. 19A0-93

D, Beninzon Chairman D, Beninson Chairman

H. Jammsi Viee-Chairman H. Tammel Vice-Chairman

R. ). Berry R. H. Clarke Chairman, Commilice 4 -
H. 1. Dunster Chairman, Commiltee 4 H. J. Dunster

W Jacobi A, K. Guzkova

D. Li W, Jacahi

I, Liniecki Chairman, Comminee 3 D, Li

C. B, Meinhuld Cheairman. Crmmitles 2 1. Lintecki Chairman, Committes 3
ALK, Pornanski C. A. Mcinhold  Chairman, Commitize 2
P, V. Ramzaew F. Metrler

G, Stlini ’ [. Shigemaisn

W, K. Sincloir  Chuirman, Commililec | 0. Silini

E. Tajima WK Sinclpir  Chairman. Commitice 1
H. Smith Scieniific Sccretary H. Smith Scientific Secretary

wil




1. INTRODUCTION

Chapter | deals with the hisiory of the Cammizsion and is recomimendations, Tt sets
oul the aims and form of this report, It indicates why the Commission concarns itself only
*ith the prolcction of man and only with ionising radiation. A ligt of The Publications of
the Commissin s given in Annex 7,

1.1. Fhe History af the Carmmission

1} The International Commission on Radinlogical Protectian, hereafier called the
Commission, was established in 1928, with the nsme of the Internatiotal X ray and
fadium Prolection Commities, following a decision by the Sccond Inlermaitonst
Congress of Radiology, In 1950 it was restruciured and renamed. The Commizsion still
relainy a apecial relationship with the fobr-yearly Congreas meetings and with (he Inter-
natinnal Society of Radinlogy but, aver (he years, hes greatly broadened its inlerests 1o
taks account of the increasing uses of inhising radiation and of praclices that involve the
generatint of radiation and radioaciive materials,

i4) The Commission works closely with iis sister by, the Inierational Commission
on Radiation Linilz and Measurements, and has official relationshipy with the World
Health Organisalion and 1he International Alomic Energy Agency. Il also has impartant
relationshipé with the International Labour Qrganisation and other United Nationg
hodies, incleding the United Navions Scignithic Commiltes on the Effecis of Aromic
Radiation and the Linited Nations Environment Pragramme, and with rhe Commission of
the European Communities, the Muclear Enetgy Agency of the Organisalion for
Economic Cr-pperalinn and Devefopment, the Inlemational Standards Organisation, tha
International Efectrotechnical Commission, and (he International Radiation Proscton
Associatinn. It lakes acorunt of progress reporied by major national arganisaidons,

{51 The Commission issued 1= lirst report tn 1928, The firsl reporl in the cumrent
serick, subscquently numbered Peblicotion | {1959, contained the recommendations
approved in Septemher 1958, Subscquent general recommendstions have appeared ax
Fullicarion f [1964), Fublicarion ¢ (19686), and Pubficarlon 26 (1977}, Fublication X6
was amended and exlended by a Statement in 1978 and frther clatificd 2nd extended by -
Statements in later yenre (1980, 1983, 1984, 1983 and [9R7). Reparts on more
shecintised topics bave appeared as inlermediate atd subsequent publicalion numbers
{Annex D).

1.2, The Develapereid of ihe Commisyion’s Recnmmendations

() The method of working of the Commisston has ol changed greatly over the last
few decades. Since thers is Vitile direct evidence of harn al levels of annual dose al or
helow the imits recommended by the Commission, a good deal of scieniific judgement is
required in predicling Ihe probahifity of harm resulting from kow doses. Most of the
observed data have been oblained ar higher doses and usually 2t high dose rates. The
Commissinn’s aim 15 1o draw nr a broad spectrum of expertise from ourside sources as
well as from its own Commitiees and Task Groups and thus to reach 8 reasonabls
consensus about the oticome of exposures to radiation. I has ron thesaght it appropriags
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o wre ither the moet passimistic or the most optimistic interpretation of the availabie
dals, but has aimed at using estimates thal zre nol kely to underestimale the con-
sequencet of sxposures. The csimation of these consequences and their mplications
necexsarily involves sncial and econamle (udgerents ax well as seientific judgements in a
wide range of disciplines, The Commizsion har aimed 1o make the basiz nf such judge-
ments 35 clear as possible, and recognises that oibers may wish to reach thekt own
ennctugions on many of the issues.

M The Commigsinn har Inund 1hat ilx recommendations have heen vsed bath hy
tegulatory anthorities and by management bodics and fheir specialisl advisers, Beeange
of ihe wide ratge of silualions ta which the Commission's recommendalions might be
applicd, the degree of delail has deliberately been restricted. However, the Commission

has had historical links with medical radiology and ils advice in this area haz ofien been |

nvirre chedailed,

R} The Commission's recommendaitons have helped to provide a consislenl basis far
natianal and reginnal regutatory standards, For its part, The Commission has been con-
cerned 10 maimain stability in its recommendations. It believes that Frequent changes
wotld only cavse confusion, The Commissinn reviews 1he newly publizhed data annually
againgt the hackpround of the much latger accumulalion of existing data, 1115 wat Hkely
that dramaiic changes wonld he called forr by these reviews, bin if now dala should show
the existing recommendations tn be it nesd of wrgent change. the Commisginn would
vespoond capidly,

(9 Over the lagt few decades, there has been & significan) change in emphasis in the
presemiation and gpplicatinn of the system of prolection recrmmended by rhe Crm-
mission. nitially, and inlo the 1950x, there was a tendeney 1o regard compliance with 1he
limits nn individual doses as heing a mearure of salisfactory achicvement, The advice tha
afl expakures showkd he kept as low as prssible was noted, hut o ofien applied con-
sciomsly, Since then, much more emphasis has been pul on the reqitirement 10 I::-:;_r all
caposures “as fow as reasonably achievable, economic and social factars heing laken intp
aoorual”, Thie emphasis has resulted in sobstantial decreases in indivadial doses a".d has
greatky reduced the mumber of situations in which the dose Timits play & major rale i the
overall spstom of protection, 1 has alsa changed the purpase of the dnm: fimita recom-
menided by the Cimmission, Initinlly, their main function was the avnidance of direetly
ahaervphle, noan-mpdignam effects, Subsequenly. they were alse intended 10 I""". ulu_-
incidence af eancer and hereditary effects caused by radiaion. Over rhe years. the fimits
hove hesn expressed inon variety of ways, so thal gonmparisons are nnl easy. In hroad
erms. however, the anaual limi for occupational exposure of the whols by was
teduced by a Tacter nf aboul 3 hetween 1934 md 1951 and by 2 further factnr of 3,10
the couivilent of SIEm Sy, by FOSK,

1.1, The Al ol this Repart

{t The Commbssion intcnds this report 1o he of hel_p 1o mgulatlury andl advisory
ageneies ot national, regienal, and internarional levels. mainy hy providing guidance on
the fundamcmal principles on which appropriale rgdmlnglcm proteclion can he hased.
Because of the differing condilions thal apply in vatious countrizs, the Cammissinn dees
e inlend o pravide 8 rogelatery texl. All.llhelsritim _w:ll need to develop Ih.ﬂr nw:
strucigren of legislation, repulation. sutharisations, licences. erwles of praclice, an
puidance metcrial in line with their nsual pragtices and peMekes, The Commission
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bolizves that these regulatory structures shoukd be designed o he broadly consisten with
the guidance in this repon. In sddition, the Commission hopes that the report 11 be of
help 1o menagemen! bodies with responsibilities for radiolngica! prolection in their own
oprations, 1o the professional staff whom they use ay their advisers, and ro individunls,
such as radinlogists, who have io make decisions about the use of jonksing radiation.

(11} The Commission has (herelore s8l oul these recommendations in the lorm of a
main text supgroried by more detailed annexes. The main lext conlains all the repom-
mendations, ngeiher with sufficient explanatory mataral to make elear the underlying
reasoning. It 15 intended to be wsed by thess concerned with policy, wha can o to the
supporting annexes il they noed mote detailed information on specific poims, Specialisis
will mesed 402 Rty balh the main text and the annezcs.

(13} Chapters 2 and 3 deal with the quantitizs and units uzed in radicdlogical pro-
1ection and with the bivlagical effects of radiation. Chapier 4 describes the concepiual
framework of radiclogical protection and leads into Chapiats 5 and & which deal with the
Commission's main recommendations. Chapter 7 discusees the practical implementation
of the recommendations. Finally, there i5 4 summary of the recommendatinng.

14, The Scope of the Commilaslon™s Recommendatinns

(1) Tonisation is the process by which aloms lose, or somelmes gain electrons and
thus become ehectrically charged, heing then known as ions. lonising radiation is the tarm
ured |0 describe the Iransfer of energy through space in the foom of cither eleciro-
magnelic waves or subalomic pariicles that are capable of causing lonisation in matier,
When tanising radiailon passes through maiter, energy in imparted 10 the maiter an ions
ara formed.

{141 The recommendations of the Commission, 81 in previous reporis. are confined 1o
protection- againet ionising radialion. The Commission recngnises the impartance of
adequale coniral over eources of pon-ionising radialion, bul conitites 10 congider thet
thig in 4 aubject suiside its own field of compelence. 1 alss recognises thal this conzen-
tratipn on a single one of the many dangers [rcing mankind may cause an unwanied
element of anxiety, The Comminsion therefore wishes lo emphazise ity view rhar ionising
radialion needs to be treated with cane rather than Fear and vhal ils risks should be kept
in pergpectve with other risks, The procedurer availahle (o control sxposures to iomising
radiation are sulicient, il veed properly, lo ensure that H remains 2 miner compenent of
the: apectrum of rigks to which we are all exposed.

(1%} Ionising radiation and radicactive materials have always been featvres of our
envirpnmment, bul, owing 10 their tack of impact on our senees, we became aware of Them
omty at the end of the 191h century. Since (hat time, % have fonnd many impartant uses
for them and have developed now technological processes which creale them, either
deliberately or a6 unwanted by-producis. The primary aim of radiclogical protection is to
provide an appropriate slandard of protection fof man wilthoul unduly _Iimiting the
beneficial practices giving rise (o radintion exposure. This aim cannot be achicved on the
hasis of srientific concepls alnne. Al those concernad with radinlogical pratection have
ic make value judgemznis about the relative imponance of different kinds of rigk a_nd
aboui the batancing of risks and benelits. In this, they are ne different from those working
in niter Relde concerned with the cantrol of hazards,

t16) The Commissipn believes that 1he clandard of enviranmenial contral needed 10
peokers man 10 the degree currently thought desirable %ill enture thal other epecies are
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nol pul al risk, Oecasionally, individual members of non-human specles might be
harmed, But net 1o the extend of gndangering whole species or crealitng imbalance
hetween specles. Al The present time, the Commisgion concems fiself wilh mankind's
environmenl only with regard to the trangler of redionuclides through (he envirormeni,
since this directly affecis the radiolngicst protection of man.

2. QUANTITIES USED IN RADIOLOGICAL PROTECTION

Chaprer 1 explains in simple terms the principal quanthies used tn radiological proiec-
tion. The formal defindiona and maore detatlad information are gives i Annex &,

1.1. Inivodyctinn

(17} Historically, the quantities used 1o measure the ~amount™ of ionising radiation
{zubzequently called "radintion™ in this repart) have been based on the gross numbar of
innising «vents in a defined situalion or on (he gross amount of energy deposited, usvally
in a defined mass of matedal, These approaches omil consideratinn of the discontinuous
nature of the process of ionisaiion, bol are justified empirically by the ohservation (ha
the gross quaniities (with adjustments for different 1ypes of radiation) correlare fairly
well with 1he resulling bological efTectr.

{18 Future developmenis may well show thal it would be hetier 1o bse other .

quantitiex besed nn the statistical distribution of evenis in 8 small volume of malzdal
carresponding to the dimensions of biclogical anrilies such 25 the nucleug of the celf or
its medecular DMNA_ Meanwhile, however, the Commissian continues 1o recommend 1he
ure Of macroscopic quantitics. Theee, among others, are deseribed in Anpex A and are
knowm as dosimeiric gitamtities, They have been defined in Tormal lerms by the Tnier-
natinnat Commixsion on Badiation Units and Measurements (TCRLN.

119) Before diccussing dosimetric quantities. it ix nécessary to anticipaie 3ome of (he
infarmatinn on the Mological eMects of radiation described in Chapter 3. The process of
innisalion mecessarily changes atoms and molecules, a1 keast ransienily, and may thus
sometimes damage cells, If cellular damage does occur, and iz nor adequately re!:lﬁire:d. it
may prevent the cell From surviving or reproducing, or il may result in a viable _L'ﬂ.:t
mndified eell, The two oulcomes have profoundly different implications for the arganism
as awhole, )

{200 Most organs and tissues of the hody are unaffected by the lase of aven suhstantial
mumbers ol cells, but if the number lost is large enough, there will be ohservable harm
reflecting a loss of lissue function. The probability of causing such harm will he zera al
smalt doses, bul abwove some level of dose (the thresholdd will increase m',:ply o uniy
(100 %), Ahove the threshold, the severity of (he harm will also increases with dose, F:ir
reagons explained in Section 3.4.1. this 1ype of effect, previonsly ealled "non-sinchastic”.
is now called “detenministic™ hy 1he Commizsion. . .

(1] The puicome is very different iF the irradiaied cell is modificd rather than hIrF:I_
Despite the existence of highly effective defence mechanisms, the clone of cells resulling
from the repraduction of a modified hut viahle somaric cef! may resulr, afier 2 prolonged
and variable delay called the laiency period, in the manifc.-nahfmlnf a malignant con-
dition. # cencer. The peobabitiny of B cancer resuling ir::lm radiation useally incresses
wilh increments of dose. probably with no threshald, end in 8 way hat ks rn:ughly pripnr-
liona? to dase, at least far doses well below The thresholds for daperminisiic =ffects. The
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severity of the cancer is nol alfected by the dose. This kind of sffect is caTled “stochastic”,
meaning “of a random or statistical nature”, I the damage accurs in & cell whase Fanctinn
is to transmit genetic informatien to later generations, any resulling sffects, which may he
of marny different kinds and severily, are expressed tn the progeny of the expnsed person.
This type of stochastic afect is called “hereditary™,

1.2, Pesic Dasimedric Chunntitiex

{21 The fendemental dosimelric quantity in radiological protection is the sbaorbed
deae, 1. This is the energy sbsorbed per unit mass and its unit is the jouls per kilogram,
which iz given the special name gray (Gy). Absorbed dose is defined in 1erms that allow ]
tr be apecified ni & poinr, but it is uscd in his report, except where otherwise siated, to
mean the average doe over a tissue or aegan, The use of the average doss & an indic.l;tnr
of the probability of subscquem stochastic effecis depends nn the lintarity of ihe
refationship betwzen the probability of inducing an cffect and the doss (the doss—
responge relationshipl—a reanonable approximation aver a limited range of dose. The
dose=rcsponae relalionship ia not linear for deterministic effects so the avernge absorbed
dase is not direcily relevant to delerministic affects unless (he dose is fairly unifarmily
disiributed nver the tissee or ongan.

1.2.1. Radiation weighting factors

123} The prahabililty of stochasiic effects 5 found to depend. not only on ihe absorbed
doac, but wiga on the Lype aivd gnergy of 1he radistion causing the dose. This is taken into
Acenunt by weighting the absorbed dose by a [actar related 1o the quality of ihe radiation.
In the pasi, this weighting factor has been applied 10 the absorbed dose al a potnl and
called the quality factor, . The weighted absorbed done wes called the dose equivaient.
H.

221 Equiwlent dose

124] fn radiclegical protection, it is the absorbed dosc averaged over a (lssur or nrgan
Irather than a1 a potmi) and weighted for the radiation quzlity that i of inierest. The
weighting factor for this purposs is now called the redistlon weighling facior, wy, and is
sclected for the Iype and energy of the radiation incident on 1he body or, in the case of |
sources within the body, emitied by the source. This weighted absorbed doge i strictly n
dose, and the Commisalon has decided to revert to the eatlier name of equivalend dose in
a tisse or organ, using the symbal My The change of name also serves 10 tndicare the
change from quality factor 1o radialon weighting factar. The eqeivalent dose in tiksue T
it given by lhe expression

Fy=2 wy-Dry
.

where Dy is 1he abaorhed dose avereged over the (issue or organ T, due to radiation R,
The unit of quivalent dace is The joule per kilogram with (he special name siever! {Sv).
{251 The value of the radiatinn weighiing facior for a specified rype and energy of
tadiation has been sebected by the Commiksion to be represenrative of values of the
selative biological effectiveness of thal radiation in inducing stochastic effecis a1 low
dotes. The relatlve blologicsl effectivenssa (RHE) of one madiation compared with
another iy thig inverse ratio of the shsorbed doges producing the sama degres of 8 defined
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hirlogical end-paint. The values of w, are broadly compatible with the valuer of
which are related 1o ihe quantily linear snergy Iransier (LET ). » measure of the density
nf ionisalion along the track of an ionising periicle. This relationship was originally
intended 1o do no mare than provide 2 rough indication of Ihe variation of the values of
€ with changes of radiation, but it was often imerpreied 1o imply @ spurious precisian
whith the Commission hopes will not be inferred from the new cadiation weighring
factors. The Commisgion has chosen # value of radiation weighting factor of unity for a1
radistions of low LET, including x and gamma radiztions of all gnergies. The choice for
other radiations is hased on observed values of the relative hiclogical effeclivensss
(RBE), regardiess of whether the refercnce radiation i x or gamma radtation.

{26) When the radiation field is composed of types and encrgies with different values
ol wy, the absorbed dose musi be subdivided in blocks, 2ach with irts owm value of wy, and
summed Lo give the total equivalent dose. Alternatively il may be expressed as a con-
Llinuoue diglribulion in energy where each element of absorbed dose from the energy
element between £ and E +dE is multlplted by the value of wy, from the relevant block in
Fable 1 or, az an approximalion, by the valug of sy, from the continuous function given in
paragraph A12 of Aneex A and illusirated by the continuous cnrve in Figure 1. The haris
for selecting ¥aloes lor oiher radiations is given in Annex A iparagraph A1) Auger
electrons emvilted from nuclei bound (o DNA present a special problem because it is not
reafislic Lo averags the absorbed doge aver the whole mass of DMNA as would be reqirtred
by the present definition of equivalent dose. The effects of Auger elecirons have te be
anzessed by (he iechnigues of micradosimetry (see Annex B, pa ragraph BET).

Tuhle 1. Radlwtion weighting fectors"

Type and energy range’ Ratiadinn weighting fctor, wy

Phriona, all snerghen b
Ebceironn pod mune, all energies’ 1

Nagirnpn, energy = 10 ke 3
I ke to 1T e 1

> 1 ke 1o 2 MY n
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= Hi Me¥ 5

S plac Frgure 1)

Prsmmm. IRt than recodl protonn, gy = 1 MeV H
Alpha particles, Aaslon iragmena, hesvy UL )]

I Al wahsen ralnie 1o the adinten inchdent nn the body e, for Edermml wevirrcer,

Hied Ircm the source. ) ]
m: T=I|= ::nlcnn'l'ulum for paher raditkons b diseupaed in Annes A,
! Exchyding Auger glgstrnna emltted from ieled boumd 1+ DN A (hee parngraph 260

22,1, Tixsue welgheing faciars and effective doge . ) e
ionship belween The probability of stochastic effects and eguivalen
dnfsi?s f.:-:::d':::nm::il:fmnd on the nrg,sn or ligsee irrndiate:dl. ltlis therefore approprisle
to define a further quanrity, derived from eiqivalent doce, to 1Irvd|mll.'. the cmhnnlmn_nr
differem doees to pevers! different tissues in a way which is hi“."' to mndafe w_-eli with
the total of the stochastc eHects, The factor by which the equivalent dose in h:m;j; ﬁ:;
nrgan T s weighted 15 called the ilssue waighting facior, v, which represents the re
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canielbution of thal organ or tissue 10 (e ot detriment due 10 these eifects Tesufnng
from wnifarm treadiztion of the whole body. (5ee Scclion 3.5.) The weighted squivalem
dese {a doubly weighled absarbed dosed has previonsly heen called the effective dose
equivalent hur this name iz wnnecessarlly cumbersome. cspeclally i more complex
combinations xuch as cellective committed cifective dose eguivilent. The Commission
has now decided 1o use the simpler name efaclive dose, £, The introduction of the name
effective doze is assnciated with the change wo equivalent dose. bl has oo connection
with changes in the number ar magnitude of 1he Hasue weighting factars, The wail is the
prule per kilogram with the special name sievert. The choice of values of the fissoe |
;:ighling factor is dizcussed in Section 3.7 #nd the recommended values are given in

ahle 2 :

(28] The effective dose is the sum af the weighied equivalent doses in all the tissues
undd argans af the body. Tt is given by Ihe expression

E =T w My
T

where /M, is the equivalent dose in dssue or argan T and wy is the weighting faceor for
tisaee T. The effective doge can alan be expreased a3 the sum of the doubly weighied
absorbed dose in all the tissues and argans nf the body.

(19} It is degirable that a upiform equivalent dose over the whole bady should give an
effective dose pumerically equal 1o that eniform cquivalent dose, This is achizved hy
normalising the sum of the tissue weighting factors o onity, The values of the radiation
weighting factrt depend on the (ype and energy of the radiatinn and are independent of
th= tinsur of organ. Simitarly, the valies of ihe fissue weighting factor are chasen lo he
independent of the type and energy of the radiation incident rn the bady, These simplifi-
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Tahle 3. Tivnee weighting facior’
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' The values have hean devaloped from  reference
Population of cqual msmbert of ok ZENEA hrvd § whie
rrmge of ager. In the defimiion of effactive dose they
wiply 1o worken, in The whale pepmlwtinn, wnd i cither
e

! For parpomen oF calculaihon, e remainder K eem-
poed of she folowing ndditionsl thisses ana nrgang:
wdrenaly, brpin, upper Inrge intertine, tmall Irestne,
hidmey, mincle, prnetear, splean, thymae and uleenr. The
liy includes qrgane which are fHely 1o be sehectivety
irradlated. Sowe nrgame W the B ave Enown he he
supceptibde tn ganeet indislbon. IF arher ficawey amdd
nrgmr Adhsequently hecome [denrified ma having n Hg-
mlicwt vk of indeced concer they will then he included
cher with o ppecifie wy or b this pdditienal liat con-
nihianing kg remalnder. The lateer may ko Inchsde aher
Trnued o oo anlecrively irndinned,

' In thase exeepritnnl Caaes ket which 1 snghe rime ol
the rameinder AU or NTEANA Thveive o Bauivabend
dae in stceo of the Mghert dose bt iy of the twghe
wgant for wich & welghiing factar in ppacHiet, a
weighiimg faciow of 0TS sheukd be sppdhed 1o tha tlasse
ar argen ind & weighiing (3ior of (025 ra the Bvcrage
dome in the rest of the ramainder an deftned phove.

cations may he no more than approximations 1o the [rue biclogical situation, bot they
make il prasible 10 define a radiglion ligld ownside the hedy in dosimelric terms (sec
Seclion 2.4) withoul the need 1o specify the targst organ.

(30 The conzequences follewing an absorbed dese depend nni only on the magnitude
of the dose, the type and crergy of the radiation Fdeall with by ihe mdintion weighting
facier). znd Ihe distribulion of the doze wihin the body fdealt with by ihe tiasuz
weighting facior), bul also on the distribution of the dose i lime fdoss rate and pro-
tractlonr of exposure). In previous formuladong, provition was made for possihle
weighting faciors other than the radiation and tissue weighting factors. The Errudl.nlzl of
these other, inspecified, weighting factors was called ¥ Any effect of ihe time distri-
bution of dose could have been accommadated by assigning a sei of values ra N In
praclice this has no1 heen atlempied and the Commission has decided tn drap the ure af
M. The effect of alf exporure conditions other than those deall with by the radiation and
tissue weighting factors will he covered by using diﬂl:lrfnt valies nfl!ht coefficienis
relating equivalem dose and efeciive dose 1o the pm!_tnhvllly of slmhals‘hc effects, rather
than by uging additional weighting factors in the definitions of the quaniities,
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{31} The values of bath the radiation and the lissue weighting faciors depend on pur
curtenl knowledge of radiobfology and mey change fram time to time, indesd, pew
valucs are adupted in these recommendations, Alihough such changes zre infrequem,

radiation and Hsyue weighting Factors recommendad ar the relevant time by the Com-
mission. It is appropriate 1o 1reat as addinve the weighted quantities vsed by ihe Com-
mission bul assessed al different imes, despite the use of different valges of weighting
factors. The Commission does not recommend rthat any altempl be made tg correc
earlier values, It js alsn approprisie to wdd values of dose equivalent to equivabent dose
and valucs of cffective doge equivalen 1o effective dose withatt sny adjustments, I
values of weighting facrors other than thoae reeommended by the Commissian are uzed,
thin fact should be clearty siated ang the values should be explicitly given when ihe
quentilies are iniroduced, These weighted quantities shoeld nai be added to the Com-
miasion's quantities,

{32} Both equivalent dose and effective dose Bre quantities intended for use in
radialogical projection, including the assessment of risks in general lerms, They provide
1 basiy for estimating, the probability of stochastic effects only for absorbed dotes well
helow the ihresholds for dererminiatic effeets For the estimalion of the likely con-
sequences Al an exposure of a known Population, it will sometimes be belter 1o usg
abaoched dose end specific dara relating in the relative biclngical effectiveness of the
radialions concerned and the prokabitily cocfficienis relating to the exposed populsrtion,

1.3, Subsidiary Dosimetric Quanifies

(3% Several subsidiary dewimelric quantitiza have proved vaeful, Following an intake
1o the bady of a radinaclive material, thers is m perlad during which the material gives
tise (0 equivalent doses in ihe tissues of the body al varying rares, The rime integral oof the
equivalent-dose rate iz called the commltted equivalent dose, Halth where 1 is the
integralion time {in years) Iollowing the intake. I 115 not specified, it is implicd thet 1he
valwe is 50 years for ndtulis and from intzke 1o 2ge 70 years for children, By extension,
the commitbed eMective doaw, £ 1), is similarly defined. When the Commiasion refers to
an equivalenl or eifective doss necumulated in » given perlod of time, it is tmplicit that
2ny committed doses From intakes eoourTing tn that sarme period sre ingluded.

{34) The dosimelric quanties relerred 10 above all reiate to the exposure of an
individval. The Commission uses further quantities retaled o exposed groups or popu-
latiems, These quanihics take accownt of the number of people exposed 16 8 source by
multiplying the average dose te the exposed group from the source by the number of
individuals it the group, The relevant fguantities are the collecilre equivalent dose, i
*hich relates to & specified tissue or argan, and the collectire effective dose, 5, If severa!
Eraups are involved, the tetal collactive qQuantity is the sum of the collective quantitkes far
exch group, The unit of these collertive quaniities is the man sievert. The enllective
fquantitizs ean be thought of as representing the tolal consequences of The exposere of a
Poputaion ar graup, but their use in this way thookd be limited ko silwations in which 1he
conséquences are truly propertonsl o both the dosimerric guanlity and number of
Prople sxpored, and it which an spproprisgic prokatlity eoeHficient it avaitable free

JATERF 11-140-0
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Section 2.4). When it is necessary 1o dhatinguish horween a collective dose and the dose
10 an individual, the latier is called the individual dose,

(23} The collective elfective dose resulting from the presence of radioactive materials
in the envirnnmenl may be accumulaled over long periods of rime, covering succeseive
generations of individuals. The 1ofal collective eHective dose 1o be expected from a given
siluation is the integral over all ime of the collective effective doce rate resuliing from,
i commiitod by, o single reftase {or a unit period of g practice in the case of a con-
rinuing aperatinn, If the integration is not over infAndie time, the quantity I3 described as
heing truncaicd al a defined Hme. I the vanges of individual doge or time ars large. it may
be uzeful lo subdivide the collecive quantiries inlo biocks covering more limined ranges
of dose and time, When considering the consequences of @ unit periced of practice, il is
somelimes convenient to distinguish between the collective efective dose already
deflvered and Ihe coflective effective dose commitied over all time.

(161 The dose commitment (M, ; or E.) i a cabculational rool, It ean be angessed [or
ctittcal gronp as well as for the whole world population. It is defined a¢ the infinite fime
integral of the per caput dore rate (Fy or £} due to o speified event, such as 2 unif of
practice (e g a year of practice]:

H-l:.'l = l Hr{ﬂ dl'

nr

E, -] Eir) dr
bl

In the casc of an indefinite practice at 2 constant rate, rthe maximum anmual per caput
dose rale (Hy o E) in the future for the specified population will be equal to the dore
commitmeni of one year of pracrice, irrespective of changes in the population size. 1f the
practice 15 continued only over a lime period £, the maximum fultire annual per capul
dvse will be 2qual (o the corresponding iruncated dose commbiment, defined as

41

H 1) = [ Aoty
Elrh= J Eirydr

1.4. Other Quantldes

(37) Severa!l other quamtities are of special usein radi::!h-_lg'rca_ul pratection. One of these
is 1he aetlvity, A, of a quaniily of a redinnuchide. A:t!'-lltl:p is the average nun!hcr of
sponlancous nuclear transfarmations taking place per unit time. TIS unil is the reciprocal
secind, a” ' given, for thix purpnse, the spechal name be::qugrd ['B-Iq}. .

(8} There are alse four operational quantitics of particular inlerest in the measure:
ment of radintion fields [or protection purposes. These 1CRU quaniities, the nmbiemd
dose aqulvetent, H*(d). the directionsl dote equivalent, #'(d), the individual dose
equiralent. penetrating. Ff{d), and the Indtivldas? Sose equivalent, superfickal, H{d) are
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defined in Annex A. AT iheae quantities are based on the concept of Lthe dose eguivalent
ata print and not on the concepl of equivatent dose (ser paragraph 24}

139 In relaiing the probabiliny of siochastic effecis to dosimatric quantilies, il ik con-
venilend te uze a probability cocfficien. For example, the faality probalilty conlficlend 1
the quatient of probability that an increment of dose will cause death and the magnitude
of thal increment of dose. The dose in quesiion wil) usualty be an aquivalent dose or zn
effective dose. Such coefficients tecessarily relme ra a specified population.

(401 1t is oflen uzeful in general staternents 1o use genetic tcTma Ihat can apply to any
of the relevant dosimetric giranthies, The Commission uses "dose™ At one such term in
phrages such as “dose limit™. This may ke a limit applied 10 equivalent or eflactive dose,
The cheice is usually chear from the context. The Commission also waes the rerm
“erposire” in a generic sense to mean (he process of being exposed t mdiatinn or
radivective matetal. The significance of an cxposure in this sense i determined by the
resuhing doses. It stems unlikely that this causes any confusion with the highly specific
ueof exposure az & quantily defned by FCRU.

{4t} The Commission taes the Internartional System of units (511 and the international
convention Thal the names of unils arc wrilten with & lower case initial leiter, The
abhreviations for units are written whh a lower case letrer, or (nitial lenter, eucepl when
the name of the unil it derived from a person's namc. e.g. m and mm for metre and
millimetre, hot Sv and mSv for sisvert and millisiavery

3. BIOLOGICAL ASPECTS OF RADIOLOGICAL PROTECTION

Chapler 3 pravides an introduction 10 the stachastic and deterministic biologlcal
eflects of ionising radiation and leads on 10 a discussion of the problems of eslablishing a
quanlitative measure of the deiriment associated with an exposure to radiation. Maors
detaited Melogical informatien. including that on radiation risks, it provided in Annex B.
The use nf this informarion as o hasis Tor radiotoglcal prevectinn palicy is discuszed in
Annex C.

At Introdoction

(43} Ar explained in Chaptee |, radiotogical pratection is concerned with pretecing
man againsl the harmful effects of radiation. In alf iz work, the Commission has hased 115
approach oft (he best aveilable infarmalion on (e bologicos! eflects of radiation and has
uied thiz o provide & simplified. bul adeguate, biclogicel basis for radictogical provec-
than. This chapier and Annex B thercfore deal with the defeterous effecis only jo the -
exlent meceasary (o suppetl that approack. To belp in achieving clarily, distincticn has
betn made between four terms: change, damege, harm and detriment. Changes may or
may nol be harmfol. Damege represents some degree of deleterious change, for example
1o cells, bue b5 not necessarily defelerious ro the expased individual. Herm g ihe ierm
used 10 dencie clinically ohservahle defeierious effccls thal are expressed in individuals
Isomatic effectsd or iheir descendants {hereditary effectst. Detriment is & complex
cancepd combining the probahility, severity and 1lime of expression of harm, It is noi
asily representad by o single variable and i discorsed in Section 1.3

(41 The 1erm “risk™ has previously been used by the Commission 10 mean the
produability of a defined deleledous aumeome, bol il has also been widely used elwewhers



12 1990 RECOMMENDATIONS OF THE ICRF

az the product of the probability and aeverity of an event and, more Eenerally, in a purely
descriptive manner. The Commistlon now user risk only descriplively and in well-
extablished expressions such as “risk eclimate” and "cacess relative rsk™, 1 now Usex
probability when that is whay g meanl. Aspects of probability and risk are ditcuksed in
detail in Apnexes B and ¢,

3.L. The Rlokogical Effects of lonising Redimiton

{(44) Part of s materiat has been previewed in Section 2.1, and is discussed here in
more detail. The procesa of jonization Necessarily changes atoms, a1 least tranaiently, and
may thus alier the structurs of (he malecules conuaining them, Molecular changes may
alwn be caused by the excitelian ol atoma and molecules if the excilation enérgy exceads
the hinding enccgy berween sloms, Abour half the energy deposited in tissme by hanistng
radiation is due to excitalion, but this i of l9x consequence than ionixation and ha nol
heen considered scparately in what follows, I the affected molecules are in & living cell,
the cell itself may sometimes be damaged, either direcrly if the moteculs js critical to the
<el's fonction, or indirectly by Lausing chemical ehanges in adjacent mokeculey, e the
production of free radicals. OF the vacious forms of damage that radiation can cause in
cells, the most imporiant & thal in the DNA, Damage in the DNA may prevent (he
survival or reproduction of the cell, but frequently the damage is repaired by The cell, If
that repair is mar petfect, i1 may resull in 8 viahle but modified ceall, The occurrence and
proliferation of & modined cell mzy well be influenced by ather changes in 1he cell carsad
cilher before or after the eXpoaure ta radfation. Such influences are commeon and may
include exposure 10 oher eaTCinagens of mulagens,

(43} IT enough cells in an organ or tigsue are killed or prevented from repraducing and
functiening notmally, there will be a loss of organ Munclinn—an efieci thet (he Com-
misrian pow cals “deterministiic™. The logs of function will become mare sariaus ac ihe
numher af alfected cells is incrensed. Mare details are given in Seetion 3.4 1. A modified
somalic cell may sl retain its reproductive capacity snd may ghve rire to a clone of
modilfed cells that may eventually result in a cancer. A modificd germ cell in the gonads,
wilh the funciitn of transmitting genelic information tn the descendantz of an erposed
individual, may iranemir incorract hereditary information and may cause severe harm fo
some of thase descendanis. These somaric znd hereditary effeces, which may siart from »
single modined cell. are called stochastic elferis, They are discussed further in Seciions
34.2 and 14.3. Because of Ihe complex processes involved in the development of 1he
enRcepiUs 1 an embryo and a fetuy, it is convenienl 1o discuss bath determinisiic and
stnchasiic 2ffects of radiation on the unborn child in a szparale section (Sectinn 3.4.4),

(46]) There ir some experimvental evidense ihal radialion can act to snimujale a varicly
of cellular functions. including proliferation and repair. Such stimulaton is nod neces-
xartly benefictal, In some circumsiances. radiation appears alse 1o emhance immune-
logical resprmses and 1o modily the balanes of hnrrncncst in the bady, In parucu[ar,
radiniinn may be albde 10 slimulate the repair of prios rac!iannn damage. 1hus decrearing
its consequences. or may be able to improve immunolngical surveillance, thus sirengih-
ening the body's nalural defence mechznisms. Mz nf_lhe upenmtmnl dala on s?ch
¢flecta, corrently iermed "hormesis”, have been inconclusive, mainly hecause of statisticat
difficullies at low doses. Furthermore, many relate to binfogical endpoinis other than
cancer or hereditary effects. The wvaileble dsia om hormesis are ned sefficient 1o fake

them inte aecoum in radiological protestion,
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13, The Concepd of Detriment

(47} In Publication X (19770, the Commizeion introduced the concept of detriment
a5 & measure of the (oial hasim that would cventually be sxpericnced by an exposed Eroup
wrd itz descendznts ak a resulr of the Erenp’s expasure 10 A radistion sovree. Healh
detriment was included as parl of the togal detriment. In practice, the Commission has
used onty the heaith detrimeant ang tecorimends thal o separale allowance should be
made for other forma of deirimant when decirlon-aiding lechniques are used, for
exumiple in oprimisation studies. In (s report. the Commission wses the term detriment
to ibedn gnly health detriment,

(48} The Commission's defintion of detriment in Pubfication 26 used 1he expecied
number of tases of 2 radiation-induced healih effec weighted by a Fartor tepresenting
the severity of the effect. It was the tapeciztion valye fcalted more stricily (he math-
amastical erpectation) of the waighted qumber of health effects 1o be erpeticnced by the
group. The weighithg factor was sken a5 | for the death of individuals and for IeVETE
hereditary effects fn their descendanty, Smaller weighting faciors wers implied for other.
best severe effects, bel wers o specified. n relation to zn individual, 1he derrimen
could ulso be expressed as e product of the probability of a deleterious effect and a
measure ol the severity of ihat effect. 1 the measare of the zeverity is narmalised 10 T for
the moet severe effects, and 1f ihe values of alf the preducts are small, the praducts for
different ovicomes in the same individus! can be semmed o glve the total detrimant 10
thai individunl. It is itmplicit in (ks erncept of derriment (har the refevan doses are small,
well below the thresholds for determinisric effacis,

{49 This approach o derriment haxs proved useful huy i5 somewhat oo limited, The
Commiasian row finds it neccsary io trke a hroader view, The general aim it still to Fnd
A quaniicative way of expressing a combination of the probability of oecurrence of a
healih effect and 2 judgement of the severity of thal effect, Tdeally, derriment shoutd he
feprexenled an a1 exlenstve quaniity, ie. one that aliiws the derriment to a group 10 ba
added ax additional exposures oceur tn indfviduals and as more individuals are added 1n
the group. This requirement cannot be fully mer, sl Teast for the individual, becavse spme
of the arrlearnes of sxporyre are mutnally exclusive and somc are not. Death dus 1o e
exposure encledes death due (o annther, but non-fatal eondillons may oecur coneu rrenily
or carseciively, A second problem is pesed by 1he mulkifariows namre of the possible
notcomes, 3o that probabilicy and severity ran be combined in many differenl ways 10
fepresent detriment,

{301 The.Camminsion needs to use detriment For several dilferent purposes, One is to
asseen the consequences of continued or cumularive EXPOSUNCS in order lo recom mend
dase limiis_ Anaiher iy 10 compars the eonsequences of different distributions of tquiv-
atent dose within the bady and thence io sefect 4 se1 nf tixsue weighiing Factors. A Third is
e provide & basis for assessing the valuation of a unit of effective dose for uge, for
example, in the optimisation of protection wirhin 2 practice. These purpuses are dis-
Ptsed in Chapierd,

{511 The Commission has concluded that the many aspects of detriment and fis many
Fufpotes make the selection of a single approach undesirahls. Therefore, 1he Com-
minion has replaced ity previnus concert of dotrimeni by 8 multi-dimensional concepl,
For recommending dose limits, the derriment from an exposure has been expressed in
variely of ways. Thig approach is dealt with in Chapler 5 and, in more detail, in Annexes
Band C. For thia purpese. only a litnited atiempt is made to aggregale lhese farets inte a
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single quantily, called tn Pubdicetion 45 {1985} a unified index of harm. Howeves, an
aggregative method wey preferred in choosing tasee weighting factors because thess are
used only 10 make adjustments for the diffarentinl sensitivity of tissues and orpgama. Since
il ¥ rarc far single tincues, except Tor the lunp, and perhaps the thyraid and skin, 10 be
irradinted alone, (he choice of tisswe weighting factors is not very sensitive to the
procedure for aggregating the different mspecis of detriment, Detailz are given in
Section 1.3 and in Annex B.

1.4, Quaniitmtive Exlimates nf the Concequences of Radiation Exprnnures

132} In order 1o develop a system of radiclogica) protection. it is necessary to know
quaniitatively haw the probabiliiy of stochastic effecis and the acverily of determinisiic
effectx vary with dose. The most relevanl sources of information are those oblatned
directly from studies of the effects of radtatian an man. In addition, 2 prest deal of infor-
mation aboul the mechanisms of damage and the relalionships between dosez ord the
probabilily of delelerious cffects in man can be inferred from ctudies on micro-
Organtsme, an Boleled cells grown in vitre, and on gnimals, Unfortunaiely, litide, if any, of
the available information can be applied directly in radialogheal prorection—it all needs
considerable interprelation, The Commissions conclusions on the biclogica! information
nesded in radinlogical protection are drawn tn the maximum extenl passible from daia
on radialtan effécts in human beings, wilh other information vszd in suppon,

{531 Dacx on deterministic effects in man come from the side elfecis of radiolberapy,
from effects on the early radicdogists, rom the effects of the atomic bombs 2t Hiroshima
and Magasaki in Japan, and from the consequences of severe accidents, aome in the
nuclear indugtry and some involving radiographic eources. A1 present, the three principal
sources of informalion on stochastic effecis are the epidemiclogical siudics on 1he
survivers of the nuclear weapon attacks on Hiroshima snd Nagasaki, on patients xposed
Iey radialion for medicel treatment or diagnosis, and on some groups of workers exposed
1a radistion nr redioactive subslances a1 work. Studies of this kind are very complex and
time-conspming and are not conducied by (he Comniseion iteell. The Commission, with
the help of ity Commiitees, examines 1w published accounts of the sudies and any
reviews carried oul by natiopal and inlemational bodies and then drawe conclusions
velevant 1o the needs ol radiological prolection,

14,1 Deterministic gffects

{54 In many nrgans and tissires of the body there i3 & conlintour process of loss ind
replacement of cells, An increase in the rate of losy, far example fallowing exposure In
radiation, may be compensated for by an increase in the replacement rate. bol there 41!
he a irangient, and sometimes permanent, aet reduction in the pumber of cells avallable
tr maintain the funciions of the organ or lissue. Many nrgans and tissucs are unaflected
try small reductions it the number of available cells, hut if the decreaze is large enough.
there will be clinically nhservable pathological condifions such as a loss of rissue fu_m:Il!urr
or a consequental reaction 25 (he body attempts to repair the damage. 11 the fiague is vilgl
and i damaged sufficiently, the end resull will be dearh. If some individuals in The
exposed group are already in 2 state of henith approaching the pathological condition,
they will reach that condition as & resull of exposure 1o radialion aher a smaller lose of
cells than would usually be the cage. For healthy individuals, the probability of causing
harm will he zere at doses up 10 some hundreds, or somelimes thoosands, of milli-
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sieveris, depending on the dasue, and will increase steaply 1o unity (100%) above same
tevel of dose called the Threshoid, more strictly, the threshold for clinical effect. The plot
on linear axes of the probubitity of harm against dose is sigmoid. Above the appropiiaie
threshald, the severhy of the harm will increase with dose, refecting 1he number of cells
damaged. and vsually with dose rate because 2 protracied dose will cavae the damage fo
telle to he spread cut in time, allowing for more effective repair or repopulation, This
type of effect, characiersed by a severily thar increases with dase above some clinical
threshold, was previeusly called “non-stocharstic”. Although the initial cellular changes
wre exsentially random. ihe farge number of celfs invobved in the initiation of a clinically
ghrervable. mon-stochastic effect gives the effect a deterministic character. For this
regann, the Comtnission now calls such effecin "delerminietic™ effacts.

(55} tn addition 10 the Jnes of funclional cells in a tissue or organ, damage lo srp-
porting bload vestels may alse cccrr, leading o secondary lissue damage. There may
ako be some replacement af functional cells by fibrous tlssue causing & reduction m
organ functien. The clinical findings depand on the apacific funcrion of the irradiated
limue. For example, opacilies mey oeeur in the lens of the eye, sometimes leading to
visual tmpairment fcataract), and, il the gonads are irradiated, there may be a icmporary
or permanznt losk of fertility,

{56) Some delerministic effects are of 3 nctonal nature and may be reversible,
provided that the damage is nol too severe, Some examples of functional effects are:
decreasing of glandutar secretions {eg. from 1he salivary glands v thyraid); neurological
effecit (&g, changes in eleciroencephalngrams of retinggrams); vascular reactions LY
eatly erythema or subculanenus oedernal,

(37} The equivalent dose 15 nol always the appropriate guantity for use in relation o
deterministic effects becavse (he values of radiation weighting faciors have besn chosen
10 reflect the relative biological effeciiveness (RBE) of the differen) types and energtas of
radfiation in prodecing stochastic effects. For radiations with 2 mdiatinn welighting facror
larger than |, the values of RBE for deterministic effacts are srmaller than those for
tipchaslic effects. The use of (he equivalent dose to predicl detecministic effacts fer high
LET radiations, e.p. neutrons, will thus lead to nvercstimates,

t58) The dala for low LET radiation show a wide range of senshivitizs for different
liggues. However, it can be concloded thal Tew desies show clinically significant detri-
mental effecis follewing single (ie. aculel absorbed dosez of less than a few gray. For
dosea spread oul over 2 period of years, severe effects are not likely in mos) tissues m
annual doser of lesk than about 0.5 Gy, However, the gonade, the lens of 1he eye, and the
beeie marrow show higher sensitivities.

139 The threshold for temporary sterility in the male for s single absorbed dose in the
teates iy #bowt 0,15 Gy, Under condiripns of prolonged sxposere the dose mie threshold
it atwast 0.4 Gy ¥, The correaponding values for permanent sterility are about 1.5 w
6 Gy and 2 Gy ¥~'. The threshold for permanent sterility in women is an acute ebsorbed
dote in the ranpe from aboul 1.5 to 6 Gy, older women being more sensitive; or a
Prodracied dose rate over many years of more (han 0,2 Gy v~ ' {se¢ Anpex B, Tahle B-1).

{607 The threshold for opacities solficient ko cause trpirment of visson, which oconr
alier some delay, seems 10 he in the range 2 10 10 Gy for an acule exposure 1o low LET
radiation. For high LET radiation, the absorbed dose thresholds are 2 or 3 times Yess.
The dose mte threshold iz less well known for chronic expasure, but Tor sxposure aver
Many years is thought to be somewhar ahove 15 Gy vy~ ! (see Annex B, Tahle B-1),

61} Chrically significam depression of the blnod-forring process has a threshold for
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acute abaorbed dascs in the whole bone marrow of ebout 0.5 Gy, The dose-raie
threxhold for protracted caposure over many vear is more than 0.4 Gy y~', The 1Dy,
in 60 days duve to bong marrow eyndrome in & heterogensous populaton unilormly and

acutely exposed is shout 3 fo 5 Gy in the abgence of a high standard of medical care [zee
Annex B, Tuble B-2).

4.2, Stochasic effects in expored individial

(621 The responae of the bady 1o the development of a clone of modified somaric cells
ir complex. The initial developmeant of such & clone may he inhibited unless its develop-
menl is prometed by some addiionst agent and any sutviving clone is very likely o te
climinzied or isolated by the body's defences. Mowever, i it iz not, it may result, after o
prolomged and veriable delay cafled The laleney period, in the develapment of a malig-
nznl condition in which the proliferation of modified cefls ic uncontrolled. Such con-
ditions. are commonly grouped logether and called cancer. The cancers induced by
radialion, with or without a contributton from other agents, are not distinguishahle from
thos¢ pecurring from olher caases, The defence mechanisms are ot likely o be totally
effective, even at small doses, so they nre vnlikely tor give rive 10 a threshold in the dose-
response refationship. The probability of & cancer resulting from the radiation wifl be ar
least parily dependent on the number of clanes of madified cells tnitlally creaied, since
this numher will influsnce (he probabillly of al Teast one clove stirviving. Tt it (hen the
probahitily of malignancy thai 15 related to dase, while ihe scverity of a partculsr cancer
11 influenced only by Ihe 1ype and location of (he malighant condithan. The process
appears to be random, aTthough individuals may differ somewhat {n thelr sensitivities o
the induction of cancer by radiation, reflecling genetic and physiclogical variations. Some
individuals wilh rare genetic diseases may be substantially more sengitives than the mean.
N1 scems thal no stochasilc «fects in the exposed individual other than cancer fand
benign tumours in some organs) are induced by radiation. In particular, any life-
shortening foond in exposed humen populations and in experimental animala after low
drses has been shown to be die 10 excess radistion-induced cxncer morislity.

(631 Many million million inn pairs are created every year in the tolal masa of DNA in

a human being by the exposure of (he body 1o natural saurces of radiation, Mo more than
abaut one death in frur 15 atiribable 1o cancer and radiation is responsible for only a
small fraction of these cancer desths. Clearly, the process of parsing from the crestion of
anion pair in the DNA to the manifestation of a cancer is very rarely rompleted, )
" {fd} The process af drawing conclusions aboul stnchastic cffects is nal srrmight-
farward because epidemiological studies cumat provide exactly the information needed.
They can prowide only stalistical assoctallans, but they are slfr.nglhenr:d when the
association is clearly dose-relaled and is supported by corresponding experimental daia.
The dnta from Japan are compelling and are extensive, b they relate 1o a study group af
which ahaul &0°% now survive, o the total number of sinchastic affecis I:venlually
occorring has 1o be estimated. Moteover, most of the cancere yet to appear will occur in
individualy who wers under the age af 20 yzars at the time of exposure, atd Inr whom the
atiriburable lifetime fatalivy probability per unit dose s probably higher than that for
older individuals, Althaugh the study group is Inrge {abaut &0OKI0]. cxeess nmhers of
malignancies, slatistically significant at the 95% level, can be fownd only at Idms
exceeding aboul 0.2 Sv. Excesses of lower significance can be found al doses in the
regiom of 0,05 Sv. It mus also be borne in mind thal all the dascs tn the Japantse study
group were incurred at very high dase rales, wherear infarmation is needed in r:dmh
lngical pratection for both acute and protracted exposires, almns) slways af ¥ery muc
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lower done rates, Hpwever, stidies on thin group have several advaniages over nther
sudies, The group containg both sexes and all ages, and was exposed lo 8 very wide
range of doses. from irivial tn falal, distributed fairly vniformty through the hodgies of
{hase expored,

(65} The sludies on palienty alw pose problemes. Tn particular, the irradiations were
intenlionally non-uniform. the selection of patients on medical gronnds somerimes makes
it difficult 10 identify comparable control groups, and 1he patients may not be represen-
tative of the general popubaiion. Nevertheless, suzh groups provide valuahle sources of
infarmztion and are the subjec! of continwing study.

t66] The studies on workers that have sn [ar yidlded significant resulte relare to those
whi worked with radium-226 in the ¢arly decades af the 20th century and 1o (hose wha
inhaled redon and its daughters in mining, mainly uranium miding, in the middle years of
the ceniury, In botk cases, ihere were difficolties in estimating the intake of radioactive
materials and (he uranium mingrs may alse have been exposed (o other carcinogens, The
exposures were proiracted, hut the dosex were (o Iocalised tissues in the bone and lung
apd were essentially confined 10 1thnse from alpha particles. Comparison wilh 1he cffects
of gamma radiativd is nol dimple. Studies on the early radiologisis show some stochasie
effects, bt the catimation of doxe in pot asy, and quantitative risk estimates have not
proved possible. Studien on other groups of warkers, such 2s those in alomic energy
lahoratories in the US and the UK have provided estimates of rigk, with however, very
wide confidence intervaly. Their range of extimales includes the nominzl Faral probability
eneflicients given in this repore

(67} Numerows repotis involving the exposure of populations 10 Tow doses of radi-
ation appear in the BHiteralpre from (ime lo time and are carefully sxamined by 1he
Commission. Some of there arise [rom exposure to nuclear sources such a= fallowt, some
iterlve miliiary pareonnel exprsad al weapons (esis and some in the envicrmment of
nuclenar plants, Oihers include fetusen exposed e diagnostic x rays, other medically
irradisted populalions and slill cther populations living in refatively high natural radi-
anion background arens in the world, inchiding those in Indig. Brazil, Colaradn UISA and
China. Such low-done siudies avoid the need for the applicarion of faciors from high
dore-rate information 10 low dose-rate ciccumstances, 12, the DDREF {see paragraph
4], On the ather hand, these studies siffer fram one or more of the Tollowdng methodo-
logleat difficulties tncluding small sample size, lack of adequale controls, ealranegus
¢liects nther than those due to radistion, inadequate desimetry and confounding social
frelors. Furthermore “posilive” findings tend ta be reporied whike negative stadies allen
are nol. Cverall, sivdies at low dosc, while palentially highly relevent 1o the radiation
protecton problem. have contributed litlle to quantilalive estimates of rick.

(6B} T, as eeams fikely, some types of cancer can result from the damage originating fn
¢ gingle cell, thete can be a real threshold in the dose-response reladionship for thase
types of cancer only if the defence mechanisme are tatally successful at small doser, The
balance of damage and repair in the cell and ihe exisience of subseguent defence
mechanisme can infvence the chape of the relatipnahip, bul they cannol be expected o
eyl o a real threshold.

{69} Al smatt incremenis of dese above background, the probability of inducing an
wddiliong] cancer it cerrainly small and the expeciation value of the number of cases
Mtribirtable ta the increment of dose in an exposed group may well be much less than 1,
tven in @ large group. It 16 then aimost certain that there will be te addilional cases. hut
thix provides no evidence for the existence ol a real threshold.

{109 In almos al! ituetions span fram sccidents and the ireatmeni of palients, 1he
TTERE 71148
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equivalent dose in individuals Is incurred aver long pedods of time and at annual rales
that do not add grently o the does delivered 1o the whole body by natural sources. The
annual additinn from arlificial sources ranges typically from a small fraciion of the
annual dore from natural sources up to ahout (en (imes (hat aanual dose. The Tung §s a
specinl case hecause the equivalent dose from radon daughiers {5 very variable and is
somelimes a5 much as several thousand times higher than the equivalent dose to other
parizof the body Irom natural goucces.

(71} The existence of doses in =il party of the body Irom nateral sources of radiation
decrsases the imporiance of the shapz of the dose—responxe relationship ar dores choze to
zern, Small doses are always additions to the natural hackground dose, For moderate
increments abave the background, a lingar relationship between the incremenial dose
and the incremental probability of a deleleriovs effect il be an adequale approi-
malion, whatcver may be Lhe Irue shape of the relationship hereecen squivalent dose and
the probability of stnchastic effects. Even go, the shape of this relatinnghip is still
impartant becaus: 18 cap change the estimates of the slope of the incrememal relatinn-
ship.

(72} The simplest relarignship between an inceement in squivalenl dose and the
resulting increment in the probability of a defned siochastic =Mfect is (hal of a sirmight
line through the origin. The human epidemiological data are nol sulficienily precise In
conlirm ar exclude thal refationship. However, almaost all the dala relating to sinchasfic
changes in cells in wve and in simple biological organisms such ar radescantin, and 1o
the induction of many animal igmours, show curvilinear dose—effect relatbonships for
radiationn of 10w linsar energy transfer (LET ], wilh the slope a1 low doses heing less than
(hat wt high doses. In this coment, low dosee {and low dose raiea) imply sHiualions in
which it is very unlikely that mare than ane lonistng event will occur in ibe crilical pars
of a cell within (he ttme during which repatr mechanisms in the ceft can operate. In such
situstinng, the dose-reaponse relalionship »ill be linear, At higher doses and dose rales,
iwn or more cvents may he ablke to combineg, producing an enhanced effezi reflecied by a
quadratic term in the dose-response relationship. At sl higher doses, where cell killing
hecomes impariant, the slope again decreases. The results for radintions of high LET are
wsnally more nearly recrilinear over the range of doses helow those causing appreciable
cefl killing, Some ceftular siudies in wim, however, show an increased siope at the low-
dnxe end of his rangs, )

{731 I shori, for low LET radialions, the most characieristic form of the relationship
hetween Ihe equivalent dose in #n organ and the probabilily of a resthanl cancer i5 (hat
of an initial proportinnal resprnse at low vahes of equivelen dose, frllowed by a sleeper
rate of increase Ickope) that can be represenied by a quadratic term, followed Finally by s
decreasing siope due to cell killing. There are no adeguaie grounds for assuming a real

threshold in the relationship. This form of response, while rypical, is nol necessarily the -

defimitive farm for all human cancers, Taken 1agether with the linear approximation for
increments nver Ihe dose due 1o natural backgrownd., it provides @ snilakle basis Ior the
Commizsion's use of a simple propentional telationship at a1l levels of equivalent dose
and aflective dose below the dose limils recommended in this report.

{74) The Commission has cancluded (hat, in rhe cantext of radiclogica! protection,
there in sufficient evidence te juatify its making an allowance for non-finearlly when inter-
preting date for low LET tediation at high dases and high dose rates ta Kive estimaies ni'
the probability of 2flects al low doses and low dose rates. On the birsis of diacuaxians in
Arnex B. the Commission has decided o reduce by » factar of 2 the probahbility oo
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efficients obtained directly from obgervatlons at high doses and high dose rales, modified
if negeseary by an allowance for the effezis of cell killing. There is a wide apread in the
Jdatn snd the Commission recognises that the choiee of this value 5 somewhat arkilrary
and may be corservalive Noosuch factor 46 uaed in the interpreiatbon of data fer high
LET radiation. The reduction factor is called by the Commission the Dose and Dnse
Rstie EMectiranens Factor, DDREF, [ has been included in the probability coefficients
for all equivalenl doses resulting from absorbed doges below 0.2 Gy and from higher
abgorted dosea when the dose rate is less than 0.1 Gy per hour,

(75 Another major difficulty in inrerpreting the human data is thar of esiimaring the
pumber of slochastic effects yet to appear in the populations being studied, Far a few
cancers, there is no difficulty hecause the rale of appearance of new cazes has Fallen back
to, or close i, the expectad rale in @ maiched comin! populetion, This is Irue of
keukesmin in the Inpanese survivors and Ihe British spondylitics and of bone cancer in
the patienis injecled with redium-224. For the lotal of giher cancers. the rale is still
enhenced and, in the Tapanese study, silll rising, largely ax a resolt of the excess mornalicy
i those exposed ae children.

(76 For most types of cancer, the excess mortality sceems. afler an Initin] period of
zera or very low risk called Ihe minimum laiency pariod, to have (he same patiern in Hime
a1 (he patoral moetiakily due to the same type of cancer. 1 thiz patlern it continued
thinughout Jife, and 1his is by no means eertain, (here will be a simple proportion
paween the natural cancer mortalicy and the exeess due (o radiation for the whole dme
after the minfmum latency period. Thia model, the mitiplicativs duk projecton medel,
is probably too simple, even for the exposure of edults. The Japanese data show that
neither 1 ner the addilive risk projection moedel (see below) adequaiely [tz the patiern of
mariahly fallowing Ihe esposure of young children. The medel dres not necessarily
imply & multiplicative biclogica! process—it may onty he 8 convenienl description of the
way it which the probability of an atiributable cancer varies with ime afier expogure,

{774 An ellernative modcl, the sdditlve rick projection model, posiciates that the
excers mortality weuld be broadly independent of ihe naiural montality. After the initial
minirm Ialency pariad, the rale would rise over a peried of years afler exposure and
then remain fairly conatant or, e with lezkaemia and bone cancer. fall. This model, with
current probability coclficlents, produces prediciions of eventual toial probability of
death of about hall the vates predicted by the muliiplicative risk projection. 11 als
predicts more time last per altritmisble death. However. it is no longer seen lo he
consistenl with mast of the epddemiokegical abservetions.

(78] Because of the uncertalnties of recording cancer incidenee rather than mortality,
morl of the dala on =xposed human populations ars expressed in tevms of excess cancer
meriatity atiributable 10 the exposures, However, the incidence ol cancer is also
impartant and the Commigsion takes it inlo sccount on the bagis of eurrently abserved
tiire rale for the main types of cancer. More generally, the Commixvinn needs a broader
hasis for expressing the harm expected in an exposed population and has therefore made
ure of (he concept of derriment as discussed in Section 3.3, Heredfiary effects are dis-
Cutned in Sectlon 1.4.3,

1791 All (hese difficuliies introduce oncertainties inte the estimation of the cancer
risks from exposure 1o radiation. For this reason. and because the Commizsinn extimales
the: ritky for repreyentutive populations with defined exposure pattemns, the Commicsion
cally the eatimated prabability of & fatal cancer pes undt effective dose the nomine Tetakity
#rabablily enefBelens. This applies to low doses at all dose rates and 1o high doses and
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Ivrow Iduse ralss (see paragrapgh 74). In derving values of the nominal prohabilily oo
cfficient, the Commission has previeusly used the probability of induction of a fatal
cancer \Iﬁ'llhl'rl.'l'! making any allawance for Dhe reduction in thal probebility resclling from
compeling causes of death. 1 a ol plicative, rather than addinive, rizk projection mode!
ir umd. that correctist ie cssential. The correction is now used by the Comrmissintt in
dﬂr:tnng all values of probability coelficienits. As will be discossed in Chapier 5, it is very
desirable for protection purposes 1o use (he satne hominal coclficients for both men and
women and for o reprexentative population of 8 wide range of ages. Although there are
differences between (he sexes and between populations of differant age-spechfic morality
rales, these are naol ko large &5 fo necessilale the use by the Cammission of differam
nominzt probability cosflicients, A smafi difference is, however, introduced betweer the
nominal probability coeffcients for workers and for (he whole \ailon, Alih
smuall, this difference ic very Ii i il - Althongh

. en ¥ likely to exiat becavee il arises principally from the inchasion
ol the more sensitive younger age grovps in the whale popuiation,

(2 'ﬂ'.eviews of the available data are summarised n Annex B, Tn choosing & value for
the mmfnal_pmhalzn'lity coelficlents, 1he Commizston has had to take account of a wide
range of options. Because (he dsta from Jopan are derived from a large population of all
ages dnd Bioth sexes, and hecause the doses are fairly unifermily distribuled through the
whale body, these data have becn taken as the primary source of information, The inter-
prefation of the data from the irradizied spondylitic patients leads 10 8 lower extimate of
the anpual probahility of Faral cancer per unil dose by B lacter of ahout 1wo, Lower
crtitnales can alko be derived Tram studizs on patienis irealed Tor cervical cancer,
alibrugh the doses were very non-uniform, These data confirm the Commission's view
thal the estimates basad on the data from Hiroshima and Magasaki are anlikely to under-
extimate the risks.

(R The Commission has also had 1o select o risk projection model. Fov leakaemia,
the choice of model has linle effect hecanse it ix likely that almosi sl the kukacmia
deaths have already heen observed, The combination of models used by the Commission
emphasises 1he multiplicative model for cancers other than leukaemia, with the tnder-
standing thal this may overestimate the probability of cancer incidence al older ages
because the multiplying factor may not pessist over the whole span of life, The effca of
competing couses of death reduces the importanee of any such errer,

{R2) Finzlly. the Commission hes had 1o decide how 10 transfer conchisions reached
about the post-war Japanese population to other populations. Again ton models are
availzble. Either the absalule moriality rate per unil dose can he applied to the other
papulations or the transfer can be made by using the proportional increage in the
moriality rate of each rype of cancer in lurn. In cither case, the martality paliern of the
new population has to be used 1o 2llow for competing caures of death, The Cammisgyinn
has averaged over five populatfons to give a reasnnable represcniation of a typical prpu-
lation. There is no adequaie hasta &1 present for meking a choice between the (wa
transfer models and the Commisston has used the average of both methods,

(K] The dats in Annex B relating to high doses and high dose rales af tow LET radi-
alion, show a lifetime Fatality probability cocfficient for a relerence populaion of both
aexes and of working age. of about B 107 5+~ for the sum of a1} malignancies. This
value, combined with the DDREF of 2, lerds to a nomtnal probability coeffivient for
wertkers of & % 102 §v- ' The corresponding values for the whele population, including
children, are about 10X 107 Sv=" for high doses and dose rates and 5 (07 Sv™" for
Iow doee and dose rates {aee Table 3). Typically, the multipticative mode! shows a mean
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laax of life per attributable cancer death of aboul 13 to 15 years, The additive model
gives B corresponding figure af abonl 20 years,

(%4} Extensive data exist on the refationship between the probability of bone cancer
and the redium conicni of workers in the early luminising induetry; belween the prob-
ahitity of bone concer in patients and the activity of radium-224 injecied; and between
the probabitity of lung cancer and the estimated exposure 1o radon and {is daughters in
mining enviranments. In almost all these eases, il is difficult lo estimate the dosimetric
guantities and 1hus thene human dals do not pravide good sslimales of The relatignship
perween the stochaslic cffects from exposure to high LET radiation and the doser to
hurman orgats. However, it is known from studies on cells and from work with experi-
mental animals thar, per wnil absorbed dose, high LET radiations cause more stnchastic
damage than do low LET radiations,

{85 Values of 1he refative bialogical affectiveness do not ead directly to values of the
radiation weighting factor, Experimental daia from animals and cells are used 1o estimale
the retevant values of RAE for iypical scochastic eifects st low doses. The experimenial
studics use gither « ays with an energy of a few hundred ke or gamma rays of energy
of abont | MeV. While these radiations are about equally effective at high doeee and high
dose rates, there iz o factor of sbout wo in binlogical effectiveness between (hese tovo
energy bands at lnw dases, Since Ihe valoes of radiation weighting factor have io apply lo
al the fissues and organs in the body, a substantial degree of simplification iz needed.
The Commizgion has therefore nol distinguished berwesn 5 and gamma radialion and
has schected values of vadiation wetghting facior for other radiarons broadly represcn-
|ative OF the obrerved values of RBE relative 1o either = ot gamma radiation. The
rominal falalily probability coefficienis per unit equivalint dose and per unit efective
dase For high LET radiation are then the same ay thase for low LET radiation. The
values are given in Table | in Chapter 2.

{HE} Tn the special case of Jung cancer From inhaked radon progeny, the epidemio-
logical data from radon-cxposed miners yicld a direct relationzhip hetween their
cumulative exposure to radon progeny and the cxcees probabitity. of Tung, cancer (e
Anncx B). In these circumsiances it b6 reasonable to express the mftributable risk co-
efficient per unil of radon esposure and g per upil dose to the Tung ar the bronchial

epithelinm.

343, Stckartic gffecis in progeny : -
fR7) If the damage caused by radistien occurs in the germ cells, (his damage
twniatians gnd chromosomal aherrations) may he ransminied and hecome manifesl as
hereditary disarders in the descendanis of the cxpored individual, Radiation has not heen
identifed a5 a causc of such effects in man, but experimental studies on planis and
animaly suggest that such effects will accur and that the consequences may range [riwm,
the undetectahly irivial, (hrough gross talfarmattons or Ioss of funcion, 1o premalare
death. I musi be presumed that any non-lethal damage in human germ cel]slma}l he
further Iranzmitted te subszquem generations, This type of stochastic effect s called
"hereditaty™. )
(] Hereditary effects vary widely in their severity, One such r:If:ct 18 (he productinn
of dominant muratinns leading 1o genetic disease {n the first generation progeny. Some ol
these conditions are seriously harmiul 1o the affected individual and are somelimes Tile-
ihrestening, They accur predominanily in the Frsi and second generations afier expo-
sure. Chromosnomal ahberrations may alzo result in congenilal hnormalities tn children.

J-L————
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Recessive mulaltions produce Rtike effect in the first few genergrions of descendants, bul
make A contribution 1o the general pocl of genetic damage in subkequeni generalions,
There are also many delelerious conditions that have a subsigntial incidence in man and
which are due 10 the inleraction of genetic and environments| factors. They are known a3
muhifaciorial disorders. A general increase in mutations might increase their ingidence,
ahhough this has nol been demnsstraled in either man ot animals. In asseseing the
consequences for expored individuals, v Commission has previously taken account of
the heredilary elfecis thal might oecur m their childeen snd grandchildren, Thia lefi the
£ffects in Izler generalions to be congidered an part of the consequences for sociely, The
Commigsion now altributes the whle dettiment to the dose reoeived by the exposed
inddividugl, thus avoiding ihe need Tor 8 Iwo-stage agsesmen.

1A%} For low doses and dore rales, the nominal hereditary elfect probaebility co- -

efficient for xevere effects (excluding multifaciorial effecis, see below] over all gener-
ations and refaled 1o the gonad doses distributed over the whole population i 0.5 > 19T
Sv-". Ahout AI¥% of the effecis are due to dominant and X-linked mutalions. O these,
ghout 15% ocoor in ezch ol the firsl Iwo generations. Na relishle estimate {5 available for
the: proathility cerelfickent For the muoltifactoria] conditiona, bui, weighied Tor severity, it
is provhahly aboul 00,53 10°1 Sv-', Because of the different age distribution of a werking
populatinn, the coefficionis for workers are slightly smaller than for the general popu-
lation (3 reduction by about 40%). The Commission considers thal The nnminal
heredilary elfeel prohability coelficients of 1% 10-7 Sv~' for the whale population and
06 1071 Sv-! for workers adequately represent the weighied number of hereditary
£ffects to b expecied in all generations {see Table 31, This only includes weighring for
severtly. With further weighting for years of life lost if the harm occurs (see paragraph
264, the comresponding numbers will be L3% 1077 Sv=' and 0.8% 107" v~ (see
Tablz 4},

Tahde 1, Nominal prahablldy cocfficients for stochantie efects

Detrlmienr (1173 Sw-'h!

Mumt-Fanal Revere hereditary
Erprsgil popaibatan Falnl canear LU effecnt Trunt
Adiite univrkers 4.1 nE .4 LR
Whoke pewialaion

L] 14 1.1 A

¥ Fuminabed vhlues. )
! Frrfand eanger, the detekmem coeffchent is equal 1 he prehnhitiry cnciilelent.

144, Effeces of astenoial expaosure

{9 The effects on the conceplus ol expore 1o radiation depend on Ithr. tme of
enposure relative 1o conceptinn. When the number of cells in the conceplus is small ang
their nature is nod yel speelalised, the effect of damage 10 these cells is st likely 1o 1ake
the farm of 4 Tailure to imptant or of 20 undetectablc death of the conceplus. 1t s thought
that any cellular damnge at this stage is much more Wkely 1o cause the dexth of the
crnceptus than lo result in stochastic effects enpressed in the ln:&bﬂm. Exposure of the
amhryo in the st three weeks fnllowing conception is not likely to result in deter-
mintstic or slochzatle effects in ihe live-borm chikd, despite the fact thal the central
nervous system and the heart are heginning 10 develep in the third week, During the rést
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of the period of major organogenesiz. conventionally taken ta be from the stan of the
third week after conception, matformations mey be cavsed in the organ under develop-
ment 2t Ume of exposure. Thete efecla are determinigtic in character with 2 threshold in
man, estimated From animal experiments, b be ahout 0.1 Gy,

911 Throughout the period From 3 weeks after conception until the end of pregnancy,
it ig likely that radialion exprstre can cause stochastic cffecls resulling in an increased
probabdlity of cancer in the live-born. The available data are not tonslstent and congider-
ghlz uncertaimly exists. However, the Commission assumes that the pominal farality

bility eoeflicient is, at most, a few limes thal far the populetion as a whaole,

192} Values of imelligenee quetient {10 lower than expected bave heen reported in
snme children exposed in utera ot Hiroshima and Magasaki. There bave boen two
principal quaniitative Andings. One is the abservaiion of & general downward shilt in the
disiribation of 1K) with increasing dose. The Commission assumes thal (he shifi is
proportional 1o dose, Small ghifis canmor be clinically identified. A coefficient of ahoal
30 1 points Sv-! refater 1o the: dose in the fetus in the period from 8 weeks to 15 weeks
after eonception. A similar, bul smaller shifi, is delectable following eaposere in the
peritsd from |6 weeks 10 25 weeks, This appears 1o be & deterministic effect, probably
with 2 threahold determined only by the minimum shilt in 1Q that can be clinically
recngntred,

{93} The szcond finding i of & dose-related Increase in the frequency of children
tlaszified ag “geverely retarded”. The number of cages is small, but the dala indicate an
exctss probability af severs mental retardation of 0.4 at 1 Sv. Ae shown in Annex B, this
findmp ix consimtent with the gemeral shilt in 1 distributlon with increasing dose.
Because of the Ganagian shape of the 1) distribulion, the excess number of cases of
severe mental retardaion wilF be very small at emall 10 shifls, rising steeply only as the
shiflt approaches 30 [Q points. On thie basiz, n large change in the 10 of an individual can
twe cavsed only by a large dosc. At doses of the order of D1 Sv, no effect would be
deiccishle in the general distribution of 10, but aL somewhat larger dozes 1he effect might
ke suificient to show an inzcrease in the number of chikiren classified is severzly retarded.
The effects al all tevels of dose are less marked following exposure in the pericd Irom 16
weeks to 25 weeka afrer conception and have ot been observed for other periods. All
the observatings on K} and severs mental ratardation relate to high dose and high-dese
rates and (heir dircet use probably oversstimates the risks.

3.5, Tlysue Welghting Facinrs

{%4] The lissue weighting [actors introduced in Chapter 2 for defining the quantity
eflective dose were inlended to cnsure thal a weighted tissue equivalenl dose would
produce broadly the same degree of detriment irrespechive af the lssbe or organ
inwalved. The Commiesion has adopled an aggregated represeniation of detiiment for
thin purpone. 71 includes four components: the probabilicy of stiributable fa I.a.l cancer, Ihe
weighted probahility of altributable non-fatal cancer, the weighted pml'rallmhly of severs
hereditary effects and Ihe relative length of lile lost. Since elfective dose will be used only
over ranges where the toral probability of attributable desth will b small, even the fara!
contribetion to derriment can be treated g addilive when several argans ars irradizted.
Each comequence can then be weighted by a factor chosen to represent its severtly, As
in Pubflcation 365 dearh and severe heredilary effecis are both given a weighling factnt
of 1.
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!‘9:51 Discussiotes in Publicarion 45 {19B5) suggesl a weight far non-Tamal cancers
relutive (o fa1al cancers qual to the average lethalily fraction of (he cancer concerned. A
type of cancer that is difficult to cure, and thus hay high lerhality fraction and dsualiy &
reduced quality of life for the survivore, would have a high weighting facior fat the non-
Fatal evenis, while an easily cured cancer would have a hgw weighting acior for the non-
fatal events. The weighis would then range from about .01 for non-Tatat skin cancer (o
aboul 1.99 far mon-fatal leukacmia, The weighling factor 1o be applied to the fatality
coefficknt is detived in Annex B. The wetghting Factets for the severity of heredtiary
clifecta is atreedy included in the probabitity eoefficients,

Wﬁ:} A second welghting 15 applied lo take sccount of the different maan latency time
far Idlfferent typex of cancer. This weighting is simply the relative time tost due 1o an
a|tnhuialllle <ancer dearh of, in the case of now-fatal cancers and hereditary effecis, the
relative time of impaired life laken for cancere a5 (he £atne as the lme loat by dtall:l for
|h|.-: same type of cancer, Finally, the products of (he mortalily enclficienl and the
m:lghnng_fncmrs For marhidity and time lost are normaled 10 give a tatal of unity and
thux pn:mde a ll'rasis far the tissue weighting Factars recommended by the Commiasion,
These tizsue wcllghlmg faclors are pravided as rounded velnes for individual tissues and
organs and are given in Table 2 on hases sel out in Annex B,

(97} The data in Tablc 4 are represenisive of those for a naminal population of equal
mumbers of men and womean, Except for the breast, the diferences barween the sexas are
smln'fl. :I'h: eflect on the tissue weighting factors of comhining the data is thal same
weighting factars are shghily higher and some stightly lower than the vlucs that would
relate 1o men and women separatety. The effect of confining the population to workers 15

Tatle 4, Nowmbaal probshillity cncMekemis bar inadlvidus rissucs and nrganet

Prohpbillly of fatal cancer Appreputed derrimen”
{12 fuy [In-f Swry
Tiskg i orgn Whnk: poprdsine Werkers Whale prqmation Werkern
Aladclgr 0. n.24 (L]} LR
Hnng mpmnw 0.5 4k | dnd LK
Brme aneface i .t T ks
Rrenm nin LTS 136 10
Crolinm .85 AH 1.m thH2
Liwver mis il nin nix
lunp s [N ] nMn nmd
Oeriphager a0 (L} nx4 My
Crnry in 1T 118 iz
Shin il LLX[F] 4 inni
Srmach 1. AL (L] L]
Thyrred fLAIM 1Ak ILrs iz
Remalmdier n.4n 1,40 (1R a7
Tastal L o FHE LUl 474
PFrubphility of kevere
heredrinry diannilors

i 1.1 & 1,1 11,81k
Grand pmsd {reunded] T3 A

! The velued relatc Gt popnfatson af cgued mirmbig s of beth suace amld nowscde ronps of apes,
< Kew prragraphs 95 and 94 and Tahke B-H1in Annea T
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o decrease the nominal probahility cosfficient for workers to 4 = 07 Sy~ 1, hut does
nel sigrificantly change the values of the tissue welghtng factors,

{98} IT the equivalent dose ix fairly unifarm over the whole body, it is possible to
obtain the probability of falal cancer associatad with that cffective doss from the nomipel
fatatity probabilily coeffeient, I the distribution of cquivalent dose is non-uniform, s
wse of the nominal cocflicien) will be less accurale because the tissue weighting factors
include 2llowances for non-fatal and hereditary conditions. For srample, the contibution
of fatalitice from the equivalent dase in the lung will be underestimated by about 25%,
and the contributian from the skin and thyroid will be overestimated by a factor of abou
3. 1 the tistue equivalent doses are known, (he nominal faality probability cosfficients
for the individuzl Bseues and argan can be nsed, bul the difference between the 1wo
methods will not be significant because the individuat tissue coefficients are nol knawn
with sulficient acenracy, The necessary daia for both methods are provided in Table d,
Ar an appraximation for 2 wide range of distributions of equivalent dose, the nan-Gyal
spmatic delriment adds about 20— 307% to the fatal detdment.

4. THE CONCEPTUAL FRAMEWORK OF RATHOLOGICAL
PROTECTION

Chapler 4 deals with the gemeral policy of radlological pratection. It infroduces (he
iden of source-related and individual-related ass=ssmenits. I outlines the basic system of
proteciion for accupatlonal, medical, and public expognres and distinguishes hetween 4
"praclice”, which cavses exposurts to radinlion, and “interveniion™, which decreases

ENPOSUIES,

d.1. The Basle Framewnrk

(#9) Everyone in the world is exposed 1o radiation from nzural and anificial sovrees.
Any realistic system of radiolegies! prolectton musi herefore have a clearly defined
reope if 1Y is 1ot (0 apply to (he whole of mankind's activities, It %20 has fo cover, ina
tonsisien] way, a very wide range of circumsiances.

{1 The basic ramework of radiologleal prdection necessarily has 10 include social
s well e scientific judgements, becsuse (he primary aim of radiological protection is to
provide an approptiate slandard of prolectien for man withowl unduly limiting the
beneficial practices giving rise fa radintion exposure, Furthermore, il muogt be prespmed
that even small radiation doser may produce some delelerious bealth effects, Since there
are thresholds for determinisiic effecis, it iz possible 10 avold them by restricting the
dases to individuals, On ihe other hand, slachastic effecls cannot he complelely avoided |
becavse mo threshold can be [nwsked for them, The Commissinn's basic framework is
Intepded ter prevent the noctierence of determinisiic 2ffecis, by keeping doses helow the
relevant thraghoids, and 1o ensure that all reazonahle sieps are taken to reduce the
induction of stachastic effecis,

(101 Mrst decisions aboml human activities are hased on an impligit form of
balancing henefis againsl costs and disadvantages. teading (o the concluzion thar a
particular course of aclion of praclice either is, or iz pol. worthwhile, Less commonly, @l
i alan recognised that the conduet of o pracrice should be adjusted to maximise the nel
henefil to the individual or 10 soclely, This is not 2 simple process because the nbjectives
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of the individual and society may not coincide. In radiclagics! protection, as in othar
areas, it i3 becoming postible to formalise and quantify procedures thar help in reaching
:.I:ie:c decigionn, In doing so, atiention has 10 be paid, not only tn rly.-, advantages and dis-
antages for uu.:n‘;l:q.r a4 B whole, bal alae 10 the protection of individuals, When the
henefits and detriments do nol have the same distribution thraugh the populatinn, thers
is hound ta be some inequity. Scricus inequity can be avaided by the attention patd 10 the
ru::{:ll::::h:: Lflii{lli;'v"::ua!a._lt r;u:lst alsg be recognised that many current practices give rise
i i im;ocmvc m_lhnhf-ulure. sometities the far fulur_v.-.. These fulure doscs
Alhough mo nmﬁ“r“amnl in the protection of both populations and individuals,
. ¥ ON the samic bagis 23 is used for ciirrenl doges. Current practicas
may “1“!' give _ris: o 8 probability, but not @ certainly, thal cxposures will occur. The
probabiliy of incurring the £XpOFUTeS i then important, in addifon te the magnitide of
the exprares. .
dn:ilxi:i:: |T:: ::‘a;;f:'“izh; ::51 i:::c ::1::1; the Cnmmsn::n has developed s recommen-
of events and situations, Each parl of n:m:m::f““ e Puman e This o Metwark
by the Commistion 1 .ind' pa nelwork staris from a scurce. Thuf lerm i ured
T} eate the source of an exposure, not necessarily a physical
SOUrCe -.'-! radiatirm, Thus the source of pecupalional exposurcs in a hospital might be the
X-ray units, rather than the ancdes which are the phystcal source of the x rays, When
radiaactive materials are released 10 1the environment os wasle, the installation as a whale
might be regarded ax the source, Radiation or radicactive material then passes throvgh
enviranmenlal pathways, which may be simple in g warkplace, bul very complex in the
natural evvironment, with some pathways being enmmon te many sources. Eventualy,
individuals, possibly many individuals, are exposed as a result of 2 gingle original source.
Since thete can be many sources, some individuals will he exposed to radiation fram
maore than one of them, If naural sources are ncuded, all individuals are expased to
radiation from at least a few sources.

(102} Fariunarely, il it Tarely necessary 1o Ireal (his nerwork as a single entity.
Provided 1hat the individual doses 2ng well below the threshold for dererministic effects,
the contribution to an individew! dose from a single source has mn effect that is
independent of the doses from other sourees. For many putposes, each source, or Eroup
of snurces. can ihen be ireated on il awn. Each individual, however, is exposcd 25 8
resnlt pf several sources. 11 follows thal asscssments of the cficctiveness of protection can
he related in the source giving rise t0 (he individual dosex (source-relatedt or related 10
the individual dnse received by 2 person from all the relevant sources (individuai-
related,

11t} Source-relaled asscssments make il passible o judge whether n source is likely
1o hrintg benefils sofficient 1o ontweigh any dixadvaniages thal it may have, and whether
all repsonphle sieps have heen raken 1o reduce the radiation exporures that il will canse,
The spurce-relaled arsessment will lake account of the magnilude and (he probability of
nceurrence of individual doges altributable 10 thal source, and af ihe nomber of
individuals wo expotad. but oill ot consider 1he additional conteibulions from niher
RO FEES,

1103} It will therefore be necessary alzo 10 consider an individual-relaied assessmenr
af the 1al doses in individualy from all the relsvant sources, in order to delermine
wheiher any individual has ion high a probability of siochastic £ffecis and whether any
individual dosc approaches ane of the thresholds for dererministic affects.

(I06) Some human aclvitics increase I averall sxpovure fo radtation, enher hy

195 RECOMMENDATIONS OF THE KRR 27

introtucing whole new blocks of sources, pathways, and individunts, or by modifying the
petwork of pathways from exieting sources to man and thus increasing the exposure of
individuale or the number of individuals sxposed. The Commission calls these human
aclivitice “practices™. Other human sctivities can decrease the overall exposure by
influencing the exisling form of the nelwork, These activities may reémove existing
sovrces, Modily pathways, or reduce the number of exposed individuals. The Cam-
mizston descibes all these activitias as “inrervention

{107) The steps needed o restrict the expasure of individuals, eiiher in the control of
s practice or by intervenlion, can be taken by applying action al any point in the necwork
linking the sources 1o Ihe individuals, The action may be applied to the soutce, to the
enviroament, or I the individual, Actione that can be applied al the source will be the
beast disruptive, They can be madc as elfactive gs is reqiired, unlese they fail as the result
of an accident. They influence all the pathways and individuals associaled with thar
gource. [n the extreme case, the aclion may be to avoid the use of the source. Where
wuzilable, contrals applied at the source are 10 be preferred. Actions applied to the
erviranment or ko individuals are more obtrustve and may have social disadvantages, o
all of which are foreseeable. Their effectiveness will be limiled bocause they apply only to
some of the pathways and individugls.

(108} The Commiesion's syatem of protection is intended to be as general as possible,
parily for consisiency and parthy 1o avoid changes of policy resulting from the demar-
cation of different situations, However, the various types of expoyures and (he dintinction
hetween practices and infervention glve rise 1o different degrees of controllability and
thue influence the judgements abowl the reasonablencas of the varous control pro-
pedores.

{10%) The Cotmission uses a division into three 1ypes of exposure: noonpational
eiporure, which iz ihe cxposure incurred st work, and principally as a result of waork:
medical exposure, which is principally the czpamme of persons as part of their diaghosis
of tremiment; and pubhc exposure, which comprises all other exposures. More deiailed
deccriplions are given in Chapter 5. :

(1)) In the contral of pecupetional exposure, it is usueally possible 10 apply conirols
at ¥l three potnis: 2t the source, by fixing ita characterisiics and its immedinte shiekding
and conizinment, in the environment, by ventilalion or additlonal shiclding: and al the
individual, by requiring working practices and the use of protective clothing and equip-

ment, Mot all these fevels of contrel are needed all the 1ime. In medical sxposures, the.

tanfrols are alus applizd 8l all thres pointe, but mainly as parl of the primary fancrion of
dlagnozis or treatment, rather than as part of a separate sysiem of pratection, In public
expoaure, the eontrole ghould b= applisd at the source, Only il thase canaot e made
efective should contrals be applied 10 1he environmenl ar ta individeals.

1111 The appropriate conirol measures also depend on whether they are fo be
plied 1o a practice causing exposures or to intervention aimed al reducing eaposures.
In the case of B new practice, there is the opiion of accepting the praciice, 29 propased or
®Ith modifications, br of rejecting it owlright, Exisling practices can be reviewed in the
Kght of mew information or changed siandards nf protecian and. ar least in prnciple, can
be withdrnwn; but the sources and pathways that they involve may persisi, Any Turiher
changes then require intervention. Accidenls, once they have oocurred. give rise o
sileations in which the anly available action b5 rome farm of interventon. In practices
rd in incervention, it #1 aftzn be virlually certain that esposres will cocur and their
Magrtude will be predictable, albeit with some degree of uncertwinty, Sometimes, how-

L
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EVET, ﬂ.m,t will be o polentizl for exposore, hut no certainty (hat it will accur. The
Cammission calls such exposurcs “potential cxpotures™, 1 is olten poesible to apply sime
degree of cantral 1o bath the probability and the magnirude of palenial exposures.

4,2, The Sysem of Rudlological Prodection

{112} The sysiem of radiological proteciion recommendad by the Crmmiesion for
propased and continuing practices is bazed on rhe following general principles, Detalls of
the system In relation to praciices are given in Chapter 5. The system for intervention in
discussed in the nexi paragraph and in Chapler &,

Inl N practice invplving exposnres o radialton shou'd be adopied unless i produces
sufficient benefil t the exposed individuals or to sociery to offser the radiation
detriment it cavses, (The justification ol a practice.)

{4} In relation to any particular rource within n praciice, the magntiude of individeal
dozes, the number of people exposed, and the likelthood af incurring exXpoauTes
where these are nol ceriain 1o be received should all be kepl as low 23 reanomably
achievable, economic and gacial factors being taken into accoust. This procedure
should be constrained by Tesirictions on the dores tn individugls (dose con-
sirmints). or the rigks 1o individuals in the case of potential exposures trigk poh-
sirainis}, 30 as (o Hmit the incquity likely Lo resull from the inherent economic and
social judgemenis. {The opimisation of protection.)

tc) The exposure of individuals resulting from the combinatinn of alt the relevani
practices should be subjeel 10 dose limhis. o 10 same control of tzk in the case of
poientisl exposures. These are whmed a1 ensuring (hat no individual is exposed to
radintion risks tha1 are judged to be unacceplable fram these praciices in any
normal circomsiances, Not ail sources are susceptible of contral hy action at the
snutce and i1 is nocessary In speeify 1he rources to he included as relevant hefnre
wrlecting a duse limit, (ndividual dose amd rigk limite.}

{117t The system of radiological prolection recommended hy the Commission for
intervention ix hased on the foflowing general pri nciples,

tal The proposed inlerventinn should de more gond than harm, be. the reduction in
cdetriment resulting from ihe reduction in drse should be sufficient (o justify the
hartn pnd (he cokts, including soclal cosis. of the intervenlion. :

{6} The form, scale, and duration ol The intervention shaukd be optimised o That 1he net
benefit of the reduction of dose, i.e. the benefit of the Tedecrion in radintion detr-
ment, s the detriment assogiated with the intervention, ghould be maximised,

Mase mits do not apply in the case of intervention iser paragraph 131} Principles ."”'
and () can lead 1o interventinn levels which give guidance 1o the situations in \ﬂ‘!lﬂ‘l
interveniion | apprapriate, There will he some lovel of proiccted dose atlmvc which,
hecattse of sericus delerministic afferts. intervention will almnosh almays htjust_lﬂed. .

[114) Any sysiem of protection shoutd include an averail assessment of il effactive
pess in practice, Thia should he hased on 1he dlislributim al dnses achieved and on an
appraisal af 1he steps yaken 10 limit Tha probabdlity of potential exposores. It is imporiant
that The haxic principles ahould he trented 23 8 cnh:lrenl System, !ﬂn ane pan thould he
iaken in isolation, In particular, Merc eompliance with the dnse limits i pot & gulficien
demonsiretion of satisfaclory perfnmance,
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4.3, Rediloglcal Protectlon in Prigesed and Conlinuing Practices
431, The justificanion of @ priciice

{115) Decisions crncerning the adoption and continuation af any human aclivity
invnlve a choice between possible aplions and are olten carried out in two stages., The
firsi atage is rhe examination of £ach oplion reparalely in order to kenlify those oplions
ohich can be expreted to do more good than harm, This provides a “gher list™ From
which the preferred eplion can (hen be acleered, The second siage, the final seleciion,
will olten invelve the replacement of one exisiing practice by ancther. The net benefit of
ihe chanpe will then be the relevant feature raiher than the net benefit of 2ach oplion
separalely. The Commission recommends thal, when practices invelving exposure, of

tentis} exposure, (o Tadiation are being considered, the radiation detriment should be
explhicitly included in 1he process of chedce. The detriment lo be considered is nol con-
fned to 1hal associared with the radiation—it jncludes other detriments and (he cosls of
the praciice. Ofien, ihe radistion deiriment will be a amall part of the totnl, The justifi-
entiont of 8 practice Ihua gors far beyond the scops of adiclogical protection. T s Tnr
thers reasons thal The Commiscion limits its uze of the term juatification to the fig of the
shove stages, ie. 1 requires only that the net henefil be positive. To scarch [or the best of
4l the avatlable options is usually 3 task beyond the repponnibility of radiological
proteciinn agencice.

{116} The process of jusification is required, nol anly when & new practice b haing
initaduced, bul also when exisiing practices are being reviewed in (he light of new infor-
mation aboul their efficacy or consequences, If such o revicw indicares that a praclice
muld no longer be claimed to produce sulficient benefil 10 offsel The 1o1al deiriment,
withdrawal of the practice shovld be considered. Thiy option should be reared in the
same way as (he justification af @ new practice, but it must be remembered thal the dis-
shanitages of withdrawing a well-established practice may be were ahvious than the
advantages of Introducing & comparable new one and withdrawal of the priciice may nei
resull tn the withdrawal of all the associated srurces of expasure. Preventing the further
extemsion ol an existing practice that is no lenger justified may somelimes he a
reasonahle compramise, hut will introduce an anfimaly between the past and the present
and will not always be seen as lngical,

43132, The optimisation of protection

{I17T) Cnce a praciice has been justified and sdopted, il is necesary 12 consider how
hest (¢ use rerources in reducing the radiation Titks 1o individuals and the populsiion
The broad aim should be 1o ensure Thel the magnitude of the individual doses. the
number of prople exposed. and the likelihood of incurring exposures where these are nod
cerigin 1o be received, are afl kepl s low as reasonahly achievable, economiz and social
Mnctors being taken it account. Congideration has 1o be given o any inleracrion
between these varinus quantites. If (he next siep of reducing the deirimem ean he
schizved anly with » deployment of respurces that is serinusly out of line with the con-
stquent reduction, it ia not in sockety’s interest 1a twke thal step, provided that individuals
have heen ndequately protecied. The protection can then he agid to b nprimised and the
sposirer 10 be us kow as reasonably achievabie, sennamic and social faciors having heen
Iken into sccount. The procedure shoukd also he applied when an saisting pracrice is
heing reviewed.,

{11#] These considersliona are complicated by the interaction between the various
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factors ta be included, and the meihods for dealing with hem are diverse, They range
from simple common semse to complex rechnigues of cost-beneft anabysis or muli-
afiritaie anatysis. In the Commibssion's view, all these lechniques are #ids ea deckding
when sufficient effort has been applied lo the reduction of the detriment associated with
3 praclice or with an identifiable component of 2 praclice, Except when dealing wirh
potental exposures, ir is appropriate 1o use the eHective dose a3 a surrogate for detrr-
ment to an individial, because the weighting factars used in calewlating the efeciive. dose
take mccount of Ihe whaole detriment 10 (he health of individuals and their descendants,
pol only (he fatal detriment. The collective clfeclive dose is an adequale representation
al the collective derriment, Fo patential expaswres, the sitastion is more complicaled,
I5ee Section 4,34

(1% The judgemenis involved in optimising proteclion are nol purely quantiative—
they involve preferences hetween detriments of different kinds and between the deploy-
ment of resottrees and health 2ffects, Guidance on ihe neceasaty techhigites has afrendy
been puhlished by the Commission in Publication 37 {19831 and Publication J5{1989).

(120} The process of optimising protection should be carefully struciured. It
exsentfally source-retated and should first be applied al the design stage of any project. [t
ts here that dase reductions are moat likely to be achizvahle in cost-efleciive ways, In
achieving a design optimised for proteciion, designers shruld 1ake acoount of, and
influenee, the way the plant or equipment will subsequently be wsed, although iheir infor-
mation and influence on Ihese fure operational aspects may be limited. They may aln
wish 1o 1ake accoun of the substantial advantages offered by engineering standardisation,
At the design stage, therefors, the process of oplimisation of protection will have some
generic aspects, Further oplimisation of prolecrion sheuld be carried owl ar the
aperalional level. Crperational optimisation is usually infarmal, invedving common-tense
changes in procedures, buf ix ofien very cfective,

(121} Most of the methods wsed in the optimisation of proiection tend to emphasise
the bencfits and deiriments o society and the whole expozed population. The benefi
and detriments are unlikely 1o be distribuied through sociery in 1he same way, Opfimis-
ation of proteciion may thus introduce 2 substandial inequily between one individuzgt and
annther, This inequity can be ffmited by inenrparating source-refated restrictions on
individual dose inlo The process of optimisation. The Commizsion calls these spurce-
refated restrictions dose constralnis. previausly called upper bounds. They form an
integral pari of (he optimisation of protection. For potential exposures, the cor-
responding concept is the risk consirainl. The chaice of conatraints depends on rhe
ctrcumsiances and is discuszed furthar in Chapier 5.

413, Indtvidinl dose fimits

(1221 1f the procedures of juztificatinn of practices and of aptimisatinn of pralecion
have heen conducted effectively, there will be few cases where Hmits an individual dose
will have to he applied. However, such limits provide a clearly defined boundary for

these more subjective procedurcs and preveni excessive individual detrimenl, which
migh! result from a combination of practices. The Commission’s dose Hmits should be

applied oy in The control of practices.

(123 i is the Commission's intenion 10 chasse (he values of dose Himils 5o that any :

continued exposure just shave the dose limits would resull in addifonal riul::f from the
definzd practices that could reasonably he described as “unacceplable™ in normsl
circumxtances. Thus the definition and chaice of dose limfis invalve socin? jrdgements.
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These fudgemenis ere difficult, partly because the dose Tmi has 1o be 5ei al g defined
valuc and (here 3 no discontimuity in the scale of acceplabitity, For agents ks joniming
radiatten, for which ng thresheld can be arsumed in the dosc—response relationship for
some nf Ihe consequences of exposure, this difficully is inescapable and the chaice of
Hmitts caniot be based on health considerations alone,

t124) In practice, several misconceptions have arisen about (he definttion and function
of doae limica, In the first place, ihe dose limic s widely, but erronecusly, reganded ar a5
Hng of demarcation becween "safe” and “dangerous™, Secondly. it is alzo widely, and also
grronenusly, seen as the most simple and effective way of keening exposures Jow and
farcing tprovements. Thirdly, it is commonly seen a5 the sole measare of the stringency
of b aysiem of proteciion, These miscanceprions are, 1o some cxleni, strengrheted by the
incorparalion of dose limis inio regulzlory insirumenits. Cavsing a dose fimit o be
exceeded then beeomes an infraction of the rules and somettmes a slalviory offence.
Against thix backgrotnd, it is not surprising that managements, regulatary agencies, and
gvernments all improperly set cur to apply dose lmits whenever possible. even when
the sources are pactly, or even torally, beyond their control, and when the optimization pf
protection is the morte appropriate cousse of aclon.

L1Z5) Tt has aleg become apparert thal dose limirs are commenly used in twe very
tiiferent ways. [n one application, mainly relaled 1a accuparkonal exposure, the dase lmit
i regarded ag a limiting restriclion on (he design and operation of an installation, In the
niber way, the dose limit is wsed in He original functon of applying comtrols nn each
individual's acctimalation of dose. It will never he appropriate 10 apply dose limis ta all
rypes of emposure in all circumstances, [n circomstances for which they ware nat
inlended, €6 in emergencies or during special spermions of congiderable importance,
they can often be replaced by specially developed prescriptive limits or by specified
kevels of dose that call for the iniliation of 2 delined course af aclion, Such levels, often
called action or invesligation levels or, in mare generat cases, reference levels, provide a
uselul way of structuring the procedures of radiolagical projection.

{1268} For the above reasons the Commission has had lo develop a mare eomplex
appreach lo dose limits, The specification of dose Kmils and the choice of values are
digcussed in Chapter 5.

434, Potentiaf ezponires

(1271 Mot all expesures occur a farecasi, There may be accidenlal departures fram
the planmed operaling procedures, or equipment may fail. Environmental changes may
necur after the disposal of rdioaclive wasie, or thers may be changes in ihe way in which
the envicgnment is used, Such cvents can be foressen and rheir probabililty of occurrence
edimated, but they cannot be predicted in detnil. The concept of both individual and
tollective detriment resulting from an expasure (hen has ko be cxtended (o Mlow for the
fact that the axpastre may not pecur,

(128} Patential exposures need 1o be cansidered as part of the assessment of praciices,
tut they may aleo lead to calls For intervention, Their implications should thersfore be
censidered in both contexts, 1 the prokabilily of occurrence of the event causing the
Pateniial expasures is fairly high, ao thar several such events might be sxpecied within g
¥ear. it should be assumed that the doses reculting from the event will certainly acgpur,

(129 Drose timits do not mpply directly to potental cxposures. deatly, they should he
Adpplemented by risk {imits, which lake account of hoth the protabikty of incurring a
dme and the datrimen associaled with that dore if it were to be received, However, risk
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lmite differ from dose limits in tha (he probability of accurrence and the magitude of
the potential exprsure cannon be determined—rhey can only be inforred from an ssuess-
ment of furure scenarios. Furthermore, & poiential exposure may become a real exprsnre
and mey then call for intervenrion. The proflems are discussed further in Saction 5.6,

d.4. Redintogicral Prodecilan by Tntervanting

1130} In some siluations, the sources, the pathways, and the expored indviduals are
alreedy in place when the decisions abow control measiires are being considered. Some-
III'I‘I!'.RI, the new conirel procedures can be achicved s pare of a review of tha original
practice, h!n, more commanby, they will consifiote inlervention. An imporianl group ol
such siluatione ia that involving exposure to naturat saurces of radistion, Accidenis and
emergencies #ill have been considered as sources of patential expozure when dealing,
wilh practices, bul if they oecur, they may call for inlervention. All thexe cases are denht
wilh In Chapler 6;

(131} Tn mest sfluations, inicrvention canmot be applied al the source and has to be
applied in the cnviranment and 1o individuzls” Ireedom of acrion, The COUNLErMEgsures
Il‘ormrng a programme of inlcrvenlion, which alwayz have some dizadvantages, should be
Justified in the sense that they shauld do more good than harm. Their lorm, scale and
doralion should then be optimised so a5 1o maximise the net henefit. The doxe limis
recommended by the Commizsion are intended far uze in the control of praclices. The
me of these dose Himits, or of any other pre-determined dose Tmils, as the hatis for
deciding on inlervention might involve measures that would he aul of alt propartion 10
the henefil nhisined and would 1hen confllicl with the principle of justification. The
Commission therelore rccommends against the application of dese mils for deciding pn
the need for, or scope of, interventinn, Neverthelexy, at some leval of dosc, appmaching
that which wincld cause serioms dererministic effects, some kind of inlervention will
hecome almost mandaiary,

4.5, The Asseasment of the EMectivensss of s Systemn ol Protectinn

(132} When estahlishing that a sysiem of protection is salistactary, il is NECERIBIY (0
ansess the averall efectivencss of the system. It is nnt appropriate merely 1o examing ils
companen! parts separalely. When dealing with proposed o continming practices, the
expected nr observed distributions of individual doses and 1le eolleciive effeclive dose
from defined nperations thould be eonsidered. Cromparisnns helwesn comparahle
operalians and Irends with rime will often indicate the possibility of improvemenis, The
assesement is more difficulr for potentia? exposures becauss il is necessary to depand on
an examination of the procedures for esiimating the probability of 1he exposures. The
probabilities cannon be directly delermined, For inlerventing, including that resutting
fromn accidenrs, the assessment should concentrate on the effectivenas af the farwsand
planning and, reiraspectively, on the effectivensss ol the actinn 1zken in particalar cases,

5. THE SYSTEM OF PROTECTION FOR PROPOSED AND
CONTINUING PRACTICES

Chapler 5 indicates how the Commission develops the concapts described in Chapter
4 in the conlexts of Cogupatlonal Expasure (Lthe expasure of people st worki, Medical
Expasure {Ihe exposure of people ax part of their medical diagnnsic or ireaiment], and
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Puhliz Exposure (all aifer expasores to radiation). 1 relales to practices, which eause
enposure in madiation, and exclodes imervention. It sets oul Ihe main structure of the
recommended control procediires and, where relevant, defines the scope and recom-
mended values of dose limits,

({3} The basic policies underlying the sysiem of protection recommended by The
Commission and dercribed in Chapler 4 are developed in this chapler for application 1o
praclices. The chaprer is subdivided ro 1ake accounr of (he severs) types of exposure
identified In Chaprer 4, namely Occupaliona! Exposure, Medical Expasure, and Puhlic
Exposure. There are many circumstances in which hese fypes of exposure are hest
ireated and dizcursed ceparately, as it this Chapter, Nevertheless, this $EPATAMON i§ nOt
always appropriate. For example, all types of exposure reselling from 8 practice have 1o
be considered together in the justificarion of rhat practice. The juratification of a practice
hax therefore heen discusred Fully v Chaprer 4. However, sotie addilional aspects af
juriification relzting lo medical practices are dealt with in Secrion 5.4.1, There arc algo
stuations in which decisinns ahout public exposure interact with aceupational £XpoEures,
Thexe interactive situatioms are discussed in Section 5.7, The practical arrangements
ruggerted far implementing the system of predection are discuszed in Chapter 7,

5.1 Typeaof Expnzure

511, Occxpational exposire

{134} The Commission has noled the conventional definttion aof oecupational
exposure to any hazardous agenl as incliding all exposures incerred at work, regardless
ol their sottre, However, hecause of the ubiquity of radiation, the direct applicarion of
thiz definition ¢ rediation would mean that all workers should b subject to & regime of
radiplogirat protection. The Commission therefore lmits ita use of the phrase “occu-
patanal expasure (60 radialion) ™ to exposures incurred at work as the result of situalons
that can reasoralily be regarded as being the responsibility of the operaling management.

{1251 Of the components of expogure to natural sources, those due 1o potassium-44 in
the body, cosmic raye at ground leved, and radionuclides in the earih's crust are all
miside any reasonable scope of control. Only radon in workplaces and work with
materiglt conlaining hatural radionuclides can reasonably be regarded as the responsi-
bility of the operating management, Furthcrmore, there is spme exposure to radon in gt
workpixocs, and i is imporianl not to require the use of a formal system of separate
decisions to exempt each individval workplace where controls are ol necded. They
shauld be excluded from the control of oectpatiohal cxposare by some general system.
Considerahle knowledge and judgement is needed to define such a sysiem. The Com-
mission recommends thal expesure (o radon and the handling of materials containing
traces of matural radiotoclides should be regarded as excluded from occupalional
®iposure and treated separzicly. unless the relevani regulatory agency has ruled other-
wlse, tither in a defired geographical area or for defined praciices,

(136} To provide some praciical guidance, the Commission recommends thar chere
should bz a requirement 1o include sxposres to natural sources as patl of occupatinrnal
Exposute nnly in the Tellowing cases:

{2} Operalions in workplaces where the regularary agency has declared that radon
rieeds attenrion and has idenified the relevant workplaces,
RLILLT I TR
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thy Operaiinns with and storage of materials not tsuaty regarded as radioaciive, b
which contain significant Iraces of natural radionuelides and which have haen
idenitified by the regulziory agency.

(£l Oqperation of jet sircralt,

dl Space Nhghi

The definition of quantificd specifications for eases tal and (b) will depend on the locat
circumstances; but, as & very general guide, operations in spas, in mast uranium minca,
including open-cast mincs, in many afher underground mines and coves, and in 3ome
ather undergraund warkplaces are likely 1o constiiute cxamples of case (). Case fe] will
n:ImF principally tn the aircraft crew, but agention shauld also be paid 1o grovps euch ak
eatitiors whe My more often than other passengers. Care (d) relntes to very few indi-
viduals and will not be diecussed furihear here.

.‘ | ?:1'] It is alsn necessary to consider how expasures 1o natural sources should be deal
with in workplaces where there is atrady & need for contrals on the exposures dirertly
assaciated with the work. 1t will be sufficient 1o take account of the sxposures to natral
sonirces if. and only H, 1hey would he controlled in thelr gwn right as indicated in the
previous paragraph. Elsewhere, they need nol be included in radiation monitoring
resulis, ar in siatistical reporis of sccupational exposurss.

(138) Any exposure al work {encluding any medical exposure #1 work) a9 7 resolt af
artificial sources in. or associated with, the warkplace should be included in occupational
exposure, inless the gources have formally been excluded from regelatory contral or
exempted from the relevani aspects of regulalory control by The ragelatory agency,
Guidance on exclusion and exempiion 1% given in Secrion 7.5,

5.1.2. Medical expogire

(1391 Medical exposure iz confined to exposures incurred by individuals Bs part of
their own medical diagnosis or Ireaiment and w exposures {other than pocupational)
incurrad knowingly and willingly by individuals hefping in the suppor! and comfart nf
paticnis undeTgning diagnosis or treetment, Exposure of an individoal (o ofher sources,
such as stray radiation from the diagnosis or Iresiment of pther persons, is not included
in madicel expogure, Nor in any accupational exposure of stalf, Exposvres incurred by
volunteers as par of a programme of binmedical research are alro dealt with in this
document on the same hasis az medical axposore,

S 1N Pubfic exposnre

(140} Public exposure encompasses all exposures other than occupalional and
medical expasures. The component of public exposure dug 1o natural sourees i by far
the largest, but this pravides nn justification for reducing the attention paid te smaller,
but more readily controlted, exposures 1o arlificial sources.

£.2, The Applicaiion of ihe Syslem of Proteciéon

f141) The system of radiokogical prolection described in Chapler 4 can wsually be
applled in much the same way im all types of exposire, Where there are elpnificant differ-
ences. these are discussed in the Tollpwing Sections. To some extent, difereni methads of
application are needed For polential cxporitres, which ars discussed separately in Section
5.6, Intervantion is discussed in Chapter 6.
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(142} 1 is neceseary to consider the imphications for radinlogical protection of
differeni coefficients linking effective dose and detriment Tor differcrl ages and sexes.
These differences resull from the effect ol competing canses of death and the differem
intrinsic sensHivily of snme lssuzs, notably Ihe breagt, However, as indicated in Scction
1.5, reflecting these dilferences would have only a small effect an the defipition of
effective dosz and on the nominal probability coefficient. In addilon, many of the most
effective methods of contralling exposures are applied without reference to the age and
rex of those eaposed, 50 it is desirable to set limits and 10 optimise pratection in ways
that ar# intependent of both age and zex.

(1421 The dose limils recommended in the follawing scotians apply only to the sum of
dese contribution feom a ralevant sel of exposures and nol to those from all sowrees of
radiatian. Becavse the identification of the relevant dose contributions cannot sty he
generalised, the delsils are given in the Tollowing sections. However, in all cases the limis
apply 10 the sum of all relevant doses from exiernal exposure in the specified perieds and
the eommitied doses from intakes durkng the same periods.

5.3, The Sydem of Protectinn in Occwpational Expasure

831 The optimiration of protection in pcciparional exposire

(144} An imporianl feature of optimisation i5 (the choice of dose consiraints, the
anwrce-related values of individual doae ysed to limit the range of oplions considerod in
the procedure of optimisatioh. For many types of nocopatint, 8 is possible te reach
coni¢clusione ahout the bevel of individual doses likaly o be ipcutred in well-managed
aperaiong. This informztion can then be used 1o eslaklish a dote constraint for thal type
of secupation. I the Commibsgion’s view, the claxs of occupation thoulad be specified in
fairly b+oad tecns, such as work in ¥-ray diagnoslic departments, the routine opeeation of
muclear power plants, or the inspection and maintenance of nuclear power plants. Limico
prescribed hy regulatcry agencies and restriclions applied hy manzgements 1 specific
opetalions as part of (he day-to-day conirel of axpostns are fol consirainig in the sense
used hete. In general, ihese limiis and resirictions showld be established on the hasis of
the results of optimisation, More information ia given in Section 7,50,

(145) It will usvally he approprizte for doze consirainig to he fxed s the natonal i
Incal level, When using & dase conatrainl, p designer should specily the roncees (o which
ilin tinked 50 as to avaid confurion with other aources o which (he worklorce might he
ooncurrenly exposed, -

(146} The optimisation of protection showld, in principle, take account of hoth Actuak
and peential expostres, However, the techniques Tor palential exposeres are less wel]
developed and the declrions sbowl potential expogures often have no implications far -
acteal exposures, They can then be deslt with separately. (See Section 5.4}

$3.2. Doge fimils in acckpaiionaf exporure

1147 Diose limils are needed ag part of the contral of nccupatinnal exprsure both o
impose & 1imit on the chodce of dose consiraints o eover (ke occasional case where the
tame individual is employed on several tasks gach wilh its own consirain and to provide
2 prowecHon againgt eprors of judgement in the application of sptimsadon. In practice.
fceupational dose limils are applied 1o all accupational exposure as defined in Section
3,11, including that resulting from minoe mishaps and misjrdpements in operations and
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from m‘aintcnance and decommissioning in circumstances not necessarily envisaged by
the designers. This is an extension of the Commission’s previous concept of dose limits
and_ represents a significant increase in the stringency of the Commission’s recommen-
dations, regardless of any change in the magnitude of the limits. '

t!dﬁ) The basiz of choosing a limil on 1he risks to which an individual may he
spb;e.cted !ms always been difficult to specify. In its 1977 recommendations for dose
lu:mls applied to accupational exposure, the Commission attempted to use a comparison
with the rates of accidental death in indusiries not associated with radiation. These
comparisons are not altogether satisfactory for s number of reasons. For example,
standards of industrial safety are neither constant nor uniform world-wide; the mortality

data relate to averages over whaole industries, whereas dose limits apply to individuals; -

the c:uat:htaliv?:.oomparisnns were limited 10 rno.ﬂalily data although the inclusion of
31:; ::i::"c‘nndmons on both sides of the comparison would have led to less restrictive

s, and, finally, there are few grounds for believing that society expects the same
standard of safe1y across a wide range of industries, '

(149 .The Commission has now adopted a more comprehensive approach. The aim is
to cstabll.sh.‘ f(_)r a defined set of practices, a level of dose above which the consequences
f.nr. t.he individual would be widely regarded as unacceptable. For this purpose, the
lrmmng dosc can he expressed as a lifetime dose received uniformly over the working
hfe: or as an annual dose received every year of work, without prejudice to the way in
which the dose fimit is finally specified. In the past, the Commission has used the
altributable probability of either death or severe heredilary conditions as the basis for
judging the consequences of an exposure. This quantity is still a major factor, but is no
longer regarded by the Commission as sufficient to describe the detriment. Other factors
have heen considered in the definition of detriment (see Section 3.3). They include the
length of life lost due 10 an atiributable death and the incidence of non-faia! conditions.

(15M In principle. a single index representing the deiriment, as now defined, could he
used to quantify the consequences of an exposure, but il is extremely difficult to judge the
implications of a stated detriment expressed as a single aggregated index, and thus to
judge its 1olerability. The Commission has found il vseful to use three words to indicate
the degree of tolerability of an exposure (or risk). They are necessarily subjective in
character and musi be interpreled in relation to the type and source of the exposure
under consideration. The first word is “unacceptable”, which is used to indicate that the
exposure would, in the Commissian's view, not be acceptable on any reasonable basis in
the normal operation of any practice of which the use was a matier of choice. Such
exposures might havé to be accepted in abnormal situations, such as those during
accidents. Exposures thal are not unacceptable are then subdivided into those that are
“{nlerable”, meaning that they are not wetcome but can reasonably be tolerated. and
“acceplable”, meaning that they can be accepted without further improvement i.e. when
the protection has been optimised. In this framework, a dose limit represents & sefected
boundary in the region between “unacceptable” and “lolerable” for the situation to which
the dose limil is to apply, i.e. for the control of practices. Levels of exposure that are
regarded as unacceptable in this context may still be tolerable in other contexts; if, for
example, they can be reduced only by abandoning a desirable practice e.g. space
missions.

{151) In order to provide s quantitative basis for the choice of a dose lhmit, the
Commission has laken account of a range of quantifiable factors in its approach 1o
detriment. For none of them is it possible to establish a caregorical criterion against
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which (0 define unaccepiable and tolerable, but, taken together, they provide a basis for
judgement. Data on the factors considered are given in Annexes B and C.

{152} The Commission has considered these quantifiable factors by selecting several
possible values of dose that might be adopted as a dose limit. These test values have been
expressed as annual doses received each year over a warking lifetime of 47 years. The
total dose accumulated has also been considered. The relationship between annval and
sccumulated dose is valid for external sources of exposure and for short-lived internal
sources. If the radionuclides in the body are long-lived and have long biological retention
times, the dose is spread out in time and may not aill be delivered during the lifetime of
the individual. The following assessment then somewhat overestimates the consequences
of internal exposures expressed in terms of the 50-year commitied equivalent dose,

{153} The consequences of the continued uniform exposure to each of the test values
in turn are evaluated, A view is then reached as to which value gives rise to a combination
of consequences that is judged to be just short of unacceptable, i.e. just tolerable. This
value is then selected as the dose limit, This approach is inevitably subjective, but it
makes it possible to consider a wide range of inter-retated factors. more properly called
attribotes. The artributes associaled with mortality are as follows:

The lifetime attributable probability of death,

The time last if the attributable death occurs.

The reduction of life expeciancy {a combination of the first two aitributes).
The annual distribution of the attributable probability of death.

The increase in the age specific mortality rale, i.e. in the probability of dying in a year
at any age, conditional on reaching that age.

{154) These attributes relate 10 mortality. The Commission has decided to allow for
morbidity due to non-fatal cancer and hereditary disorders by using the number of non-
fatal conditions weighted for severity as discussed in Section 3.5, and for the period of
life lost or impaired. For non-fatal cancers, this weighted number 2mounts to about 20%
of the detriment due to fatalities. The weighted figure for hereditary condilions is very
uncertain, but is estimated at aboul 20% of the number of fatalities for workers {about
27% for the whole population). These contributions are included separately in the
following comparisons. They are also summed to give an indication of the aggregated
detriment.

{155} The test values of annual effective dose selected for review as a possible basis
for the dose limit are 10 mSv, 20 mSv, 30 mSv, and 50 mSv, corresponding approxi-
mately to lifetime doses of 0.5 Sv, 1.0 Sv, 1.4 Sv, and 2.4 Sv, given that the annual doses
are received every working year. It is implicit in this approach that it is not appropriate to
make a decision on the basis of a single atiribute. Combinations of atiributes should be
considered and a judgement should be made on the basis of the whole structure. Annex
C provides the necessary age specific calculations. The results are adequately represen-
fative of the wider range of populations mentioned in Annex B. The attributes for the test
vatues of annual effective dose are shown in Table 5. o

{156) The first combination reviewed is that of the probability of an aitributable fatal
cancer and the average period of life lost if the attributable faiality occurs. For an _ann_ual
dose. received every working yesr. this combination can be expressed_ as a tifetime
probability of losing. nn average, a stated period of time. This period s almost
independent of the annuatl dose. since, at tow doses. it depends anly on the lime of the
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Table 5. Adtributes of derri ment due to exposure of the working population’

Annual effective dose {mSv) 110 it} 30 50 50 (1977 damy
Approximste lifetime dose {Sv} 05 1.0 [} 24 24
Pm_hnhilily of atiribanable deaih (%} 1.8 A6 53 a8 9
Weighted contribution fram non-fatsl cancer (i)t 04 0.7 It 1.7 -
Weighted cantribution from hereditary effecis (%) 0.4 0.7 tl 1.7 I
Aggregated deriment ()" 25 5 .5 12
Time last due tn an aitributable death given that
it nocurs r,)_ [ 13 [ 13 nN-15
Mean laxs of life SXPECiancy a1 age (A yaars iy 0.2 0.5 07 1.1 0.3-05

' The- values nre sl derived from Annesx C {sec pacagraph 155K in Annex 8, which deals with n wider range

pof . & hat higher estimate is ven for the time bost due 1o tri !
! Weighted for severity and lotx of lifetime. v 1o doe 10 n atributable denth

* The sum nf 1he prohability of anributable faral cancer or equivalent detriment (rounded),

aof

a!lrfhul.ahle death, not on iis probability. For the combination of an additive risk
projection madel for feukacmia and a multiplicative model for other cancers, the loss is
slighily less l‘han 13 years. For the additive model, the loss is slightly less than 20 years.
Another attribute, itself an aggregation of these data, is the mean loss of tife expectancy
ot age 18 years as a result of subsequent occupational exposure.

(157) In Table 5, results derived from the data available in 1977 for an annual dose of
50 mSv over 40 years are included for comparison. It should be recognised that these
rumbers were not used as 1he hasis for selection of the dose limit at 1hat time. As
indicated in paragraph 148 the selection of the 1977 limit was made on an entirely
different basis (comparing the average fatal cancer risk in radiation work with the fatality
risk in “safe” mon-radiation nccupations and assuming a ratio of 10:1 hetween the
maximum and the average risk). Since the Commission no longer considers that method
satisfactory, the 1977 results in the tahle give little guidance for the present choice of
dose limit and have not been used for that purpose.

(158} The way in which the annuaal prabability of artributable death varies with time is
also of interest and is shown in Figure 2. The combined effect of latency and the
cxlended perind of expasure is to produce a distribution sharply peaked in time at older
ages for both the additive risk projection model and the muitiplicative risk projection
model. The curves are for women, but those for men are very similar, The age of
maximum (unconditional) annual probability of attributable death foltowing the exposure
of a population of equal numbers of men and women over a whole working lifetime
nccurs at 68 years for the additive model and 78 years for the multiplicative model. This
nge is almost independent of the annual dose, The term “unconditional® is used 1o
indicate that the probability is not conditional on reaching the age for which the proh-
ahility is quoted. The conditional probability continues tn rise indefinitely,

(159} The changes in the age-specific maortality rate {roughly the probability of dying
within n year conditional on reaching the beginning of thal year) are bhest shown
graphically. The data are presented in Annex C {Figure C-9). Even for a continped
annual dose of S0 mSv, the changes in mortality rate are small compared with the differ-
ences in mortality rate between men and women.

(1601 Belore any attempt is made to choose a dose Hmit from this quantitative
material, it is necessary to remember that the Commission’s aim at this stage is to reach a
judgement about a level of dose that would reasonably be regarded as being only just
short of unacceptable in the control of practices. The fevels of dase actually achieved are
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acot relevant for the purpose of this assessment. The data are expressed in terms of an
annual dose over a full working lifetime of 47 years. The farm in which the dose limits
are best expressed for praciical application is discussed later in this section,

(161} The Frst conclusion drawn by the Commission is (hat there is no need to exiend
the range of test doses 10 be considered in the choice of a dose limit for occupational
exposure. The second is that the results indicate that a regular annuval dose of 50 mSy,
corresponding to a lifelime effective dose of 2.4 Sv, is probably too high, and would be
regarded by many as being clearly so, In particular, the reduction of life expectancy at
this level {1.1 years) and the fact that there would he 2 probability exceeding 8% that the
radiation hazards in a worker's occupation would be the cause of his death, atheit at a
Iate age, would be widely seen as excessive for a group of occupations many of which are
of recent origin and should therefore be selting an example. :

{162} On the basis of the data presented above, the Commission has reached the
judgement that its dose limit should be set in such a way and at such a level that the total
effective dose received in a full working life would be prevented from exceeding about
1 3¢ received moderately uniformly year by year and that the application of its system of
radiological protection should be such thai this figure would only rarely be approached. - -
The final choice of limits and the way in which they should be expressed are influenced
by the way in which the limits will be apphied in practice, The need to ensure thar the
fimits provide protection against deterministic effects also has to be taken into account.

{163} At the levels of dose incurred in normal situations. excluding doses to (he
Patient in radiotherapy, the control of stochastic effects could be hased on the dose
Accumulated over perinds of many years, However, such long control periods can be
Misused by allowing a rapid accumulation of doses and intakes near the start of a conirol
period in the expectation. not always realised, of smaller doses later in the period.
Flexibility of this kind also weakens the emphasis on achieving the contral of exposures
hy design, iranslerring the emphasis 1o operational controls.
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{164) In recent years, the Commission has recommended a rigid control petiod of one
year: i.e., it has recommended that the effective dose from sources of radistion external to
the boady and commitied by intakes of radioactive substances into the body should be
controlled over each year, with no credit taken for any earlier years of low effective dose
or intake, This syslem‘is very inflexible, and alternatives have been considered.

;'ni‘g 'r.ﬁ.i:‘clﬂ, ::s:z:;“;e:hbele‘? s.uggesled l‘hat the dose limits for crccupational exposure
the practical application of:' fllF"mF e!fecgve dose. The Comrmssmp sees diﬂ'u_culnes in
fimit for & worker who is t elime 1!11“5. ne oftthe rFla!e's to the mte.rpfretalloﬂ of the
A s employed in work involving significanl occupalional expostre
for only part of his working life. Decisions have also to be taken about the long-term
future employment of workers who exceed the tifetime limil. Short-term limits would also
'be‘necded because the Comn:nission‘s risk estimates are derived for doses distributed fairly
.umfmtmly over the occupational age range. Because of these difficulties and the points
made in paragraph 163, the Commission does not recommend the use of lifetime limits.
) {166) 1t has also been suggested that flexibility might be provided by setting the Timit
in 1he Torm of the 10tal dose accumulated over a period of a few years, while retaining an
annual limil higher than the annval average over the longer period. This would pose
some practical problems of the same type as those arising from a lifetime limit, but they
would be much less severe. The Commission believes that a period of five years would
adequately limit the severity of these difficulties, and would also provide sufficient
flexibility. For workers on shori-term conteacts, the regulalory agency might consider an
averaging perind not exceeding the period of the contract of employmeni. The Com-
mission recommends a limit on effective dose of 20 m8v per year, averaged over 5 years
(100 mSv in § years), with the further provision that the effective dose should not exceed
50 mSv in any single year. The S-year petiod would have to be defined by the regulatory
agency, c.g. as discrete 5-year calendar periods. The Commission would not expect the
period to be introduced and then applied retrospectively. It is implicit in these recom-
mended dose limits that the dose consiraint for optimisation should not exceed 20 mSv
in A year,

(167) However the control period is defined, the Commission recommends thal,
following a control period in which the exposure of the individual has exceeded a dose
limit, there need be no special restriction applied to the exposure of an individval. Such
evems should call for a tharough examination, usually by the regulatory agency. of the
design and operational aspects of protection in the installation concerned, rather than for
restrictions or penalties applied to the exposed individual. If the dose is uwnknown, or is
thought 10 he high. referral 10 a physician should be considercd.

(168) The recommended fimits should apply to all forms of nccupational exposure as
defined in Section 5.1.1, unless special provisions have been made by the regulatory
agency. Because of the difficulties of responding rapidly 10 an increase in stringency in
operations on plani and equipment already in existence, the Commission recognises that
regulatory agencies may wish to make lemporary use of higher dose limits. Such arrange-
ments should he regarded as transient,

(169} The dose limit forms only a part of the sysiem of protection aimed al achieving
levels of dose that are as low as reasonably achievable, economic and social factors heing
(aken into account. 1 is not fo be seen as a targel. It represents, in the Commission’s
vicw. the point al which regular, extended, deliberate, accupational exposure can
reasonably be regarded as only just tolerable. .

(170% The Commission’s multi-atiribute approach to the selection of dose limits
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necessarily includes social judgements applied to the many anributes of risk. These
judgements would not necessarily be the same in all contexts and, in particular, might be
dilferent in different socicties. It is for this reason that the Commission intends its

idance to be sufficiently flexible 1o allow for national or regional variations. In the
Commission’s view, however, any such variations in the protection of the most highly
exposed individuals are best introduced by the use of soutce-refated dose constraints
selected by the regulatory agencies and applied in the process of the optimisation of

rection rather than by the use of different dase limits.

{(171) The restrictions on effective dose, even assuming that the values are at the Hmit
for long periods, are sufficient to ensure the avoidance of deterministic effects in almosi
all body tissues and organs. However, there are two tissues which wilt nol necessarily be

- adequately protected by a limit on effective dose, mainly in the case of exiernal exposure.

These are the lens of the eye, which makes no contribution to the effective dose, and the
skin, which may well be subject 10 localised exposures. Separate dose limits are needed
for these tissues, Internal exposures are dealt with in paragraphs 174 and 175 below.

{172) The previously recommended annual dose limit for the lens of the eye was 150
mSv. The estimated threshold of annual equivalent dose for visual impairment (cataract)
was given in Publication 4/ (1984) as *> 0.15 Sv" and is confirmed in Annex B. The
Commission continbes to recommend an annval equivalent-dose limit for the lens of the
eye of 150 mSv. For external exposure to penetrating radiation over any substantial part
of the whole body. the effective-dose limit will be more restrictive.

{173} For the skin, the situation is more complicated. For stochastic effects, the
equivalent dose can he averaged over the whole area of the skin. The stochastic effects
are expected fo arise in the basal layer a1 a nominal depih of 7 mg cm~? (range 2-10 mg
em-3). Some deterministic effects also arise at the same depth, others arise in the deeper
fayers of the dermis (30-50 mg cm~%). The limitation on the effective dose pravides
sufficient protection for the skin against stochastic effects. An additional limit is needed
for localised exposures in order 1o prevent deterministic effects. The recommended
annual limil is 500 mSv averaged over any ! em’, regardless of the area exposed. The
nominal depth is 7 mg em- 1 In practice, monitoring is carried oul al representative
locations for external exposure and over larger areas for contamination. The guidance
given in Publication 35 (1982) on averaging areas is still valid. This fimit, applied to the
<kin of the face, will also provide protection for the lens of the eye against Incalised
expnsures to radiation of low penel rating power such as beta particles. The same limit
can be applied 10 all the lissues in the hands and feet.

{174) For internal exposurg, annual limits on intake (ALIS) are provided hy the
Commission as Publication 61 (1991) and will be based on a committed effective dose of
10 mSv. As indicated in Annex B (paragraph B52) this approach will take adequate
account of any non-uniform distributions of dose within organs such as those duc to hol
particles, The estimated intakes may he averaged over a period of 5 years to provide
some Mexibility. Revised occupational limits for radon are naw vnder review, Meanwhile
the existing recommendations { Prblication 47 {(1986)} remain valid.

{175} The restriclion of intakes {averaged over 5 years) to the annual limit on intake
will, in practice, ensure that the lifetime equivalent dose (not commitied equivalent dose)
in any single organ will not be such asto result in deterministic effects.

5.1.3. The nccupational exposure of women
(176) The basis for the contral of the oceupational exposure of women whao are nol
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pregnant is the same as that for men. However, if a woman is, or may bhe, pregnant,
additional controls have to be considered 10 protect the unborn child. Several Tactors
complicale this malter. The conceptus is at times moare prone than the post-patal
individual to deterministic injuries caused by radiation and may be more sensitive to the
induction of later malignancies. It now seems clear that deterministic effects in the
live-born child, including significant mental retardation, will not occur if the exposure of
the mother does not exceed the dose limits now recommended for occupational
cxposure, regardless of the distribution of the exposures in time. Accidentat higher
cxposures of the mother may be more damaging to the conceptus than to the mother.

{177} Tt is the Commission's policy that the methods of protection at work for women
who may be pregnamt should provide a standard of protection for any conceptus broadly
comparahle with that provided for members of the general public. The Commission
considers that its policy will be adequately applied if the mother is expased, prior to a
(I?cla.lration of pregnancy, under the system of protection recommended by the Com-
misston, including the recommended dose limits for occupational exposure, On this basis
the Commission recommends no special occupational dose limit for women in general,

{L78) Once pregnancy has been declared, the conceptus should be protected by
applying a supplementary equivalent-dose limit to the surface of the woman's abdomen
{fower trunk) of 2 mSv for the remainder of the pregnancy and by limiting intakes of
radionuclides to about 1/20 of the ALL The Commission wishes to emphasise that the
use of its system of protection, particularly the use of source-related dose constraints,
will usually provide an adequate guarantee of compliance with this limil without the need
for specific restrictions on the employment of pregnant women, The principal criterion
will then he that the employment should be of a type that does not carry a significant
probability of high accidental doses and intakes. ldentification of such situations should
lwe determined by regulalory agencies.

§.4. The System of Protection in Medical Expasure

5.4.1. The justification of a pmetice in medical exposure

{179} The justification of a practice leading 1o medical exposures should be dealt with
in the same way as the justification of any other practice, Most of the benefits and
detriment accrue to the individuals undergoing diagnosis or treatment, but account
should he taken of all the resulting exposures, incleding the occupational and public
exposures, and of any potential exposures. In the first instance, the practice should be
defined in broad terms, However, each procedure, either diagnostic or therapeutic, is
subjecl to a separate decision, 5o that there is an opportunity to apply a further, case-hy-
case, justification for each procedure. This will not be necessary for simple diagnostic
procedures based on common indications, but may be imporiant for complex investi-
gations and for therapy. Guidance is given in Pubfications 3¢ (1982), 44 (1985), and 52
{19871,

5.4.2. The aptimisation of protection in medical exposure

{ IR0} Because most procedures causing medical exposires are clearly justified and
because the procedures are usually for the direct henefit of the exposed individual, less
avention has been given to the optimisation of protection in medical exposure than in
most other applications of radiation sources. As a result, there is considerable scope for
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dose reductions in diagnostic radiology. Simple, low cost, measures are available for
reducing doses without loss of diagnostic information, but the extent to which these
measures are used varies widely. Doses from similar investigations cover ranges of as
much as two orders of magnitude. Consideration should be given to the use of dose
constraints, or investigation levels, selected by the appropriate professional or regulatory
agency, for application in some common diagnostic procedures. They should be applied
with flexibility to allow higher doses where indicated by sound clinical judgement,

{181} Constraints should also be considered in the optimisation of protection when
the procedures are not intended to be of direct value to the exposed individual, as in
scientific and clinical studies involving the exposure of volunteers.

5.4.3. Dose limits in medical exposure

(182) Medical exposures are usually intended to provide a direct benefit to the
exposed individusl, If the practice is justified and the protection optimised, the dose in
the paticnt will be as low as is compatible with the medical purposes. Any further
spplication of limits might be to the patient’s detriment. The Commission therefore
recommends that dose limits should not be applied to medical exposures. The question
of dose constraints is discussed in Section 5.4.2.

{183} For reasons similar to those given in the previous paragraph, it is not appro-
priste to include the doses incurred by patients in the course of diagnostic examinations
or therapy when considering compliance with dose limits applied to occupational or
public exposures. Furthermore, each increment of dose resulting from accupational or
public exposure results in an increment of detriment that is, to a large extent, unaffected
twy the medical doses.

5.4.4, Medical exposure of pregnant women

{184) As discussed in Section 1.4.4, exposure of the embryo in the first three weeks
following conception is not likely to result in deterministic or stochastic effects in the
liveborn child. A pregnant patient is likely to know, or at least suspect, that she is
preghant after one missed mensiruation, so the necessary information on possible
pregnancy can, and should, be obtained from the patient herself. If the most recent
expected menstruation has heen missed, and there is no other relevant information, the
woman should be assumed to be pregnant. Diagnostic and therapeutic procedures
causing exposures of the abdomen of women likely to be pregnant should be avoided
unless there are strong elinicat indications,

£.5. The System of Prolectlon in Public Exposure

(185) The control of public exposure in all normal situations is exercised by the
application of controls at the source and the controls applied in one year may lead to
continuing exposures or intakes in succeeding years, for example when long lived redio-
nuclides are 10 be released 1o the natural environment. As an alternative to the use of
long-term: equitibrium environmental models linking regular releases to the eventual level
of individual and collective doses. the concept of dose commitment is useful. Future
individual doses, more striclly the doses to typical members of a critical group, can be
limited by the use of the dose commitment, If a limit is sct 10 the effective dose
comimitment to a critical group from each year of practice that continues at a constant
annual level, the average annual individual effective dose will never exceed that limit. If a

B
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truncation lime is used in defining the commitment, the guarantee will hold only up to the
time of truncation. The collective effective dose per unit of practice can be used in the
justification of a practice and in the optimisation of protection. 11 should be noted that
part of the collective dose may be received in the distant future. If that fact is considered
ta he of significance in judging the importance of the detriment, the full collective dose

commitment should be replaced by the collective effective dose delivered in defined
periods of time,

5.5.1. The aptimisation of protection in public exposure

(186} In practice, almost all public exposure is controlted by the procedures of
constrained oplimisation and the use of prescriptive limits, 1t is often convenient to class
N_'ngether individuals who form a homogenenus group with respect to their exposures to g
single source. When such a group is typical of those most highly exposed by that source,
it is known as a critical group. The dose constraint should be applied to the mean dose in
the critical group from the source for which the protection is being optimised,
Occasionally, the same group will also be critical for othér sources, or, if the critical
groups are different, each group may incur some dose from the sources for which it is noil
critical. If the exposures in any critical group are likely to approach the dose limit for
public exposure (see Section 5.5.2). the constraints applied to each source must be
sefected to allow for any significant contribution from other sources ta the exposure of
the critical group.

(187} The main aim of constrained optimisation in public expnsure should be to
develop practical restrictions on the sources of exposure, e.g. in the form of restrictions
on the release of radicactive waste to the environment,

5.5.2. Dose limits in public exposure

(IRB) With the widespread use of sovrce-related dose consiraints and practical
restrictions on the sources of public exposure, generally applicable dose limits are rarely
limiting in practice. However, because the constraints are source related they might, at
least in principle. fail to take adequate account of the exposures from other sources,
Although the Commission does not believe that this occurs to a significant extent, il
continues to recommend dose limits for public exposure, if only to provide a limit on the
choice of constraints.

{189} The Commission defines the scope of its dose limits for public exposure by
confining it to the doses incurred as the result of practices. Doses incurred in situatinns
where the only available protective action takes the form of intervention are excluded
from the scope of the dose limits. Separate attention has to be paid In polential
exposures. {See Section 5.6.) The intended emission of radionuclides from installations,
including the emission of naturally occurring radionuclides from installations such as
mines and waste disposal sites, should be treated as practices. The resulting doses should
be subject to the dose limits, Radon in dwellings and in the open air and radinactive
materials. natoral or artificial, already in the environment, are examples of situations that
can be influenced only by intervention. Doses from these sources are therefnre outside
the scope of the dose limits for public exposure. Other expasures to natural snurces are
also outside this scope. Radon in both existing and new dwellings is dealt with in Section
6.2.1. The conduct of intervention involves occupalional exposure and should be ireated

accordingly. ) ] . ] . ]
(190) Al least two apptoaches are possible in choosing a dose limit for public
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exposure, The first is the same as that used for choosing occupational limits. Assessing
the consequences is no more difficult than in the occupational case, but judging the point
at which these consequences can reasonably be described as unacceptable is much more
difficult. The second approach is to base the judgement on the variations in the existing
level of dose from natural sources. This natural background may not be harmless, but it
makes only a small contribution to the health detriment which society experiences. 1t may
ot he weicome, but the variations from place to place (excluding the large variations in
the dose from radon in dwellings} can hardly be called unacceptable.

{191} The consequences of continued additional exposure giving annual effective
doses in the range from | mSv to 5 mSv are presenied in Annex C, They provide no easy
tasis for a judgement, but do sugpest a value of the annual dose limit not much above
1 mSv. On the other hand, the data in Figure C-6 of Annex C show that, even at a
continued expasure of 5 m3v y~', the change in the age specific mortality rate is very
small. Excluding the very variable exposures to radon, the annual effective dose from
natural sources is about 1 mSv, with values al high altitudes above sea level and in some
geological areas. of at least twice this. On the basis of all these considerations, the
Crmmission recommends an annual limit on effective dose of | mSv. Averaging over
time is discussed in the next paragraph. '

(192) Tn deriving restrictinons on sources of public exposure, some allowance is made
for variations in the environmental pathways to man, byl there will always be the
possibitity of larger transient changes. There will also be variations in the effectiveness of
conirol proceduses applied at the source and 1the Commission recommends that the
transient increases in dose resulting from such variations should be included in the doses
suhject 1o the dose limits. Doses due to major accidents are not subject 1o the dose limits
hecause they can be dealt with only by intervention, Since the detriment is a function of
the accemulation of dose over many years, it would be unduly restrictive 1o require the
controls to be relaled rigidly to annval dose limits, Some flexibility in the limits is
desirable. The Commission’s previous recommendations provided for a principal limit
on the anmual effective dose, with a subsidiary limit on the effective dose in some years,
provided that the average effective dose over a lifetime did not exceed the principal limit.
This recommendation is still sound in principle, but the Commission has concluded that
the very long averaging periad in the subsidiary limit gives excessive Rexibility. It now
recommends that the limit for public exposure should be expressed as an effective dose
of | mSv in & year. However, in special circumstances. a higher value of effective dose
could be allowed in a single year, provided that the average over 5 years does not exceed
1 mSv per year. Because this represenis only a slight change from the previous recom-
mendation, the Commission recommends that the S5-year period should be applied
setraspectively when the new recommendation is being implemented. For this purpose,
valies of effective dose may be added to earlier values of effective dose equivalent. 1t is
implicit in this limit that the constraints for the optimisation of protection in the design of
new installations should be smailer than | mSvin a year,

{193} 1n selecting the limil on effective dose, the Commission has sought a value that
would be only just short of umacceptable for continued exposure as the result of
deliberate practices the use of which is a matter of choice. This does not imply that
higher doses from other sources, such as radon in dwellings. should be regarded as un-
acepiable, The existence of these sources may be undesirable, but it is not a matter of
choice. The doses can he controlied only by intervention, which will also have
tndesirahle features.
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(194) Limits are also needed for the lens of the eye and localised areas of skin since
these tissues will not necessarily be protecied against deterministic effects by the limit on
effective dose. Because the total period of exposure may be nearly twice as long as for
otcupational exposure, and because the exposed individuals may show a wider range of
sensitivity than the more limited population of workers, the recommended annual limits
{non-occupational) for the equivalent dose in these tissues are lower than thase for
workers, The Commission has adopted an arbitrary reduction factor of 10, leading to
annual limits of 15 mSv for the lens and 50 mSv averaged over any 1 ¢m? area of skin,
regardless of the area exposed. The recommended limits are summarised in Table 6.

Tablte 6. Recommended doae Timits'

Dorse limit
Applicstion Occupational Putlic
Effective dnse 20) mS¥ per year, 1 mSv in a year’
averaged over defined
: perinds of § years®

Annual equivalent dose in

the lens of the eye 150 mS+ L5 mSv

the skin' 400 mSv 0 mSv

the hands and feet 00 mSv —

' The limits apply 10 the sum of the retevant dnsex from external expnsive
in the specified period and the S0-year committed dose {10 sge 70 years fnx
children) from intakes in the same period (see paragraph 143).

> With the further provirion tha the effective dose should not exceed L]
mS¥ in any single year. Additinnal restrictions apply to the ncoapational

P ¢ of pregnani which i discussed in Section 5.0

TIn special circumstanges, 2 higher velue of effecriive dase could be
allowed in 8 single year, provided that the average over 5 years does i

K v T L
¢ Ee#: mu’-’fw’: {he effective doge provides sufficient provectinn fm_lhe
skin against stochnatic cffects. Ap additional limit is needed for localised
exposures in nrder 1o prevent deterministic efects (see parsgraphs 173 and
194y,

% 6. Potential Exposures

(195) The initial treatment of potential exposures shquld form part of the system of
protection applied to practices, but it should be recognised that the. €xposures, if tl:ney
accur, may lead to intervention, At this stage, there shouk} ‘he two objectives. prevention
and mitigation. Prevention is the reduction of the probabitity of |h!: sequences .0' _e?ems;
that may ¢ause or increase radiation exposures. It i!wolves maintaining the rella'bjhty’ o
all the operating and safety systems and of the assaciated working procedures. Mmgauo;:
is the limitation and reduction of the exposures if any _of these sequences do occur. "
involves the use of engineered safety features and operational procedures to cantrol eau':‘
sequence of events with the aim of limiting its consequences, s'tmuld it occur. The
itigation should nol be restricted to plans for intervention. A great

arrangements for mi i ; t
dcr:l E:n be accomplished at the siages of design and operation 1o reduce the con

i i become necessary. It is

nces of accident sequences so that intervention may not heco 52 :

:!ei?f‘il:uitero compare, and to combine, the benefit of a reduction in ’pro!:abtlny (pre

vention} with that of a reduction in dose {mitigation) because a reduction in probabilily
by a factor is not usually seen as equivalent ta 2 reduction in dose hy the same factor.
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£196) Tn order to maintain a strict coherence in the treatment of actual and potentiat
exposutes, it would be necessary to extend the concept of detriment 1o inctode the
probabiity of occurrence of the situation giving rise to the detriment. Techniques for
achieving this are still being developed. Meanwhile, emphasis has to be placed on one
part of the detrimen, the probability of an atiributable death. It must also be recognised
that the uncertainties in estimating the probability of occurrence will usually be much
greater than the uncertainties in estimating the probability of the consequences should
the dose occur.

{197} The simplest way of dealing with the potential exposure of individuals is to
consider the overall (a priori) individual probability of attribulable death from cancer,
rather 1han the cffective dose, as the quantity to be used in the system of protection. For
this purpose, the probability is defined as the product of the probability of incurring the
dose and the lifetime conditiona! probability of attributable death from the dose if it were
io have been incurred. A restriction corresponding to a dose limit can then be expressed
in the form of a risk limit, i.c. a imit on the fatality probability. (See Section 5.6.3.) If the
risk timit is derived from the probability of death attributable 1o exposure at the relevant
dose limit, a corresponding level of pratection will also be provided against non-fatal
cancer and against deterministic effects.

{198} This use of the overall individual radiation risk is an adequate starting point for
use in the system of protection, but it is not sufficient. This is because the situation will
change if the event giving rise to the potential exposures actually occurs, At low prob-
abilities of the potential event, an averall individual risk limit might imply doses when the
event occurs that would be Jarge enough to call for intervention or might result in deter-
ministic effects. These undesirable outcomes should be borne in mind at the planning stage.
They may call for lower risk constreints (analogous to dose constraints) than would be
needed for high probability, low dose situations. When assessing the individual risk, it
should be remembered that the conditional probability of deleterious effects if a dose is, in
fact, incurred may be higher than the nominal probability because the doses and dose rates
may be higher than those for which the nominal probability coefficients have been selected
and because deterministic effects may become important at these higher doses.

(199) The specification of collective detriment from potential exposures is difficult
and controversial, even if the consideration of detriment is limited to attributable deaths.
Tt is not appropriate to depend on the use of the product of the probability of an event and
the number of attributable deaths should it occur—the expectation value of the number
of deaths—becsuse this conceals the fact that the outcome will be either no consequences
if the event does not occur, of the full consequences if it does. Tt also involves an implicit
assumption of reciprocity between reductions in probability and reductions in the scale
of consequences: i.¢. the assumption that 2 frequent event with small consequences and a
rare event with large consequences are equally detrimental if the expectation vahes of
the consequences are the same.

(2000 A more comprehensive approach to the collective detriment from potential
exposures is that of multi-attribute anelysis. Each characteristic (attribute} of the avail-
able options has to be identified and quantified. It is then given a weighting factor judged
to represent its importance. The weighted attributes can then be aggregated to provide a
figure of merit or compared individually with the weighted attributes in other options.
Either method feads to a quantitative, or semi-quantitative, basis for choice between
options. - .

{201} Meanwhile, a simpler approach is poasible for both individual and collective
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exposures if the doses will be smalt even if the event occurs, 1T the doses, should they
occur, will not be in excess of dose limits, it is adequate to use the product of the
cxpected dose and its probability of occurrence as if this were a dose that is certain to
eceur, The conventional procedures of justification and oplimisation can then be applied.

5.6.1. Justification of a practice

(ZQZ) If sufficient information is available, the detriment associated with a proposed
practice in the assessment of the justification of the practice should include that from the
potential exposures. In practice, it may well be that the estimation of the detriment from
polential exposures will be improved by operating experience obtained after the intro-

duc1i9n of the practice. This will require a re-evaluation of the justification of the
practice.

5.6.2. The optimisation of protection

(203) If the options for applying the system of protection to polential exposures do
not alter the other exposures resulting from the practice, the potential detriment can be
used in the procedures of optimisation without further complications. Sometimes,
however, the wo sets of exposure are interdependent and the optimisation of protection
must then be carried out for both types of exposure together. {See Sectian 5.7.) In either
case, the procedure must he constrained by an individual risk limit or, more probably, by
source-related and sequence-related individual risk constraints.

567

(204} Although a risk limit can be defined by analogy with the dose limit, it will have a
very different character. The probability of events leading to potential exposures cannm
be determined by ohservation, They are the result of some form of prababilistic safety
assesstment. These assessments commonly provide estimates of the probability of defined
accident sequences.

{205} The total probability from alt possible sequences can be obtained only from &
further stage of forecasting. It is therefore more usefut to define a series of risk con-
straints applicable to the attributable probahility of death, defined as the product of the
probability of receiving a dose as the result of a precisely defined sequence and the
lifetime conditional probability of attributable death from the dosc if it were 1o have heen
received. Taken alone, these constraints will not be adequate because an individual will
be at risk from more than one sequence. Unless there is one dominating sequence, there
will also be » need for a risk limit, despite the difficulty of assessing the total risk to which
the timit should apply. The Commission does not yet recommend an annual risk limit for
individuals.

(206} There is also the passibility of potential doses in medical exposures. Errors in
dosimetry and equipment failures have given rise to injurious, and sometimes fatal, doses
to patients. The Commission does not recommend any specific value for risk constraints
in this context,

Individual risk limits and constraints

5.7. Interactive Situslions

(207) The bulk of the individual and collective doses often results from a single type
of exposure. However, there are some cases where there is a significant contribution from

several types of exposure.
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{208) The First example is that of an interaction hetween public and occupational
exposure. 1f the public exposure is due to the release of waste to the environment, a
reduction in that exposure may resull in increased cccupational exposure due lo the
additional waste processing and storage. The simplest approach to the optimisation of
protection is then to use the combined collective effective dose from the two forms of
exposure. However, it has sometimes been considered that the detriment due to public
exposure should he treated differently from that due o occupational exposure. This is
pot a view to which the Commission subscribes. The Commission recommends that the
sum of the elfective doses from each type of exposure from a given source should be used
in the optimisation procedures. If (he two components were thought fo have different
weightings, they could be used separately in a multi-attribute analysis.

{209) The second example is the interaction between polential exposure and occu-
pational or public exposure. The mechanical inspection of plant may reduce the prob-
ahility of failures but only at the expense of additional occupational exposure, and the
reduction of public expnsure by the increased siarage of waste may cause increased
potential accupational and public exposures. This farm of interaction can be dealt with
only by the methads of multi-atiribute analysis,

6. THE SYSTEM OF PROTECTION IN INTERVENTION

Chapter 6 deals with situations where the soutces of exposure and the exposure
pathways are already present and the only type of action available is intervention. The
chapter deals mainly with inlervention applying to public exposure, including inter-
vention following accidents, bul includes some material on accupational exposure in
emergencies. The practical application of these recommendations for intervention are
discussed in Chapter 7, '

(210) Before a programme of intervention is initiated. it should be demonstrated that
the proposed intervention will be justified, i.e. do more good than harm, and that the
form, scale, and duration of the intervention have been chosen so as to optimise the
protection. As explained in Section 4.4 the Commission recommends against the use of
dose limits for deciding on the need for, or scope of, intervention. :

6.1. The Basis of Intervention in Public Exposure

{211} Tn judging the benefits and detriments of intervention aimed at reducing public
expasure, the comparison should, in the first place, be made for those at risk, but there
will also be an impact on the rest of society and the judgements will have to be wide
enaugh to cover these impacts too.

(212) As indicated in Section 4.4, the pracesses of justification and optimisation both
apply 1o the protective action, so it is necessary to consider them together when reaching
a decision. Justification is the process of deciding that the disadvantages of cach com-
ponent of intervention, i.e. of each protective action, are more than offset by the reduc-
tions in the dose likely to be achieved. Optimisation is the process of deciding on the
method, scale and duration of the action so as to obtain the maximum net benefit. The
duration of countermeasures influences the averted dose and therefore the provisional

JAtear 31-173-2
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decision about the withdrawal of the countermeasures should be taken as part of the
process of optimisation. Tn simple terms, the difference between the disadvaniages and
the benefils, expressed in the same terms, eg. costs, including social costs with an
allowance for anxiety, should be positive for each protective action adopted and should
he maximised by settling the details of that action.

(213) The cost of intervention is not just the monetary cost. Some protective or
remedial actions may involve non-radiological risks or serious social impacts. For
example, the short-term removat of peaple from their homes is nol very expensive; but it
-may cause the temporary separation of members of a family and result in considerable
anxiety. Prolonged evacuation and permanent relocation are expensive and have some-
times been found Lo be highly traumatic.

{214) It follows from the above paragraphs that it is not possible to define quantitative

intervention levels for rigid application in all circumstances. Nevertheless, because some

kinds of action may be needed urgently, it is useful to have guidance prepared in advance
for use following accidents and emergencies.

6.2, Situations in which Remedial Action may be Needed

{215} Many situations in which intervention is being considered are of long standing
and da not call for urgent action. Others, resutting from accidents, may cause serious
exposures unless immediate action can be taken. They may also cause long-term
prablems, The fong-standing situations are dealt with in this section and the immediate
prohlems of accidents in Section 6.3.

6.2.1. Rodon in dwellings

(216) Radon in dwellings needs special attention because both the individual and the
collective doses fram radon are higher than those from almost any other source. In many
countries. there are some individual doses substantially higher than those that would be
permitted in occupational exposure. If improvements are needed. they have 1o be
achieved by intervention involving modifications to the dwellings or to the behaviour of
the occupants.

(217) In Publication 39 (1984}, the Commission recommended the use of action levels
I0 help in deciding when to require or advise remedial action in existing dwellings, The
choice of an action level is complex, depending not only an the level of exposure, but also
on the likely scale of action, which has econamic implications for the community and for
individuals. For owner-occupied dwellings, general guidance may be adequate, leaving
the final decision to be made by the nccupier, on hehalf of all the accupants, but in
countries with substantial numbers of rented dwellings, it may be desirable to establish
firm national action levels, at least for rented properties. In such cases, the best choice of
an action level may well be that level which defines a significant. but not unmanageable,
number of houses in need of remedial work. It is then nol to be expected that the same
action level will be appropriate in all countries.

{218) The problem of new dwellings has some similarity to thal of existing dwellings
becavse the concentration of radon caonot be determined with confidence until the
dwelling has been completed and occupied for a year or so, It is then an existing dwelling.
It is therefore dealt with here, rather then in Chapier 5. Guides or codes for the construc-
tlon of new dwellings in selected areas can be established so that it is highly prohable that
they will result in exposures in these dwellings helow some chosen reference level. The
choiee of this level may cavse marked changes in conventional building practices and this
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might have unforeseen effects on structures or living conditions, The Commission there-
fore wishes to proceed cautiously. It has initiated a further review of current experience
with 8 view to issuing revised recommendations in duve course. Meanwhile the guidance
in Publication 39 (1984) should still be used.

6.2.2. Radioactive residues from previous events

{219 The most common causes of residues are the hurial of long-lived materials from
early operalions such as mining and luminising with radium compounds. The use of
mining spoil as a land-fill material, follawed by the construction of dwelling houscs, has
caused substantial problems. Buildings used for radium work have subsequently heen put
to other purposes, with the radium being discovered only years later. There have been
several accidents in which long-lived radinactive materials have been dispersed in resi-
dential and agricultural areas, The necessary remedial actions vary greatly in complexity
and scale and may themselves give rise to problems of occupational exposure and waste
disposal. These should be dealt with in accordance with the Commission's recommen-
dations for practices. The need for and extent of remedial action has to be judged by
comparing the benefit of the reductions in dose with the detriment of the remedial wark,
including that due to the doses incurred in the remedial work. No genersl sohutions are
available, but the methods recommended for the optimisation of protection can he used
to give guidance in each individual case,

6.3, Accidents and Emergencies

6.3.1. Intervention affecting the public

(2203 The first step in deciding on the intervention likely to be needed after an
accident is to define the type of all the likely protective actions and to consider the costs
and the expected reductions in individual and collective doses as functions of the scale
and duration of each. A substantia] amount of preliminary work on ecoramic and
environmental models and on accident forecasting is needed for these assessmenis,

(221) Because the initial introduction of protective actions an any scale, however
small, involves significant costs, it may well be that small-scale, shori-duration, inter-
vention is costly without being effective. As the scale and duralion are increased, the
effectiveness initially increases without a marked increase in costs. Eventually, further
increases will fail to achieve increased benefits comparable with their costs and the net
benefit again begins to fall. There is then a range of values of the passible intervention
level of individual dose averted, within which there is an optimum level. If the net benefit
af that optimum is positive, intervention of the defined type, scale and duration will be
justified, The initial planning for emergencies should include the choice of intervention~ .
levels of dose averted, or a limited range of such intervention levels, that are likely to lead
to intervention that is justified and reasaonably well optimised.

{222} The benefit of a particular protective action within a programme of intervention
sheuld be judged on the basis of the reduction in dose achieved or expected by that
specific protective action, the dose averted. Thus each protective action has to be con-
sidered on its own merits. For example, decisions about the control of individual food-
stuffs are independent of decisions ahout other foodstuffs and of decisions about
sheltering or evacuation. In addition, however, the doses that would be incurred via all
the relevant pathways of exposure, some subject to protective actions and some not,
should be assessed. If the totat dose in some individuals is so high as to be unacceptable
£ven in an emergency, the feasibility of additional protective aclions influencing the
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major r.:nptr'ihutinns 10 the 101al dose should be urgently reviewed. Doses causing serious
dclf:rmmls!lc Fffects or a high probability of stochaslic effects would call for such a
review. For this purpose, an inlervention level of dose received by alt pathways shoutd be
chosen at the planning stage.

{223) Thf: Commission has set out the general principles for planning iniervention
after an acmdel_'lt and included quantitative guidance on intervention levels in Publication
46_' [}984). This guidance was confined to short and medium term action. The Com-
mission plans to issue further guidance covering the whole subject.

6.3.2. The limitation of occupational exposure in emergencies

(?24) Occupational exposures directly due to an accident can be limited only by the
design of the plant and its protective features and by the provision of emergency pro-
cedm_'c_s. ideally, the aim should be to keep the doses within those permitted in normal
conditions, hut, while this is usually possible, it may not always be so in serious accidents.

(225) In addition to the exposures resulting directly from the accident, there will be
exposures of emergency teams during emergency and remediat action. Even in serious
accidents, these can be limited by operational contrals. The doses incurred are fikely to
be higher than in normal situations and should be ireated separately from any normal
doses. Emergencies involving significant exposures of emergency teams are rare, so some
re‘lnxalinn of the controls for normal situations can be permilted in serious accidenis
without lowering the long-term level of protection. This relaxation should not permit the
exposures in the control of the accident and in the immediate and urgent remedial work
to give effective doses of more than about 0.5 Sv excepl for life-saving actions, which can
rarely be limited by dosimetric assessments. The equivalent dose to skin should not he
allowed to exceed about 5 Sv, again except for life saving. Once the emergency is under
f:ontrol. remedial wark should be treated as part of the occupational exposure incurred
in a practice.

7. IMPLEMENTATION OF THE COMMISSION'S
RECOMMENDATIONS

Chapter 7 emphasises the importance of the operational level of radiological pro-
tection and shows how this should be developed from the requirements of regulatory
agencies and the recommendations of the Commission. §t gives advice on the measure-
ment of doses {monitoring) and on possible bases for exemption from regulatory require-
ments. [1 deals with both practices and intervention.

(226} This chapter is concerned principally with organisational features that may help
in the implementation of the Commission’s recommendations, Although the organis-
ational structures witl differ from country to country, and the chapter is therefore
intended to be illustrative, the Commission hopes that il will provide uscful guidance to
managements and regulatory agencies.

(227) In the implementation of the Commission’s recommendations, the main prac-
tical responsibilities fall on the designers and operators of equipment and installations,
who obtain their guidance partly from professional advisors and publications such as
those of the Commission and international organisations, and partly from regulatory and
advisory bodies. Governments should establish a fremework of regulatory and advisory
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functions aimed at helping the operating managements 10 meet their responsibilities and
at ensuring that a suitable standard of protection is maintained. This framework should
also make provision for any necessary central services, including those for intervention,
and for links to regional and international organisations in both normal and emergency
situalions.

{228) The organisational structures used in the control of practices should, as far as
possible, also be used 1o deal with intervention, although they will have to be modified
and extended in some respects. This will help to maintain consistency and will avoid too
much dependency on lines of demarcation. Planning for intervention in the event of
emergences should be an integral part of normal operating procedures. Any changes in
responsibility, e.g. from the usual line of command to an emergency controller, should be
planned in advance. The hand-over should be 2 formal procedure. More details are given
in Section 7.7. When there is no operating management, .2, for radon in dwellings, inter-
vention should become the responsibility of the regulatory agency or of some other
clearly defined body.

{229) The Commission’s recommendations have been set out as a sequence of
concepts, starting with the primary aims and broadening out to cover more detailed
aspects. This structure has been followed in this chapter, which shows how the respon-
sibilities of the various bodies are interrelated. To do this il is necessary to establish a
logical sequence of stages, as follows:

Allocation of responsibility

Basic recommendations of the Commission
Requirements of regulatory agencics
Management requircments

Validation of performance

To a large extent, thesc stages arc the same for all types of exposure. However, when
intervention is required, there may not always be a relevant operating management
available and the regulatory Agency, of some other designated body, will have 10 accep
some of the responsibitities usually carried by the operating management.

7.1. Reapansihility and Authority

(130} In radiological protection, as in other matters concerning health and safety, itis
often convenient to distinguish between responsibility and authority. The first stage of
responniblity is the duty 1o establish objectives, to provide the measures needed to
achieve those objectives, and to ensure that these measures are properly carried out. This
is essentially a prospective concepl. Those bearing responsibility should then have the
authority to commit the resources needed to meet their responsibilities. There is also &
retrospective component of responsibility, sometimes called accountabillty, that requires
a continuing review of performance to be made so that Failures can be identified and
steps (aken to prevent recurrence. Accoumability implies the need to establish a pro-
gramme of verification to determine how effectively the original ohjectives are being
achieved. '

(231} The primary responsibility for achieving and maintaining a satisfactory control
of radiation exposures rests squarely on the management bodies of the institutions
conducting the operations giving rise to the exposures. When cquipment ot plant is
designed and supplied by other institutions, they, in turn, have 8 responsihility to sec that
the items supplied will be satisfactory. if used as intended. Governments have the
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responsibility to set up regulatory agencies, which then have the responsibitity for
providing a regulatory, and often also an advisory, framework to emphasise the respon-
sibilities of the management bodies while, at the same time, setting and enforcing overall
standards of protection. They may also have to take direct responsibility when, as with
exposures to many natural sources, there is no relevant management body.

(232) In all organisations, the responsibilities and the associated authority are
delegated to an extent depending on the complenity of the duties involved. The working
of this delegation should be examined regularly. There should be a clear line of
accountability running right to the top of each organisation. The delegation of respon-
sihilities does not detract from that accountability. There is also an interaction between
the various kinds of organisation, Advisory and regulalory agencies should be held
accountable for the advice they give and any requirements they impose. The imposition
of requirements expressed in general terms and the acceptance of advice do not reduce
the responsibility, or the accountability, of the aperating organisations. This is also true
of prescriptive requirements expressed in terms of objectives or limits. Prescriptive
requirements concerning the conduct of operations do, however, result in some de facto
transfer of responsibility and accountability from the operator to the regulator, The use
of such requirements can he very effective, especially where the operating management
lacks detailed experience, but such use aiways needs to be carefully justified.

(233) Requirements, operating instructions, regulstory approvals and licences and
other administrative devices are not, of themselves, enough 10 achieve an appropriate
standard of radiological protection. Everyone in an undertaking, from the individual
workers and their representatives (o the senior management, should regard protection
and accident prevention as integral parts of their ¢very-day functions. Success and failure
in these arcas are at least as important as they are in the primary funcion of the under-
taking.

7.2. The Recommendations of the Commission

{234} As indicaled in Section 1.3, the recommendations of the Commission are
intended. infer afia, to provide a useful basis from which 1o derive the necessary regu-
latory requirements. Subject to any mandatary requirements of the regulatory agencies,
the recommendations also provide guidance to the operaling managements, The wide-
spread adaption of (he recommendations has the advantage of giving a consisiency of
aims and standards across a wide range of countries. It also helps to provide an appro-
priate degree of uniformity of pracedures. To assist in this process, the Commission has
iried to make clear the reasons for its recommendations and has deliberately included
some fexibility, so that consistency can be obtained withowt rigidity.

{235) Widespread acceptance of ihe quantities discussed in Chapter 2 and of the
proposed values of the nominal probability coefficient, the radialim! weighting _fac!ors.
1wy, and the tissue weighting factors, wy, will greatly simplify world-wide comparisons of
doses and practices and will help in the development of engincering standards for
instrument design and performance.

7.3, Regulatory Requirements

{236) The form of regulatory agencics, their requirements, and their methods of
aperating differ widely. Regulatary provisions arc not an alternative to management
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requirements: they are betier seen as a bridge between the recommendations of the
Commission and the management requirements. In some respects they should go fusther.
In particular, & large part of the duty of assessing the justification of a practice should rest
on the regulatory agency or on the government upon which it depends. Provisions may be
needed to prohibil practices not regarded as being justified. The regulatory provisions
should also set a broad and adequate standard of protection for application to the
practices that are regarded as justified.

{237) One imporiant national and international need s to provide adequate resources
for the education and training of future professional and technical staff in radiological
protection. These resources cannot be provided by the regulatory agencies alone.

1.3.1. The regulation of practices

(238) One feature of the regulation of practices is the use of source-related con-
siraints o he applied to the optimisation of protection. It will avoid confusion if it is
made clear that these regulatory constraints are not the same as prescriptive regulatory
fimits. Limits prescribed by regulatory agencies and restrictions applied by managements
to specific operations as part of the day-to-day control of exposures are not constraints
in the sense used here. In general, they should be established on the basis of the results of
optimisation. However, some regulatory agencies use prescribed limits as a form of
regulatory consiraint, requiring the operating management to achieve further reductions
based on oplimisation. Prescriptive limits may apply not only to dose but also to any
features that are under the direct control of the operating management, such as releases
10 the environment. The purpose of prescriptive limits should be clarified when they are
heing set. In any event, they should never be regarded as an aliernative to the process of
nptimising profection. It is not satisfactory to set design or operational limits or targets as
an arbitrary fraction of the dose limit, regardless of the particular nature of the plant and
the operations.

(239 A high proportion of operations can be conducted in such a way that the
standard of protection is set by the process of constrained optimisation and not by the
dose limits. Mandatory dose constraints, applicable to selected classes of operation, then
pravide & useful regulatory tool. Alternatively, the regulatory agency might establish
investigation levels for classes of operation. Exceeding an investigation level would
require an investigation to he made of the optimisation programme of the operator or
designer. ]

(240) Occasionally, an individual is seen to be consistently exposed af a high level,
close to the individual dose limit, so that the accumulated effeclive dose may be
approaching an unacceptable level. Special attention should then be given lo the justifi-
cation of the practice and the optimisation of protection. This may lead 10 the imposition.
of a special prescriptive limit aimed al forcing an improvement, or o the use of an
investigation level requiring a formal review of the procedures for oplimising protection,

{241) The regulatory agencies should be particularly concerned with public expasures
hecause of the possibility of individuals’ heing exposed to more than one source. This
makes it particularly impartant to identify lines of responsibility and to establish clearly
tn which sources the regulatory provisions apply.

(242) The rcgulatory provisions may be of a general nature, or they may be related
directly tov one insiallation or to a class of installations. In each case, the agency will have
fo consider both the source-related approach, to ensure the proper optimisation of
protection, including the selection of source-relaled dose constraints, and the individual-
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related approach to ensure the adequate protection of individuals in relation to all the
relevant sources, Il the primary source is not under the jurisdiction of the agency, e.g.
when radioactive material is released to a river upstream of the agency's area, it may be
useful to consider assessments and controls to be related to a particular sector of the
environment. Control cannol then be applied at the source. so that doses can be limited,
il at all, only by some form of intervention. Tt will usually be better to achieve control of
the source by inter-state, or inter-agency, collaboration,

(243) The objectives, and to some extent the methods, of regulatory agencies may
sometimes be subject to formal international or regional requirements. Most of these are
advisory, but some are mandatory, at least as far as objectives are concerned. There is
also a range of international engineering standards, some of which have a bearing on
radiological protection. The responsible international bodies also issue advisory docu-
ments. All these documents provide a valuable input to the process of achieving an
appropriate level of protection,

7.3.2. Regulation in the context of potential exposures -

{244) The First step in regulation in the context of potential exposures is that of
establishing a duty on the operating management to conduct assessments of the expected
frequency and possible consequences of events, such as accidents and major errors of
design and operation, thal might give rise to doses substantially higher than those in
normal conditions. Account should be taken of a wide range of initiating causes,
including those outside the operator’s control, eg. flonds and storms. The operalor
shovld he required to include a review of the procedures necessary 1o deal with the
events, should they occur. These assessments will necessarily be based on identified
sequences of events: it will rarely be possible to ensure that all such sequences have been
identified. The possible existence of rare unidentified sequences makes il impossible to
justify assessments leading to very low values of the overall probability of accidents.

(245) The second stage is that of regulatory review. Depending on the likely scale of
the problems posed by the events giving rise Io potential exposures, the regulatory
agency should establish a procedure for reviewing the operators’ assessments. In most
cases. this need be no more than the conventional level of testing for compliance with any
regulatory requirement. In the few installations where the consequences of an accident
might be severe, the procedure may involve a detailed review of the whole assessment.
possibly linked 10 a system of prior approval or licensing. The use of risk constrainis
related 1o individual sequences should be considered. These may make it unnecessary to
estahlish overall risk limits, which are difficult to select and even more difficolt to
enforce. ’

(246) Compliance with risk limils and constraints has to be judged from the results of
assessments of the quality of the design, operation and maintenance of the plant and
equipment and the quality of the management arrangements. Relevant fearures include
the performance and reliability of equipment and the quality of test procedores.
operating instructions and iraining.

7.4. Managemeni Requirements

(247) The first. and in many ways the most important, of the praclical steps in
implementing the Commission’s recommendations is the establishment of a sa@ly_-ha:sed
attitude in everyone concerned with all the operations from design 1o decommissioning.
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This can only be achieved by a substantial commitment 1o training and a recognition that
safety is a personal responsibility and is of major concemn to the top management. Close
links between the management and the representatives of the workforce have a major
role to play,

(248} This attitude to safely should be reinforced by the creation of a formal manage-
ment structure for dealing with radiological protection, including the optimisation of
protection, and by the issuing of clear operating instructions. These should 1ake account
of any requirements applied to the design of the plant and equipment and of the insial-
lation as a whole, and should cover subsidiary operations such as inspection and
maintenance. The details of the management structure and of the operating instructions
will depend on the form and scale of the operating organisation, but their importance
should be recognised even in small or informal organisations. From the point of view of
the Commission, it is convenient to consider design requirements and operating instruc-
tions as'parts of a unified system, to be called the management requirements, even though
the two parts may be laid down by different components of the management organis-
stion.

{249) The aims of the management requirements should be to set out the practical
hasis for protecting all concernad. The detaited techniques cover such aspects as the
choice of radiation source or radicactive material, the vse of shielding and distance to
reduce radiation fields, the restriction of the time spent in the proximity of sources, and
the use of containment, usvally in several stages, ta limit the spread of radioactive
materials into workplaces and the public environment. Attention should also be given to
the layout of plant and equipment. In addition, the techniques for dealing with potential
exposures include safety analysis to identify possible causes of accidents and the methods
available to reduce their likelihood and severity, followed by the assessment of the
teliability of all the principal systems affecting the probability of accidents. These
systemis include the plant and equipment, any software used in the equipment or in the
operations, the operating and maintenance procedures, and the performance of the
human operators. Much of the responsibility for these analyses should fall on the
designer, but part of it should rest on the operating management. There should be plans
for dealing with accidents should they occur. These plans should be subject to periodic
review, All these reviews and assessmenis should lead to the preparation of wrilten
management requirements. .

(250) The management requirements should be expressed in clear and unambiguous
terms and they should be eminently practical, They will siem, in part, from the require-
menls of regulatory agencies (sec Section 7.3}, but they should alse draw on the recom-
mendations of the Commission. manuals of good practice, and engineering standards.
The task of preparing and implementing management requirements is oneraus, but it
plays an important part in achieving the correct balance helween the protection measures
and the effective conduct of the operations,

141, The dﬂssifimﬁon of workplaces and working conditions

(251} One of the most important funclions of management requirements is that of
maintgining control over the sources of exposure and over the workers who are oceu-
pationally exposed. It is usually easy 10 specify the sources of accupational exposure.
They are the artificial radioactive materigls and the efectrical generators of radiation
used in the workplace, logether with the natural sources specified in Section 5.1.1. The
specification has 1o be applied with common-sense because arificial radionuclides are
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present in trace 2mounts in most materials. The control of sources is helped by requiring
that the workplaces containing them be formally designated. The Commission uses two
such designations—controlled areas and supervised areas.

(252) A controlled area is one in which normal working conditions, including the
possible occurrence of minor mishaps, require the wotrkers to follow well-established
p.rocedures and practices aimed specifically at controlling radiation exposures, A super-
vised area is one in which the working conditions are kept under review but special
prncefiures are not normally needed. The definitions are best based on operational
experience and judgement. Account should be taken both of the expected levels of
exposure and of the likely variations in these exposures. In areas where there is no
pfoblem of contamination by unsealed radionctive materials, designated areas may some-
times be defined in 1erms of the dose rates at the boundary. The aim should be to ensvre
that anyone outside the designated areas will not need to be regarded as occupationally
exposed. The dose limits recommended by the Commission are intended to apply to all
workers, but the use of designated areas should enable the actual doses received outside
the designated areas to be kept below the dose limits for public exposure. The dividing
line between controlled areas and supervised areas, if the latter are wsed, has commonly
heen sel with the aim of ensuring that the doses to workers in the supervised areas can
confidently be predicted to be less than 3/10 of the occupational dose limits. The
Commission now regards this definition as being too arbitrary and recommends that the
designation of controlled and supervised areas should be decided either at the design
stage or Incally by the operating management on the basis of operational experience and
judgement. This judgement has 10 take account of the expected level and the likely
variations of the doses and intakes, and the potential for accidents.

(253) In previous recommendations, the Commission has defined two types of
working conditions based on the expecied level of individual annual dose. This was
atiginally intended to help in the choice of workers to be subject to individual monitoring
and special medical surveillance. In recent years, it has become apparent that neither of
ihese decisions is best linked to a crude classification of working conditions based on
expected dose and the Commission no longer recommends such a classification. The
dexign of monitoring programmes is discussed in Section 7.5.1 and medical surveiiance
in Section 7.4.4,

7.4.2. Openmtional guides

(254) Generalised exhortations to keep risks low are implicit in radiological pro-
tection, They should be supplemented by specific siatements that the designers and the
operators can use as guides. The operating management is responsible for establishing
these guides, which should include an indication of the maximum levels of exposure that
the management expects to occur in defined operations.

(255) These guides apply 1o both the designers and operators of plant and equipment,
but they are not targets and are not sufficient. They provide only an envelope within
which the designers and operators should work. In addition, there should be an ohk-
gation to consider the available options and 10 establish operational procedures based on
mare completely optimised levels of protection for the specific circumstances. These
operational guides are becoming increasingly common and are to be welcomed, provided
that they are soundly based. If operational guides are chosen to be the same for widely
diverse operations. they are likely to be arbitrary and will not be consisient with the
standards of proteclion recommended by the Commission.

{256) In principle, the operational guides should include material on the standard of
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reliability needed to limit potential exposures. In practice, however, it is proving difficult
10 establish a scund basis for such material, sometimes known as “safety goals”. Tt is
therefore necessary to depend heavily on past experience, often codified in the form of
engineering standards.

14.3. Reference levels

{257 It is often helpful in the management of operations to establish values of
measured quantities above which some specified action or decision should be taken.
These values are generally called reference levels. They include recording levels, above
which a result should be recorded, lower values being ignored; investigation fevels, above
which the cause or the implications of the result should be examined; and intervention
levels, above which some remedial action should be considered. The use of these levels
can avoid unnecessary or unproductive work and can help in the effective deployment of
resources. 1T recording levels are used, the fact that no unrecorded results exceeded the
recording level should be made clear. '

1.4.4, Occupational services for protection and health

(258) One common responsibility of the operating management is to provide access
to occupational services deafing with protection and health. These may be in-house
services or consultancy services brought in from oulside. The protection service should
provide specialist advice end arrange any necessary monitoring provisions, both inside
and outside the instaliation. The head of the protection service should have direct access
to the senior operating management. Most of this report has already been concerned with
the provisions for protection, This section therefore concentrates on the provision of
occupational health services. .

(259) The principal role of the occupational health service is the same as it is in any
sccupation, Physicians supervising the health of a force of radiation workers need to be
familiar with the tasks and working conditions of the workforce. They then have to
decide on the fitness of each worker for the intended tasks. It is now very rare for the
radiation component of the working environment 1o have any significant influence on
that decision. Furthermore, this component should have no influence on the administra-
tive conditions of service of those occupationally exposed.

(260) The supervising physician, sometimes supported by specialists, may also be
required to counsel workers in three spectal calegories. The first is women who are, or
may become, pregnant. They should be advised to inform the physician as soon as they
think they may be pregnant, so that the management can be advised to arrange for any
necessary change of duties or special protective provisions,

{261) The second group comprises any individuals who have been exposed sub-+
stantially in excess of the dose limits or may have been involved in potentially dangerous
situations. Only in exceptional conditions will clinical lests or treatment be indicated.
Nevertheless, depending on the potential for accidemts, the physician should ensure that
suitable arrangements for diagnostic tests and treatment can be provided at shon notice
if they should be required. One laboratory test to be considered in this context is the
examination of lymphocytes for chromosome aberrations. This tesi can often give useful
results and reassurance afler suspected accidents. In-house provisions are rately needed
because there are lahoratories in many countries to which blood samples can be sent.

(262) The third group comprises individual workers who are considering volunteering
for detiberale exposures as part of biomedical research programmes. In well-designed
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experiments, the doses will be small compared with those commonly incurred in occu-
paticnal exposure and will be limited by dose constraints applied in the optimisation of
protection. The supervising physician can provide reassurance and can exclude any
volunteers expressing anxiely. Reference 10 a propetly constituted ethics committee iy
needed to ensure that the research aims are proper and wel defined and that the system
for selecting volunteers is satisfactory.

(263) The supervising physician needs information aboul the working conditions and
the exposures of individual workers. Some of this information will come from plam
records, and some from the protection service. Some of the data will be transferred to,
and then form part of, the individual's medical record. Such records are usually regarded
as medically confidential. 1t is important not to let confidentiality compromise the avail-
ahility of the ariginal data to the management and to non-medical professionals involved
in protection,

7.5. The Assessment of Doses

- (264} The basis of the Commission's recommendations is the restriction of doses and
of the probability of incurring doses. The measurement or assessment of doses is funda-
mental to the practice of radiological protection. Neither the equivalent dose in an organ
nor the effective dose can be measured directly. Values of these quantities must be
inferred with the aid of models, usually involving environmental, metabolic. and dosi-
metric components, Ideally, these models and the values chosen for their parameters
should he realistic, so that the results they give can be described as “besi cstimates™,
Where practicable, estimates should be made of the uncertainties inherent in these
results. .

{265} In practice, realistic models are rarely available, If the purposes of the model
includes the setting of limits or the subsequent testing for compliance with limits. and if
realistic models are not available. it is appropriate ta use models that are intended to give
results that are not likely to underestimate the consequences of exposure, though without
averestimating the consequences excessively. In the justification of a practice, the
aptimisation of protection. or the decision to use intervention follawing an accident, any
errors of estimalion are liable 10 cause misuse of resources. IF the models are to be used
solcly for these purposes, they should therefore be chosen with the emphasis on realism.

1.5.1.- Dnsimetry in occupational exposire

(266} In occupational exposure, it is usually feasible to monitor the doses received by
individuals. Often, however, there is no clear-cut fine hetween workers closely involved
with radiztion sources and others who are exposed onfy casually, either because they are
rarely. present in the relevant locations or because they arc remote and receive only
trivial doses. To avoid a wasteful use of resources in monitoring and record keeping, it is
necessary to identify groups of workers for whom individual monitoring is needed.

(267} The decision lo provide individual monitoring for a group of workers depends
on many factors, Some of these are fechnical and others are concerned more with
industrial relations. The decision should be taken by the operating management, but
should be subject to review hy the regulatory agency. Three major technical factors
should influence the decision; the expected level of dose or intake in relation to the
rclevant limits, the likely variations in the dose and intakes, and the complexily of th'c
measurement and interpretation procedures comprising the monitoring programme. This

Mo AECOMMENDATIONS OF THE ICRP 61

(hird factor results in an approach to the monitoring for external exposure that is
different from that for intakes and the resulting committed effective dose. Individual
monitoring for external radiation is fairly simple and does not require a heavy com-
mitment of resources. It should be used for all those who are occupationally exposed, .
unless it is clear that their doses will be consistently low, or, as in the case of air crew, it is
clear that the circumstances prevent the doses from exceeding an identified value. Tn
addition to its primary function of providing information for the control of exposures, a
programme of individual monitoring may be helpful in confirming the classification of
workplaces and in detecting fluctuations in working conditions. It gives useful reassur-
ance and may provide data of use in reviewing optimisation programmes. . :

(268) Individual monitoring for intakes of radinactive material is usually much more
difficult, and shovld be used routinely only for workers whe are employed in areas that
are designated as controlled areas specifically in relation to the control of contamination
and in which there are grounds for expecling significant intakes. Guidance on the type of
work calling for individual monitoring is given in Publication 35 (1982}, Guidance on the
interpretation of individual monitoring for intakes is given in Pubfication 54 (1988).

{269) When calculating the annual limits on intake (ALls), the Commission has
previously used the 50-year committed effective dose. For workers with a working life
from 18 to 65 years (a mean of about 40 years) and an expectation of living to 75 years, a
value of 15 years would be more typical. However, the difference is small, even for long-
lived, long retained, nuclides, and the Commission recommends the retention of the 50-
year period for occupational exposure. {See Section 7.5.3 for Public Exposure.} In
discussions with an individual worker of the possible health implications of his moni-
toring results, account should he taken of the actual age at intake. The intake can be
directly related fo the annual limit on intake more convincingly than the committed dose
can be related to the annual dose limit so it will usually be more satisfactory to discuss
estimated intakes rather than commitied doses. :

(270) The assessment of collective dose from accupational exposure is usually based
on the recorded doses from individual monitoring programmes, but will often have to be
supplemented by the use of data on low individual doses derived from models based on
measurements in the workplace.

{2710 In practice, it is usually possible without great difficulty to achieve an accuracy
of about 107% ar the 95% confidence level for measurements of radiation fields in good
Isboratory conditions. In the workplace, where the energy and orientation of the
radiation field are rarely known, uncertainties by a factor of 1.5 will not be unusual in the
estimation of annual doses from the external exposure of individual workers. {n view of
the other uncertainties, this factor is acceptable. 1t will rarely be possible to achieve the
same standard of accuracy when estimating intakes and the associated committed
equivalent and cffective doses. Uncertainties by a factor of at least 3 may well have to be
secognised and are acceptable. Further guidance is given in Publication 34 (1988),

1.5.2. Dosimetry in medical exposure

{272) The assessment of doses in medical exposure, i.e. doses to patients, is of critical
importance in radintherapy and is dealt with by the International Commission on
Radiation Units and Measurements. Frequent measurements on equipment should form
in important part of the quality control programme. [n diagnostic radiology. there is
narely a need for routine assessment of doses, but periodic measurements should be
made to check the performance of equipment and to encourage the oplimisation of
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protection. In nuclear medicine, the administered activity should always be recorded and
the doses, based on standard models, will then be readily available.

1.5.3. Dosimetry in public exposire

{273} Routine individual monitoring of persons subject to public exposure is not
necessary in normal situations and is not recommended. Dose assessment is then
dependent on models representing the pathways between the source and the exposed
individuals, tometimes supplemented by environmental monitoring. This procedure
cannot take full account of individual habits and characteristics. For comparisons with
limils, the modets should relate to real or postulated “critical groups”. These groups are
chasen to be representative of the individuals most highly exposed as a result of the
source under review. They are required to be reasonably homogeneous with respect to
the characteristics that influence their doses from that source. When this is achieved, any
individual limits should be applied to the mean values for the critical group. The
Commission has dealt with the setection of critical groups in Publication 43 (1985},

(274} For public exposure, the integrating period for committed effective dose for
chitdren should he from the age of the intake to 70 years. For adults, the period should
be 50 years. The Commission has provided age-specific relationships between intake and
committed effective dose in Publication 56 (1989},

(275) In public exposure, it is rare for the collective dose to be predominantly
composed of doses in members of the critical group, Dose assessment for the purposes of
justification of a practice or the optimisatian of protection has to be hased on more
general models. For current situations. and those extending only into the near future,
such models can sometimes be validated by seleclive measurements, for example on
environmental materials or, more rarely, on individuals. For longer-term predictive
models, which are often used to forecast doses over many centuries and over large areas,
no direct validation is possible. However, techniques such as sensitivity and uncertainty
analysis are usefol in indicating the likely degree of error and make it possible to test any
proposed choice of action against a range of predictive models,

7.6. Complisnce with the Intended Standard of Protection

(2761 All the otganisations concerned with radiclogical protection should have a dyty
to verify their compliance with their own objectives and proco_dures. The operating
management should establish a system for reviewing its organisational struciure and iis
procedures, a function analogous 10 financial suditing. Regulatory agencies _should
conduct similar imernal audits and should have the added duty of, and euthority for,
assessing both the level of protection achieved by operating managements and the degree
of compliance with the regulatory provisions. All these verification procedures s‘h_ould
inchude consideration of potentiel exposures by a verification of the safety provisions.
Verification procedures should inctude a review of quality assurance programmes and
some form of inspection. However, inspection is a form of sampling—it cannot cover all
eventualities. It is best seen as a mechanism for persuading those inspected to put, and
keep, their own houses in order, '

7.6.1. Record keeping .
(277) Any system of validation inchides the keeping of records. Th_e minimum
requirements will usually be laid down by the regulalory agencies, but operating manage-
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ments should consider the additional requirements for records for their own purposes,
The type of record, the degree of detail, and the retention period should all be defined
formaHy. A balance has to be struck between the complexity of the initial entry of data,
which may compromise the accuracy or completeness, and the possible future use of the
records. The value of most records decreases with time, as does the likelihood of their
being needed. As a general guide, and subject to any regulatory requirements, records
giving the results of assessments of individual doses should be retained for periods
comparable with the expected lifetime of the individual; those giving supplementary
information used in the interpretation of monitoring results, e.g. results of monitoring of
the workplace. should be retained for a period long enough to keep them available for
any likely re-assessment of the interpretation, a few years. The details and retention of
personnel records should be in accordance with the normal practice of the employer.
The details of releases of waste to the environment should be retained for at least 10
years, with summaries being kept for several decades.

7.7. Emergency Planning

{278) When an emergency that may affect the public is declared. there should asually
he a shift in the placing of responsibilities, In many cases, there will be an operating
management al the scene of the initiating event. The operating management wil) then be
available to take initial control of the event itself, but this may not be regarded as
appropriate if the event is outside, or extends beyond, the operator's premises. The wider
responsibilities for emergency action will usually have to be carried by the regulatory
agency, which will also have to decide who shall be responsible for implementing any
action following its decisions.

{279) Accidents or operational misjudgements may call for urgent action. The
responsibility for planning local emergency action should fall primarily on the operating

. management, if this can be identified in advance. More general, and especially national,

planning should be the responsibility of the regulatory agency or other body designated
by the Government. Local and national plans need to be closely co-ordinated and linked

* ta other plans dealing with accidents not involving radiation. Links to regional and inter-

national plans should also be provided. Bilateral agreements with neighbouring states are
often needed and are essential where major installations are located near national
houndaries. The scale of the detailed plans for dealing with radiation accidents will be
influenced by the degree of co-ordination with other plans and by the magnitude and
expected frequency of accidents. The establishment, maintenance, and exercising of
emergency plans require a substantial commitment of resources, so the choice of the
scale of the plans has considerable practical implications,

(280) Experience has identified several key areas of difficulty in emergency planning.
The first is the recognition that an accident has occurred and that emergency action is
needed. This presents few difficulties if the accident is to major plant, but dangerous
Situations due to lost or misused radiographic sources have been very difficult to
recognise. The second problem area is the rapid acquisifion and interpretation of data. It
is gbvious thar data have to be obtained in the area affected by the accident, but it is not
always recognised that there will be a widespread demand for data to provide reassur-
ance in unaffected areas. Thirdly, the interpreted data have to lead to decisions and
aclions, of to a convincing conclusion that no action is needed. The initial decisions will
often have to made by someane on the spot, regardless of the formal chain of responsi-
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bilities, This should be recognised in the plans, but provision should also he made for the
mare formal making of decisions on a longer timescate. The fourth problem area is
communications. The demand for information has been consistently underestimated in
the pasi. The communication system for the emergency organisation is not difficult to
specify, but it is expensive to establish and maintain. Adequate communications with the
public are very much more difficult to achieve. The provision of local instructions and
advice in the event of an accident is fairly straightforward, once the content has been
settted. Tt is much more difficult to disseminate reassurance to the much larger areas
where no action is called for, Special provisions should be made in national plans.

(281) Because of these special features, there are many parts of emergency plans that
are not in routing use, These have to be maintained in a state of readiness by regular

enercises. Exercises are often regarded as wasteful of scarce resources, but they should’

be treated as a necessary part of emergency planning.

{282) It is necessary to initiate emergency procedures by some form of dectaration of
a state of emergency. This may be local, perhaps applying only to a single instaliation, or
even to a single workplace, of it may be more widespread. Such a declaration has the
additional function of establishing that the system of protection is now that relating to
intervention. Provision also has to be made for the withdrawal of the state of emergency
and of any countermeasures that have been applied.

(283} Although flexibility is a necessary feature of emergency plans, it is very vatuable
10 inchsde in the plans a sel of intervention levels to provide an immediate basis for
urgent decisions. These intervention levels should be established for the types of action
likely to be needed and should be promulgated by, or on behalf of, the regulatory agency.
As discussed in Chapter 6, the chnice of intervention levels should he based on the dase
averted by the proposed action. Since the dose thal will be averted cannot easily be
estimated in the period immediately after an accident, derived intervention levels should
be established for quantities that can be measured or estimated at the time of use. The
intetvention levels should not be treated as limits, they are guides to action.

(284) To avoid unnecessary restrictions in international trade, especially in foodstuffs,
it may be necessary, in this context, to apply detived intervention levels in a different
way. They could then indicate a line of demarcation between freely permitted eXports of
imports and those that should be the subject of special decisions. Any restrictions
applied to poods belaw the intervention levels, better called intervention exempliqn
levels for this putpose, should be regarded as artificial barricrs to trade. Trade in
materials above an intervention exemption level should not automatically be prohibited,
but such materials might be subject o temporary controls. Intervention exemption IchIs
used in this way in international trade should not necessarily have the same quantitative
values as the intervention levels used for initiating action in other circomstances.

7.8. Exclusion and Exemption from Regulatary Control

(28S} In order 1o avoid excessive regulatory procedures, mast regulatory systemns
include provisions for granting exemptions in cases where it is clear that a practice is
justified, but where regulatory provisions are unnecessary. Provision may alsn_be. made
for the complete exclusion of some situations from the scope of any regulatory instru-
ments.

{286) The Commission believes that the exemption of sources is an importanl
component of the regulatory functions. Tt notes that the International Atomic Energy
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Agency and the Nuclear Energy Agency of OECD issue advice on this subject to their
member states.

{287) There are two grounds for exempling a source or an environmemal situation
from regulatory control. One is that the source gives rise lo small individual doses and
small collective doses in bhoth normal and accident conditions. The other is that no
reasonable control procedures can achieve significant reductions in individual and
collective doses,

{288} The hasis for exemption on the grounds of trivial dose is much soughit after, but
very difficult to establish. Apart from the difficulty of deciding when an individual or a
collective dose is small enough to be disregarded for regulatory purposes, there is a
considerable difficulty in defining the source. For example, if the source is defined as a
single smoke detector, both the individual and the collective doses from that source may
well be trivial, but the individual may be exposed to many other sources. If the source is
taken as smoke detectors in general, the individual doses will still be small, but the
colleclive dose may be substantial. The underlying problem is that exemplion is neces-
sa'rilid a source-related process, while the triviality of the dose is primarily individval-
related.

{2R9) When the exempt source comprises a class of devices, it may not be appropriate
to exempt the manufacture and large scale storage of the devices. The devices themselves
can be made subject to the requirements of approved engineering standards, and their
sale and use can then be exempted from all further regulatory requirements, When the
use is s0 exempted, it is necessary also to be able to exempt the eventual disposal of the
devices.

{290) The second basis for exemption calls for a study similar to that needed in the
optimisation of protection. It provides a logical basis for exemption of sources (hat
cannol be exempted solely on the grounds of trivial doses, but for which regulation on
any reasonable scale will produce little or no improvement. '

{291} Sources that are essentially uncontroflable, such as cosmic radiation at ground
level and potassivm-40 in the body, can best be dealt with by the process of exclusion
from the scope of the regulatory instruments, cather than by an exemption provision
forming part of the reguiatory instruments.

{292) One other form of exemption is somelimes considered. Some sources give risc
ta widespread exposures involving only very small individual doses. Tt has been suggested
that these sources could be exempted from regulatory concern and the small individual
doses might be excluded from the calculation of collective dose. In effect, it is argued that
the resulting risks to individuals are so insignificant that they can be ignored even if there
ate many exposed individuals. In the context of waste management, this approach tends
1o ignore large collective doses delivered at long ranges, often in other countries. This
method of exemption is sometimes the result of an implicit form of optimisation of
protection. If the doses are individually small and the sources are widespread, il may well -
be impossible to reduce the doses further with any reasonable deployment of resources.
It is unlikely. however, that this argument would lead to a single value of dnse for
exemption purposes.

{293) The Commission recognises that this method of exemption, i.c. ignaring the
collective dose if the individual doses are all very small, is in use, not always explicitly,
and that it often leads to conclusions that are broadly consistent with those that would
result from rhe application of the Commission's system of protection. Nevertheless, this
consistency is not always achieved and the Commission does not recommend the use of

JAtoRrT 11-t23-w
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thif le({hnique. The extent to which small individual doses should be included in the
estimation of cqllective doses for the purposes of optimisation depends on the extent to
whtch the contribution from these doses influences the choice belween the oplions under
review. Further guidance is given in Publication 55 (1989).

SUMMARY OF RECOMMENDATIONS

This summary contains the principal recommendations and new concepis in the 1990
Recommendations of the Commission, Explanatory material is omitted. The order of the
summary follows that of the Main Text of the recommendations.

Tntroduction

(51} The Recommendations are intended to be of help 10 regulatory and advisory
agencies and to management bodies and their professional staff. They deal only with
ionising radiation and with the protection of man, The Commission emphasises that
jomsing radiation needs to be treated with care rather than fear and that its risks shoutd
be kepl in perspective with other risks. Radiological protection cannot be conducted on
the basis of scientific considerations alone. All those concerned have 1o make value
judgements about the relative importance of different kinds of risk and about the
hatancing of risks and benelits,

Quantities Used In Radinlogics] Protection

(82) The Commission uses macroscopic dosimetric quantities while recognising that
microdosimetric quantities based on the siatistical disiribution of events in a small
volume of material may eventually be more appropriate. The principal dosimetric
quantities in radiological protection are the mean absorbed dose in a tissue or organ, Dy,
the energy absorbed per unit mass; the equivalent dose in a tissue or organ, A, formed
by weighting the absorbed dose by the radiation weighting factor, wy; and the effective
dose, E, formed by weighting the equivalent dose by the tissue weighting factor, wy, and
summing over the tissues. The time integra! of the effective-dose rate following an intake
of a radionuclide is called the committed effective dose, E(r), where t is the integration
time (in years) following the intake. The unit of absorbed dose is the gray (Gy), and the
unil of both equivalent and effeciive dose is the sievert (Sv), The values of the radiation
and tissue weighting factors are given in Tables S-1 and 5-2.

{$3) Another useful quantity is the collective effective dose, which is the product of
the mean effective dose in a group and the number of individuals in that group. With
some reservalions, it can he thought of as representing the total consequences of the
exposure of a popuiation o group.

{$4) The Commission uses “dose™ as a generic term that can apply to any of the
relevant dosimetric quantities. The Commission alse uses the term “exposure™ in a
generic sense to mean the process of being exposed to radiation or radioactive material.
The significance of an exposure in this sense is determined by the resulting doses.

Biological Aspects of Radiological Protection

(S5) lonising radiation causes both deterministic and siochastic effecis in irradiated
tissve. Radiological protection aims at avoiding deterministic effects by setting dose
limits below their thresholds. Stochaslic effects are believed lo nccur, albeil with Tow
frequency, even at the fowest doses and therefore have been taken inth account at all
doses.

67
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Table §-1. Radiation welghting facion' (86) Deterministic effects result from the killing of celts which, if the dose is large

enough, causes sufficient cell loss to impair the function of the tissve. The probabitity of
causing such harm will be zero at small doses, but above some level of dose (the

Type and energy range! Radistion weighting factor, w,

E‘I'e':'m:l'n;":m‘ I : threshold for clinical effect) the probability will increase steeply to unity (100%). Above

Neutrans, energy < 10 kel & H the threshold, the severity of the harm will increase with dose. Thresholds for these
10 keV 10 100 keV 10 effects are often at dosés of a few Gy or dose rates of a fraction of a Gy per year,

;;'m:\‘f"’;g:::: fg (57} An important observation in children cxposed in utero during a critical 8-15

> 20 MeV P . week period, at Hiroshima and Nagasaki, is a downward shift in the distribution of 1Q

Pr:i:: :r:‘:h'r:iﬂshr:nl r}m‘“ otons. enerey > 3 MoV < with increasing dose whit{h can result, aft_er higher doses, in an increase in the probability

Alpha particles, Brsion m?pum:‘-he::;!r'mmi e 2 of severe mental retardation. The effect is presumed to be deterministic with a threshold

related to the minimum shifi in 1Q that can be recognised.

(58) Stochastic effects may result when an irradiated cell is modified rather than
killed. Modified somatic cells may subsequently, after a prolonged detay, develop into a
cancer. There are repair and defence mechanisms that make this a very improbable

' AN valuex refate (o the radistion incident on the hody nr, for internal sources,
emitied from the sonrce,

* The choice of valwes for ather radintions is discussed in Annex A,
* Excluding Auger electrans emitied from mclei bonnd 10 DNA (cee paragraph 260,

Tahle 5-2. Tissue weighting factors’

Tissue or argan Tissue weighting factor, wy
Gonads m20
Rone marrnw (red) 012
Caton nr2
Ling 012
Stomach 02
Rtadder ons
Rrcast nons
Liver nas
Oesophagus nns
Thyrrid n.0s
Skin nant
Bone surface 0.01
Rempinder 0.05%

" The values have been developed from 2 reference
poputation of equal bers of hoth sexes and 2 wide
range of ages. 1n the definition of effecrive dose they
apply to workers, to the whole popolation, and 1o either
nen.

! For purpnaes of calculation, the inder is com-
posed of the frdinwing sddhifonal tissues and organa:
adrenaly, brain, vpper large Intestine, small intexti

kidney, muscle, pancress, spleen, thymus and wterus. The
Tint includes organs which are tikely 10 be selectively
iresdimed. Some organs in the list are known 10 he
susceptible 10 cancer Indoction. TF other tissues and
nrgans suhsequenly b identified as having 3 sig-
nificant risk of induced cancer 1hey will then be included
cither with » specific Wy nr in 1his additional list con-
stiruting the ramainder. The Initer may also inchrde nther
tissues or organs selectively irradiated.

! In those exceptinnal cases in which a single ane of
the romainder lissues or prgans freceives an equivalent
dose in excess of the highest dnse in any of the twelve
organs for which a weighting factor ix specified, o
weighting factor of 0.025 should be applied tn that Hasue
or organ and a weighting Tactor of 1.025 to the average
dnse in the rest of the remainder as defined shave.

outcome. Nevertheless, the probability of a cancer resulting from radiation increases with
increments of dose, probably with no threshold. The severity of the cancer is not affected
by the dose. If the damage occurs in a cell whose function is to transmit genetic infor-
mation to later generations, any resulting effects, which may be of many different kinds
and severity, are expressed in the progeny of the exposed person. This type of stochastic
effect is called “hereditary™.

(§9) The Commission has estimated the probability of a fatal cancer by relying mainly
on studies of the Japanese survivors of the atomic bombs and their assessment by bodies
such as UNSCEAR and BEIR. These committees have estimated the lifetime cancer risk
by considering the accumulated data to 19835, the new dosimetry (D586} and projection
to lifetime by a multiplicative or madified multiplicative model, for high dose, high dose
rale exposure. The Commission has concluded, after reviewing the available experi-
mental information on dose-response relationships and the influence of dose and dose
rale, that the most probable response is linear quadratic in form for low LET radiation.
The linear coefficient al low doses or low dose rates is obtained from the high dose, high
dose rale estimates of risk by dividing by a DDREF (dose and dose rale cffectiveness
facior) of 2. The nominal fatal cancer probabilities for a working popultation and for a
general population, which differ somewhat because of the greater sensitivity of young
people, are given in Table $-3. The Commission has made its own estimates of how this
fatal cancer risk is distributed among organs and the length of life last for cancer in each
of thesc organs, by further analysis of the data on the atomic bomb survivors.

(510} The estimates of severe hereditary effects are also based on the assessments of
UNSCEAR and BEIR of experimental data on genetic effects in animals, Evidence
suggests that |hese estimates are not less than the corresponding effects in man, For low
dose and dose rates, the prohability coefficient for severe heredilary effects in all gener-
ations {resulting ahout equally from dominant and X-linked mutations on the one hand,
and multifactorial diseases weighted for severity on the other) are given for both a
working population and a general population in Table §-3.

(311} The Commission uses the term detriment to represent the combination of the
probahility of occurrence of # harmful health effect and a judgement of the sevetity of
thai effect. The many aspects of detriment make it undesirable to select a single quantity
10 represent the detriment and the Commission has therefore adopted a multi-dimen-
sional concept. The principal components of detriment are the following stochastic
quantities: the probability of atributable fatal cancer. the weighted probability of
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Table 5-3, Nominal probsbility coefficients for stochastic effects

Detriment {102 Sv- 'y

Non-fatal Severe hereditary

Expnsed population Fata) cancer? tancer effecis Toant
Adult workers a0 0.8 L8} 56
Whole poputalion sn 1.0 11 73

: Rounded values.
¥ For fntal cancer, the detriment it equal 1o the probability coefficient.

anitributable non-fatal cancer, the weighted probability of severe hereditary effects and
the length of life lost if the harm occurs. The values of this aggregated detriment at low
dose for both a working population and a general population are also given in Table S-3.

{§12) The Commission has also assessed the distribution of the detriment in organs
and tissues by considering first the fatal cancer probability in each of them, multiplying
by an appropriate factor for non-fatal cancer (which is determined by the severity
(fethality factor) for that cancer), adding in the probability of severe hereditary effects
and adjusting for the relative length of life lost. This distribution of aggregate detriment
amang organs is represented, alter appropriate rounding, by the tissue weighting faclors,
w, given in Table §-2.

(512} The effective dose is the sum of the weighted equivalent doses in all the tissues
and organs of the body. Tt is given by the expression

E =73 we Hy
T

where Hy is the equivalent dose in tissue or organ T and wy is the weighting factor for
tissue T. The effective dose can also be expressed as the sum of the doubly weighted
absorbed dose in all the tissues and organs of the body.

The Conceptual Framework of Radiological Protection

(514) A system of radiological prolection should aim to do more good than harm,
should call for protection arrangements that maximise the net benefit, and should aim (o
limit the inequity that may arise from a conflict of interest hetween individuals and
sorciety as a whole,

(§15) Some human activities increase the overall exposure fo radiation. The Com-
missien calls these human activities “practices”. Other human activities can decrease the
overall exposure by influencing the existing cavses of exposure. The Commission
descrihes these activilics as "intervention™.

{516) The Commission uses a division into three types of exposure: occupational
exposure, which is the exposure incurred al work, and principally as a result of work;
medical exposure, which is principally the exposure of persans as part of their diagnosis
or treatment; and public exposure, which comprises all other exposures.

(S17) In practices and in intervention, it will often be virtually certain that exposures
will occur and their magnirude will be predictable. atbeit with some degree ol error.

Sometimes, however, there will be a potential for exposure, bul no certainty that it will

occur. The Commission calls such exposures “potential exposures”.
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The system of protection in practices

(S1B) The system of radiological protection recommended by the Commission for
proposed and continuing practices is based on the following general principles.

(a) No praciice involving exposures to radiation should be adopted unless it produces
sufficient benefit to the exposed individuals or (o sociely to offset the radiation
detriment it causes. (The justification of a practice.)

(b} In refation to any particular source within a practice, the magnitude of individual
doses, the number of people exposed, and the likelihood of incurring exposures
where these are not certain to be received should all be kept as low as reasonably
achievable, economic and social factors being taken into account. This procedure
should be constrained by restrictions on the doses to individuals {dose con-
straints}, or the risks to individuals in the case of potential exposures (risk
constraints}, so as to limil the inequity likely to result from the inherent economic
and sacial judgements, (The optimisation of protection.}

(¢} The exposure of individuals reselting from the combination of all the relevant
practices should be subject to dose limits, or to some control of risk in the case of
potential exposures. These are aimed at ensuring that no individual is exposed to
radiation risks that are judged lo be unacceptable from these practices in any
normal circumstances. Not all sources are susceptible of control by action at the
source and # is necessary to specify the sources to be included as relevant beflore
selecting a dose imil. {Individual dose and risk limits.)

The system of protection in intervention

(S19) The system of radiological protection recommended hy the Commission for
intervention is based on the following general principles.

(2) The proposed intervention should do more good than harm, i.e. the reduction in
detriment resuliing from the reduction in dose should be sufficient to jusiify 1he
harm and the costs, including social costs, of the intervention,

{b) The form, scale, and duration of the intervention should be optimised so that the net
benefit of the reduction of dose, i.e. the benefit of the reduction in radiation detri-
ment, less the detriment associated with the intervention, should be maximised.

Dose limits do not apply in the case of intervention. Principles {a) and (b) can lead 1o
intervention levels which give guidance to the situations in which iniervention is appro-
priate. There will be some level of projected dose above which, hecause of serious
deterministic effects, intervention will almost always be justified.

(S20) Any system of protection should include an overall assessment of its effective-
ness in practice. This should be based on the disiribution of doses achieved and on an
appraisal of the steps taken to limit the probability of potential exposures. It is important
that the basic principles should be treated as a coherent sysiem. No one part should he
taken in isolation.

The Contral of Occupational Exposure

Dose constraints
(521) An imporiani feature of oplimisation is the choice of dose constraints, the
source-related values of individual dose used 10 limit the range of options considered in
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Table 5-3, Nominal probability coefficients for stochastic effects

Detriment {102 Sv- "y

Non-fatal Severe hereditary

Expnsed population Fatal cancer? tancer effecis Toant
Adult workers a.n 0.8 [LX.] 56
Whole populalion sn 1.0 13 13

: Ttounded values.
¥ For fnal cancer, the detriment it equal 1o the probability coefficient.

antributable non-fatal cancer, the weighted probability of severe hereditary effects and
the length of life lost if the harm occurs. The values of this aggregated detriment at low
dose for both a working population and a general population are also given in Table S-3,

{§12) The Commission has also assessed the distribution of the detriment in organs
and tissues by considering first the fatal cancer probability in each of them, multiplying
by an appropriate factor for non-fatal cancer (which is determined by the severity
(fethality factor) for that cancer), adding in the probability of severe hereditary effects
and adjusting for the relative length of life lost. This distribution of aggregale detriment
amang organs is represented, after appropriate rounding, by the tissue weighting faclors,
w, given in Table §-2.

{813} The effective dose is the sum of the weighted equivalent doses in all the tissues
and organs of the body. Tt is given by the expression

E =73 wy Hy
T

whete H; is the equivalent dose in tissue or organ T and wy is the weighting factor for
tissue T. The effective dose can also be expressed as the sum of the doubly weighted
absorbed dose in all the tissues and organs of the body.

The Conceptual Framework of Radiological Protection

(514) A system of radiclogical prolection should aim to do more good than harm,
should call for protection arrangements that maximise the net benefit, and should aim (o
limit the inequity that may arise from a conflict of interest hetween individuals and
sorciety as a whole,

(§15) Some human activities increase the overall exposure io radiation. The Com-
missien calls these human activities “practices”. Other human activities can decrease the
overall exposure by influencing the existing cavses of exposure. The Commission
descrihes these activilics as "intervention™.

{516) The Commission uses a division into three types of exposure: occupational
expnsure, which is the exposure incurred al work, and principally as a result of work;
medical exposure, which is principally the exposure of persans as part of their diagnosis
or treatment; and public exposure, which comprises all other exposures.

(S17) In practices and in intervention, it will often be virtually certain thal exposures
will occur and their magnitude will be predictable. atbeit with some degree of error,

Sometimes, however, there will be a potential for exposure, bul no certainty that it will

occur. The Commission calls such exposures “potential exposures”.
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The system of pratection in practices

(518) The system of radiological protection recommended by the Commission for
proposed and continuing practices is based on the following general principles.

(a) Na practice involving exposures to radiation should be adopted unless it produces
sufficient benefit to the exposed individuals or 10 society to offset the radiation
detriment it causes. (The justification of a practice.)

(b} In relation to any particular source within a praciice, the magnitude of individual
doses, the number of people exposed, and the likelihood of incurring exposures
where these are not certain to be received should all be kept as low as reasonably
achievable, economic and social factors being taken into account. This procedure
should be constrained by restrictions on the doses to individuals {dose con-
straints}, or the risks to individuals in the case of potential exposures (risk
constraints}), so as to limil the inequity likely to result from the inherent economic
and sacial judgements, (The optimisation of protection.}

(¢} The exposure of individuals resulting from the combination of all the relevant
praclices should be subject to dose limits, or to some control of risk in the case of
potential exposures. These are aimed at ensuring that no individual is exposed to
radiation risks that are judged lo be unacceptable from these practices in any
normal circumstances. Not all sources are susceptible of control by action at the
source and it is necessary to specify the sources 1o be included as relevant before
selecting a dose imil. {Individual dose and risk limits.)

The system of protection in imtervention

(S19) The system of radiological protection recommended hy the Commission for
intervention is based on the following general principles.

(a8) The proposed intervention should do more good than harm, i.e. the reduction in
detriment resulting from the reduction in dose should be sufficient to justify 1he
harm and the costs, including social costs, of the intervention,

{b) The form, scale, and duration of the intervention should be optimised so that the net
benefit of the reduction of dose, i.e. the benefit of the reduction in radiation detri-
ment, less the detriment associated with the intervention, should be maximised.

Dose limits do not apply in the case of intervention. Principles {a) and (b) can lead 10
intervention levels which give guidance to the situations in which iniervention is appra-
priate. There will be some level of projected dose above which, hecause of serious
deterministic effects, intervention will almost always be justified.

(5200 Any system of protection should include an overall assessment of its effective-
ness in practice. This should be based on the diziribution of doses achieved and on an
appraisal of the steps taken to limit the probability of potential exposures. It is important
that the basic principles shavkd be treated as a coherent sysiem. No one part should he
taken in isnlation.

The Control of Occupatinnal Exposure

Dose constraints
(521) An importam feature of oplimisation is the choice of dose constraints, the
source-related values of individual dose used 10 limit the range of options considered in
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the procedure of optimisation. For many 1ypes of occupation, it is possible to reach
conclusions about the level of individual doses likely to be incurred in well-managed
operations. This information can then be used to establish a dose constraini for that type
of occupation. The class of occupation should be specified in fairly broad terms, such as
?work ir_1 x-ray diagnostic depariments, the routine aperation of nuclear plant, or the
inspection gnd maintenance of nuclear plant. Limits prescribed by regulatory agencies
and restrictions applied by managements to specific operations as part of the day-to-day
cnmrr_;l of exposures are not constraints in the sense used here. In general, they should be
estahlished on the basis of the results of optimisation. Tt wilt usually be appropriate for
dase constraints tn be fixed at the national or local level,

Dase limirs

(522) The dose limiis for application in occupational expositre are summarised in
Table §-4,

] (823) Dose limits are needed as part of the control of occupational exposure, hoth to
impose a limit on the choice of dose constraints and to provide a protection against
errors of judgement in the application of optimisation,

(824) In setting dose limits, the Commission’s aim is to establish, for a defined set of
practices, and for regular and continued exposure, a level of dose above which the con-
sequences for the individual would be widely regarded as unaccepiable. In the past, the
Commission has used the atributable probability of death or severe hereditary disorders
as the basis for judging the consequences of an exposure. This quantity is still a major
factor, but is no longer regarded by the Commission as sufficient 1o describe the detri-
ment, ’

(525) The Commission recommends a limit on effective dose of 20 mSv per year,
averaged over 5 years (100 mSv in 5 years), with the further pravision that the effective

Table 5-4. Recommended dose limits'

Dinse limit
Anpplication Occupalional Mihlie

Eflective dose 21 m8¥ per year, | mSv in A year®

averaged over defined
perinds of § years?
Anpunl cquivatent dose in
the lens of the eye | 50 mSy 15 mSv
1he skin' SO0 mSv hitd, 1Y
1he hands and fecl S0 m5v —

' The limits apply tn the sum of the relevant dosex from exrernal exposure
in the specified perind and the S0-year committed dosc (f age 70 years for
childyen} from inmtakes in the xame perind {scc parageaph 141}

* With the further provision that the effeclive doxe should nel exceod 50
mSy in any single yenr. Additionsl restrictions apply 1o the accnpationa
expusure of pregnant wamen, which is discussed in Sectinn 5,13 nf the Main
Texl.

' In special circuomstances. a higher value of effective daxe could bhe
altowed in A single year, pravided that the average aver $ years docs non
exceed | mSv per yoar,

* The limdtation an vhe effective dose provides sufficicnl protectinn for the
skin against stochastic cffeets. An additional limit is necded for localised
exposures in nrder to prevent deterministie effeels. (See pacagraphs 173 and
194
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dose should not exceed 50 mSv in any single year. The 5-year period would have to be
defined by the regulatory agency, e.g. as discrete 5-year calendar periods. The Com-
mission would not expect the period to be introduced and then applied retrospectively. Tt
is implicit in these recommended dose limits that the dose consiraint for optimisation
should not exceed 20 mSvin a year.

{526} Subject 1o medical advice in individual cases, there need be no special restric-
tions applied 10 the exposure of an individual following a control period in which the
exposure of the individual has exceeded a dose limit. Such events should call for a
thorough examination, vsually by the regulatory agency, of the design and operational
aspects of protection in the installation concerned, rather than for restrictions or
penaltics applied to the exposed individual. If the dose is unknown, or is thoughit to be
high, referral to a physician should be considered.

{S27) The recommended limiis should apply 10 all forms of occupational exposure,
unless special provisions have heen made by the regulatory agency. Because of the
difficulties of responding rapidly to an increase in stringency in operations on plant and
equipment already in existence, the Commission recognises (hat regulatory agencies may
wish to make temporary use of higher dose limits. Such arrangemenis should be regarded
as transient.

{828) The dose limit forms only a part of the system of protection aimed at achieving
levels of dose that are as low as reasonably achicvable, economic and social factors being
taken inlo account. TU is not 1o be seen as a target, It represents, in the Commission’s
view, the point at which regular, extended, deliberate, occupalional exposure can
reasonably be regarded as only just tolerable.

(529} The restrictions on effective dose are sufficient to ensure the avoidance of
deterministic effects in all body tissues and argans except the lens of the eye, which
makes 2 negligible contribution to the effective dose, and the skin, which may well be
subject to localised exposures. Separate dose limils are needed for these tissues. The
annual timits are 150 mSv for the lens and 500 mSv for the skin, averaged over any
1 cm?, regardless of the area exposed.

(§30) For internal exposure, annual limits on inlake will be based on a committed
effective dose of 20 mSv. The estimated intakes may be averaged over a period of 5 years
to provide some flexibility. The occupational limits for radon are under review. Mean-
while, the values given in Publication 47 {1986) remain valid.

The occupational exposire of wormen

(S31) The bhasis for the control of the occupational exposure of women who are not
pregnani is the same as that for men and the Commission recommends no special
oaccupational dose limit for women in general.

(§32) Once pregnancy has been declared, the conceptus should be protected by
applying a supplementary equivalent dose limit to the surface of the woman’s abdomen
{lower trunk} of 2 mSv for the remainder of the pregnancy and by limiting intakes of radio-
nuclides ta about 1720 of the ALL The Commission wishes 10 emphasise that the use of its
system of protection, particularly the use of source-related dose constraints, will usually
provide an adequate guarantee of compliance with this limit without the need for specific
restrictions on the employment of pregnant women. The principal criterion will then be that
the employment should be of a type that does not carry a significant probability of high
accidental doses and intakes. High-dose and high-risk occupations from which pregnant
women should be excluded should be defined by regulatory agencies.
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The Control of Medical Exposure

{833 In the justification of a practice leading to medical exposures, the practice
should be defined in broad terms. However, each procedure, cither diagnostic or
therapeutic, is subject to a separate decision, so thal there is an opportunily 1o apply a
further, c_:asc-by-case. justification for each procedure. This will not be necessary for
simple d!agnnstic pracedures based on common indications, bul may be important for
complex investigations and for therapy.

{834} There is considerable scope for dose reductions in diagnostic radiology using
the lechnique{i of oplimisation of protection. Consideration should be given to the use of
dose constraints. or investigalion levels, selected by the appropriate professional or
regulatc‘bry agency. for application in some common diagnostic procedures. They should
he applied with Mexibility 1o allow higher doscs where indicated by sound clinical judge-
ment.

(§35) Constraints should also be considered in the optimisation of protection for
medical exposures when the procedures are not intended to be of direct value to the
exposed individual, as in scientific and clinical studies involving the exposure of
volunleers.

{536) Medical expnsures are usually intended to provide a direct benefit to the
exposed individual. Tf the praciice is justified and the protection optimised, the dose in
the patient will he as low as is compatible with the medical purposes. The Commission
therefore recommends that dose limits should not be applied to medical exposures.
Further, it ix not appropriate to include the dases incurred by patients in the course of
diagnostic examinations or therapy when considering compliance with dose Fimits
applied 1o occupational or public exposures. '

($37) Diagnostic and therapeutic procedures causing exposures of the abdomen of
women likely to he pregnant should be avoided unless there are strong clinical indi-
cations. Tnformation on possible pregmancy should be ohbtained from the patient herself,
If the most recent expected menstruation has been missed, and there is no other relevant
information, the waman should be assumed 1o he pregnant.

The Control of Public Exposure

($3R) The controt of public exposure in all normal situations is exercised by the appli-
eation of controls al the source rather than in the environment. The conirols are achieved
almast entirely by the procedures of constrained optimisation and the use of prescriptive
limiis. It is ofien convenient to class together individuals who form a homogeneous group
with respect to their exposures to a single source. When such a group is typical of those
most highly exposed by that source, it is known as a critical group. The dose consiraint
should be applied to the mean dose in the critical group from the sovrce for which the
protection is being optimised.

Dose fimits

($39) The scope of dose limits for public exposure is confined to the dases incurred
as the resull of practices. Doses incurred in siteations where the onty available protective
action 1akes the form of intervemion are excluded from that scope. Separate attention
has 1o he paid to potential exposures. Radon in dwellings and in the open air, radinactive
materials. natural or arificial, already in the environment, and other natural sources are
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examples of situations that can be influenced only by intervention. Doses from these
sources are therefore outside the scope of the dose limits for public exposure. The
conduct of intervention involves occupational exposure and should be treated accord-
ingly.

(540) The Commission now recommends that the limit for public exposure should be
expressed as an effective dose of 1 mSv in a year. However, in special circumsiances, a
higher value of effective dose could be allowed in a single year, provided that the average
over 5 years does not exceed | mSv per year.

{541) In selecting the limit on effective dose, the Commission has sought a value that
would be only just short of unacceptable for continued exposure as the result of
deliberate practices the use ol which is a matter of choice. This does not imply that
higher doses from other sources, such as radon in dwellings, should be regarded as un-
acceptable. The existence of these sources may be undesirable but is not a matter of
choice. The doses can be controlled only by intervention, which will also have undesir-
able features,

(842) Limits are also needed for the lens of the eye and skin since these tissues will
not necessarily he protected against deterministic effects by the limit on effective dose.
The Commission recommends annual limits of 15 mSv for the lens and 50 mSv for the
skin averaged over any 1 cm?, regardless of the area exposed. The recommended limits
are summarised in Tahle S-4.

Potential Exposures

{541) The initial treatment of potential exposures should form part of the system of
protection applied to practices, but it should be recognised that the exposures, if they
occur, may lead to intervention. Al this stage, there should be two objectives, prevention
and mitigation, Prevention is the reduction of the probability of the sequences of events
that may czuse or increase radiation exposires. Mitigation is the limitation and reduction
of the exposures if any of these sequences do accur. A great deal can be accomplished at
the stages of design and operation to reduce the consequences of accident sequences 5o
that intervention may not hecome necessary.

{S44) In order to mainiain a strict coherence in the [reatment of actual and potential
exposures, it would be necessary to extend the concept of detriment to include the
probability of nccurrence of the situstion giving rise to the deiriment. Technigues for
achieving this are still being developed. A comprehensive approach to this problem calls
for the application of multi-attribute analysis,

(S45) A simpler approach is possible for both individual and collective exposures if
the doses will he small even if the event occurs. 1f the doses, should they occur, will nod
be in excess of dose limits, it is adequale to use the product of the expected dose and its
probability of accurrence as if this were 3 dos¢ that was certain to occur, The con-
ventional procedures of justification and optimisation can then he applied.

The System of Protection in Intervention

(546) Before a programme of intervention is iniviated, it shoutd be demnnstrated that
the proposed intervention will he justified. ie. do more good than harm, and that the
form. scale, and duration of the intervention have been chosen so as to oplimise the
protection, The processes of justification and optimisation both zpply to the protective
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action, 50 it is necessary to consider them together when reaching a decision. Justification
is the process of deciding that the disadvantages of each component of intervention, i.e.
of each protective action, are more than offset by the redsctions in the dose likely to be
achicved. Optimisation is the process of deciding on the method, scale and duration of
the action sn as 1o obtain the maximum net benefit, In simple terms, the difference
hetween the disadvantages and the benefils, expressed in the same terms, e.g. costs,
including social costs with an allowance for anxiety, should be positive for each protec-
tive action adopted and should be maximised by settling 1he details of that action.

Radon in Dwellings

(847) Radon in dwellings needs special attention because both the individual and the
collective doses from radon are higher than those from almost any ather source. If
improvements are needed in existing dwellings, they have 1o be achieved by intervention
involving modifications to the dwellings ar to the behaviour of the occupants,

{548} The Commission recommended the use of action levels to help in deciding
when (o require or advise remedial action in existing dwellings. The choice of an action
level is complex, depending not only on the level of exposure, but also on the likely scale
of actian. which has economic implications for the communily and for individuals. For
new dwellings. guides or codes for their consiruction in selected arens can be estahlished
&0 that it is highly prohable that exposures in these dwellings will be helow some chasen
reference level. The Commission has initiated a further review of current experience with
a view to issuing revised recommendations in due course, Meanwhile the guidance in
Publicarion 39{1984) should still be used.

{ntervention After Accidents

(549} The henefit of a particular prolective action within a programme of intervention
should be judged on the basis of the reduction in dose achieved or expected by that
specific protective action, i.e. the dose averted. Thus each protective action has to be con-
sidered on its own merits. In addition, however, the doses that would be incurred via all
the relevant pathways of exposure, some subject 1o protective actions and some not,
should be assessed. If the total dose in snme individuals is so high as to be unaccepiable
even in an emergency, the feasibility of additional protective actions inflvencing the
majar contributions to the total dose should be urgenily revicwed. Doses causing serious
delerminisiic effects or a high probability of stochastic effects would eall for soch a
review.

(850 Occupational exposures of emergency teams during emergency and remedial
action can be limited by operational controls. Some relaxation of the controls for normal
sitnations can be permilted in serious accidents without lowering the long-term Ic\u:ei of
protection. This relaxation should not permit the exposures in the conirol of the accident
and in the immediate and urgent remedial work 1o give effective doses of more than
aboul (1.5 Sv except for life-saving actions, which can rarely be limited by dosimetric
assessments, The equivalent dose 1o skin should not be allowed 10 exceed ahout 5 Sv.
Once the immediate emergency is under control, remedial work should be treated as part
of the occupational exposure incurred in a practice.
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Practical Implementation of the Commission’s Recommendstions

(851} Chapter 7 of the recommendations emphasises the importance of the oper-
ational level of radiological protection and shows how this should be developed fram the
requirements of regulalory agencies and the recommendations of the Commission. The
Commission now recommends that the designation of controled and supervised areas
should be decided either at the design stage or locally by the operating management on
the hasis of operational experience and judgement. The classification of working con-
ditions based upon expected dose is no longer recommended. The Chapter gives advice
on the measurement nf doses (monitoring and record keeping) and on medical surveil-
lance, It also discusses emergency planning and the hases for exemption from regulatory
requirements. 1t deals with both practices and intervension,
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A.1. Intreduction

(A1} Application of the Commission’s recommendations requires an understanding of
a variety of concepts and quantities. Many of these have application in other fields of
science and precision in their definition refiects this broad application. The information
on basic radiation units and quantities has been obtained from reports of the Tnier-
national Commission on Radiation Units and Measurements (ICRU, 1980; 1985).

(A2} A somewhat different approach is acceptable and more appropriate for many of
the quantities which apply only ta radiation protection. These are discussed in terms of
weighting factors to be used io allow for the different types and energies of radiation
incident upon the body and the relative radin-sensitivities of the different tissues of the
body.

A.l. Absorhed Dose
{A3) Absorhed dase. D, is defined by the relationship:

p = 3¢
dm

where d¢ is the mean energy imparted by ionising radiation to the matter in a volume
element and dnt is the mass of the matter in this volume ¢lement. The SI unit for
ahsorbed dose is joule per kilogram (J kg~ *} and its special name is gray {Gy). The time
derivative of absorbed dose is the absorbed dose rate, D, i.e..

n=—
dt .
where d D is the increment of ahsorbed dose in the time interval d?.

A.3. Orgon Dose

(A4) For radiation protection purposes, it is useful 1o define a tissue- oF organ-
average absorbed dose, Dy, i.c.,

£
Dy= —
My
where £ is the total energy imparted in a tissue or organ and my is the mass of that tissue
or organ. For exampie, m may range from less than 10 g for the ovaries to over 70 kg

for the whole body.

A.4. Linesr Energy Transfer
{AS) The unrestticted linear energy transfer is defined by ICRU as

dE
L=
where dE is the energy lost by a charged particle in traversing a distance 42, Tn this

report L, is denoted by L.
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A.5. Linesl Energy

(A6) Lineal energy is defined by ICRU as y= £/ where ¢ is the energy imparted to
the matter in a volume of interest by an energy deposition event and / is the mean chord
length in that volume. Since the mean lineal energy represents discrete encrgy deposition,
it is in principle more meaningful than linear energy transfer (LET) as the physical
quantity to be used in the specification of radiation quality. Although this characteristic
of lineal energy is directly measurable, L. has been used in most of the existing practical
radiation protection calculations. Therefore, ) will be given here as a function of L
although the Commrission recognises that the use of lineal energy is also possible.

A.6. Quality Factor

(A7 Since the probability of stochastic effects is found to be dependent on the quality
of the radiation, a weighting factor has heen traditionally introduced to modify the
absarhed dose and 10 define the dose equivalent. This dimensionless factor, called the
quality factor, O, is given as a function of the unrestricted linear energy transfer.

A.7. O-L Relationship

{AB) The Commission has modified its recommendations on the formal relationship
hetween the quality factor, Q(L), and unrestricted linear energy transfer, L, to refleci the
higher RBE,, values for intermediate energy neutrons given in Annex B while main-
taining as much simplicity as possible. Simplicity is imporiant to reflect our lack of
precise information in man and an appreciation of the practical aspects of radiation
protection. For example, the Commission does not believe it is helpful to adopt different
quality factar values for different photon energies. The Commission also recognises the
reduced effectiveness of heavy ions with L greater than 100 keV am~'. The following
formulation is adopted:

Table A-1, Specified O-L relationships

Unresiricted linear energy
transfer, L in water

{keV pm- '} ey
< 1M 1
1= 10 A20-22
> 10 0o/ fT
* With L espressed in keV pm ', .

A.B. Rediation Weighting Factor

{A9} The Commission now believes that the detail and precision inherent in using a
formal (-L relationship to modily absorbed dase to reflect the higher probability of
detriment resulting from exposure to radiation components with high LET is not justified
because of the uncertainties in the radiobiolngical information. In place of Q or more
precisely {J, the Commission now selecis radiation weighting factors, w,, hased on a

JATCRT 21-143-G
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review of the biological information, a variety of exposure circumstances and inspection
of the results of traditional calculations of the ambient dose equivalent.

{A10) The Commission now specifies modifying factors which apply to the tissue or
qrgan absorbed dose and are based on the type and quality of the external radiation field

or (lu:j the type and quality of the radiation emifted by an internally depasited radio-
nuclide.

{Al1) The specified values of w;, are given in Tahle A-2.

Tahle A-2, Radiation weighting factors'

Type and encrgy range’ Rudistion weighting factor, wy

Phavans, all energics 1
Flectrans and muans, al) enerpics’ 1
Newtrons, encrpy < HikeV 5
YihkeV 10 100 keV n

2> 100 ke in 2 MeV 0

> 1 MeVin 20 MeV m

> 20 MeV 5

(See nlsn Figure A1)

Proions, ther than recoil protons, energy > 2 MeV 5
Adphn parlicies, fission fragments, heavy nuclei n

' AN valuex relate ta the radiation incident on the body or, for internat seurces,
cmitied from the soutrce.

* The choice of vatues far nthes radistions it diseussed in paragraph Al4,

' Exchuding Auper electrons emitted from nuclet hound 1 DNA {see paragraph
ALY,

{A12) To assist in providing consistency in calculations, a smooth fit to the wy values
for neutrons as a function of energy is given in Figure A-| {page 83}. The mathematical
relationship is: :

W = 5+ 17 c—mlnnlm
where £ is the neutron energy in MeV, There is no intention to imply any hiological
meaning t this refationship. itis simply a calculationat tool.

{A13) Auger electrons emitied from nuclei bound to DNA present a special problem
hecause it is not realistic to average the absorbed dnse over the whole mass of DNA as
woukl! be required by the present definition of equivalent dose. The cffects of Auger
electrons have 1o he assessed by the techniques of microdosimetry (see Annex B,
paragraph B67).

{At4) For radiation types and energy which are nol included in the tabte, an approxi-
mation of #y can be obtained by catculation of {J ata 10 mm depih in the ICRU sphere:

o- lJ QiL) DL 6L
D

where DM(L) dl. is the absorbed dose at 10 mm between lincar energy transfer L and
L +dL:and Q(L) is the quality factor of L at 10 mm, The O-L relationships are given 10
paragraph AB. Figures A-2 (page 84) and A-3 (page 85} demanstrate the app.hcatlon'o(
this formulation to photons and neutrons and can be seen to give valnes ct_mgtstem with
the recommended values of wg in Table A-2. For this reason the Commission recom-
mends this approach for radiations not included in the table.
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Fig. A-1. Radiation weighting factars for nguieans, The smonth enrve is 10 be freated as an approximation,

A.9. Equivalent Dose in an Organ or Tissue

{A15) In its previous recommendations, the Commission adopted the quantity dose
equivalent at a point, H, to indicate the biological implications of radiation exposore at
the levels of ahsorbed dose encountered in normal radiation protection. The Commis-
sion now recommends a new quantity derived from the ahsorhed dose averaged over a
tissue or organ and named the equivalent dose. The equivalent dose, Hyg. in tissue or
organ T due to radiation R, is given by:

Hyp = wg- Drn

where Dy is the average dose from radiation R in the tissue or organ T and wy is the
radiation weighting factor. Since wy is dimensionless. the St unit of equivalent dose is the
ame as for absorbed dose, namely | kg™, and its special name is sievert (Sv). The time
derivative of the equivalent dose is the equivalent dose rate, Hyp .

{A16) When the radiation field is composed of types and energies with different ©
values of wy, the absorbed dose must be subdivided in hiocks, multiplied by its own value
of w, and summed to determine the total cquivalent dose i.e:

M= 2 we Din
L]
where Dy g is the average absorbed dose from radiation R in tissue T. Alternatively, the
absorbed dose resulting from increments of energy between E and E+dE can he
multiplied by the wy values obtained from Table A-2, or as an approximation from the
continuous function given in paragraph Al12 flustrated in Figure A-1, and integrated
over the energy spectrum (o determine the total equivalent dose.
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A.10, Tissue Weighting Factors and Effective Dose

(A17) The relationship between the probability of stochastic effects and equivalent
dose i found also to vary with the organ or tissue irradiated. It is, therefore, appropriate
1o define & further quantity, derived from equivalent dose, to indicate the combination of
different doses 1o several different tissues in a way which is likely to correlate well with
the total of the stochastic effects, The factor by which the equivalent dose in tissue or
organ T is weighted is called the tissue weighting factor, wr, The values of wy are chosen
so that a uniform equivalent dose over the whole bady gives an effective dose numeri-
cally equal to that uniform equivalent dose. The sum of the tissue weighting facters is
then unity. This weighted equivalent dose (a doubly weighted absorbed dose) has
previously heen called the effective dosc equivalent but this name is unnecessarily
complicated, especially in more complex combinations such as collective commitied
effective dose equivalent. The Commission has now decided to use the simpler name
effective dose, E. The unit of effective dose is T kg~ 1, with the special name sievert (Sv). ~ .

(A18) The effective dose, E, is the sum of the weighted equivalent doses in all the
tissues and organs of the hody. it is given hy the expression:

1 1 1 i 1 |
i 2] r - © > ]
- - - — - o -]

[ ]

E = E Wy . H.‘
m

asayds W) Ut yidap wwpl 10 0 2AN3AYT where H, is the equivalent dose in tissue or organ T and wy is the weighting factor for

fissue T,
" Evidently:

E= Z ”\IZ Wy = E “"IE Wy D
" T 1 [
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where Dy is the mean absorbed dose in tissue or organ T delivered hy radiation R. In
both expressions the radiation is that incident an the body or emitted by a source within
the body. The two forms of summation are clearly identical.

(A19) The recommended values for tissue weighting factors are given in Table A-3.

Tahle A-1. Tissue weighting factors’

Tissue or ergan Tissue weighting factor, wy

Gonads i 1]
Bone marenw (red) 02
Cnlan niz2
Lung ni}
Stomach a.12
Niadder LR LA
Mrease n.ns
1.iver [ X1L]
Oesophagus 1L.05
Thyrnid 145
Skin 0.4
Done surface i
Rempinder n.o5

' The valies have been developed from a reference
population of equsl numbers of hoth sexes and » wide
range of nges. In the definition of effective dose they
apply 1o workers, to the whole populsiion, and 1o either

RN,

? For purposes of cafculation, the remainder is com-
posed of the following additional tissues and organs:
adrensls, hrain, wpper large i i smalt i i

kidney, muscle, pancreas, spleen, thymos and uterus. The
list includes argame which are likely 1o be selectively
irradiated. Snme org in the ligt are known to he
sunceptible to cancer induction, TF other fissues and
organa subsequently hecome identiflied 25 having a sig-
nificant risk of induced cancer they will then e included
either with a specific wy or in thiy addivional list con-
stitmiing the remainder. The fatter mny atto inclode other
tissner ar argans selectively irradiated.

' In those exceptionsl cases in which a single one of
the remainder tisswes or nrgang receives an equivalem
dasc In excess of the highest dose in any of the twelve
argans for which a weighting factor is specified, a
weighting factor of 0.025 should he applied 10 that tissue
nr argan and n weighting factor of 0.025 10 the avernge
doxe in the rest of the remainder as defined nhove.

A.11, Commiited Tissue ar Organ Equivatent Dose

{A20) Exposure to a radiation field of penetrating, externally applied radiation results
in the simultaneous deposition of energy in a tissue. Tissue irradiation from incorporated
radionuclides. however, is spread out in time, encrgy deposition occurring as the radio-
nuclide decays. The time distribution of energy deposition will vary with the physico-
chemical form of radionuclide, and its subsequent hiokinefic hehaviour. To take account
of this time distribution. the Commission recommends the use of committed equivalent
dose which is the time integral over time 7 of the equivaleni-dose rate in a particular
tissue that will he received by an individual following an intake of radicactive material.
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When the period of integration T is not given, a period of 50 years is implied for adults or
a period of 70 years {or children.
{A21} The committed equivalent dose is defined by:

Hin = I H.inds
for a single intake of activily at time ¢, where Ho(1) is the relevant equivalent-dose rate in
an organ or tissue T at time ¢ and r is the time period over which the integration is
performed. In specifying H1(1), ris given in years,

A.12. Commwitted Effective Dose

{A22) U the committed organ or lissue equivalent doses resulting from an intake are
multiplied by the appropriate weighting factors. wy, and then summed, the result will be
the committed effective dose.

Eft) = 3wy Hylr)
T

In specifying E(7), t is given in the number of years over which the integration is made.
The dose commitment (H,y or E ) is a calculational tool. It can be assessed for a
critical group 2s well as for the whale world population. Tt is defined as the infinite time
integral of the per caput dose rate (H, or E} due to a specified event, such as a unit of
practice {e.g. a year of praclice):

H.= J H{n de

n

or

E,-l Etnds

n
In the case of an indefinite practice at a constant rate, the maximum annual per caput
dose rate (Hy of E) in the future for the specified population will be equal to the dose
commilment of one year of practice, irrespective of changes in the population size. If the
practice is continued only aver a time period, t, the maximum future annual per caput
dose will e equal to the corresponding friuncated dose commitment, defined as

Hlr) = [ H () de
Or

Elr) = ] E{nd.

A3, Activity

{A23) The activity, A, of an amount of radicactive nuclide in a particular gnergy slate
at a given time is the quotiem of dN by di, where dN is the expeciation value of the
number of spontaneaus nuclear iransitions from that energy state in the time interval d2.
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an N
di¢

The unit of activity is the reciprocal second, s, with the special name becquerel (Bq).

A.14. ICRU Quantities for Environmentst and Individual Monitoring

(A24) The use of the ICRU quantities as given in ICRU Report 39 (ICRU, 1985) are
expected to give reasonable approsimations of the effective dase and the equivalent dose
to the skin when these quantities are catculated using the Q- L relationship given in Tahle
A-1. The Commission will be examining these dosemetric quantities in detail as partof a
general revision of JCRP Publication 5! (ICRP, 1987) which will incorporate the new
radiation weighting factors,

(A23) It has heen convenient to consider the determination of quantities related to the
effective dose equivaleni and to the dose equivalent in the skin. This has been done
separalely for environmental (including area) and individual monitoring. For such
monitoring purposes, certain conventions have been used. Al these quantities are hased
on the concept of the dose equivalent at a point in the ICRU sphere.

(A26) In defining the quantities associated with these coneepls, it is useful 10 stipulate
certain radiation fields that are derived from the actual radiation ficld, The terms
“expanded” and “aligned™ are given in ICRU Report 39 (ICRU, 1985} to characterise
these derived radiation fields. In the expanded field, the influence and its angular and
energy distribution have the same values throughout the volume of interest as the actual
field at the point of reference. In the aligned and expanded field the fluence and its
energy distribution are the same as in the expanded fietd but the influence is uni-
directional,

Al4.4. Environmental monitoring

{A27} Two concepts linking the external radiation field 1o the effective dose, and to
the equivalent dose in the skin, are introduced here for purposes of environmental and
area monitoring. The first of these concepts, the ambient dose equivalent, H*{d, is
appropriate for strongly penetrating radiation, and the second, the directional dose
equlvalent, 5'(d). is suitable for weakly penetrating radiation.

tA2R) The ambient dose equivalent, H*(d), at a poini in 2 radiation field, is the dnse
cquivalent that would he praduced by the corresponding aligned and expanded field, in
the ICRU sphere at a depih, 4, on the radius opposing the direction of the aligned field.

{A29) The directinnal dose equivalent, H'(4). a1 a point in a radiation field, is the
dnse equivalent thal would he produced by the corresponding expanded field in the
ICRU sphere at depih, . on a radius in a specified direction,

A4.2, Individual monitoring

(A3 Two concepts are introduced for purposes of individuat manitoring. The Ffirst
of these concepts. the individual dose equivalent, penetrating, H_(d), is appropriate for
organs and tissucs deeply sitvated in the body which will be irradiated by strongly
pencirating radiation, and the second. the individual dnse equivalent, superficial, H,(d),

is suitable for superficial organs and tissues which will be irradiated by both weakly and

strongly pencirating radiation.
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(A3 The individual dose equivalent, penetrating, H,(d), is the dose equivalent in
soft tissue, defined as in the ICRU sphere below a specified point on the body at depth,
d, that is appropriate for strongly penetrating radiation,

{A32) The individual dose equivalent, superficial, H,(d), is the dose equivalent in soft
tissue below a specified point on the body at a depth. d, that is appropriate for weakly
penetrating radiation.

A.15. Callective Equivalent Dnse

{A33) The Commission has defined a quantity to express the total radiation exposure
of a specific tissue or organ in a group of individuals. The quantity defined by the
Commission as the collective equivalent dose in tissoe T, is given by

" dN
Sy = Hy —-dH
L] L T dH, T
where (dN/dFH;)dHy is the number of individuals receiving an equivalent dose between
H;and Hy+dH orby

Sy=YLH, N
)

where N, is the number of individuals in population subgroup i receiving mean organ
equivalent dose, Hy,. The collective equivalent dose can be subdivided ino compart-
menis in which the individual doses lie within specified ranges.

A6, Colective Effective Dose

(A34) 1M a measure of the radiation exposure in a population is desired, the collective
effective dose can be calculated. This quantity has been defined by the Commission as

follows:
- 4N
§=] F--——dE or LE N
L dE g | b
where E; is the mean effective dose 1o population subgeoup i, . :
(A35} Neither the definition of collective equivalent dase nor the collective effective
dose explicitly specify the time over which the dose is defivered. Therefore, the time
periad and population over which the collective equivalent dose s summed or integrated
should he specified.
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B.1, Iniroduction

(Bt} Not long after the discovery of x rays in 1895 and of natural radioactivity in
1894, clinical evidence, mainly from effects on the skin, indicated that ionising radiation is
harmful to human tissues. Later it was realised thar not only is tonising radiation damaging
to most tissues but exposure of the germinal tissue in plants and animals was found to
resull in effects in the descendants as well. During almost a century of exploring the uses
of innising radiation, extensive studies of radiation effects on living species have taken
place. These explorations and studies received an enormous impetus {ollowing the
discovery of nuclear fission in 1939 and the subsequem uses, some military, to which
fission cnergy was quickly put. H became evident that human heings musi study the
biological effects of ionising radiation in order fo protect themselves and niher species
fram its harmful effects while at the same time maximising the benefits of its use.

(B2) Diverse studies in many laboratories throughowt the world, while by no means
complete, have resulled in a wealth of information concerning the biological effects of
radiation, possibly greater than that associated with any other environmenial hazard. For
radiation prolection, concerns pertain lo two types of effect, The first type, nonstochastic

1991 RECOMMENDATIONS OF THE ICRP 93

elfects of radiation. now called deterministic effects, invalve the malfunctioning or loss of
function of 1issves in organs due mainly (o cell loss, These effects result from high dose
exposures and for them there is a threshold. The second type. stochastic effecls, express
themselves Yong after the exposure and include increased risk of cancer and, by impli-
cation from studies on animals, of hereditary disorders. These stochastic effects appear to
have no threshold and may occur afier low radiation doses (small fractions of a gray) even
though their frequency is then tow,

{B3) Deterministic effects are avoided in normal radiation protection procedures by
limiting doses to below the threshold dose levels for these effects. Deterministic effects are
relevant in accidents and they are also observed in healthy tissues vnavoidably irradiated
during radiotherapy. Stochastic effects can be reduced in frequency by lowering the dose
hut cannol be avoided entirely since they are assumed 1o occur with low frequency even at
low doses. On this basis it may be assumed that these cffects may be induced by the
natural radiation 1o which we are all exposed and by additional small doses from man-
made sources used in society, In this Annex, the subject of binlogical effects will be treated
broadly in relation 1o radiation protection, describing deterministic effects from high
doses at high dose rates as well as the probability of cancer and hereditary disorders, and
the special problems associated with the exposure of the embryo and fetus, occurring atso
after low doses. Many biological effects of radiation such as effects in radiation therapy
and the late deterministic effects in specific lissues, such as fibrosis, which may result from
such treatment, are not discussed further.

(B4} In the last few decades the tisk of cancer has emerged as the primary effect of
concern al fow doses and, therefore. much of the attention of this Annex will be focused
on the probabitity of cancer induction.

(B5} Note that throughout this text the term probability is used rather than the
frequently used term “risk™, The term risk is used only in itls more general sense as a
concept rather than a quantity, roughly equivalent 10 “hazard™ (see Annex C).

B.2. Internction heiween Radiation and Matter

(B6&) Matter achieves its extraordinary diversity on earth by being made up of many
different molecular species in which the component atoms may he combined in 2 wide
variely of ways. Individual atoms can be thought of as consisting of a positively charged
nucleus surrounded by negatively charged electrons, The nucleus in turn is made up of
protons (positively charged) and neutrons (electrically neutrall; the number of protons
determines the nature of the atom and the number of neutrons determines the particular
isotope. While many nuclides in nature are stable (depending on their ratio of neutrons
to protons) and maintain their form and composilion indefinitely, many others are
unstable, These unstable nuclides return to stability by the emission of a charged particle
{alpha particle, beta particle or positron) from the nucleus at a defined, characteristic
rate, They are then called radioactive nuclides or simply radionuclides. The decay rate of
a radionuclide is characteristic of that radionuclide and is described by its half-life. Half-
lives range from fraclions of a second to hillions of years. Many different radionuclides
exist naturally especially among atoms of high atomic numher, The new nucleus formed
by the emission of a particle may still be radioactive and emit further particles or may be
in an excited. state and may return to stability by emitting further radistion (gamma
radiation} which leaves the nucleus stable but does not alter its camposition.
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B.2.1. lonisation and ionising radiations

{B7) Atoms can be “ionised™ by a variety of interactions which result in a0 electron
being removed from the atom, thus creating an ion pait, An ion pair consists of the
removed clectron (which may quickly attach ilself to another atom 1o form a negative
ion) angd the residual nucleus with its complement of remzining electrons constituting a
positive ion,

(B8} lonising radiations are radiations that are capable of causing ionisatian in the
atoms of any medium through which they may pass, They consist either of high velocity
charged particles (e.g. alpha particles, beta particles) which may be emitted from radin-
nuclides or which may arise secondarily when indirectly ionising radiations such as x
rays {generated artificially), gamma rays {from nuclear transitions) or neuirons expel
them from the atoms of the medium. These secondary charged particles {usually
tlectrons or protons) then cause further ionisalion or excitation in the same way as do
primary charged particles. The processes by which photons (x and gamma rays) eject
electrons from atoms include the photoelectric effect, the Compton effect and pair
production. The relative contributions of these processes depend on the energy of the
photons and on the properties of the medium through which they pass. These processes
are well documented, as also are those by which neutrons eject protons and other
particles from nuclei and cause these nuciei to recoil.

B.2.2. Iterction berween radiation and matter

(B9) When ionising radiations traverse a medium, the resulting electrical inleractions
are random and follow the often haphazard tracks of the charged particles (primary or
secondary) bouncing from one interaction event to another as they pass through the
medium. At low doses most of the atoms of a medium will be unaffected by the radiation
while a small number are ionised or excited, Excitalion is a process by which energy is
transferred to the atom from the radiation and raises the energy level of the atom to an
exciled siate but does not ionise it. This excitation energy can also cause effects in (he
medium but these are generally different and considered 10 he less important than the
effects of ionisation,

(BIY Each of ihe interaction events described above involves the transfer of a small
amount of energy from the radiation to the medium which in the case of low LET
radiations, are usually in packets of about 100 eleciron volis (eV) or less. {This includes
not only the energy deposited by ionisations but also by excilation.) These transfers
occtr in a very short time (<107 * seconds) but may be broadly distributed spatially in a
discontinuous fashion throughout the medium along the tracks of the charged particles.
The microdistribution of the ionisations and excitations produced by ionising radiation
depends on the type and energy of the incident radiation. While it cannot be fully
quantified at present, approximations are used in microdosimetry to represent the micro-
distribution of energy. For example, the average energy deposited along the track of the
particle per unit length depends on the type of particle and ils energy and is called the
linear energy transfer (LET) of the particle, Thus, a sparsely ionising radiation producing
few events per micron of track, is known as a “low-LET" radiation (e.g., x or gamma
rays) whereas radiations producing dense ionisations along the track are known as “high
LET" radiation (e.g., alpha particles, protons and recoil nuclei from neutrons, heavy
ions) {Figure B-1), The actual energy lost by a charged particle is subject to random
fluciuations and the energy deposited by the particle in passing through a spherical site of
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Tracks in chromatin fibre

Low LET tracks

High-LET trock’

L
f
~25 nm *
Fig. B-1. Diagram of high and Inw LET tracks passing through # section of chromatin (8 mixiure nf DN A and

nrokein),

specific diameter in the medium determines the lineal energy y (ICRU, 1983), which may
differ substantially from the LET,

(B11) The energy transferred to an atom or to a small volume of medium, such as a
biological target or cell, is not the same for all atoms and targets. 1t has an average value
and a distribution of values about this average. The average encrgy lransferred per unit
mass of medium is the absorbed dose. The effects the radiation will have on the medium
are related to the amount of energy transferred, i.e., the absorbed dose, but they also
depend on the micradistribution of energy i.e.. the type of radiation.

(B12) The transfers of energy give rise to Further physico-chemical processes such as
the induction of free radicals (which may occur in ~ 10~ seconds}. These can move
rapidly in the medium some distance from the site of the original event and cause further
chemical changes in the molecules of the medium before they are inactivated (in times of
the order of 10-* seconds or less). Malecular changes reflecting breakage of chemical
bonds can manifest themselves over various petiods of time and in a variety of ways
depending on the nature of the medium. The changes are of special interest in the tissues
of living organisms.

B.2.3. Biological structure and function

(B13} The basic unit of the living organism is the cell, its nucleus conlaining coded,
genetic information in nuclear DNA thai is capable of providing instructions for cellular
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teproduction and for intracellular protein synthesis, Other cellular structures {organ-
elles) ensure that protein and energy are produced. A “miliey intériews™ is maintained
within the cell and in relation to its extracellular environment, aided by a complex system
of semi-permeable membranes surrounding the organelles. These membranes regulate
movement of water, nutrients and electrolytes in and out of the cell. Any disturbance of
this equilibrium can threaten the cell's viability but the cell has evelved an elaborate
system of repair processes, particularly for damage within the nuclear DNA,

(B14} In higher organisms, cells are organised into tissues and organs with specialist
roles such as energy production and storage, muscular activity for locomotion, digestion
of food and excretion of waste products and oxygen supply, The arganism relies upon its
nervous and endocrine systems to co-ordinate these body activities. The magnitude of
the effect of insults in tissues and organs from noxious agents is influenced by the
particular tissue and also the ability to compensate for and repair damage. This ability is
dependent upon age at exposure, the health status, sex and genetic predisposition of the
individual. Thus, il is not surprising that there is a variation in response amongst
individuals in a population exposed to deleterious environmental factors, of which
ionising radiation is but one,

B.2.4. DNA damage and repair

{B15} Important biological siructures can be altered either directly by the disruption
caused by ionisation (or perhaps excitation, alibough this is much less likely) or
indirectly by the further changes (such as free radical induction) sel in motion by
transfers of energy to the medivm. The random distribution of energy absorption events
produced by radiation may damage vital parts of the double-siranded DNA or other
important macromolecules of cells in several ways. Direcl effects occur in the DNA in
the form of single-strand or double-strand breaks in the molecute. Other effects inchrde a

riety of recombinational changes as well as cross-links, alterations in sugar and base
\/::aclions. base substitutions, deletions etc. Chromosomal aberrations are a resull of DNA
damage. These changes can be measured quantitatively as a function of the absorbed
dose.

(B16) There is substantial evidence that DNA is a principal target in the irradiated
cell. Many of the acute effects observad in the intact organism are mediated through the
death of cells when they attempt to divide and can no longer multiply—so-called cell
reproductive death. In order to deal with the initial DNA damage that gives rise to these
changes, cells have evolved complex, enzyme-mediated repair systems. These are specific
for different molecular forms of DNA damage whereby lesions induced in DNA by
ionising radiation, ultraviolet and chemical agents are identified and removed, often
within a timescale of tens of minutes. When a single strand break occurs, the site of
damage is identified and the break easily repaired by simply annealing of the broken
ends. If base damage occurs on the single strand, enzymatic excision occurs and the
intact complementary strand of the molecule provides a template upon which to recon-
struct the bases in the correct sequence, Such induced damage may be remaved with high
fidelity, returning the DNA structure to its original form (error-free repair). In these
circumstances there is no long term cellular consequence of that lesion. Alternatively
repair processes may be error-prone in so far as overall DNA integrity is retained hut
results in small base sequence changes (paint mutations) al the site of the initial lesions
of more gross changes such as gene deletions or rearrangements (Friberg and Hanawalt,
1988), These mistepair events, if they occur in impartant regions of DNA, may have long
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term consequences for the cell and can result in cell reproductive death or stable genetic
changes in surviving cells.

(B17} Double strand breaks may also be repaired by simple annealing, but the con-
sequences are much more serious il base damage occurs simultaneousty on both strands,
This is because there is no longer an available template for reconsiructing the base
sequence on either strand, The ovtcome could be cell reproductive death, or misrepair
reflected in a point mutation or more extensive gene deletion, Increased frequency of
misrepair of DNA double strand breaks has been observed in radiation-sensitive strains
of cullured mammalian cells known (o be deficient in DNA repair enzymes and there is
also evidence that the fidelity of DNA repair may be a major factor that determines
response to variable dose rate and radiation quality (Debenham efal, 1987).

{B18) These molecular changes in DNA are presumably related (although this is not
well understood} 1o the later forms of biological damage (stochastic and deterministic)
manifest as observed effects in living organisms.

B.2.5. Celf killing

(B19} The killing of somatic cells, resulting from irreparable damage to vital cell
structures such as the chromosomes, often becomes manifest in rapidly dividing cell
populations a few hours or days after exposure. In stowfy dividing cell populations, death
may not occur for months ar even years. The degree of killing of cells in a population
increases with dose. If enough cells are kifled in an organ or tissue the function of the
nrgan or fissue is impaired, In extreme cases the organism iiself may die. These effects
constitvte what are defined as deterministic (formerly nonstochastic {ICRP, 19791
effects. :

(B20) Cell killing is not the only process that can lead to alterations in the behaviour
and function of organs and lissues. Functional disorders can also result From direct
alteration of other cellular processes such as membrane permeability and cell to cell
communication. '

B.2.6. Cell modificotion

(B21) A second process, taking place in much longer overall 1imes, is the modification
of a normal cell, presumably the result of specific molecular DNA changes by a process |~
known as neoplastic transformation. Such changes can be induced by various agents
including radiation. One characieristic result of this change is the potential capability of
the transformed celis for untimited cellular proliferation. This change alone does not
constitute “malignant™ transformation (i.e, the abitity of the cells to multiply and form
tumours when injected into recipient animals} since other phenotypic changes occur in
malignant transformation as well. They are recognised, for example, by the altered - .
behaviour of cells in cell-cell interactions and the invasion of ncighbouring tissues and
mectastasis to distant sites in living organisms. Currently it is belicved that the multiple
changes that occur in the development of a cancer proceed in sequential stages. The
initial events in the genome and the production of a cell or cells with the potential to
develop into 2 cancer are known as initiation. Both endogenous and exogenous factors
may influence expression of the initial event, The initizted cell{(s} must undergo further
changes, usually after a long time and possibly after stimulatior by a promoting sub-
stance, before becoming & cell with malignant potential. {In at least one theory this .-
promoted cell would be described as a “precancerous” cell and a further step, con-
version, would be required before the cell became “cancerous™.) Thereafter the division

JATCRP Jt-153-M
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and multiplication of this cefl gives rise to an occult tumour in the stage known as
progression. The carcinogenic process inctuding the growth of a primary cancer to a
detectable size (e.g. about 1 cm diameter and containing billions of cells) and its spread
to other tissues can take months in small animals and many years in humans. The interval
heiween exposure and the delection of a radiation-induced cancer is referred to as the
tatency perind, This period varies with the type of cancer and the age at exposure.

{B22) Changes in the genome, compatible with continued cell division may also take
place in the germinal cells of the reproductive tissues, They result in a variety of trans-
mrissible lesions, most often deleterious, which are passed on to and may be manifest as
heredilary disorders in succeeding generations.

N.2.7. - Tisse response o cell modification

(B2}) Most neoplastic cell transformations do not progress to a cancer. This is
thought to he due to a combination of circumstances

— virtually no unrepaired cells remain viable after more than a few divisions

— those capable of several divisions are frequently "programmed™ ta differentiate into
non-dividing functional cells

— the required sequence of promotion and progression events in the cell's environ-
ment does not occur )

— host defence mechanisms (e.g. competent immuna-surveillance, natiral killer celf
aclivily) exist to prevent selective cloning.

B.2.R. Definition of stochastic and deterministic effects

{B24) The deposition of energy by jonising radiation is a random process. Therefore
even at very low doses it is possible that sufficient energy may be deposited into a critical
volume within a cell to result in its modification or even ils death. Death of ane or a small
nember of cells will. in most cases, have no consequences in tissuve, but modifications in
single cells such as genelic changes or transformations feading ultimately to malignancy
(see paragraph B21} may have serious consequences. These effecis have been termed
stochastic. There is a finite probability for the occurrence of such stochastic events even
at very small doses, so unless all such events can be repaired up to some level of dase
there can be no threshold. As the dose is increased the frequency of such events
increases. hut in the absence of other modifying faciors, the severily of the resultam
changes is not expected to increase, in contrast to the case for deterministic effects (see
paragraph B25 and Figure B-3).

(B25} With larger doses, there may be a substantial degree of cell killing, sufficient to
result in detectable tissue changes. Although other mechanisms may also be involved, cell
killing plays a crucial role in the pathogenesis of tissue injury. Hence the response of
tissues i vivo is determined by the characteristics of cell survival. For any defined
nonstochastic injury, a given proportion of cells must be kilted in order to reach the fevel
of delection. This constitutes a threshold, the magnitude of which will, of course, depend
oo the chosen levet of injury, This is illustrated in Figure B-3. The palhogel:lesis of some
types of injury, however, later remains unresolved, e.g., menial retardation a‘nd lens
opacification. These have been regarded as determinisiic effects and hence subject to a
threshold. Such 8 conclusion cannot a priori be justified without knowledge of the
mechanisms leading fo the observable defects, A detailed discussion of deterministic
effects is found in Publication 41 (ICRP, 1984a),
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(B26) Since cell killing by irradiation is itself a stochasiic process, the term non-
stochastic for injury resulting from the death of a Jarge number of cells is now considered
to be unsuitable. 1t has been replaced in this report by the term deterministic, meaning
“causally determined by preceding events™ which is considered to be more appropriate.

B.3. Deterministic Efects

(B27) Deterministic effects in humans can result from general or localised tissue
irradiation causing an amount of cell killing that cannot be compensated for by prolifer-
ation of viable cells. The resulting loss of cells can cause severe and clinically detectable
impairment of function in a tissue or organ. Thus, the severity of the abserved effect can
be expected 1o depend on the dose. There will be a threshold below which the foss of
cells is too small 1o detectably impair tissue or ergan function. In addition to celf killing,
radiation can damage tissues in other ways: by interfering with a variety of tissue
functions including regulation of cellular components, inflammatory reactions involving
modifications in permeability of cells and tissues, natural migration of cells in developing
organs, and indirect functional effects (e.g., irradiation of the pituitary gland influencing
endocrine funclion in other tissues). Al of these play a part in the severity af deter-
ministic effects.

B.).1. Cell kilfing and in vitro survival curves

(B28) Cell killing is the main but not the only process invalved in deterministic
effects. Unless the dose is high {many gray), most types of cells are nat usnally killed
immediately after exposure but may continue to function until they attempt to divide.
The attempt may then fail, probably because of severe chromosome damage and the cell
will die. While individual cell death in a tissue may be considered as a random (ie.
stochastic) effect, the composite effect of killing a high proportion of cells in a tissue, or
other forms of damage, is deterministic. Studies of cultured mammalian cells
demonstrete that cell survival varies as a function of dose which may be described by
“survival cutves”, typified by those given in Figure B-2. For densely ionising radiation
(high LET) the dose-response curve may be exponential, i.e. linear on a semi-logarithmic
plot (Figure B-2A}. Tt may be characierised by one parameter, the slope, which is usually
represented by its reciprocal, the dose (D) required (o reduce survival to 37%. For
sparsely ionising radiation (low LET) such as x rays, the dose response (Figure B-2A)
usually has an initial shoulder, followed by a portion which is straight, or almost si raight
on a semi-logarithmic plot. The curve is characterised by any two of three parameters:
Dy, the dose required to reduce survival to 37% on the exponential part of the curve, i.e.,
the reciprocal slope of the straight portion of the curve; the extrapolation number, n, as
shown; and D, the quasi-threshold dose, being the intercept of the straight line portion
of the curve on the dose axis (Figure B-2A),

(B29) Several equations have been used to describe the shapes of survival curves.

{a) The curve illustrated in Figure B-2A for densely ionising (high LET) radiation is
given by
S - c-ﬂff’o
where § = survival

D = dose
Dy = dose at 37% survival or the reciprocal of the slope.
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(%) The curve illustrated in Figure B-2A for sparsely ionising (low LET radiation) is
given by the survival,

S§=1- (1 _e-mn..)n

where "n" is the extrapolation number al zero dose.
D is the reciprocal slope of the exponential portion of the curve.
Typically, for mammalian cells, and for low LET radiation, » is in the range 2-
20 {(somewhat less than that shown in the figure) and Dy is in the range 1-2 Gy.
A more complex expression is required to describe the initial slope of the curve
which may be given by;

§=e "1 - (1 - e "™

where D, is the reciprocal of the initial slope of the curve.

(c) The initial region between 0 and 5 Gy (and often over a broader dose range) can
be better described in many biological systems by what is known as the linear-
quadratic equation based on the average frequency (F) of lethal events

F(D) = aD + D?

and the survival {5} by
S~ e—um + Aty

This is shown in Figure B-2B.

a, the linear coefficient, may range between 1% 107! and 5x10°' Gy~ ' and f, the
quadratic coefficient between 1% 107" and 5x 1072 Gy~?, a/B being in the range of
1 Gy to 10 Gy {Hall, 1988).

{B30) The initial increase in slope with increasing dose in the survival curve for low
LET radiation has been interpreted as demonstrating that cells require to accumulate a
certain nomber of damaging events within a short time in order for the cumulative effect
to he tethal ta that cell, IF time elapses between exposures and thus beiween events,
repair of “sublethal™ damage can occur and more radiation will be required to kill the
same number of cells. This repair was demonstrated in experiments in mammmalian cells
involving two doses of radiation separated by imtervals of time {Elkind and Setton,
1960). 1t is also consistemt with the observation that dose rates in excess of 0.1 Gy/min of
low LET radiation cause the maximum effect and lower dose rates result in progressively
less cell killing untit 2 dose rate of about 0.1 Gy/h or less is reached for mammatian cells
{Hall and Bedford, 1964).

{B31) Such quantifiable biological endpoints (1ypical of cells in culture) are suitable to
examine the modilying effects of radiations of high versus low LET and high, versus low

dose rale as well as cell modifiers (sensitisers and protective agents) which markedly

alter the effectiveness of the radiation (Sinclair, 1969},

B.3.2. Cell killing and deterministic responses in tisswes and organs

(B32) Just as for cells grown in culture, tissues and organs in.the body can bhe
impaired by radiation as a result af cell killing and varinus non-lethal effects (Hewitt and
Wilson, 1959; McCullough and Till, 1962; Withers and Elkind, (970}, but in intact
tissues there are additional factors. Proliferating cetls in a healthy tissuc are in dynamic
equilibrium and this equilibrium is disturbed by irradiation. Cells vary in sensitivity to
cell killing, division delay and other progression changes during the cell cycle (Sinclair,
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1968). Consequently the surviving population will not only initially consist mainly of
resistani cells but the distribution of cells al each celt cycle stage is modified. At the same
lime, while the damage in some cells is being rcpaired, other undamaged cells will
repopulate the tissue, Eventually, if the dose is not too large, the tissue should recover
completcly with virtually intact functional integrity. These changes are dependent on the
dnse rate al which the dose is delivered.

(B33) Tissues vary in their response 1o ionising radiation (ICRP, 1984a), Among the
muost radiosensitive tissues are the ovary and testes, bone marrow and the lens of the eye.
In general, the dose-frequency relationship for these tissues will be sigmoid in shape
when p!mled on linear axes, the effect becoming maore frequent as the dose increases.
!)cte_rmmistic effects vary with the dose in severity as well as frequency. The upper panel
in Flgyre B-3 illustrates how the frequency of a particular deterministic effect, defined as
a clumcfﬂly recognisable parhological condition, increases as a function of dose in a
population of individuals of varying susceptibilities. The Tower panel in Figure B-3 rep-
rescats the dose-severity refationship for a population of mixed sensitivity. For
simplicity, three levels of radiosensitivity are shown in curves a, b, ¢. The severity of the
pathological effect increases most markedly in those individuals in a subgroup who are
mast susceptible (curve a), reaching the threshold of detectability at a lower dose than in
tess susceptible subgroups {curves b and ¢). The range of doses over which the different
subgroups cross the same threshold of severity is reflected in the upper panel, which
shaws the frequency of the pathelogical condition in & population (i.e. all subgroups),
and which reaches 100} per cent only at that dose which is sufficient to exceed the defined
threshold of severity in all members of the population,

(B34} Threshold doses for some deterministic effects in the more radiosensitive
tissues int the body are as shown in Table B-1. Several formulations describe this change

100~

Frequency { %!
wh
Q
|

Dose

Varigtion in sensitivilies
among exposed individuals

faim~
alpi,

Threshold of ]
pathological condition

Severity

Fig. B-1, Typical dosc-effec) relatinnships Inr detcrminixiic effects expressed in » popitation (1CRP, |9R4a),
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Table B-1. Eati of the thresholds for determindsile effects in the adult human teates, ovaries, lens and
bone marrow {from ICRP, 1984a)'
Threxhold
Annual dose rate if
Total doxe equivalem received yearly in
received in highly highly fractionared or
Tonnl dnse equival frach dor profracted exposures
Teceived in a single proiracied snposures for many years
Tissue and effect hriel exposure (Sv) 5% (Sey'}

Tesies

Tempatary sterility [AN] NA? 0.4

Permanem sterility L5601 NA 20
Crvaries

Sterilily 2.5-60 6.0 >0.2
Lens

Detectable npacities 0s-2. 5 >

Visval impnirment (cataract) e >R >Nt
Rre marrow

Depression of h prcisi ns NA >nd

* For farther details consult Publication 41 (ICRP, [9843),

'NAd Not Applicabie, since the threshald is dependent nn dose rate rather than on sotal dose.

" See UNSCEAR, 19885,

* See nlso Otake and Schull, 990,

* Given as 2-10 Sv {NCRFP, 1989a).

Except as noted in fnotnotes (3. 4, 51 1he valoes in Table B-| rapresent current threshold values expressed ns
equivalent dove.

with the timc pattern of the exposure. For the case of dose rate varying with lime, 2
formula (Kirk er al, 1972} has becn used in practice to assess the "instantaneous
cquivalent dose”, i.e. the short-time dose producing the same tissue effects as the
exposure under consideration (Walinder, I1981). A special imporiant case is the internal
exposure at one ALl every year, where the Kirk formula shows that no deterministic
threshold is exceeded during and after a working lifetime. It is clear that in general
fractionation or protraciion of the exposure raises the threshald valve. Details on other
lissues are aveilable in  Publication 4! (ICRP, 19R4a) and other publications
(UNSCEAR, 1982; NUREG. 1989).

(B35) Tissues typified by bone marrow have rapidly dividing progenitor {siem) cells
and harm is manifest as an early effect, whereas tissues typified by liver have low rates of
cell renewal and harm is expressed as a late effect when cells divide. With regard to the
mechanism of deterministic damage in selected tissues, Michalowski (1981) and
coworkers (Wheldon et al, 1982) have classified tissues into two main types: those
containing stem cells thal divide and proceed Ihrough several stages of division and-
maturation hefore they finally become functional (e.g. hematopoietic tissue); and those
containing funclional cells thal are capable of dividing upon demand (eg liver
parenchyma). Radiation injury develaps by different pathways in these tissues hecause
the tissues are organised differently. Alternative models for proliferation in normal
tissues and their response 1o irradiation are described (Wheldon and Michalowski,
1986).

{B36) As an example of a specific deterministic effect, for skin, the threshold for
erythema and dry desquamation is about 3-5 Gy, the symptoms appearing after about 3
weeks. Moist desquamation occurs after about 20 Gy, blistering appearing after about 4
weeks. Cell death in the epidermal and dermal layers resulting in tissue necrosis occurs
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after a dose of about 50 Gy appearing after about 3 weeks, (To he puhlished as Prbli-
cation 59 (ICRP,in preparation).)

(B37) Much new information on deterministic effects is beginning to emerge from the
unfortunale experiences during the accident ar Chernobyl. These include cytogenetic
studies of the doses received by those in the most highly exposed group {Pyaikin ef al,
1989) hematological effects (Guskova and Baranav, 1989) and skin effects {Barabonova
and Osanov, 1990). Other studies will also come forward and may in the future con-
tribute to our knowledge of the threshold dose values for deterministic effects.

B.3.}. Death afier whole body exposure

{B38) Acute radiation exposure may be so severe in certain unforeseen circumstances

that death may result in individual members of a species, including human beings. Death
is generally the result of severe cell depletion in one or more vital organ systems in the
body, therefore the dose-response relationship, ns observed in cellular studies, is in
g_eneral refevant. The plot on linear axes of the probability of harm against dose is
sigmoid in shape (Figure B-4a) while for a probability-linear plot the shape is approxi-
mately linear (Figure B-4h), . :

(B29) In applying this dose-response relationship to predict lethality in an exposed
human population, and using the limited human experience of accidental and therapeutic
exposure, no individuals would be expected to die at doses below about 1 Gy; then as the
dasc increases more individuals die until finally, as the dose increases further, all are
killed (Fipure B-4a). The survival-dose relationship is often described by its midpoint,
the LD,y i.c. the dose at which half the individuals would be expected to die in 60
days. Values for the LDy,,, and the LD, are more useful end points in helping to
establish the slope of the dose-survival relationship and because of their practical vatue
in protection situntions. For a healthy adult human, the LD,,,,, after acute expasure is
estimated 10 be between 3 and 5 Gy midline dose (which approximates to the marrow
dose for low LET. penetrating radiations such as 1| MeV gamma rays) and the cause of
death at this dose is loss of bone marrow function due to the loss of hone marrow stem
cells. Tt is possible (o improve the chances of survival of individuals exposed 1o doses
approximaling or greater than the LDy, by stimulating viable bone marrow stem cells
ar hy substituting new isologous marrow or concentrales of hone marrow stem cells from
a suitable donor, together with appropriate medical care (Nuid replacement. antibiotics,

100~ ' {al.

P ! 99, tb).
w— O |
ok ot ol
=G 60| 70\
2 30
L L0 30}
55 [ 10}
&5 201

i - =

. Absorbed dose Absorbed dose

hip for irendinted Is. {n} finenr ardinate; (h) probability
ardinnie.

Fig. [-d. Typical dose-response relati

1990 RECOMMENDATIONS OF THE ICRP 105

antifungal drugs and barrier nursing) (UNSCEAR, 1988a Annex G). For a discussion of
ancertainties in LD g, values see Fujita et al. (1990).

(B40} At doses in excess of about 5 Gy, additional effects occur, including severe
gasirointestinal (stem cell and endothelial capillary cell) damage which, when combined
with bone marrow damage, cause death in 1-2 weeks. At sbout 10 Gy, acute inflam-
mation of the lungs can occur leading to death. At even higher doses, effecis on the
nervous and cardiovascular systems occor and the individual dies of shock after a few
days (NCRP, 1974). Approximate doses for death at different times are given in Table
B-2. These are for high dose, low LET radiation given over a short period of time, eg.. a
few minutes. It requires a greater total whole body dose for these effects if the dose is
given over a period of hours or more {(UNSCEAR, 1988a). This report also contains
references to much detailed early work on the acute radiation syndrome in man {(c.g.
Guskova and Baysogolov, 1971). Additional information on high dose effects resulting
from accidents has been published (Hubner and Fry, 1980; Ricks and Fry, 1990).

8.3.4. Functional changes resulting from deterministic effects

(B41} Some deterministic effects are the result of the dysfunction of a tissue or organ
after irradiation which is not caused solely by cell killing. The mechanism may be the
resull of interference with other tissue functions (e.g. pituitary irradiation affecting
hormone function in other endocrine glands) as noted earlier. A common characteristic
is the reversibility of the transient effects observed if doses are not too high.

(B42} Examples of such functional changes that can occur are the decrease of
salivary gland or endocrine gland secretions; modifications of encephalographic rhythms
ot of the retinogram; vascular reactions such as early skin erythema (due to histamine
release) or subculaneous edema; and depression of the immunological system. These
functionat effects can have imporiant consequences clinically, especially in the neuro-
logical and immunological systems.

B.13.5. High LET radiations .

{B43} Deterministic effects resulting from exposure to high LET radiation are similar
1o those from low LET exposure but their frequency and severity are greater per unit
absorbed dose of high LET radiation. These differences can be expressed in terms of the
relative biological effectiveness (RBE) for the effect under consideration. The RBE ‘of
high versus low LET radiation is defined as the ratio of the absorbed dose of the low
LET radiation to cause the same level of the same biological effect as that of a dose of
high LET radiation.

Tahte B-2. Range of doses nssociated with apecific radintion induced syndromes and
death in human beings enposed ta acute low LET uniform whole body radiation

Whale hody Time of death
ahsorbed dnse afler expoxure
Gy Principal effect contributing ter death (dmys)
-5 Namage 11 bane marrow (LN ) I0-an
£-1s Damage i the gastrointestinal tract and lungs' 11-20
>15 Damage 1o nervors xystem’ k-5

' Damage 40 vascadniure and cefl memhbrnnes especially M bigh doscs is important.
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{844} RBEs for deterministic effects are dose dependent and increase with decreasing
dose to a presumed maximum value {designated as RBE,_ to distinguish them from thase
for stochastic effects designated as RBE,,)} for a given radiation and a given tissue. RBE,
values are invariably smaller (ICRP, 1989) than the RBE,, values at low doses (see
paragraph B65 and Table B-3) and are therefore less than recommended values of
quality factors for these radiations. They also lend to be smaller for hemalopoietic and
reproductive tissue and larger for gastrointestinal tract and skin. Values of RBE, for
fission neutrons, for example, rarely exceed 10. Values of RBE, are helpful in elucidating
dose contributions from mixed fields,

{B45) A broad discussion of RBEs for deterministic effects as a function of dose and
type of radiation for many individual lissues is given in Publication 58 (ICRP, 1989).
With the exception of kidney damage caused by 2.5 MeV neutrons, RBE , values cansed
by neutrons and alpha particles are two to five times lower than values of RBE,, for
stochastic effects in corresponding tissues. Thus the use of  or w, values in cases where
deterministic effects are over-riding would result in an overestimate of the contribution
to the risk from high LET radiation.

B.4, Stochastic Effects: Carcinogenesia
BA1. Introduction

{B46) Stochastic effects are those which result from alterations in normal cells caused
by an ionising radialion event which is assumed to have a low probability of occurrence
in cells at low doses. The probability of such 2 change occurring in a population of cells
in a tissue is proportional to the dose at very low doses where, micrndosimetrically, it can
be determined that on the average less than one event per sensitive target in a cell occurs.
The dose at which this holds depends on the size of the sensitive 1arget and the LET of
the radiation, and may be lower than many practical doses in radiation protection. For
exampte, a dose of | mGy of | MeV gamma rays and | mGy of 1 MeV neutrons results
in an average of about | (and occasionally more than 2) and 10 -2 tracks per cell nucleus
respectively,. Thus many cells would remain unirradiated in the tissue exposed fo
neutrens. More important from the viewpoint of carcinogenic mechanisms, the prob-
ability of energy being deposited in a particular 2 nm segment of DNA (there are about
2 x 10" such segments in the DNA molecule) is small for both types of radiation, namely,
ahout 10°* or less. However per unil track length, more energy will be deposiled for
neutrons than for gamma rays. Thus, if alteration of a particular 2 nm segment may play a
vital role in the subsequent carcinogenic process, the biclogical changes resulting from
energy deposition in thal segment due to neutrons will be greater. This has heen
confirmed by cellular studies and animal experiments. Raising the dose within the tens of
mGy range simply increases proportionally the number of cells that can be affected by
single events. At higher doses when more than one event is likely to oceur, per sensitive
target of dimensions between about 2 and 100 nm. more complex dose-response
relationships {such as lincar-quadratic or quadratic} can occur, In cur present state of
knowledge and in the broad terms of radiofogical protection, the empirical observation
that the quantities defined in Annex A correlate reasonably well with ihe observed
hiological effect justifies the Commission’s use of these quantities.

(B47) Two general types of stochastic effects are well recognised. The first occurs in
somatic cells and may resull in the induction of cancer in the exposed person; the second
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occurs in cells of the germinal tissue and may resull in hereditary disorders in the
progeny of those irradiated (see Section B.8}.

BA.2. Induction of cancer

{B48) Tt is assumed that there is no threshold for the induction of the molecular
change at specific DNA sites involved in the initial events that result in malignant
transformation and ultimately cancer. Initial events themselves may involve more than
one step in which radiation or any other external trigger is not necessarily the first. A
some time after the initial events a clone of cells with malignant potential may arise and
after further events in the cells, or their environment, a cancer may develop. In the
development of some cancers, al least, these later changes are age dependent. The prob-
ability of the development of an overt cancer is far lower than that of the initial events
because of host defences and the Failure of succeeding changes required for the expres-
sion of the malignant potentia! of initiated cells.

{B49) In humans, the period between exposure to radiation and recognition of a
cancer lasts a number of years. This period is called the latency period. The median
latency period may be ahout 8 years in the case of induced leukaemiz and twa or three
times longer in the case of many induced solid tumours such as in the breast or lung. The
mimimum latency period is the shortest time in which a specified radiation-induced
tumour is known or believed 1o occur afier exposure. This minimum latency period is
about two years for acute myeloid leukaemia (and for 2*Ra induced osteosarcomas} and
of the order of 5-10 years for other cancers (Rall ef al, 1985), We have assumed an
average of 10 years in this text. The frequency of radiation-indvced leukaemias (and
2Ry induced osteosarcoma) declines afier a peak at about 5-7 years to small excess
values after about 200 years or more. In the case of cancers other than leukaemia and
osteosarcoma, the refative risk remains approximately constam with time in those
persons irradiated in adulthood. However there ts some evidence of a decreasing relative
tisk in persons exposed in childhood and a decline in frequency with time has been
suggested in the case of radon exposure and lung cancer (NCRP, 1984a.b; NAS, 1988). It
is also seen in some cancers arising in patients given x-ray therapy for ankylosing
spondylitis (Darby er al, 1987), and in radiation-induced thyroid cancer (Shore er af,
1985).

(BSD) In experimental systems, which use neoplastic transformation of cells in culture
or induced tumours (benign and malignant) in animals as endpoints, it is possible to
study the form of the dose response, its relationship with time, and the influence of
maodifying factors such as dose rate, LET, and sensitising and protective agents. On the
assumption that initiation leading 1o oncogenesis may occur through induced somatic
mutaiion, studies in “ir vitro" mutagenesis systems can also give important information
on these faclors.

(BS1) Although experimental studies have their limitations, some generalisations on
the data are possible. For low LET radiations, protracted (low dose rate) or fractionated
exposures are less effective for many biological endpoints including tumour induction,
than single exposures al high dose raies (see tater Figure B-6}. The protraction time may
be impartant if within it significant changes take place in the susceptibility of the system
10 radiation exposure. For high LET radiations, low dosc rate or fractionation may have
effects similar to that of high dose raie single exposures in some cases and in others, low
dose rate or fractionation is more effective than high dose rate, single exposures
especially at higher doses as shown in Figure B-6. Ceriain chemical agents may increase
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the rate of radiation-induced cell transformation or tumour induction, eg.. 12-O-tetra-
decanoyl phorbol-13 acetate {TPA, an active component of croton oil} or asbestos, or
decrease it, e.g., vitamin A analogue. Their effectiveness depends 1o some degree on the
LET of the radiation, the high LET response being less influenced (Sinclair, 1987), but
note effects of TPA and neutrons (Han and Elkind, 1982).

(B52) The risk of cancer induction is assumed to be broadly proportional to the
number of irradiated cells at risk (i.e. perhaps to the number of stem cells present) in a
given organ or tissue, even though between species the evidence indicates that there is no
carrelation with body size. Special circumstances arise when an organ or fissue is
irradiated non-uniformly, the extreme case of which occurs when “hot” (very active)

parlicles irradiate only a portion of the organ or tissue, such as in the lung or liver. The’

dose averaged over the whole lissue is then much less than in the vicinity of the high
concentration of the radioactive material. Experimental studies have been made of this
situation (for example, Little er af, 1970; Little and O'Toole, 1974) and for alpha
particles in the lung the subject is reviewed by National Council on Radiation Protection
and Measurements (NCRP, 1975) and by the US National Academy ol Sciences (NAS,
1976). Generally, high concentrations of radioactive material in "hot spots” have been
found less effective carcinogenically than the same amouns of material spread uniformly
and delivering a lower but uniform dose. This, in the main, is in accord with thenretical
predictions {(Mayneord and Clarke, 1973).

B.4.3. Cancer induction by low LET mdiation: dose-response relationships

{853} If information on the incidence of radiation induced cancer by low LET
radiation were directly available in the dose range important in radiation protection, ie.,
a few mGy 1o perhaps a few tens of mGy, questions about the possibility of a threshold,
the shape of the dose-response curve, the effect of dose rale, etc. would be irrelcvant.
But most human information is obitained in a higher dose range (0.1 to 0.2 Gy and ahove}
and only exceplionally at lower doses are significant results observed. The data from
Japan however include many individuals exposed at low doses and eventually these data
may yield significant information at low doses. Exposures are also ofien at high dose
rates. Consequently these questions become critical for the evaluation of the probability
of induced fatal cancer al low doses and dose rates. Therefore theoretical considerations,
experimental data and limited human experience need o be taken into account in order
1o establish credible dose-response relationships for radiation-induced caricer in human
Ireings at low doses.

{B54) Evidence is accumulating that the initiation of cancer is associated with the
induction of lesions in genomic DNA that result in specific gene losses and/or changes in
gene siructure and activity (Bishop. 1987; Ponder, 1988; Reik and Surani, 193_9).‘ Also,
recent studies with radiation or chemicatly-induced rodent tumours are beginning to
shed light on the genes that might be involved in this iniliation process (Janowski ef af,
1990; Sloan ef al, 1990; Kumar et al. 1990). Mammalian cells are known 1o possess
enzyme systems that have evolved to recognise and remove lesirm§ ffom DNA and in
vitr studies indicale thal dose-rate effects on celtular low-LET radiation response may
be associatcd with the activity of certain DNA repair systems (paragraph B76). Some
cellular repair systems appear therefore lo operate more effectively after low dose-‘rale
exposure than after high dose-rate exposure. The more effective remov:al of DN’A lc'mons
following low dose-rate irradiation then predicis that radistion carcinogenesis will, at
maoderate to high doses, be subject to a dose-rate factor between high and low dose rates.
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Al very low doses, when the number of encrgy loss events in critical cellular target
volumes is equal to or less than that of the targets themselves (see paragraph B46), dose-
rate dependent cellular processes are essentially irretevant. For radiological protection
the central problem is the form in which dose-rate effectiveness factors for carcinogenesis
increase with dose from the simple biophysical base line of unity al very low doses to the
higher values predicted by our current knowledge of cellular repair and observed directly
in many studies (see below paragraphs B55-B59). However, the penetic complexity of
the multi-step cellular processes involved in malignant transformation is such that dose-
rate effects may vary in different tissues and for different tumour types. For example,
dose-rate effects may be influenced by the specific nature of the tumour-initiating lesion
in DNA thereby generating dose-rate effect differences between different tumour types.
Nevertheless, it is implicit in the preceding discussion that, overall, the dose-rale
effectiveness factors to be applied to estimates of cancer induction derived from data at
lower doses should be lower than those required to be applied after observations at
higher doses.

(B55) Experimental information on dose-response relationships and the influence of
dose rate was comprehensively reviewed in a report by the National Council on Radi-
ation Proteclion and Measuremenis (MCRP, 1980). The general conclusion was that the
shape of the dose-response relationship for high doses. at high dose rate is Tikely to be
linear-quadratic in form (curve A, Figure B-5) in most biological systems. However for
exposure to low doses at low dose rate, the response is often effectively linear as is to be
expected for a linear-quadratic response at low dose. In the linear-quadratic form,
Ew aD+ 8D?, the effect initially increases linearly with dose i.e. the effect per wnit dose
E/D = a is constant. Therealter the effect increases more rapidly, i.e. the effect per unit
dose increases linearly, as the quadratic term becomes operative (E/D = D). At higher
doses still, the effectiveness often declines again due 1o the effect of cell killing reducing
the number of cells at risk. in the linear-quadratic equation, the ratio of the paramelers
for the linear and quadratic terms, a /8, has the dimension of dose and its value reflecis
the respective contributions of the linear and the quadralic term. Thus if a/8=1 Gy, a1
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Gy the contributions to the respanse of the linear and quadratic terms (curve A) are
equal.

{B36} The NCRP defined a dose-rate-effectiveness factor (DREFY), as the ratio of the
slope of the Yinear na threshold fit to high dose, high dose-rate data, to the slope of the
linear no threshold fit to low dose-rate data {i.e. a (Curve B) to a,(Curve D) in Figure
B-5). I is evident from this figure that & D = o, D+ BD? (where curves A and B meet
initially) thus the DREF = a,/a, =1+ 8/a, - D. The slope of the experimenially deter-
mined curves, ag,(Curve C}, will approximate @, when the dose and dose rate are high
fand the DREF is high) and a, when the dose and dose rate are low (and the experi-
mentally determined DREF is close to unity). Thus the observed DREF in experimental
situations will depend on the dose range and the dose rate range over which the studies
are performed. It will be smaller if these ranges are small, At the maximum in curve A
(which hends over due to cell killing as noted above) the DREF will also be a maximurm.
The NCRP report provided tables of data on DREF values in a wide variety of experi-
mental biological sysiems, including tumours and lifeshoriening in animals. Some of these
experimental data may reflect maximum values of DREF, others may not. The dose
ranges involved (and thus the DREFs) are more often greater than is evident in the
human experience, for example at Hiroshima and Nagasaki.

{B37) The NCRP concluded that values of DREF in experimental systems vatied .

hetween 2 and 10 for individual tumour Iypes and for life shortening in animals, as well
as for a variety of other experimental endpoints. UNSCEAR (1986) reviewed the
available data again and came to the conclusion, based essentially on the same sources of
experimental information that responses at low dose and dose rate were less than those
at high dose and dose rate by a factor of up to perhaps 5. UNSCEAR (1988h) did not te-
evaluate the data but supgested the use of a factor of between 2 and 10, the implicalion
being that the effect varied for different types of tumours. Further discussion (Linieckt,
1989) of this data and some additional experimezntal information includes data on life-
shortening and transformation, confirming the range of 2 to 10 in animal experiments, A
recent report on radiation-induced lifeshortening (due to tumours) in mice after single,
fractionated and continuous exposures to *Co gamma rays gives a maximum DREF of 5
(Thomson and Grahn, 1989}, however this number includes “wasted” radiation (ie.
radiation later in the lifespan of the animal which made no further contribution ta life-
shortening). If this is corrected for, the ratio between single and continuous exposure for
this important endpoint is about 2-2.5. (Note: Various terms have been used to describe
the ratio called DREF by NCRP. The Commission has decided to call this important
ratio, the Dose and Dose Rate Effectiveness Factor (DDREF).)

(B58) Humanp information on dose-response relationships and dose rate effects is
limited and subject 10 many uncertainties as both NCRP (1980) and UNSCEAR (1986)
have commented. Recent information on the A-bomb survivors suggests that for
leukaemia the dose response fits a lincar-quadratic relationship best with an equivalent
DDREF of about 2 (NAS, 1990}, For the solid cancers taken together, linearily provides
(he best fit (NAS, 1990) but individual tumour types show same differences in the slope
of the dose response. The most recent teanalysis (Pierce and Vacth, 1989) however
suggests thet there is little difference in dose-response relationship for any of the
different cancer sites including leukaemia. These authors conclude that a DDREF of up
to 2 would be possible from the A-bomb survivor data but greater than 2 would be
difficult to justily.

{B59) Clinical data include some siudies in which fractionation and single doses are
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compared. Dala from breast and thyroid studies show little evidence of fractionation
effects {Boice et al, 1979 Shore er al, 1984a). A recent study on radiation-induced
cancer in the breast shows a possible DDREF of up to 3 (Miller ef al, 1989). Recently
cancers were found 10 be induced by ™1 in the thyroid about 4 times less effectively than
for acote x rays (Holm ef al, 1988) but factors other than dose rate {¢.g., spatial distri-
pution of dose and hormone balance} may also be involved. In another study, fraction-
ated exposures in the lung failed to produce lung tumours even after several Gy (but did
produce breast tumours) in contradistinction to the A-bomb survivor study, but no
DDREF could be derived (Davis ef al, 1989}. New human information on this question
would be extremely valuable,

(B60) Tt must also be noted that linearity in dose response at doses of 1 Gy or more
does not necessarily mean that no dose-rate effects are possibie because of the different
overall times of exposure involved when the dose is protracted. At such doses more than
nnhe ionising event can certainly occur in targets of molecutar dimensions. A number of
important experimental responses, snch as lifeshortening in mice, seem o show linear
responses with different slopes for different fractionation or dose rate regimes but mainly
aver relatively high dose ranges {Thomson and Grahn, 1989). At very low doses, at
which less than one event per sensitive target may occur, the response is expected 10 be
linear.

(Bfil) Theorctical considerations and most of the available experimental and
epidemiological data do not support the idea of a threshold for the carcinogenic response
to low LET radiation. Nevertheless, on statistical grounds a threshold for individual
turnour types cannot be ruled out with certainty in either human ar experimenial systems.
However, if thresholds do exist their values must be less than about 0.2 Gy for most
human cancers and perhaps much less.

B.A4.4. Choice of dose and dose rate effectiveness factor for low LET radiation

(B62) It is evident that theoretical considerations, experimental results in animals and
other biological organisms, and even some limiled human experience suggesi that cancer
induction at low doses and low dose rates should be less than that observed after high
doses and dose rates. The principal source of risk estimation Lo be discussed later will be
the Japanese survivors of the atomic bombs who were exposed to a range of doses at
high dose rate and in whom statistically significant excess of cancer have been observed
al doses down to 0.2 Gy, A DDREF should therefore be applied to this data. In making a
determination on the value to be used for this purpose the Commission notes: (1) that the
full range of DDREF values obtained from studies in animals, namely 2-10, may extend
over 2 broader dose range than human data and therefore include higher values than are
relevani; {2) that some human éxperience shows little evidence of fractionation elfects
while others indicale possible effects of up to 3 or 4 at most; {3) that direct statistical
assessment of the A-bomb survivor data does not seem to allow for much more than a
facior of about 2 for the DDREF, (4) that DDREF ratios actually used for risk estimates
in the past by others include UNSCEAR, (1977) who used 2 and 2.5; UNSCEAR
(1986) who suggested perhaps up to 5; and UNSCEAR (1988b) who recommended 2 to
I, The BEIR 1] Commiitee {NAS, 1930} used a DDREF of 2.25 and the BEIR V
Committee (NAS, 1990) recommended 2 or more but applied 2 only in the case of
leukaemia and 1 for other cancers in deriving their numbers. NUREG (1989) used 3.3
and a U.S. NIH group (Rall ef af, 1985) used 2.3. In view of these considerations and
especially that limited human information suggests a DDREF in the low region of the
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range, the Commission has decided to recommend that for radiation protection purposes
the value 2 be used for the DDREF, recognising that the choice is somewhat arbitrary
and may be conservative. Obviously this recommendation ean be expected to change if
new, mare definitive information becomes available in the future.

B.4.5. Cancer induction after cxposure to high LET radiation

{B63) Penetrating high LET radiations such as neutrons and short range high LET

radiations in tissue such as alpha particles are gemerally more damaging per uhit
absorbed dose than low LET radiations. For cell killing, RBE values are often of the
order of 2 or 3 at moderate doses and rise as the dose decreases. For deterministic effects
generalty, as noted eartier in the text (see paragraph B44}, RBE values do not usually
exceed 10 (ICRF, 1989). For stochastic effects the RBE of high LET radiations is again a
function of dose level determined by the shape of the dose-response relationship. These
response corves are typically concave upwards for single doses of low LET radiations
and often concave downwards for single doses of high LET radiation as shown in Figure
B-6 plotied on linear axes (Sinclair, 1982). In contrast, fractionated doses {or low dose
rates) which are well known to be less effective for low LET radiation, are often for high
LET radiation either as effective as single doses or more effective than single doses.
Evidently, the RBE (b/a in Figure B-6) increases with decreasing dose but reaches a
constant value, denoted by RBE,, (ICRP-ICRU, 1963), at low doses where both the low
LET and high LET dose-response curves become linear.

(B64) Tn some cases high LET radiation (especially fission neutrons) has been shown
1o have increased effectiveness due to low dose rale and/or fractionation, even initially
i.e.. an initial linear slope steeper for low dose rate than high dose rate. This has been
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Fig. B-6. Shapes of dose responses for low LET and high LET radiations plovicd on lincwr axes {Sinclair, 1OAZL
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jermed “reverse dose-rate effect”™. The increased effectiveness is usually small (1.5-2.5
\imes) {Ullrich 1984} but can in some instances in vitro be quile large (Hill er al, 1984,
sinclair, 1987). The phenomenon is not always found and is not undersinod. For
purposes of radiation protection however the maximum RBE, RBE,,, is in any event, that
given by the steepest slope for the low dose rate, high LET response vs. the shallowest
slope for low dose rate, low LET response. :

{B65) Values of RBE,, vary for different stochastic endpoints and must he determined
from experimental information at very low doses. By way of example, values of RBE,, lor
fission neutrons versus low dose rate, gamma rays are given in Table B-3 {ICRU, 1986).
similar tables for a broader range of high LET radiations have recently been published
(NCRP, 1990), Bearing in mind that each experimental tumour model has its own
peculiarities which make generalisations difficult, and that host factors including age and
sex have a marked influence on whether or not animals expnsed to radiation develop
cancer, it is difficull to recommend a typical, single value of RBE,, for use in deriving
quality factors. However values in the range of about &350 obtained for a variety of
tumour end points in mice exposed to fission neutrons vs, "o gamma rays; of 19-70 for
lung and mammary tumours in mice; and values of 15-45 for lifeshortening due mainly
to tumouts could support a range of RBE,, of about 30-50 for fission neutrons. Alpha
particles have RBE,, values aboul the same or some what less than those of Rssion
neutrons, :

(B66) Values of alpha particle effectiveness have recently been discussed (NAS, 1988,
NCRP, 1990). In the latter, for bone sarcoma at low incidence, alpha particles from ***Ra
were found to be 26 times more effective than "iSr beta particles in beagles and 235 times
more effective in mice. Likewise alpha particles from 1¥py were about 30 times more
effective than beia particles from '“*Ce for the induction of lung cancer. In separate
experiments the beta particles of 144Ce were shown to have the same effectiveness as
protracted gamma radiation from #0¢6 and each was 15 to 20 times less effective than
the alphz particles from P and MIAm in producing chromosome aberrations. In all
instances the values of RBE depend on the dose and dose rate being greatest at low doses
or dose rate. i.e.. at low incidence for the endpoint in question.

(B67) It has recently been appreciated that Auger electrons may have values of RBE
considerably higher than those for other electrons. In cases where the radionuclide does
not penetrate the cell, Auger electron emitters are very inefficient in producing hiclogical
effects because of the short range of the low energy electrons. For those Auger electron
emitters which penetrate the cell but are not incotporated into DNA, RBEs for a range
of endpoints, including cell killing were found between 1.5 and 8 (Kassis ef al, 1988).
For Auger emitters incorporated inta DNA, such as 1281, much higher RBE values of 20-

Tahle B-3. RBE,, for fission [or optimom energy'} neuwirans vs.
gamma rays (ICRU, 1986 Sinctair, 1985] for sinchaslic endpoints

Tumour induclion -3 = 2IH1?
Life shortening {due ko bimours) 15-45
Transformation A5-T0
Cytagenic studics aN-50
Genctic endpninis in lian sy n-45

! “Optimum energy” is the mnst hinkngically cffective energy.
* These values have heen suhsequently modified ta 15 to — 61
(NCRP, 1991,

Infcar }1-1743-1
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40 have been found for endpoints such as cell transformation {Char and Little, 1986)
and calculations of energy deposition patterns have confirmed that those high values of
RBE are to he expected {Chariton, 1988; Baverstock and Charlton, 1988).

(868} 1t should be noted that at low doses, low LET radiations do not all have the
same effectiveness. Conventional x rays (about 200 kV) are about twice as effective as
gamma rays based upon studies of mutation in Tradescantia cells, aberrations in human
lymphocytes and mouse oocyte killing (Bond ef al, 1978). Fast electrons may be even
less effective than gamma rays. These differences must be taken into account in speci-
fying RBEs fram experimental data (ICRU., 1986 Sinctair. 1985),

{B69)} Values of RBE,, for stochastic endpoints are usvally specified relative to a
particular low LET reference radiation and provide the primary basis for the determi-
na_tion of quality factors for given high LET radiations. These quality factors are appro-
priate “average” values of RBE for stochastic endpoints involving some judgement as to
the overall effectiveness of the radiation in question relative to the “reference radiation”™
broadly defined 1o include all low LET radiations and taking the more relevant end-
points into account. The quality factor is applicable only for stachastic effects in the dose
range up to tens of mGy. Thus, the applicable RBE values to be accounted for in the
assessment of quality factors are usually values of RBE,, only (Sinclair, 1985; ICRU,
198&; NCRP, 1990). For higher doses (several gray) other sources of material on RBE
values related to deterministic effects must be considered (see Pubfication 58 TCRP,
1989).

(R70) In addition to RBEs, ather factors must be taken intn account in specifying
radiation quality or radiation weighting factors (wy) for use in radiological protection
practice. The subject is discussed further and a table of vatues pravided in Annex A,

B.S. Estimaies of Probability for Carcinngenic Effects (see Upton, 1991

B.5.1. Introduction

(B71) During the years since the publication of the last hasic recommendations (ICRP
1977), new information on the risk of radiation-induced cancer in human populations
has emerged and new experimental data in both laborztory animals and cultured cells
have hecome available. These developments, summarised in reports by the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR, 1977,
1982, 1986, 1988b) and the Committee on the Biological Effects of Tonizing Radiations
of the U.S National Academy of Sciences. known as the BEIR V Committee (NAS,
1900}, make appropriate a reassessment of TCRP's 1977 estimates of the probability of
the carcinogenic effects of radiation {(ICRP.1977).

B.5.2. New information on cancer induction and analytical technignes since 1977

{B72) The principal new information on the probahility of radiation-induced human
cancer deaths come from the continued assessment of the more than 80,000 survivors of
the A-bombs in Japan (76,000 with DS&6 dosimetry). Estimates of the probability of
cancer death for the period 1950 to 1985 are increased over earlier estimates because of
(3) the increase in the number of excess solid cancers observed in the additional 11 year
follow-up period (~ 135 in 1975 compared with — 260 in 1985 for the DSES cohon'}
{Pierce, 1989), (b) the new dosimetry for the survivors (DS86 versus the former TA5D)

' Excess leukaemia increased from 7itin 1950-1975% 10 A in [F30-VORS,
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(Roesch, 1987) which increases the probability values by between 1 and 2 times
depending on the tissue site and the allowance made for neutron RBE', (c} small changes
in methods used to compute the age specific probability of cancer (Preston and Pierce,
1988) and (d) preference for multiplicative rather than additive models for projecting the
observed numbers of solid cancers to lifetime values,

(B73} Further information is available from two other major populations, These
include the 14,106 patients followed up in some cases for 48 years in the UK, after
radintherapy fo alleviate the pain associated with ankylosing spondylitis. Solid cancers
(i.c.. malignancies other than leukaemia) increased significantly in this population in the 5
to 25 year period following exposure but thereafter the excess appeared to diminish at
some specific cancer sites {Darby e al, 1987). These data have particular limitations.
Nevertheless the estimates of probability from this study, especially for radiation-
induced leukaemias, while lower, are within a factor of 2 of those derived from the
survivors of the A-bombs (Table B-4 and see UNSCEAR [988b, Annex F, Table 56). A
paralle! analysis of A-bomb survivors and ankylosing spondylitis patients has bheen
published {Darby et al, 1985) which discusses the differences in risk estimates. The
differences in risk estimates between the two studies, less than a factor of 2 for leukaemia
and about a factor of 2 for all cancer, can presumably be accounted for by the marked
differences between the samples and their exposures. These differences include:

{1} temporal and spatial distribution of the radiation dose and the range of doses
involved in the two cases plus the fact that in the ankylosing spondylitic series in
only a small subset are individual organ doses availahle

{2) age, sex structure and health status of the population af risk

{3} duration of follow-up

{4) methods of cancer ascertainment

(5) nature of the reference population used for comparison

(6) constitutional differences in susceptibility

{7} subgroup selection.

As Upton (1991} notes, since the influence of all these factors is not precisely known, it
is not clear how to combine these two risk estimates. However, given all these
differences they are clearly not incompatible with one another. In a third series, a study
of second cancers in women treated for carcinoma of the cervix (Boice ef al, 1987,

_ 1988) the results are more difficult to compare and the agreement less satisfactory (Table

B-4) but again the differences in so many features of this sample and the A-bomb
survivors are very great indeed. Under these circumstances UNSCEAR (1988b) and
BEIR V (NAS, 1990} both selected the A-bomb sutvivors as the most complete set of
information on which to base quantitative risk estimates and the Commission will follow
this lead. ..
(B74) A number of other therapeutically irradiated populations provide additional
information, 8. (1) children treated for leukaemia {Tucker ef al, 1984; Meadows ef al..
1985); {2) patients treated for Hodgkins disease (Tucker et al. 1984) {3) patients
\rested for ovarian cancer (Reimer et al, 1978); (4) patients treated with ***Ra [or
tuberculosis and ankylosing spondylitis (Mays and Spiess, 1984; Spiess, Mays and
Chmelevsky, 1989); and (5} patients ireated for tinea capitis {Modan ef al, 1989; Ron

" The differcnce between probabilities usin% DSB& vs, TH3D dosimetrics is besed on the UNSCEAR
determinations of organ dose cquivalent in 1977, which used TESD with a neutron RBE of vp to Hi: and
UNSCEAR in 198K using DSAf with neutron RBE an Jonger crivical.
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Table B-4'. Ahsnlute risk {excess deaths per 10! PYGy)?

Atomic bomh  Spondylitis  Cervical cancer

Cancer survivars teries xeries
Leukaemin .94 .n2 n.s1
All cancers except leuknemia .13 467 -
Teoaal 1307 6,69 —_

! For further detwils see UNSCEAR {19884 Annex F, Table 56).

¥ Person Year Gray.

* An exstimate of the risk of all c except leuknemi be made fnr this
series. An eslimate of the whole hndy dose does not exist and praobably cannat he
estimated given the nature of the cxpnaures.

and _Mndan. 1984 Ron et al., 1989; Shore er al, 1984b). Exposures of children in urero
to diagnostic x rays prior to 1958 {Stewart e al., 1958; Stewart and Kneale, 1970) have
also recently been reanalysed (Bithel and Stiller, 1988, Harvey er al,, 1985). New infor-
mation has become available on radiation-induced breast cancer (Boice ef al, 1979;
Land ef al, 1980; Howe, 1984); by the study of atomic bomb survivors (Tokunaga ef al,
[984); women treated with radiotherapy for acute post-partum mastitis and chronic
breast diseases {Shore ef ol 1986), and women receiving multiple chest fluoroscopies in
the course of therapy for tuberculosis in Massachusetts (Boice and Monson, 1977) and
Canada (Howe, 1984; Miller e af.. 1989; Boice ef al, 1990; Hrubec ef af, 1989; Hildreth
et af.. 1989), New information on the exposure of miners to radon in mines has come
from Canada (Muller ef al, 1985; Howe ef al, 1986), from Czechoslovakia (Sevc ef al,
1988) and from the United States (Hornung and Meinhardt, 1987) and these have been
reviewed comprehensively in various reports such as the BEIR IV report {NAS, 1988}
and are discussed in paragraphs B124—B137. Most of these studies do not provide
sufficiently quantitative dose response information for general risk estimation but they
provide valuable additional data to supporl estimates of the probability of induced
cancer in specific organs (UNSCEAR, 1988b: NAS, 1990}, Other studies involving low
dose exposures are discussed in Section B.6.

B.5.3. New laboratory information since 1977

(B75) New experimental information on the induction of animal tamours by external
penetrating radiations of different LET (Broerse, 1989; Upton er al, 1986; Fry and
Storer. 1987} and by incorporated alpha-emitling bone-seeking  radionuclides
{Humphreys, 1989; Taylor er al,, 1989) continues to accumulate. There are also new data
tegarding life shortening in mice (Thomson and Grahn, 1988, 1989; Carnes et al, 1989).
These data indicate high RBEs for high LET radiations (Sinclair, 1985; ICRU, 1986;
Broerse. 1989; NCRP, 1990) at very low doses and dose rates in concert with the
Commission's view of low dose and dose-rate effects for both low LET and high LET
radiations. Cytogenetic and molecular studies on radiation- and chemically-induced
animal neoplasms have been initiated and are beginning to highlight the importance of
specific chromosomal changes in radistion oncogenesis and their possible associmtion
with nncogene activation and/or gene losses (Silver ef al, 1989}, Tt may be anticipated
that such mechanistic studies wilk lead to mare confident interpretation and extrapolalion
of dose-effect relationships in animal models of induced neoplasia. /n vitro cellular
studies have provided more information on the influence of dose rate, post-irradiation
repRir/TECOVETY PTOCESSES, LET and various extrinsic faclors on oncogenic transfor-
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mation (Han e/ al. 1980; Han and Elkind, 1982; Halt and Hei, 1985; Harisiadis et al.,
1978:; Hei ef al, 1984). In principle, the utilisation of these cellular systems should
facilitate the quantification of low dose response, its modification and the cellular
processes involved. However, in conventional ceflular systems the interpretation of
findings is complicated by the usc of established immortalised cell lines and poorly
understood factors such as the compaosition of culture media and the effects of post-
;rradiation culture conditions (Little, 1989). In this respect, the observation in some
|sboratories of so-called "reverse-dose rate” effects on cell transformation by certain
high LET radiations has been particularly contentious (Hill et af, 1984; Ullrich, 1984}.
Much emphasis is currently being placed on the development of novel rodent and human
epithelial cellular systems that may more accurately represent in vivo oncogenesis
{Chadwick et af, 1989); these have yet to make significant contribution to our under-
standing of low dose response. The induction of chromosomal changes in human
lymphocytes by radiation have been studied at lower dases {<0.1 Gy) than previously
achieved (Edwards ¢! al, 1989). Also, some evidence has been obtained for the
induction, by low doses, of an "adaptive response” that reduces the frequency of chromo-
somal damage {Wolfl er af, 1989). The relevance of these findings for low dose onco-
genesis remains, however, very uncertain.

(B76) fn vifro studies with cultured human somatic cells have highlighted the
importance of cellular repair/recovery processes in radiation response {(e.g. Cox, 1982,
Arlelt et al, 1989). There is also new information on molecular mechanisms of DNA
repair that are directly relevant to celiular radiosensitivity {Thacker, 1991). In particular.
recent siudies have emphasised the importance of DNA double strand break {dsh) repair
in cellular recovery and show that this may have a significant influence on dose-rate
effects {Debenbam er al, 1987; Kemp er af, 1984; Thacker and Stretch, 1985; Beer er af.,
1983; Wiodek and Mittelman, 1987; Evans &f al. 1987). In related fields, molecular
studies of radiation-induced mutations in cultured cells have shown that muiations in a
namber of genes principally involve DNA deletion but that DNA base changes (point
mutations) are observed in others (Thacker, 1986, Glickman et al, 1987). On the
hypothesis that specific gene mutations are responsible for the initiation of ancogenesis.
knowledge of induced mutagenic lesions and theic dependence on dose, dose rate,
radiation quality and repair processes will be of importance to future views of radio-
logical risk (see paragraphs B15-B 18 and B54).

B.S.4. Merhodological factors affecting probability estimation

Multiplicative and additive models for projection of probabilities

{B77) Since the period of observation of an exposed population sample rarely extends
to & full Tifetime, it is necessary to project the estimate of probabitity of cancer induction* .
for the period of observation 1o the lifetime of the exposed population, in order to oblain
the full tifetime risk. Among many possible chaices two principal models have been used
for that purpose, one the ahsolute {risk) or additive projection model and the other the
relative (risk) or multiplicative projection model. The former predicts, in its simplest
form, 8 constant excess of induced cancer throughout life unrelated to-the spontaneous
rate of cancer while the latier predicts that the excess of induced cancers will increase
with time as a constani mulliple of the spontaneous of natural rate of cancer and ¢on-
sequently will increase with age in that population. Both forms of response occur after a
minimum latency period. These models are used here to effect a suitable projection of
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?he dgta and do not necessarily imply biological mechanisms underlying cancer
induction.

Projection
_ {B78} The population surviving the Japanese A-bombs still contains man |
lr'radiaied in childhood or in utero who are now attaining the age when cancer aﬁml?c:
q|seases become prevalent, About three-fifths of the population survives at the present
time. Thus, to obtain an estimate of the lifetime risk, U(A, DN, the experience of the cohort
so far n:mst be projected forward in time, taking into account the age structure of the
population and the age-dependent force of mortality from causes unrelated to radiation

exposure, as well as from radiation-induced cancer. This is done as follows. Let gq{a) -

denote the age-specific death rate from all causes in a particular non-irradiated population
and let kp , {a) denote the age-specific, excess death rate per year associated with exposure
todose D at age A, (note that ki, , (a) = 0 for a < 4,). The total death rate, then, is given by

Gpa (@) = gula) + "D‘a.{ﬂ)

The probability of surviving to age a4 (years), given exposure to dose D at age A, is
denoted Ly, , (#) and is given by the following algorithm:

Lpa@) =tforasA,
{(exposure at age A, implies survival until age A,}
Loadm = Lopafa—1)-(1—gpafa—1Nfora=A,+1,...

(survival to age a implies survival to age a — | and precludes death at age a - 1).
The annual probability of death from any cause at age # is

Loafa) goala)
and the annual probability of a radiation-Induced death at age a is
Loada foa(a)
Thus the lifetime prabability of a death due to radiation exposure, U(A,D), is

mun BpC
X Loada) koo (ad
AwA, .
The problem of risk projection arises because in current populations under study the
youngest exposed cohorts have been followed barely into middle age. Denoting the
follow-up age by the interval {A,, A,). where A,<A, < A,, the observed cumulative
mortality is

Ay
RpafAi A = Y Loais) goala)

a=a
From observations on Rp., (A4, A3). for various subintervals {A), A} where
A A < A3S A, and various doses D and exposure ages Ay, il is possible to estimate
goala), and hence hp, {a), as functions of D,A, and o for A sasA, Projection
involves estimates for values of a outside the observation intervat, For cancers other than
Jeukaemia, two simple models for i 4, (a) have been widely used.
In the simple additive model, &y, (@) does not vary for az=A,+m, where m is a
minimum latent period of 10 years or so:
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hoada) = l 0 fora<A,+m
‘ Kpa forazA,+m
In the simple multiplicative model, kg, ., (a) varies with @ as a constant multiple of the
baseline, age specific cancer rate for a non-exposed population, Qu camen(d):
Cpa,” Goganenio) foraz Ap + m
0 fora<A,+m
In the above formulations Kpa, and Cp,a, depend on D and A,, but not on a4, and

Gol @Y= Gogcancen{®) + Quimonermcertt 0 Toeancen(8) is the compenent of gy(a) that pertains
to the specified cancer being considered.

hoala) = ‘

Projection by a modified multiplicative model

{B79} The U.S. National Academy Committee which produced the BEIR V report
(NAS, 1990) used a modified multiplicative projection model which included terms
dependent on time since exposure, which enabled a decrease in risk with time at longer
times 1o be included in the formulation, i.e., the age-specific risk due 10 radiation dose D
at time A, for age (@) is Ag 4, = o cencen’(@) LFIDY - 2.

ftD) is a dose-response function and is either linear (a-[) or linear quadratic
(aD + 3D, .

g the excess risk modilier, includes terms for sex, atained age, age at exposure and
time since exposure. These terms were chosen separately for leukaemia, lung cancer and
breast cancer.

Dosimetry of the A-bomb survivors

{(BRD} The most informative quantity in which to express the dose when estimalting the
probability of induction of cancer in a given organ is the dose in that organ. In some cases
the shietded kerma is quoted. The "shieided kerma® is the estimate of the kerma to each
individual afler the gamma rays and neutrons have passed through the shielding of house
or olher structure determined for that individual, The organ dose depends on the
shielded kerma but the ratio between them is different for each organ. When uniform
whote body irradiation is cited, organ dose equivalent is the quantity involved and this
dose is the same to all argans. Uncertainties in the new DS86 dosimetry are discussed

_ {Roesch, 1987,

Incidence versus mortality

(BB1} Most epidemiological data refer to mortality from the induced cancers in
relation to that from spontancous and other causes of cancer. Data on incidence are
relatively sparse but incidence is usually a multiple of mortality for tumours, this multiple”
being strongly dependent on the level of medical care in each country, Incidence is more
often inferred from mortality data since reliable data are difficult to obiain directly. For
the Japanese survivors the Life Span Study Tumour Registry should provide direct data
on incidence vs. dose to complement those hitherto available only from mortality data
{Upton, 19%1). In some specific sites e.g. thyroid and breast incidence data has been the
primary source of information.

(B82) In the succeeding 1ables of data, resulls from the evaluation of the A-sbomb
supvivors in Japan will mainly he used hecause this is the mosi comprehensive data hase,
Not only is the Japanese study large (76.000+ in the DSRG cohort) but hoth sexes and
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all ages are represented, there is an internal control group, the dose range is extensiv
the exposure is whole body and the dosimetry relativgly wpel'l evaluated (sie NAS:.C T;‘J(CI'
Tabls. 4-1 for a comparison of data sets). For certain organs, such as thyroid, bone Gkil‘;
and liver, sources of information other than the atomic bomb survivors will be ;lsod. N
(_1383) Reliance on the Japancse data exclusively for the derivation of quantitative
estimates of the risk of radiation induced cancer in man, as both UNSCEAR (1988h}
and BEH_! v {P{AS. 1990} have done, has been criticised in some reporis commenting on
current risk estimates (report of French Academy of Sciences, 1990). However it should
bhe nmefj‘ again that other importam sources of information, such as the ankylosing
qundyhhc patients treated with x rays in the UK. and to a lesser extent, the inter-
l‘lallona.l cervix study agree well with the Japanese data (paragraph B73) considering the
many differences between the exposed samples (Upton, 1991}, ) . ’

B.5.5. Biological factors affecting cancer induction

Age

(B34} Tl:le incidence of radiation-induced fatal cancer varies with age at exposure and
age at aftainment depending upon the tumour type considered. In general, younger
persons are more susceplible. For the female breast. for example, susceptibility is greatest
in the very young female. declining throughoul life and virtvally disappearing if exposure
Oceurs afl_cr menopause. Susceptibility to thyroid cancer shows a similar age related
tre!‘ld bul in any event, lifetime incidence in children is 2 10 3 vimes greater than in adults
This pattern is also seen in the estimates of relative probahility of death for all cancers
except leukaemia (Table B-5). (For example, at ages <10 years ATB the total cnlumn
indicates that those exposed had a 2.32 times greater relative risk of a solid cancer than
the controls for all attained ages, bui Jonking across the table, the ratio is less al older

Tahle B-5. Relative probability of fatal cancer aficr | Gy (thiekded kerma) hy age ATB' and atiained ape at
death for various sites of cancer {extract from Shimizu ot af, [9HR, Tahte 6]

Ape ATH Attained age (y)*

i Total Larli} 0-29 -39 dh-44 5n-59 fll-A% e+
Lenkaemin
<10 17,08 44,16 4 R.Adq nus

141-19 4.6 5474 -' 245 1.2 ny2

-1 hRIL hNCh] 154 4 r.oz kA2

- 44 1l 2405 1058 1.47 MY

40-d4 158 nyl AR2 LR ¥ xin

4+ A5 1563 AN Y] A0
AH nges 102 a6 47 wRI &78 LAR R 1.1 d.dn
AH cancurs cxeept leokacmin
<l Qa2 (HA07) 5y LY 116

10-kY 1A% i1 (DR t.nfy 1.30 VAR

24 1.a% {1.3%) 2.0 174 [

-39 .26 {084 {112y (AT L23 14N

af-49 1.24 {1.2% {1.1Y) (AR 1.3

0+ (N1 (2.58) n4es)y 115
Al ager b2Y 532 2.22 Al 1.58 1.3y 113 1,29
b ATH = at time of bamb,

¢ Adwined nge, ie. at denih,
! Narennvergence.
Numbers in parentheses ave the refative probahilities efore the asswmed minimwm Yatent peciod of (1vears,
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attained ages and more at younger attained ages. Furthermore this ratio declines for
those older at the time of irradiation (ATB).) The same pattern is seen initially with acute
and chronic myeloid and acute lymphatic leukaemias but in this case susceptibility rises
again for those exposed later in life (see Table B-5. total column). (For more detail on
individual sites, see Shimizu er al, |988, Tahle 6.)

Sex

{885} Females have been considered in the past somewhat more likely to develop
sadiation-induced cancers than males, for all cancers except Tenkaemia and especiaily for
breasi and thyroid cancers. For radiation-induced Jeukaemias, males are more sensitive,
at least when expressed on an absolute risk basis. In the recent data, at least over the
perind of observation differences between the sexes overall are not large, the excess
deaths for all cancess including leukaemia being only about 20% higher for women than
men {Table B-6). The sex difference may be due to inleractions between other faclors
such as hormone dependent promoting factors rather than a diffarence in radiation
sensitivity. Differences in spontaneous cancer incidence such as in the thyroid {for which
females are approximately 3 times more susceptible than males) or in co-factors may be

maore important.

Sensitive subpoprlations

(BR6) There are nn epidemiological data currently available which identify adult sub-
populations that are hypersensitive to the induction of cancer by innising radiation
akthough such groups are known lo exist. In the case of exposure to UV light, patients
with the DNA repair delicient genetic disorder, xeroderma pigmentosum (XP) show
substantially increased susceptibility to sunlight (UV)-induced skin carcinoma. In
general, in virro studies show that cells from XP patients are not hypersensitive to
jonising radiation. Patients with the Jeukaemia-prone genetic disorder ataxia-telangiec-
tasia (A-T) are, however, extremely sensitive to the effects of Jow LET radiations.
Celular studies implicate DNA repair deficiency as the cause {Cox, 1982; Debenham er
al. 19R7; Arlett ef al, 19R9). Tt is important to recognise that even if all AT patients
were more likely than healthy persons to develop leukaemia, the very Jow frequency of
{he homazygous AT mutation in the population implies an extremely small contribution

Tohle B-6, Relntive risk and fainkity prahahility coefficicnts hy sex (shietded kerma) {from Shimiza ef el
105K, Tahle 127

Fsilmated RRm ¥ Gy Excess denthx per 10 PYGy

Site of concer Mnle Female M/F Male Female M/F
Leukacmia' ER 492 1. al4 LEn 1.74°
All cancers oxeept fowkaemia 117 1.44 LRy 576 RIR h.he
Oesophapus 1.1% 24949 ndt .. ndn 175
Stomach I8 1.36 nRSs R L] 2R nyz2
Cidlon 1.4% 167 LIN.¥) 164 nil 1.8
Lung 1.2 LG ILAR .07 147 071

i ki
rinnry tract’ 2410 1% nyt L1108 .42 1.9
M s L 1 i .21 L

Multiple mychima

' Dises ot include lymphuom.
* peiis,
* Mninty hladider.
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1o population risk. Additionally, the AT mutation in the more frequent heterozygous
form has also been suggested 1o confer a degree of spontaneous cancer susceptibility,
particularly that of breast (Swift er al, 1987). Consequently AT heterozygotes could, in
principle, constitute a small but possibly significant sensitive subpopulation, although
this is not yet established, Other human genetic disorders such as retinoblsstoma where
lissue specific cancers may be associated with hererozygosity for so called “cancer
suppressor genes” could also be considered lo carry increased risk (Knudsen, 1986; Reik
and Surani, 1989). Cur current lack of knowledge on the frequency of all such mutations
and their implications for induced cancers preclude, however, any quantitative estimate
of their cancer yiel in an irradiated human population.

Other factors

(B87} Onher carcinolgenic factors cam also play a role and a wide variety of interactive
responses ha\.-rr. ‘quahtalwely been observed. One important example is the carcinogenic
action of radiation on the skin which can be enhanced by uitraviotet light (Shore er al,

1984h). Another is the influence of smoking on the induction of Jung cancer by radon
ohserved in miners (NAS, 198R),

Age at expression

(B88) Radiation-indueed tumours, such as breast cancer in women, tend to be
expressed later in life when tumours from other causes also occur regardless of age at
exposure. This fact suggests that radiation may initiate the process al a young age but
completion requires additional steps later in life, some of which are hormone dependent.

B.5.6. Estimates of fatal cancer probabilities

(3R} In the Japanese A-homb survivors, the excess cancer deaths are estimated to be
13.1 % 10 ~* per person year gray {Shimizu et al, 1988, Table 4) for a follow up peried
from 1950-1985 (equivalent to 2.2 million person years). By comparison the excess
probability of fatal cancer for all neoplasms (except carcinoma of the colon which is
exclhrded because this type of cancer is thought 1o be related to the spondylitis) among
the ankylosing spondylitis is 6.7 % 10! per person year gray for a mean follow vp perid
of 130 y (equivalent to 184,000 person years). Considering the various diflerences
hetween the two sets of data including the age of the individuals exposed, the time of
delivery of lhe radiation and the partial body character of the exposure, this is quite good
agreement, see patagraph B73 (Upton, 1991 and UNSCEAR, 1988b, Annex F, Table
56). Because the data base is so much more comprehensive for the Japanese A-bomb
survivors and is a measure of excess cancers after uniform whole body irradiation, these
have been used primarily by the UNSCEAR ([1988b) and also hy NAS (1990) for
projecting estimates of 1the prohability of fatal cancer from the period of ohservation 10
the lifetime of the Japanese population.

B.5.7. UNSCEAR estimares

{B90) UNSCEAR used both models, additive and muiltiplicative, for projection 1o the
full lifetime of the exposed population. These two models result in somewhat different
estimates of lifetime probabhility of fatal cancer, however these differences have hecome
smalter with time (see Table B- 10,
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Apge and projection

{B91} Age at the time of exposure is an important parameter and it influences the
projection of fatal cancer probability to lifetime. Some estimates were made by
UNSCEAR in the Japanesc study population using age specific coefficients for cach 10 y
age interval, others were made more approximately by using an “age-averaged™ co-
efficient. The estimates made by UNSCEAR for {a) the entire population, (b) all adults
aver age 25, (c} a working population of ages (25-64), which yield somewhat different
estimates of the probability of fatal cancer, are given in Table B-7.

Tahie B-7, Projections of lifetime prohability of fmal cancer and life Jost for § Gy whate-
hody, low-LET radisiion (UNSCEAR, [9RHb)

Projection Excess falal Period of life Toxt*

model cancers' {11-9) (year)

Toinl populstion” Additive 40'- s .98 240

Mulriplicarive -0 19541 41

Waorking populntion” Additive 4nt. fit MRE-122°

{nped 25%-6d yoars) Multiplicative: 10 R nEF-NY7!
Adutt population” A ddivive s nu4!
fover 25 yenra) Multiplicmtive LI nad

' Based an cancer mariality rales for the popalation of Sapan.
* Equal numbers of malcs and females,

* Age-specilic enefTicient of prohahility,

+ Adulr age-averaged coeficient of probahility,

* Age 25 yis the moan nf age 20-29y,

Cancers int specific sites

(B92) The estimates of relative probability and excess probability for each cancer sile
for the observalion perind (Shimizu ef af, 1988, Table 4) as a function of age at irradi-
ation can be projected by either the additive or multiplicative projection model to
estimate lifetime excess probability of fatal cancer at each site. Both estimates based on
the age-averaged coefficient are given in Table B-8 {Uptan. 1991, Table 12; UNSCEAR,
1986, Table 69).

B.5.8. REIR Vestimates

(B91) The BEIR V Committee adopted a somewhat differemt approach as noted
earlicr. They used a modified multiplicative projection model which included a term
allowing for a decrement in the probability of a fatal cancer with time when appropriate.
Different paramelers were used for different cancer (ypes so that the form of the
decrement could be varied to fit the data available. The analysis then provided for age
specific coefficients in 10 year intervals to he projecied according to the mode! for ¢ach
cancer or cancer group separately. as indicated for a dose equivalent of 0.1 Sv in Table
B-9. The BEIR commiltee expressed the result per Sv because the neutron component of
dose equivalent, with an RBE of 20, was included. The results show a very substantial
variation with age al exposure for mosi cancer groups, a steady decline with age for
cancer in digestive organs and breast for example, but an increase in the middle age range
for respitatory cancers. Overall. the difference between the sexes is less than estimated
by UNSCEAR. females heing more sensitive than males by anly about 6 percemt, The
tonat risk (average for males and females) for all cancers far 0.1 Sv is 0.79 x 10-2, In this
estimate the contribution for leukaemia has already been reduced by a factor of 2 (using
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Table B-K. Exces prahahility of a fatal cancer (specific) after acute whale hady

exposure, | Gy organ absorbed dose of low-LET radiaton [UNSCEAR,

I9KAN)'. (Raxed on the popufstion of Japan. 90% eonfidence inlervals in
pareniheses)

Prahahility of fata¥ cancer (10-7)
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Tate B-. Excess lifetime mortality (specific organ systema) sfiar expeagre 10 0.1 Sv acute uniform whale-
bdy low LET radistion (LIS population) (NAS, 1990)"

Mallgnancy

Multiplicative risk
projection madel

Additive risk
projection madel

Red hone marrow

Al cancers except leukaemia

0.97 (0.71-1.32)
6.10{4.80-7.50)

0Y3 (0,77-1.40)
360 (ZH0-4.40)

Bladder 0.39{0.16-0.73) .23 (0.1 1-n.d0y
Rreaxt’ DA (024~ nS) N.41{0.22-0.69)
Colon 0.79(0.36-1.34) 0.29(0.14-0,46)
Lunp L5 {0.84-2.30) .59 {0.14-n.85)

Mufriple myelama
Ovary?

0,22 {0.06-0.81)
0,31 [1.09-0 6%

09001 T
.26 (L.NR-0. 4%}

Oesnphagus 0.3 {0.00-n_72) 6 (103-0,11)
Stomach 1.26 (h.66-1,99) MLRA(N.A%5-1.71)
Remainder 1.147 LNy

LR A&
Totat 1.0 453

EA b 4.16*

! Estimates hased nn age averaged cnefficients.

* These walues have tn he divided by 2 to calculate the total and ather nrgan
prohahifity values. Values are simitar for Japanese survivass and nther sources,

* Thix value is derived hy subtracting the sum nf the probahilities at the sites
sprecified from the protabilities for atl enacers encepl leukaemia,

* This value is derived hy fitting A linear relative prohahility model 10 1he hasic
cancer data afier the exclusion of those cases of cancer at the apecific sites lsted,
(Crefficients 0,19 excess relative probabilily per Giy and 187 % 10" per persan
year gray.]

* Red bone marrow plus all ather cancers.

* Red bane marrow plus nther individual sites including remainder,

a linear-quadratic response) whereas for solid tomours & linear response was used. For
high dose, high dose rate the leukaemia conirihution should be doubled, giving a total
average risk for all cancers of B.85 > [0-2 Sv~ ' [It shauld also be noted that in the BEIR
V approach early cancer deaths (i.e. cancer deaths due to exposure in persons who would
have died of spontanecus cancer later) are not included in the estimates of total excess
lifetime mortality, Thus those estimates are about 20% lower than would be obtained by
the UNSCEAR approach for the same population.] :

B.5.9. Comparison of UNSCEAR and BEIR V with earlier estimates

{B94) Over the years, starting in about 1972, the UNSCEAR and BEIR Commitiees
and some other sources, (e.g. a risk evaluation sponsored by the Nuclear Regulatory
Commission of the United States, NUREG) have made major risk evaluations resuhing
in estimates of the risk associated with | Gy of acute low-LET uniform whale-body
irradiation. Some representalive values are lisied below {Table B-10). For data from the
Japanese A-bomb survivors, the first four of these refer to T65 dosimetry, the last two, to
DS86 dosimetry.

(B95) 1 is evident that estimates based on the additive mode! and the multiphicative
maodel have come closer together with time. Furthermore the estimates based on the
multiplicative model have changed 1he least. i.c. they have remained the most robust,

Age st Frabability of demb (10-7)
enpnsure Males
[year) Total Leukaemia®  Nonleukaemi Respiratary Digeative Other
5 12,76 1.11 11L.AS ni7 3.61 7.87
15 1144 1.09 HLYS .54 1469 fl2
PAl . .36 R.HS 1.24 ARg y72
s 366 .62 5.04 243 n.2% 233
45 .00 1.nR 492 153 na: 117
55 6.16 166 4.50 193 s 0.42
6% 4.R1 1.91 29n 2712 LA nn?
5 .58 1.RS 093 non nns -
/5 1.1 096 14 n)? — -
Average 1.0 tto X0 190 L0 R
Age at
exposure Fermnles
{yenr) Toral Lewkacmia' Nonlevkacmin® Respiratory  Digestive Breast Other
5 15.32 .75 f4.57 4R £.55 1.29 6.25
15 15.66 072 14,94 .70 A.53 205 4.7h
25 11.78 n2o 1149 .25 679 nsz FACR]
as 5.57 n.da s ng 0.73 h43 1.R?
4% 541 073 4.68 177 0z 0.0 1.1
55 sN5 L7 iRre .1 nhd nog 45
f5 LR6 148 2.4n 172 n.52 - LT
15 N 1.23 100 n72 0.26 - n.oa
RS .90 0n7a nz [N ] 0.04 — -
Average LAL 08N 10 1.50 .90 0.70 2.20

! Based on a single exposire to radintion and on 5 lifetable weighted average nver ench of the age groups
listed, in a stationary pepulstion having 115 mortality rates.

! Based on the sum of cancers of respiratory iract, digestive tract, breast and oiher organx. lingar dnxe
fesponse astumed.

' Baxed nn linear-quadratic doxe response which reduces high dnse, high dose rate vatue by a factor of 2,

Madels nsed ta derive numbers are in Upien (1991},

varying hy less than a factor of 2 since 1072, A few years ago the results obtained by the
additive model were preferred and it is for this reason among others, that the previous
risk estimates used as the Commission’s basis for radiation protection (ICRP, 1977)
appear now to have changed, overall by about 3-4 times, since 1977,

B.5.10. Probability of fatal cancer in organs vs. sex, age and population (see Land and
Sinclair, 1991)

(B96) Especially for determining the effective dose in the case of non-unilerm irradi-
ation of the body, the distribution of fatal cancer risk among organs needs to be known,
The list of fatal cancer probability in organs given in Table B-8 was derived by
UNSCEAR using age averaged risk coefficients and for both additive and multiplicative
projection models. While quite useful, these tabulations do not provide enough detait to
examine the effect on the distribution of risks of faral cancer in the more importami
organs (i.e. the basis for weighting factors) of important variables such as sex, different
age ranges and for different population characteristics as well as for differem models,
These factors must be examined in order 1o determine whether it is reasonable to use a
single set of weighling factors for a wide variety of exposure circumstances. More

w
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Table B-10. Excess lifetime mortality from all cancer, atiributable ta
I Gy acute uniform whole-body low LET {rradiation of the general
poputation {Upton, 1991)¢

Probability of death { 10° 7

Additive risk Murltiplicative risk

Source of estimnte projection model projection model
REIR®, 1972 1.2 A2
LUNSCEAR, 1977 25 —

BEIR TN, | 9RD NR-2.% 2.1-50
NUREG, 1985 1.9 5.2
UNSCEAR. |98 4ni-5n" Ta-11.00
REIR Vv, 1990 - RRE "

' Pnpulation of Japan.

i Estimate based on age-specific coefficients of probabiliey.
h-mEarimare based on consant {age-averaged) coefficienl of prob-
ahitity,

6 ‘;U.S. populstion—adjusted to high dote wsing values from Tahle

* Modificd multiplicative madel.
* *Low dose” lewkaemin component multiplied by 2,

detailed calculations of the prabability of fatal cancer in these organs were undertaken in
order 1o do this,

(B97) The starting point is the age specific coefficients available from the A-hnmhb
study {Shimizu er af,, 1988, Tables 5A and B) for most of the organs in the UNSCEAR
list. Results for the oesophagus, ovary and bladder were derived separately, because the
information is too scant 1o provide detailed variation of falal cancer probability with age.
Cancers other than those in the eight organs listed, i.e. the remainder, were held at a
constant fraction of (he total, 0,15 {explained in Land and Sinclair, 1991}, Calculations
made for the Japanese population involve first a transfer from the ohserved data and
then projection in time using three different models, (he additive risk model, the multi-
plicative risk modet and the model used by an ad hoc working group of the U.S. National
Tnstitute of Heaith to develop radioepidemiological tables (“NIH model”) and alsa used
earlier in the BEIR IIT report (NAS, 1980). The first two were described earlier. The
Tatter (Rall ef al, 1985) involves estimating the absolute risk for the perind of obser-
vation (in the Japanese population) then Iransferring to the new population as an
ahsolute risk before converting to relative risk in the new papulation and projecting over
time in the same way as for the muttiplicative model.

(B98) Estimates of the fatal cancer probability after T Gy of acute low LET whole-
tody radiation have been made in each of eight argans plus the remainder tissues; for all
cancer for males and females; for four age ranges 0-90y, 0-19 y, 20-64 y and 65-90 v,
for five populations (those of Japan, the US., Puerio Rice, the UK. and China); and for
each of three models. One representative sample of these catculations of risk is shown for
the poputation of Sapan and for one age range {0-30 y) in Table B-11 for 3 modefs and
both sexes. Similar information on fatal cancer probability is available for other age
ranges and for yesrs of life lost for the Japanese population. Hereafter, in this section
results are presented for the different variables involved in the form of relative values of
the fatal cancer probability totalling 1.00. The actua? total risk is also given in each case.
The various factors involved are separated as follows. .
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Table B-11. Excess mortallty from cancer afier scule whole-bady low LET radiation {1 P populat
age 0-90 y)

Excess mortality (18072 §v-")

Additive Muttiplicative NIH

Masle Female Male Female Male Female
Oesnphagns NA1R 0234 02y 0467 Nn217 467
Siomach O.ARD 0.79% 2.241 2.76K .04 2.237
Colon n.m N.16 O.H94 248 1.N{1A [EACF LY
Lung N%R ns512 1.293 1732 1.7RR 1.732
Bireast - .17z — 0441 - 1439
Qvary - .32 — 0 M - 0.\06
Bladder 0317 02 0.566 "5l 0566 n.2s5l
Aone martow LORD 0.649 nAse 1.5K07 1157 0.6R%
Remainder 0.736 0.954% 1951 4421 |.R79 1656
Al chncer 34512 4071 R.n22 13470 R.6359 1.AR?
Sex and projection model

(B99) Results for the relative probabilities of fatal cancer in the organs and the total
risk for the Japanese population, ages 0-90 y, both sexes and three different models are
presented in Table B-12, It is evident that the total risks are similar to those found by
UNSCEAR for the additive and multiplicative models (see Table B-7}. Furthermaore the
resulls using the NIH model are close 10 those for the muliiplicative modef (within less
than a factor of 2}. {Also the ratios for an average of males and females are similar, for
the additive and multiplicative models, 10 those which can he derived from the
UNSCEAR values of Table B-8.) The fargest differences in the relative probabsilities for
a given mode! between males and females {ignoring the hreast and avary) for any given
important contributor organ are about a factor of 2 (e.g. for bone marrow and for colon,
especially in the multiplicative madel). Less important contribuior organs such as the
bladder may differ by up to a factor of 3. The total risk for alt cancers differs between
male and female at most by about 50% far the multiplicative modet, females having the
preater risk. Thus in the final assessmem of weighting factors for radiation protection
purposes if a difference of about 30-50% in totat risk between females and males and a
factor of 2 difference between any important organ is acceprable, this is a useful guide
with which to test the importance of other variables such as age and population mix. An
inspection of the overall data availablz (Land and Sinclair, 1991) indicates that these sex
differences in important organs are not greater (indeed about the same} for the popu-
lations of the UL.S., Puerto Rico, the U.X. and China,

Age

(BSIOO} The relative probabilities of fatal cancer in the different organs and the 1otal
risks for the Japanese population, sexes averaged, ages 0-90 y, 0-19 y, 20-64 y, 1wo
models (multiplicative and NIH) are presented in Table B-13. The additive model is not
a preferred model and therefore is not considered further here, although results using it
are available elsewhere (Land and Sinclair, 1991). 1t is evident that the relative prob-
abilities vary with age group for a given model by a factor of 2 or 3 in the case of both
models (for leukaemia and colon). However, the differences, for either of the two models
for the different age groups are not much greater than the differences for sex. {But note
that the total risk determined as the sum of the individual organ risks differs by a factor
of about 3 for young (0-19 y) vs. older (20-64 y) age groups.)
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Table B-12. Relative probabilitles of fatal cancer in organy va, sex and projection model {Japaneze population,

sge 0-50y)
Projection mndel
Additive Multiplicative NIH

Organ M F M F M F
Ocsophapis 0.0ig H0RS nnx 1A LB mzA n.0s7
S_Iomsch nxas 223 axe LA LY n.26) 0.174
Colon NOA7 LIS L1 0127 naa2 n.129 o}
Lung LR LINT n1R4 0164 n.129 n.212
Rrenst — noz6 - AT - nnsd
Ovary - 0.06S5 - 0.029 - 0037
Riadder n.n92 nni4 0.OR1 0.n24 nnr3 o
Bone mRrrow 0.an7 NI5K n.1n6 0.04n 0129 .7
Remainder 0150 0150 050 0150 0.150 0,150
All cancer 1.ann 1.000 I.THHY LR F.0an RLEL
Tatal probabllity 145 4.7 1.99 I35 R.A4 1.7

{(I0-75«" "y

Tahle B-11. Relative probahilities of fatal cancer in organs vs. age group (01-90 ¥, 0-19 y, 20-f4 y} Iapanese
population, average of male and female

Projectinn madel

Multiplicative M
Organ 090y n-10y 20-hd y f-uny n-10y 20-hd y

Oexphapos nomw 1.021 o6 | nn42 anza 0063
Sinmach 2ot 0.2k 0ans (L] ] 0228 o
Colom 034N 0255 008e ni2il 0171 RILT
Lung ni74 191 fn1s9 na 0297 129
Rreast no2a 0028 2z [(X(744 (LR ] naly
Ovary L] LRIV an2y I ni nnis
Pladder n.ns2 .13 X)) 852 M2 n.O8H
Bnhe marrow 77 0052 n1ng 1,100 058 AT
Remainder nsn 0150 150 0,150 0150 0150
All cancer noyy 1.000 1. 9o L0 1,000
Teal prohahitity M7 246 7.8 9.7 ns 1.1

{5y

National populations and transfer models

{(BtM) The resubts for the relative probabilities of fata) cancer for males and females
averaged. for age 00-90 y, using the multiplicative model both for transfer and projection
for Japan, 1.S., Puerto Rico, the UK. and China are given in Table B-14A. Large differ-
ences are evident in the contributions for the ocesophagus, stomach and breast among the
five national populations. All organs are however, within a factor of aboul 3 of the
average value. In order to examine the effect of the method of transfer, the NIH model
which transfers by absolute risk and then projecis multiplicatively, was used to determine
relative probabilities of fatal cancer in the same way. A few of the results shown in Table
B-14B are dramalically different from those of Table B-14A, The risk for cancer of the
stomach makes a higher contribution in each of the populations other than in the
Japanese, whereas in Table B-14A these contributions were much less. Overall the NIH
maodel gives less variation hetween different populations, no mare than factor of 2 for
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Table B-14A. Relative prohabilitics of fatal cancer in organs w1, population type. { Average of make and female,
age 0-90 y, multiplicative model)

United Puerta United
Organ Japan States Rico Kingdom China Average

QOesophagox 0.03R nal4 009K 0.030 1269 0.090
Siomach 0.291 LR X] (LA RT3 0050 0.224 0,144
Cndom LN nx20 .24 0225 .13 0.7
Lung nr74 .05 14y 0.274 T 0179
Rreast nnzy 0078 .y L H 0022 ans|
Ovary niid nai nivls LLXIXD] nng 0022
Bladder nnsl no7Th A1 ¥ ] NOH a.n3s LIR1
Bone marrow 0077 N34 0427 064 oo N1.080
Remainder 0150 m1se 0150 n1se 050 158
Alt eancer N.%99 (KL 1.000 n.999 0.999 11,999
Total probabitity’ (o {1%.2) {9.5 {129 (6.3) [{2(3}]

{107 8v 1y

' ln‘ the process of transfcr beiween populations catowlations based on individual organ, transfers vary mare
and give higher 10180 risks, by up 1o 20% 1than ealculatinns of risk based on alt nonleuknemin sites iranaferred
together, especialty for the moltiplicstive model,

any organ as might be expected since the transfer is additive, The estimates of total risk,
determined as the result of transferring the estimation for nonleukaemia as a group, for
all populations vary more for the miltiplicative than for the NTH model. Note alsa that
where comparisons are possible the relative organ risks for a U.S. population, mulii-
plicative model (column 2, Table B-14A) agree quite well with BEIR V results (see
Table B-9).

(B102) Unfortunately, there is no general agreement on which, if any, transfer method
is to be preferred or indeed whether the same method should apply to each cancer site
{sec NAS, 1990, p. 218 and Land, 1991). Nor is there any specific reference population
with which ICRP should deal. {The populations used here are, of course, representative
of various different parts of the world but were included primarily because of their
diversity among (he available populations with the requisite information.) Therefore, to
reduce the effects of national population characteristics, the relative probabilities of the
fatal cancers in organs will stimply be averaged (the populations could be weighted, but a
simple average might well be as good a representation of a “world” population as any
ather, furthermore adding further populations would not change the average greatly).
This is done in the sixth column of Tables B-14A and B-14B. i is evident now (Table
B-14A) that the deviation of any population from this average ratio is within a factor of
about 3-4 for any organ and that for the average in Table B-14B the deviations are less.

(BIY}) This examination clearty shows that while the effects of sex, age and pro-
jection madel on relative probahilities of fatal cancer in organs are considerable, i.c. up
to ahout 2 factor of 3, they are nevertheless rather less than the effect of the choice of
transfer model, and some differences in national population characteristics. i.e. compare
Tables B-14A and B. Consequently it is reasonable tn consider only a single set of
relative probahilities of fatal cancer in organs at least until definite conclusions can be
made ahoul transfer models and differences in national populations, at least for the
multiplicative model. The differences are much less for the NIH model.

(B104) In view of the difficulty of choosing between iransfer models and to minimise
further the effects of siatistics in national populations, the ratios obtained by the 1we

JATERP 21-173-2
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Table B-148, Relntive probabilities of fatal cances in nrgans vs. poputation type, [Average of male and female,
age h-00 y, NTH prajectinn mndel)

United Puerto United
Qrgan Jupan States Rico Kingdom Chinn Average

Oezophagus 0,042 mols 0.030 0023 o.ux7 0.naz
Stomach 0.248 0.3t {1.346 n.13h 0.2n 3309
Cobon LAk [REL] 0138 m147 i1l nrd2
Lung 0.2 012t LAz N1k 0,132 060
Brenst 0.027 0034 0,027 N8 0044 LIRIEY
Ovary 0.019 023 0027 nag 0022 nnzz
RBladder .052 D4R nns4 nnAz nns2 0.nd4y
Rrme murraw 0,11 NN9} nng2 anz?y 0158 0104
Remainder 050 150 nAsn 0.i5n 0,150 n.1sn
All cancer 0,994 N.99% .01 (RL1 n.999 (AL LI
Toral probahility' 9.0 (L] 102y .0 (.M (A9

(1071 5v")

' In the proceas of lfarlsfer hetween populmions calcalatinns hased on individual organ, fransfers vary more
and give higher 1o1al ritks, by up to 20% than calcalatinns of risk hased on all nonleukacmia sites transferred
ingether, especiatly for the multiplicative model.

Tahte B-15. [istribution nof prab-

abilitics nf fatal cancor in negnns

{Avcrage of males and females, five

natinnal popwlations. tan models,
age (1-90 y)

Organ Averapr
Ocsophagus nnsl
Stomach "
Colon nrrd
Lung 0.Y6R
Breast nndl
Qvary nal
Rladder MAISH
Bone marrow [LAENE
Remnpinder o rsn
All cancer 94999
Total probahiliry 9.5

[ LLaa- Lo

methods, multiplicative transfer Table B-14A and additive transfer (NTH mndel, Table
B-14B) will he averaged again. This yields the values given in Table B-15. These values
will he used as the basis of the relative probabilities of cancer in organs for a nominal
“warld” population of all ages from which to derive the detriment.

(B1035) 1t would he most useful if one could compare the results ohtained for cancer
induction per unil dose in specific organs from the lapanese survivors with cancer
induced in specific organs per wnit dose in other populations and circumstances, This
comparison is possible however only in rather few cases. One such would appear to be
cancer of the breast, in which the risk for women in different age groups has heen
compared in a detailed analysis of the atomic hamb survivors, New York mastitis series
and Massachusetts fluoroscopy series (Land er al, 1980). The results show that absolute
risk in the (hree series agree quite well, much bettes than for relative risk. On the other
hand UNSCEAR gives a table (UNSCEAR, 1988b, Annex F, Table 36) which seems 1o
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imptly that relative risks agree quite well not only in the above three groups hut also in the
Canadian fluorascopy series. BEIR V (NAS, 1990) finds in the iwo mortality series (the |
life span study in Japan and the Canadian cohort without the Nova Scotia patients) that
sbsolute risks agree while in the three incidence series, relative risks agree better and
they preferred a relative risk model. Apparently the information is insufficient, when
scparated oul according to age, to provide definitive answers even in the case of cancer
of the hreast,

B.5.11, Expected years of life lost from fasal cancer in organs vs. sex, age and population

(B10&) Calculations can be made of expected years of life lost (e.g. see UNSCEAR,
1988h, Table 71 for different sexes, ages, populations, elc. for site specific and total
cancers. A set of tables parallel 10 those for cancer deaths are obtained. A summary 1able
of ratios based on expected years of life 1ost, average for males and females, five national
populations, two models, age 0-90 y is given in Table B-16. The ratios are broadly
similar 1o those in Table B-15 except that leukaemia is higher, reflecting the shorter
latency for leukacmia.

Tahte B- 16, Relative values of expected

tife lost due to induced cancer among

organs averaged Inr sex, five pational

populations and iwo models (mehiphi-
cative and NI, age 0-90 y

Drgan ReMntive life Inst
Oesaphagns FUGEE ]
Stnmach AR ]
Caton 148
Lang 154
Breast 144
Ovary 125
Bladder N3
Bane marrrw 0,197
Remuinder a.150
Al cancer 1.000

B.5.12. Fatal cancer in other selected organs

(B107) Not accounted for in the Tist of organs for which atal risks are derived from
the Japanese data are some organs which are ofien selectively irradiated and therefore
specific information on probability of induced cancer is available and for which relative
fatal probahilities are especially useful. Included among these are the thyroid, bone, skin
and liver. Each of Ihese tissues shows elevaled but nonsignificant relative risks in the
Japanese data but additional risk information is available from other sources.

Thyroid

(B10R} UNSCEAR (19885, Annex F, p. 493) and BEIR V {NAS, 1990, p. 294) agree
that the most current estimates of risk to the thyroid are those presented in NCRP Report
80 (NCRP, 1985). These estimates give a lifetime risk estimate for fatal cancer of
0.075% 1072 Gy~ ", The fatality rate is stated to be 0.1, thus the incidence is 0.75 X 10
Gy~ The value for total cancer is estimaied for the high dose range but will be included
in Table B-17 as it is hecause of the presumed linear nature of the thyroid response for
external radiation. "'t was estimated to he about one-fourth to one-third as effective as
external radiation (NCRP, 1985; UNSCEAR 1938h}.
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Bone surface

(B109) UNSCEAR (19885, p. 493) was unable to provide a new estimate of either
high or low LET radiation lifetime risk estimates for bone, However, they cited BEIR
IIT (NAS, 1980}, (UNSCEAR, 1988b, Table 33, p. $10} as 27 x 104 Gy~' lifetimé for
high LET radiation and 1.4 % 10-* Gy~ lifetime for low LET radiation. BEIR V (NAS,
1990) citing BEIR 1V (NAS, 1988, p. 237) detives a lifetime incidence of 2 10-? Gy™!
far 22*Ra, appreciably higher than earlier estimates. However, it appears that a better
value, BEIR TV (NAS, 1988, p. 208), altowing for life table analysis, is about 133 % 10-¢
Gy~ '. With a lethality fraction of 0,70, this becomes 93 x 10-* Gy~ ' or about 4,7 x 104
Sv~" for a quality factor of 20. Since these are derived from high LET radiation soutces
with a  of 20 the low LET radiation value will be presumed to apply to low doses, i.e.,
0.047 % 1072 Sv~' will be entered in Table B-17.

Skin

(B0} The report of the JCRP Task Group on Skin (IC RP, in preparation) finds the
incidence of cancer in skin 1o be 10" Sv-!, while the fatality (or lethality) fraction is
0.2% or 2x 10*, This fatal skin cancer risk is presumed in be applicable at low doses
and 0.02 1= Sv~ ' will he entered in Table B-17.

Liver

(B111) UNSCEAR (1988b, p. 484) points out that neither the Japanese A-bomb
studies nor the spondylitis patients provide definitive risks for induced primary liver
eancer and the sitvation is complicated by metastatic liver cancer {Upton, 1991). The

Table B-17. Lifetime mariality in a populatinn of alf
ages from specific fatal canecr after exposure to low
deses

Faial probahility coefficient

[ Se-"
ICRP{i91%) This repnrt
Rladder - 30
Rnne marrnw 214t Siv
Bone surlface 5 5
Breaxi 5 n
Coten - 5
Liver - 15
Lung m RS
Oesophagus - an
Ovary - L]
Siin - 2
Sramnch — Hn
Thyrigt b R
Remainder! htl] sn
Total 1257 ann’

' The composition of the remainder is quile
different in the two cases,

* Thix total wax used for both workers and the
genersl pubdic,

! General public anly, The total faial cancer risk
for & warking population is mben in he diMx 0!
Sv '
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data from thorotrast studies in West Germany, Portugal, Japan and Denmark yield about
300 fatal liver cancers X 10~* Gy ™' {(NAS, 1990, p, 306). With a O of 20, one obtains a
risk estimate of 0.15 % 10-? Sv~! which can be applied also for low LET radiation. This
estimate is somewhat less than the value for the bladder or breast, and is comparatively
poorly known,

{BI12) The fatal cancer rates atiributed 10 these four organs have been subtracted
from the remainder tissues also given in Tahle B-|7.

B.5.13. Recommended estimates of probability of fatal cancer for low dose, low dose rate,
fow LET radiation

(B113} The estimatc of probability for total fatal cancer given by UNSCEAR
(1988b), for the preferred mulliplicative projection model is 11 % 10-2 Sv-' for the
Japanese total population (Table B-7). The various estimates of relative probability of
fatal cancers available in Tables B-1} to B-15, for the multiplicative or NIH model, yield
values for the general population of different countries (0-90 y) of 6-13% 10-2 Sv-!
with an average of 9.5 % 10-2 Sv~' (Tabte B-15). The corresponding value obtained from
the BEIR V committee for the U.S. population is 9% 10-2 Sv-! or possibly some 20%
higher if calculated in the same way as UNSCEAR (see paragraph B923). The “average”
of these various values is broadly about 10% 10-2 Sv~' and this value will be used a5 the
nominal risk for acute high dose exposure. Applying the dose and dose-rate effectiveness
factor of 2 (see paragraph B62) yields a nominal value of Sx I10-2 Sv~! for the prohb-
ability of induced fatal cancer in a population of all ages. A smaller value would he
obtained for 2 working population of age 20-64 years, at about 4 % 10-? Sv~! (Table
B-7). With the appropriate choice of wy, these values apply also to high LET radiation.

(B114) The probability of fatal cancer induction after low dose, low dose-rate irradi-
ation of the 1otal papulation, 5 x 10-* Sv~', is distributed among the organs as shown in
Table B-17, second column. These values are derived from the distribution of fatal
cancers given in Table B-15 multiplied by 53 10-2 Sv~' with the addition of fatal
probahilities For thyroid, bone surface. skin and liver subtracted from the remainder. The
values are compared with those given in Publication 26 (ICRP, 1977) for fatal cancer
induction in specific sites in the first column. Evidently there is much uncertainty and a
cerlain arbitrariness in the determination of the distribution of fatal cancer probability
among lissues and organs resulting primatily from the transfer hetween populations and
some of their characteristics, More time and infarmation is needed to reduce these
uncerainties. The total risk of faal cancer, on the other hand (Tables B-11 10 B-14) is
comparatively rabuse.

B.5.14. Detriment

(B115) The detriment must inclede not only the estimates of fatal cancer bt alsa
other deleterious effects of radiation, In what follows the Commission considers four
main componems of the detriment due to radiation exposure of the whole body at low
doses. These inchude the risk of fatal cancer in afl relevant nrgans, a specific allowance
for differences in latency which result in different values of expected life lost for fatal
cancer in different organs, an allowance for the morbidity reselting from induced non-
fatal cancers and finally an allowance for the risk of serious hereditary diseaze in all
future generations descended from the irradiated individual.

-
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Life tost

(B116} In order to make allowance for the differences in expected years of life lost for
induced cancer in different organs, it is necessary to obtain the expected years of life losi
{1 for each fatal cancer as an average for sex, exposure age, national population and both
the mulliplicative and NIH models. The / values for bladder, hone marrow, breasi, colon,
lung, oesophagus, ovary, stlomach and remainder can be derived from data in Land and
Sinclair (1991, Table 4), and are presented in their Table 10 and here in Table B-18. It
should be noted that in those cancers occurring only in females (e.g. breast and ovary)
the length of life lost per specific cancer is based on the female data only and is not
averaged for males and females. Furthermore |, the average for all cancers, is obtained by
dividing the expected years of life lost for all cancers by the total number of Fatal cancers
as & group. This yields a value of 15.0 years. The values for { for bone surface, liver, skin
and thyroid cannot be obtained in the same way and therefore were arbitrarily set at the
same value as [ The values for the correction factor /] for each cancer are also shown in
Table B-18. The gonads are assigned a period of 20 years of life tost on average for
severe genetic disorders, i.e., a carrection factor of 1.33.

Marbidity and detriment

(B117) The Commission has previously provided a comprehensive discussion on
morbidity in Publication 45 (ICRP, 1984b). While the process is inevitably judgemental,
the Commission notes that in any attempt to attach weight to the detriment due 1o the
induction of a curahle cancer, importance must be atiached to the ease of curing some
cancers such as skin, the extireme difficully of curing some others and the trauma
associaled with the curalive procedures. Some cancers like the breast are probably
intermediate between these two situations. Thus the [CRP concluded that to atlow for the
deiriment associated with non-fatal cancers, the detriment of each cancer type includes a

Tahle B-18. Relative expected life Insi per

Iatal cancer in differem nrgans, averaged for

1wn models, xex and five national populations,
nge -Gl y, or per Tatal genetic affect

Life losi (years) Factor
' #

Birdder LA ] .65
Brne martnw e 106
Bone surlace 150 BN
Rrcaxt 142 1.21
Colon 12.5 nRl
Liver 15.0 1.4
Lurg 1.5 myo
COesophiguy 1.5 w77
Quary 1% 1,12
Skin 1540 }.[H)
Stomach 124 BRY
Thyroid 1510 1_IH}
Remapinder 107 ngl
Gonndy nn 1.12

! is derived from the expected years of life
Tost for alt cancers divided by the intal number
of faial comcers, given s & growp. and equats
P50 years,
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non-faiaf component weighted according to the lethality fraction & Thus, if in a given
lissue there are F fatal cancers, the total number of cancers is F/k, The number of non-
fatal cancers is then (1 — k) F/k and the total weighted detriment is { F+ k({1 ~ k) F&)) or
F{2- k). The nominal weighted effect probability coefficient is then given by multiplying
the corresponding fatality probability coefficient by (2 — k).

(B118) Lethality fractions for cancers in adults were obtained from the latest dala
available from the Naltional Cancer Institute of the United States (U.S. DHHS, 1989
which gives 3 year survival raies by site (SEER programme) for 1980--85 {Table B-19
column 1). These are too low for full expression of lethality. Also available however are
lethality rates for the period 1950-70 (Table B-19 column 2), which are tog high by
loday’s standards, because cure rates for this earlier period have now been improved
upon. Lethality fractions have been derived as judgement based averages of these two
sets of data {column 3 of Table B-19} reflecting the improved treatment for some types of
cancer. These lethality fractions are very similar to data obtained recently from Sweden,

(B119) The total detriment is then assessed as outlined in Table B-20, The first
column is the fatal cancer probability (F} for each organ (Table B-17). The second
column includes the coniribution for severe genetic disorders (from Section 8, later}, The
third column lists the relative length of life 1ost for each fatal cancer {Table B-18) and for
genetic effects (see paragraph B116). The fourth column lists the estimates of (2 — &}
where values of k are from Table B-19. The fifth column provides the estimates of detri-
ment as defined by F-I1 (2~ k) for each organ and for the total. The units are in terms of
numbers of detrimental occurrences per 10,000 peaple of alt ages per Sv of low dose
radiation. The final column represents the relative contributions of each of the organs 1o
the 1otal detriment. [Note: For a warking population the 10tal fatal cancer risk is taken (o
be 4% 1072 Sv~7 and the values of F for organs are 80% of those listed in Table B-20.

Table B-14. Lethality data Tnr cancers in adults by site (U5,
DHHS, 1989)!

20 year Privposed
S year lethalkity teibality
19HN-H5 1950-700 Fraction k

Dladder N2z LIT ] 1.5 -
Rane - - 072 0,74
Brain nrs 0L.R4 {LRO
Rreast n.24 062 .50
Cervix 03 - s 1145
Colon nds 062 055
Kidney [1X.1] L1} ] 0165 -
Leukaemia {acunc) (X ] 09y 19y
Liver "yl Nn9g n9s
Lang and Bronchus nK? 096 hys
Desophagns nyz o097 LM
Ovary (18, ¥4 034 0
Pancreas g7 0y 09y
Prosinle 26 nHd4 055
Skin - - non2
Stnach nes D) 0.9
Thyroid TEIHS nes LIALH
Uterux 17 [ERE] 030

' Numhers were derived from tables and graphical data of
UK. hy F.A_Metiler and W, K. Sinclair,
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Table B-20. Relative contribution of argans to the toral detriment

Probahility Severe Relulive
of fatal genetic length Relative . Produci
cancer F cffects of life non-fatal Fishez -k

{per (LKA (per 1N000 lnzst eontribtinn (per 10,000 Relative

people/Svl  people/Sv) " (2-4&) penple/Svl  contribaii
Bladder n 065 150 29.4 nO40
Bone marrow 50 .06 L0l 104.0 0.143.
Bone surface % 1.060 L 6.5 n.0ne
Areast 20 1.2 1.50 w4 0.030
Cnlon as 083 143 1027 LIRE ]
Liver 15 1.7H} 1.05 15.8 0.n22
Lung s iR ] 1.05 RO.A DN
Ocsnphagis M 077 L0s 242 Lk
Owvnry! n .12 [ 14.6 ftozn
Skin 2 (] FALI an 1006
Stomach 1110 [k K] 1.4 14Hn.n nl139
Thyroid R 1.00 190 15.2 noy
Rempinder in 081 1.2¢ RLRY 0081
Gionads' I 1.1 - 1313 nigd
Toral san 1153 1.0

' Ganady lincluding cancer in ovary).

The severe genelic effects are estimated lo be 0.6 %X 1077 Sv=' (see later paragraph
B159).}

B.5.15. Tissue weighting factors

(B120) The relative contribulions of the organs to (he total detriment (Table B-20,
tast column) form the basis of the Commission’s weighting facints. In considering these
relative contributions and recognising that the process of deriving them, let alone the
uncerlpinties in the otiginal data themselves, has large uncertainties, the Commission
decided that the values in Table B-20 could be rounded and grouped into a simple
system of weights of adequate accuracy for calculations of effective dose. Among many
possible systems considered, the Commission selected a very simplified system of
weights which would use no more than four groups ol weights and require no more than
ahout a factor of 2 rounding between the relative contributians in Tahle B-2D and the
assigned weight. The assigned tissue weighting factors arc as follows:

Wy 2w
(.01 hone surface, skin 0.02
(.05 hladder. breast. liver, oesophagus, thyroid. remainder 0.30
0,12  hone marrow, colon, lung, stomach nA48
.20 gonads 0.20

Total  1.00

These weighting factors will be used for hoth & working population and the general popu-
lation,

B.5.16. Uncertainiies in risk estimates
(B121) The nominal values of fatat cancer risk. which form the basis of the detriment

1990 RECOMMENDATIONS OF THE ICRP 137

following radiation exposure. are nol fo he regarded as precise and immutable. They are,
unfortunately, at this time still subject 1o many specific uncertainties and to many
assumptions involving factors which may be subject to change. Even greater uncertainties
arise in the attribution of portions of the total risk to individual organs. It is hoped, and
indeed expected, thai these uncertainties will diminish in the future as the accumulated
experience in exposed populations such as the Japanese survivors increases and as mare
information develops from a broader variety of human experiences. In the meantime it is
useful to consider some of the factors thal enter into uncertainties in current estimates
and how these have been considered by other bodies involved in the evaluation of cancer
risk.

{B122) UNSCEAR discussed uncertainties in risk estimates and in risk projections
and treated most of the factors involved but in a general non-quantitative way
{UNSCEAR, 1988b, Annex F, paragraphs 513-525}. Quantitation of uncertainties is
much more difficult but the NIH Ad Hoc Working Group on the Radioepidemiological
Tables made some of the first quantitative estimates of uncertainties in their evaluation of
probabilities of causation for specific cancer sites (Rall ef al. 1985). They considered
each of the factors involved and assigned values of the geometric standard deviation
{G.S.D) to each of them before deriving a combined G.8.D from all sources for the
probabilily of causation a1 each cancer site. The BEIR V Committee took a similar
approach in developing general estimates of the G.S.D for risk estimates of levkaemia
and cancers other than leukaemia, and for males and females. Some of the factors
involved are model mis-specification, population differences, dosimetry, sex, age and
latency, shape of dose-response relationship and, of course, uncerlainties in the base
data themselves. Surprisingly the overall estimate of G.S.D for lotal risk is only about 1.3
although much larger values are indicated for individual organs and individual age
groups. However this estimate did not include the shape of the dose-response relation-
ship of the effect of transfer model between populations both of which intraduce very
considerable uncertainties in the estimates of low dose risk, .

(B123} Each of the steps mecessary to cvaluate overall uncertainty involves the
exercise of judgement and is therefore open to debate. At this time it is very difficult
to arrive, in any precise way, at a salisfactory measure of overall uncertainly in the
nominal values of risk used by the Commission for low dose exposure. The many
factors involved and (he magnitude of some of these factors mean that (he uncertainties
can be large both for the nominal tatal risk and especially for individual argan risks. In
view of this, it is perhaps surprising that the Commission distinguishes between the
nominal value of 5x 107 Sv=! for a population of all ages and 4 x 10~* Sv"! for an adult
warking population when the uncertainties are clearly greater than this difference.
Rowever, in fact, the precise values of the risk are probably not as well known as the
strong likelihood that there is a difference hetween the two populations, the rigk for an -
adult population being less than that for a papulation of all ages.

B.6. Prohahility of Induced Lung Cancer from Exposure to Radon Progeny

(B124) The induction of lung cancer by fong term exposure to radon progeny is &
suhject of concern hecause these internally-deposited alpha-emitiers contribute the
largest fraction of the effective dose from natural background radiation and because of
the assaciation hetween radon exposure and lung cancer. Recent reviews and analyses of '
epidemiological swudies of underground miners and animal laboratory dala summarise
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the current state of knowledge of the demonstraled and potential health effects of
exposure to radon and its progeny, This information is neaded to characierise the lung
cancer risk associated with exposure to radon and its shor-lived daughters in indoor
domestic environmenis (NCRP, 1984ah; NAS, 1988, 1994 ICRP, 1987, UNSCEAR,
1988b; TARC-WHO, 1988).

(B125} By convention, the concentration of radon daughters is measured in working
levels (WL} and cumulalive exposures aver lime are measured in working level months
{WLM). The WL is defined as any combination of shart-lived radon daughters in | litre
of air that results in the ultimate release of 1,3 x 10* MeV of potential alpha energy; this
is approximaiely the amount of energy emitied by the short-lived daughters in equilib-
rium with 3.7 Bq (100 pCi) of radon. A WLM is the exposure resulting from inhafation of
air with a concenltration of | WL of radon daughters for 170 working hours. {In the Sl
system, | WLM =35 10" *JThm~ "= 3,5 mJhm ™}

{B126) The relationship between exposure, measured in WLM, and dose 1o the target
cells and tissues in the respiratory Iract is complex and depends on both physical and
hinlogical factors, including the physical characteristics of the inhaled air, breathing
patterns, and the biological characteristies of the human lung. Radon progeny are formed
as condensation puclei, most attach 10 aerosols immediately, bul a proportion remain
unaitached. The unatiached fraction is an important determinant of the dose received by
the target cells in the respiratory tract. because of the efficient deposition of the un-
mtachcd daughlers in the atrways. The particle size distribution in the inhaled air also
influences the dose to the airways. A further large uncertainty in the estimarion of alpha
dose results from the unknown depth distribution of the proliferating epithelial cells
heneath the mucus sheet in the different bronchial airways.

(B127} Based on different dosimetry models of the long, the mean ahsorbed alpha
dose (o the target cells and tissue in the tracheobronchial region per unil of indoor
exposure range from ahout 4 to 13 mGy per WLM or about 1.2 to 3.7 Gy per Jhm~
(NCRP. 1984a; ICRP, 1987: NAS, |988; James er al, I988). Because of differences in
circumstances of exposure and in the hiological and nonbinlogical factors influencing the
dose 10 target cells in the respiratory tract from raden exposure. it canrot be assumed
thar exposure to | WLM in a home and to 1 WLM in an underground mine results in the
same dose of alpha radiation to the cells in the target tissues of the respiratory tract
(NCRP, 190841y, NAS. 1988 ICRF, 1987).

{B128} The evidence for lung cancer induction following exposure to radon and its
progeny comes from studies of underground miners and extensive animal experiments,
Siulies have heen cartied out {and are continving) on a number of uranium mining
cohorts, including Colorado (Hornung and Meinhardi, 1987), Oniario (Muller ef af.
1985). Saskatchewan (Howe ef al, 1986) and Czechaslovakia (Seve ef al, 198R), and an
iron mining cohort in Sweden (Radford and Renard, 1984). The characteristics of cohort
size. exposure and lung cancer mortality are indicated in Table B-21. A refrospective
study in Newfoundtasd miners {fluorspar cohor) (Morrison er ol 198R8) and a prospec-
tive study of miners in New Mexico (Samet er af, 1984; Samer. [9R9) provide additional
information.

(B129} All these siudies indicate a proportional increase of the excess tung cancer
frequency with the cumulative exposure to radon progenies, up 10 exposure levels of
ahout SON WLM; such a proportional relationship is in agreement with the findings from
animal experiments. The data from these cohorts of miners yield a statistically significant
excess a1 cumulative exposures of somewhat less than 50 WLM. This level of stavistical
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Tahle 1-21. Morlity from lung cancer in underground miners {1976-82)

Number nf lung
Mean Person- cancer deaths
expnsure yenrs
Number WLMY' at risk Observed  Expected

Crborado, LS. (1951-R2) 1347 LLF] T1E42 156 59.1
Omiarin, Canada (V955-81) 11,076 »w 217,840 87 579
Saskatchewan, Canada { | 950-R0) fA47 2 114,170 63 IR.7

Crechostovakia ([ 948-RM) 4043 216 A1836 4R4 98
Malmberget, Sweden (1951-76) 1,292 Ok 27,397 51 149

1 WLM = XS mfhm o

detectability is only about a factor of 2 to 5 higher than the mean lifetime exposure of
populations from indoor radon.

Lifetime risk

{R130) A number of different lung cancer risk projection models have been used to
describe the pattern of risk for the miner cohorts and factors thal modify risk. These
exposure-time-response maodels have been used to analyse the epidemiological data
obtained from the miner studies. These models require projection of the miner experi-
ence during the period of observation to the lifetime of the population at risk. Both
additive and multiplicative risk projection models have heen applied (Table B-22). Both
the NCRP {NCRP, 1984b) and the BEIR TV Committee (NAS, 988) have demonstrated
that excess lung cancer risk varies with time since exposure. In these models, radon
exposures more distant in time have a smaller impact on the age-specific excess risk than
more recent exposures. Also both the Commission (ICRP. 1987) and BEIR TV (NAS,
1988} include a dependence of risk on age at exposure. In the BEIR TV (NAS, 1988)
model the age-specific excess refative risk is higher for younger persons and declines at

Table B-22. Lifetime prohahitity nf faal Jung cancer due 1n lifetime exposure tn radon progeny

Probahitity nf cancer dealh

per unit per unit unil energy
1 1 A e a7
Evaluation Projectian (O-4WLM)  (10-MThm=% (10~ Yjoule)
MNCRP (1940 Modified ghsoluie 130 17 k1]
ICRP {1987y Conxtant phsnlure 150 43 kL]
nr -
eonslant relntive e 6 55!
EPA {19HA) Constant relative 11 5-4m! A 27-uy%t

{Puskin and Yang, TYHE:

Puskin and Nelson, $9HY)
UNSCEAR {1977 1988
DEIR [V [ 19RR)

Arithmetic catimale | 50-450 43-12R AA-110
Mudificd relative s n RS

t Prtential alpha encrgy expaosure.

* Prteniial alphn energy inbaled.

* Referring tn a glabal ref © populalion with a b
year nveraged over all ages ang bolh sexes,

1 Referving to the population of Lhe U.S.A_only.

lung cancer rate of 400 cases/ [N persons per
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higher ages. In both Publication 50 (TICRP, 1987} and BEIR [V (NAS, 1988) reports the
primary risk data for miners (i.e, males) have been used for both mates and females.

(B13{} Comparisons of estimates of lifetime probability of lung cancer mortality due
to lifelime exposure to radon progeny in terms of WLM made by different committees
are listed in Table B-22. Lifetime probabilities of fatal lung cancer based on constant or
madified, relative risk projection models yield primarily values of the lifetime excess
relative risk. Their conversion o values of the absolute lifetime risk depends on the
spontancous ar baseline lung cancer rate of the study population, The data in Publication
30 (ICRP, 1987) and the BEIR IV report (NAS, 1988) both yield nearly the same excess
relative lifetime risk per unit exposure. One reason for the difference in the ahsolute
lifetime risk esiimates is the difference in baseline lung cancer rates in the different:
populations (see footnotes to Table B-22),

(B1)2) The absolute Lifetime risk coefficients refer to populations with high life
expectancies (70-80 years at birth) and reprasent population-averaged values over alt
ages, both sexes and over non-smokers and smokers. They indicate lung cancer prob-
ability coefficients in the broad range of 1-4% 10-* WLM-' or 3-10.0% [0-? mJ-!
inhaled potential alpha energy of radon progeny, respectively, This range is due in part to
the different time projection models applied, and the different haseline lung cancer rates
of the reference populations.

(B133) The different risk approaches should be regarded as an attempt to quantify the
possible lung cancer risk associated with the indoor exposure to radon progeny. In the
future, these risk projection models and the values they generate will improve as more
realistic modifications are introduced on the basis of the cantimring analysis of data from

radan-expased miners and from other epidemiological studies on radiation-induced lung -

cancer. This should narrow the uncertainties inherent in the present approaches,

Smoking and radon exposure

(B134) Smoking is the most important single causal factor in lung cancer, and the
smoking habits of the Rn-exposed miners are important for the interpretation and evalu-
ation of the associated risk from inhaled radon progeny. A descriptinn of the inferaction
hetween radon daughters and cigarette smoking for the induction of lung cancer is
required. To dale, the epidemiological evidence allows no firm, quantitative conclusion
on the combined carcinogenic effect of inhated radon progeny and cigaretie smoke.
Certain of the larger studies on lung cancer in Rn-exposed miners suggest a multiphi-
cive or promating effect of smoking, 1his finding is supported by animal experiments,
hut not hy some smaller epidemiological studies. The Colorado uranium miner study
{Hornung and Mcinharl, 1987) is the largest case-control study on lung cancer in miners
with reliable known smoking history; analysis yields a somewhat Jess than multiplicative
interaction, and rejects an additive model,

{BI35) The BEIR IV Committee (NAS, 1988) chose a multiplicative interaction for
its risk projection which leads to the conclusion that the lifetime lung cancer risk for
heavy smokers from exposure to radon progeny might be - 10 1imes higher than that for
non-smokers. The risk analysis in the Commission’s study (ICRP, 1987) indicates that for
ciual radon progeny exposure condilions the aftributable lifetime risk of non-smokers
might be about a factor of 4 lower than population-averaged risk coefficiem given in
Table B-22. Thus exposure o radon progeny not only increases the lung cancer risk in
smokers but also causes a significani risk in non-smokers.

(R136) Many epidemiological investigations of the lung cancer risk associated with
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radon-daughter exposure in homes have been carried out, but the populations have not
heen sufficiently large, and the results have been inconclusive; these studies are presently
inadequate for purposes of risk estimation Inr the general population. The risk projection
madels are therefore based on occupational exposure data. The Iransfer of risk estimafes
from the occupational setting to the indoor domestic environment requires several
assumptions, primarily concerning the different distributions by age and sex of the popu-
fation, the differences in durations of exposure, breathing rates, smoking hahits and other
hiological, physical and physiological factors. Of greater imporiance seem ta be the
differences between the mining and domestic environments with respect to the physical
characieristics of the inhaled air (including the possibility of uramium dust in mine air),
the fraction of radon daughters unattached 1o particles, the zerosol characteristics as
regards the particle size and distribution, and (he equilibrium of radon with its daughrers.
(BI37) The overall influence of these factors that modify lung cancer risk is
apparenily smaller than the uncertainties of the dosimetry and the limitations of the
primary epidemiclagical input data from the radon-exposed miners. Therefore, the range

* of risk coefficients given in Table B-22 may be representative also for the lung cancer

risk in the general population in the domestic environment of exposure to radon progeny.
At present, this is considered fo be the case provided assumptions are made concerning
the extension of the epidemiological findings in miners across the entire lifespan, the
interaction of cigaretie smoking and exposure (o radon daughters. the application of risk
projection models, the factors affecting the values estimated, and the unit dose per WLM
in the bronchia) epitheliuvm in the occupational and environmental settings, and nntil
more direct and reliable information becomes available. For all of these reasons ihe
exposure of the public from radon is ender further study by the Commission.

B.7. Examination of the Evidence of Induced Cancer in Humans afier Low Doses
(see NAS, 1990; MacMahon, 1989; Modan 1991)

(BI3R) The risk factors derived from the Japanese A-bomb survivors (and for that
matter most often from therapeutically irradiated populations also} relate to high dose,
high dose rate exposures. One of the largest uncertainties in the estimation of the
probability of cancer induction at low doses is ext rapolating this information to the low
dose, often low dose rate, circumstances {e.g. a few mGy y~') most often encountered in
routine radiation protection, This is usually done by applying a dose and dose rate
effectivencss Factor (paragraph B62) which reduces the risk coefficient per unit dase
derived from high dose, high dose rale exposure. It would be extremely valuable if
quantifiable information were available in human populations direcily for low dose
exposure.

(B139) Numerous studies of low dose exposure exist in the literature. 1t is helpful to
group them into categories although this is not simple, Nevertheless, the categories may
include: —

{a} Studies of people exposed to nuclear sources such as falfout, presence at weapons
tests or around reaclors. These include well known studies on persons in counties
in Utah believed to have shown higher incidences of leukaemia following Fallout
from weapons tests (Lyon et al. 1979: Machado ef of, 1987), US. and UK.
veterans exposed during weapons testing and subsequently examined for cancer
incidence (Caldwell er al, 1983; Robinetie and Jablon 1983; Jablon 1987; Darby
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et al., 1988) and the lenkaemia clusters apparently ohserved around nuclear sites
in the UK, about which much has been written in recent years (Black. 1984;
Cook-Mozaffari ef af, 1989a,b; Kinlen, 1988; Gardner er al, 1990; Forman ¢f al,
1987).

{b) Occupational exposure sources include the studies of the Hanford workers
(Mancuso ef af, 1977; Gilbert and Marks, 1979; Gilbert ef al, 198%a,b) shipyard
warkers (Najarian and Colton, 1978; Rinsky et al, 1981; Stern et al, 1986);
UKAEA and UK Atomic Weapons Establishment workers (Beral er al, 1985,
1988); and a recent study of USSR workers involving relatively high doses
(Wainson er al, 1990).

{c) Fetal exposures during diagnostic x-ray examinations of the mother. The original

studies (Stewart er al, 1958; MacMahon, 1962), have been followed by further

appraisals {Kneale and Stewart, 1980; Monson and MacMahon, 1984). They have
also been reassessed (Bithel and Stiller, 1988} and additional stuedies have been

made (Harvey ef al, 1985}, (See also Section B.9.)

Medically irradiated populations such as in the x-ray treatment of tinea capitis in

which other organs such as the thyroid or breast were also irradiated (Modan ef

al., 1989).

Studies of "high™ background areas. in India (Gopat-Ayengar ef al, 1971}, in Brazil

(Barcinski ef al, 1975}, in Colorado, Denver (NAS, 1980) and in China (Wang et

al, 1990; Wei et al., 1990).

(B140) Studies at low doses have the advantage that no uncertain dose reduction
factors are needed and more suitable population characteristics may exist in the study
poputation than for some highly exposed groups. However several problems and sources
of hias may confound their interpretation. These include one or more of the following:
{a)} small sample size, (b} lack of adequate controls, (c) extraneous effects other than
those of radiation, (d) inadequate dosimetry, (¢} confounding social factors and (N
“positive™ reporting i.e. lack of reporting of negative results, Furthermore, a range of
dases is rarely available to establish the sirength of the association. Some of these
problems occur also in high dose studies but their impertance is less in such circum-
stances. Attention should be drawn here especially to the critical importance of sample
size, signal to noise ratio and lack of infermation about confounding factors Land ef al.,
1980). These sources of bias are discussed in more detail, as are many of the studies
themselves, (see NAS, 1990; Modan, 1991}

{B141) Some of the low dose studies, (e.g. Beral er al, 1985; Gilbert e al, 1989b)
provide risk estimates, but with rather wide confidence limits which however include the
values derived from high dose studies as well as zero or below. In the recent stl{dg{ of
Soviet workers (Wainson er al, 1990), relative risks are derivable which are quite simitar
1+ those from high dose studies. o ) .

(B142) A significant proportion of the reported fow dose studies yield risk eslimates
higher, for certain sites, than those derived from high dose studies. Man)f of these are
undoubtedly spurious because of one or more of the various methodological problems
discussed above, Some remain puzzling nevertheless. On the other hand, some of the
swudies cited show significant deficits in 1he response in certain siles relative to the risk
estimates derived from high dose data. Some even show negative correlalions between
the induction of cancer (all cancer and some selected sites) and dose in the low dose
range. In addition many negative studies are not reported. In summary, none of the fir_nd-
ings for specific sites are sufficiently strong to provide a quantitative basis f.‘" TeAssessing
the current estimates of fatal cancer probability derived from high dose studies.

{d

—
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B.A. Stochastic Efects: Hereditary {see Sankaranarayanan, 1991)
B.8.1. Introduction

(B143} Since the publication of the basic recommendations in Publication 26 (ICRP,
1977}, new information that bears on the estimation of the probability of radiation-
induced hereditary effects in human populations has become available, However, direct
human radiation genetic data continue to remain limited {since only studies in the
Japanese survivor progeny provide direct human data and that only in the form of upper
bounds 1o the estimate of risk). Data from experimental mammalian (chiefly the mouse)
radiation genetic studies, as in the past, constitute the principa! basis for these calco-
Intions. What the experimental data provide however, are estimates of mutation rates;
these are converled, using cerlain assumplions, into estimates of probability of radiation-
induced heveditury disorders in the human population. Such extrapolalions inevitably
involve a number of assumplions and associated uncertainties.

(B144) Two kinds of radiation-induced genetic damage are considered imporiant:
gene muiations (alterations in the elementary units of heredity, namely the genes) and
grnss chromosomal aberrations (alterations in the structure or number of chromosomes).
In a broad sense, a mulation is considered dominant when its effect is manifest in ihe first
generation progeny (and inherilance of the mutation from one of the twa pareats will
suffice) and recessive when ils effect is not so manifest. For the effect of recessive
mutations to be expressed, the same gene mutation needs to be inherited from hoth the
parents. Depending on location, mutations are called X-linked if they arc in genes located
on the X-chromosome and sutosomal if they are in genes located on any of the other
chromosomes. Structural chromosomal aberrations include, among others, defetions and
duplications of parts of chromosomes and exchanges of segmenis between dilferent
chromosomes (e.g., transtocations), Numerical chromosomal aberrations include loss and
gain of whole chromosomes. A small preportion of these chromosomal aberrations resolt
in congenital abnormalities. '

B.8.2. Methods for estimation of radiation-induced hereditary disorders

{BI45) The methods that are used in estimating the probability of hereditary dis-
orders can he broadly growped under (wo headings; the "doubling dose method”™ and the
“direct method”. These are roughly comparable respectively, to the “relative risk
method™ and "absolute risk method™ used in estimation of cancer probabilities. It is the
doubling dose method that is favoured by the Commission.

{B146} The doubling dose is the amount of radiation necessary to produce as many
mutations as those that accur naturally in a generation. The estimate of doubling dose
used {UNSCEAR, 1977, 1982, 1986, 1988c), and in Publication 26 {(ICRP, 1977)is 1 Gy * .
and is based on mouse data and Jow dose rate exposure. In its 1990 report, the BEIR
V Commitiee (NAS, 1990] used the same estimaic for the doubling dose, this being also
the Tower 95% confidence limit of the estimate based on the necgative findings of the
genetic studies in Hiroshima and Nagasaki,

(B147) With the doubling-dose method, the probahility of excess cases of hereditary
disorders due to radiation exposure is estimated relative to the prevalence of naturally-
occurring disorders in the population and thus implies equal induced mutation rates in
hoth sexes. For a population conlinuously irradiated at low doses, this probability at
equilibrium (see belaw) per unit dose is equal 10 the prevalence of naturally-accurring
hereditary disorders divided by the doubling dose. The rationale is that, under normal
conditions, there is an equilibrium in the population hetween those mutations that arise
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and those that are eliminated by selection every generation. With continuous irradiation
(and the influx of new mutations thal it entails), the papulation will eventually reach a
new equilibrium, and it is the expected additional probability at the new equilibrium tha
the method allows one to estimate. The increased probability of disorders in the first
generation progeny is then estimated from that at equilibrium by making certain assump-
. lions,

(B14R) When the population is exposed to radiation only once, there will be an
increase in the proportion of mutant genes, but the number will gradually {over a number
of generations} decay back to the original equilibrivm value. Population genetic theory
{Crow and Denniston, 1985) predicts that, numerically, the integrated probability of
excess genetic damage aver all future generations following a single radiation exposure
will be the same as that ar equifibrium under conditions of continuous irradiation with
that same «tose in every generation. Thus the estimate of probability of disorders under
equilibrium conditions can be taken to represent the toal prabability following a single
generalion radiation exposure.

(B149) Implicit in the use of the doubling-dose method is the assumption that there is
a known propertional refationship between mutation and disease. This is the cese for
autosomal dominant and X-linked disease, but not for disorders of complex actiology
(i... muliifactorial disorders, see below). It is also assumed that the spectrum of induced
multalions is simiar to that for sponianeaus mutations, .

(BI5M With the direct methad, the ahsolute probability of occurrence of genelic dis-

orders due to radiation-induced gene mutations in the first generation progeny is
estimated from mouse data on rates of induction of dominant (skeletal and cataract)
mutations; likewise, the abhsolute risk of congenitally malformed births due to induced
chromosomal aberrations is estimated from cytogenetic data obtained in primate species,
These calculations do not rely upon knowledge on the natural prevalence of genelic
disorders in the population, However, assumptions are needed to bridge the gap between
the experimental animal data on germinal mutational changes and estimates of genetic
disorders in the progeny. These assumptions must take into account the radiosensitivity
differences between the species, the germ cell stages in both sexes, the transmission rales,
doses and dose rate relationships and relative viabilities of the aberration types.
"~ (B151) The term “hereditary disorder” as used here denoles a pathological condition
arising as a consequence of a mutation or chromosomal aberration transmitted from one
human generation 1o the next. Conventionally, these disorders are classified into three
groups (i} mendclian (i.c. those duc to mutations in single genes and which foltow
Mendel's laws of inheritance; they include autosomal dominant, autosomal recessive and
X-linked disorders): {ii) chromosomal (due to either numerical or structurat abnor-
malities of chromosomes) and (iii) multifactorial {resulting from rhe joint action of
multiple genetic and environmental factors) (Czeizel and Sankaranarayanan, !984]. The
third group includes congenital abrormalities present at birth and common disorders of
adult life (Czeizel er al, 198R). (For examples for these different kinds of disorders see
Sankaranarayanan, 1991.)

{BI152) The prevalences of naturally-occuerring genetic disorders in a typical western-
type population is currently estimated as follows: aulnsomal dominant and X-linked,
1.0% (0.9%+0.1%), autosomal recessive, (L25%: chromosomal {including those
assaciated with structural and numerical chromosomal aberrations), 0.38%. Earlier
studies indicated 4.3% and 4.7%, respectively, for congenilal abnormalities and for the
other multifaciorial disorders, but these figures were revised upwards to 6.0% (con-
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genilal abnormalities) and aboul 65% (other mullifactorial disarders) (Trimble and
Doughty, 1974; UNSCEAR, 1986, 1988c). The last of these figures refers ta the total
number of disorders per 100 individuals {i.e., a given individual may have more than one
condilion).

(BI53} The degree of severity of these different disorders varies over a wide range.
Most aulosomal recessive, X-linked and chromosomal disorders appear in infancy or
childheed. Autosomal dominant disorders identified at birth or childhood constitute
only a small propoartion of the total prevalence of 0.9% and the commoner forms first
appear in adult life. Congenital abnormalities are present at birth. The other common
multifactorial disorders have onset in adulthond. About one-third to one-half of all the
known naturally-occurring hereditary disorders may be deemed severe and equivalent in
severity to the fatal cancers, either because they occur in early life or because they are
regarded as detrimental as lethal diseases in adult life {e.g. Huntington's disease),

B.B.3. Estimates of probability of hereditary disorders

(Bi54) During the past decade or so the most widely cited estimates of the probability
of hereditary disorders were made by UNSCEAR and the BEIR Committees and are
summarised in rounded mumbers in Table B-23. Details of the estimates for the various
categories of genetic effects can be found in the original reference {Sankaranarayanan,
1921). The BEIR and UNSCEAR estimates have nat differed greatly and the major
components have changed little over this perind. However in the latest reports, the bubk
of the probabilities for the inducible multifactorial disorders have nol heen estimated.
Consequenily, s component of the lotal genetic detriment has not been included in the
estimates by these Committees,

(B135) In Publication 26 {ICRP, 1977} estimates of prebability used were somewhat
higher than those given in UNSCEAR (1977} It was stated that the probability of
setious hereditary disorders within the first two generations was 131072 Sv-!, When
account is taken of exposure likely to he genetically significant, ie., exposures of the
younger section of the population that is capable of producing children, this probability
became .4 X% 1028y~ 1,

Table B-2). Probability of severe herediiary cffects extimated using the doubling dose method afeer 1 Gy low
doae rate, low LET radiation te the parental population. The doubling dose sssumed is 1 Gy

Radiatinn-induced prahahility
-1

Matural -Gy 'y
Doubling of genelic
those (Gy) disorders First Secoand All .
fn-?y generation  generation  penerations
UNSCEAR 1977 1 nsl na} - 1.RS
UNSCEAR 1982 1 LLLE R ) .22 — ~1.50
UNSCEAR 1985 1 1.63 LB} ] — 1.4
(excl. muttifactorial)
UNSCEAR 1988 1 =~ L ~ThIK 014 ~1.20
{exel, multifactorial
and pumericnl chromonamal}
BEIR 1980 0n5-2.% HL T A15-0.75 - n&0-1.10
BETR 199} 1 Afi-d6 1.1 5-rh40 - PIS-2.15

{incl. congen. stminem,,
excl. common multifactorial)

JAECAF 21-173-K
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B.8.4. Current status of the Commission's assessment of hereditary disorders

(B156) The Commission takes inlo account the most recent information and assess-
ments (UNSCEAR, 1988c; NAS, 1990) which are basically in agreement wilth one
anmther. The UNSCEAR {1988c) value (which excludes the multifactorial disorders} is
120 cases of hereditary disorders per Gy of low LET radiation at equilibrium (i.e. for all
generations) in 10* live births, ie., 1.2 10°2 §v=', However, the genetically significant
expasure in a population will be less. If the mean age al reproduction is 30 years and the
average life expectancy is 70 to 75 years, the dose received at 30 y is about 40% of thai
delivered o the entire population in a lifetime, i.e.. the prohability of genetically signifi-
cant harmis 0.5 % 10-2Sy !,

{B157) The corresponding probability per caput in the first two generations is
0.1 x 1072 Sv-! which is only 1/4 of the 0.4 X 10-2 Sv~! assessed by the Commission in
1977. The main reason for this difference is that the multifactorial diseases are not included
in the present estimate so far. The contribution attributable to this class of highly hetero-
gencous diseases can only he very approximately and tentatively estimated, as follows.

(B15R) With the assumption of a prevalence of about 70%; a mutation component of
5% (an assumed “reasonahle value™}, and a doubling dose of 1 Gy {as derived for other
heritable diseases), the incidence probability over all generations per caput of the 1otal
population is about 1.4x 107! Gy~ {3.5% 1072 Gy~ ' x 30/70). Because snme of the
multifactorial diseases are less detrimental than those discussed in paragraph B33, this
probahility should not be added as such without some weighting for the severity of the
effects. This weighting is necessarily somewhat arbitrary. It is proposed that the prob-
ahility is reduced to 0.5 10°2 Gy ™', i.e. weighted by a factor of abaut 1/3. The toral
probability of severe hereditary effects is then assessed at LOX 107 Gy~'. A further
weighting, in proportion to the number of years lost if the cffect occurs, is needed to
make the detriment comparable 10 death from radiation-induced cancer.

{B159) The probability per caput in the total population is assumed 10 be abou 40%
of the corresponding probability in a reproductive population, 40% heing approximately
the ratio of the reproductive/total population. 30/7(. For a working papulation, the
reproductive fraction is (30 — 18)/A65 — 18} = (12)/(47) ~ (1.25. The probability per caput
for workers is therefore (12)/147) - {700/(30) = 60% of 1 X 10~ Sv~ ', which is (LA x 10-?
Svo .

B.9. Effects on the Embryn and Fetus (see UNSCEAR, 198dh: Schull, 1991)

(B160) The principal effects of irradiation nn the mammalian fetus inctude (a) lethal
effects in the embryo, (b) malformations and other growth and structural changes, fc)
mental relardation, (d) induction of malignancies including levkaemia and fc} hereditary
effects (UNSCEAR, 1986h). '

B.9.). Lethal effects in the embryo
(B161) Lethal effects can be induced in experimental animals by relatively smafl doses
(such as 01.1 Gy) hefore or immediately after implaniation of the embryo into the uterine
walt (UNSCEAR. 1986h, Table 15). They may also be induced afier higher doses during
all stages of intra-uterine development. o
(B162) Although pregnancy loss is known to occur following exposure to ipnising
radiation (see e.g. Yomazaki er al. 1954} data on the prohahility of fetal death at &
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particular stage in human pregnancy, for different doses, are sparse. It is difficult there-
fore 10 develop projections of risk 1o the human embryo or fetus that encompass all of
the recagnised hazards.

B.9.2. Malformations

{B163) Malformations may be induced which are characteristic of the period of
organogenesis at the time of exposure and especially during the most active phase of cell
multiplication and differentiation in the structures of concern. Growth disturhances
without malformations may also occur at all stages of development especially in the latter
phase of pregnancy. These changes appear to result mainty from the killing of cells,
Dose-clfect relationships for the induction of major lerawnlogical malformations in the
embryo and fetus of experimental animals are usually curvilinear and become maore
complex in shape as the development of the relevant structure proceeds. Dose thresholds
may well apply 1o these effects. Such thresholds have been observed in rats and mice
{UNSCEAR, 1986, Annex C, Table 15) and similar thresholds may obtain in man.
Malformations can, also, of course, arise spontaneously (UNSCEAR, 1986, Annex A,
Table 1),

B.9.3. Montal retardaiion

{(B164} Modified development of the human brain struciures after radiation exposure
has been described. I has been found to result in a dose-related increase in mental
impairment of varying degree, up to severe menlal retardation of cognitive functions, In
accordance with events in other anatomical malformations, it is most effectively induced
at the time when the relevant tissue, i.e. the brain cortex is being formed. The induction is
thought ta be associaled with impaired proliferation. differentiation and migration nf
neural elements. The process is described in Publication 49 (ICRP, 1986). A more recent
report (Schull ef af, 1989) takes account of some reassessment of the cases and the effect
of changes in the dosimetry {from T65D to DSR6) at Hiroshima and Nagasaki, where
most of the human information is derived.

{B165) Briefly, mental retardation was not ohserved to be induced by radiation prine
1o 8 weeks from conception, or after 25 weeks. During the most sensitive perind, B-15
weeks after conception, the fraction of those exposed which became scverely mentally
retarded increased by approximalely (L4 Sv-'. For exposure during weeks 16-25, it
increased by about 0.1 Sv~'. By applying the DS86 dosimetry, and eliminaling two cases
of severe menial retardation for which causal association with in u/er? irradhation {(8-15
weeks} could be discarded with high probability, it was demonstrated that the dose-
response relationship. including a threshold with a lower hound of (.12 to 0.2 Gy, was
more likely than the linear, non-threshold one {Otake ef al, 199M). The linear, non-
threshold response appeared, a4 priori, unlikely, in view of the presumed delerministic
nature of the phenomenon considered. Whether the apparent absence of effects on
mental retardation in the first two months after conception merely reflects the fact that
embryos exposed at this time commonty fail to survive to an age when mental retardation
would be recognised, is unclear.

{B166) Mental impairment of lower severity is also apparent in children exposed in
utero. This is manifested as a dose-related decrease in intelligence test scores, changes in
the occurrence of major features of physical development, impaired school performance,
susceptibility to seizure, and possibly other effects. Evidence of such impairment is stifl
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heing collected among those exposed im ufero at the time of the A-bombs in Hiroshima
and Nagasaki,

{BI167) Since the averape 1Q score decreases as dase increases withoul an increase in
the variance of the test scores, the decrease in intelligence test scores can be described as
a uniform downward shift of the 1Q curve (Figure B-T), For exposures in ifero during the
most sensitive period (weeks B—15), the shift has been estimated to be about 30 1Q units,
(.. about two standard deviations) per Sv (Otake ef af, 1988). This shift of the 1Q curve
towards lower values must increase the fraction of mentally retarded individuals with
increasing dose and suggests that the fall in 1Q and the increase in severely mentally
retarded with dose are interrelated. If the shift can be quantitatively related to the dose,
then the resulting increase of the fraction can be calculated for given doses and compared
with the fraction observed.

(B168) IT individuals with 1Q less than 100 —x,o are considered menially retarded,
the corresponding fraction f (without radiation exposure) will be

f(xm) - ___i____[ c-u.rl‘dx
J

in

With a shift of 30 TQ units {i.e. 26) per Sv, the shift after a dose A will be Ax= ~2H.
This shift will bring an additional fraction, Af, below 1Q 100 - x,, .
Afcan be calculated as

Af(xn H}Y = %I' e " dx

J2n da-2w

I, for example, H= 1 Sv, then Af would be 0.4 if — x, =2.205, corresponding to 1Q 67,
This shows that the observation of an increase of the fraction mentally retarded by 0.4
Sv~! can he consistent with a shift of 30 1Q units per Sv.

(B169) The increase of f by 0.4 Sv=* can also be presented as a probability of 40%
per Sv of being classified as severely mentally retarded. However, the stochasticity is then
not in the biological event but in the uncertainty as to whether the individual, without
radiation, would have had an 10 low engugh to be reduced below 100 — x,, by the dase.

(BI70) At low doses (althaugh here not assuming any DDREF > 1), and assuming the

=0
(10 1001
Retorded froction, f
Fig. B-7. The shift af the 10 curve hy 30 1Q units or 2o per Sv.ic. Ax= 2H if M is the dose equivalent capressed
in Sv. The varighle x is the her & darc devialk helow { =1 o ahove {+) TQ 1N, - x,, denotes the
number of standard deviatinns betow 10 1410 classify an individuat a1 mentally retarded.
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1Q shift is proporiional to the dose (an assumption which will overestimate the risk), the
increase of fcan be calculated as
Af=Ax-ypix,) =2H. —1__—_ PR
. PE |
This will give the following vatues for Af/H:
-x,=2 Af/H=108%/Sv at Q70

2.205 7 "h/Sv 67
25 3.5%/5v 62.5
3 0.9%/Sv 55

{B171} The mathematical illustrations in the previous paragraphs are merely intended
to demonstrate that during the 8-15 week sensitive period:—

@ the two relationships derived from the observations are (a) an increase of fhy 0.4
Sv-1and (b an 1Q shift of 30 units per Sv can be quite compatible;

# the increase of fshould not be expected 1o be linear with dose;

® at low doses, the increase of £ per unit dose would he expected to be subsiantially
less than 0.4 Sv= '

® the observed shift of 30 1Q units per Sv is best suited to describe the risk;

® if both nbservalions are correct, the most tikely interpretation is that the dose
required to cause an 1Q change large enough tn make an otherwise normal
individual mentally retarded would be high, while the dose that would bring an
individual with patemtially Tow TQ over the borderline may be a few tenths of a Sv
{the magnitude of the required doses follows from the shift of 30 1Q vnits per Sv),

B.9.4. Cancerinduction including lenkaemia

(B172} Irradiated fetuses seem to be susceptible to childhood leukaemias and other
childhood cancers which are expressed during approximately the first decade of life. The
evidence for this, which comes mainty from the exposure of the mothers to diagnostic x
radiation is only marginally at variance with direct observalions on the Japanese
survivors. Thus at the present time it is considered wise o regard the special suscep-
tibility as real even at very low doses. The risk of fatal childhood cancer due to prenatal
exposure has been estimated to be 2.8 X 10-7 Sv-!' (NAS, 1990). Constancy of risk
throughout pregnancy was assumed. A dilferent estimate, hased on essentially the same
data (Gilman ef ol, 1989) seems substantially higher (13 x 10-2 §v~ "), The authors stress
that the risk in the first trimester appears substantially larger than that found in the 2nd
and 3rd trimester, hut this is not established and different views are also hekd {Muirhead
and Kneale, 1989).

{B173) The development of excess cancers later in life following in ntero irradiation
by the A-hombs, has evidently notl reached completion, Recent results { Yoshimoto et al.
198R} for the period 1930-1984 and using the absorbed dose (DSB6) 10 the mother’s
uterus, indicate an increased incidence of cancers in later life in those irradiated in urerd.
This incidence is comparable with 1he values for those irradiated postnatally, but the
study of neither group is complete.

B.10. Effects on the Skin
B.HL1, Fetroductinn
(B174) lonising radiation causes hoth deterministic effects and cancer induction in the
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exposed skin and both must be considered in the radiation protection of the skin. The
Commission’s current recommendation (ICRP, 1977) on dose limit for the skin is based
an deterministic effects. However, in 1978 (ICRP, 1978) the Commission derived a
weighting factor of (.01 for stochastic effects on the skin, based on a skin cancer
mortality of 107* Sv=! compared with a intal stochastic risk of 1.65x 10~ 8v ™",

{B175) Effects on the skin have recently been the subject of a detailed examination by
a Task Group of Commitiee | of SCRP. The results of that study will be published by the
Commission (ICRP, in preparation}. A summary of the main findings of the study is
presented in the following paragraphs.

B.A0.2. Deterministic effects

(B176) The effects in the skin of greatest concern and importance in radiation
protection are those from exposures to beta particle radiation of various energies and
low energy gamma rays, because damage that may be caused by more penetrating x and
gamma rays will generally be limited by dose limits to other organs. Exposure io very
high doses over a very small area from moderate 10 high energy beta rays, such as can
occur with radioactive particles, in particular, the so-called “hot particle™, pose a special
problem. Because of the very low penetration of alpha particles, radiation doses from
alpha particles could be high in the superficial layers of the skin without appreciable dose
to the cells of the hasal layers. There have not been any reports of deterministic effects
resuhting from alpha particle exposure.

Acute effects

(B177} The major acule deterministic effects are: {1} moist desquamation which
results from damage 1o cells of the hasal layer of the epidermis after high dose acute
exposure of the skin.to moderate to high energy radiations or low energy x rays. With
lower doses only erythema and dry desquamation may oceur; {2) acute ulceration which
results from interphase death of fibroblasts and vascular endothelial cells may he seen
with irradiation from “hot particles™; and (3) acute epithelial necrosis which is caused by
interphasc death of post mitotic suprabasal ceils in the epidermis after exposure to low
energy beta particles of energies < about 0.2 MeV maximum energy.

(B178) The assessment of cfects is complicated by the multiplicity of targets at
different depths which makes it difficult 1o select a single depih at which ro specify the
dase 10 the skin. Some deterministic effects occur at shallow depths but the depths at
which the most serious effects arise are estimated to be 300-500 pm. Nevertheless
conservatism suggesis that the shallow depths be chosen for monitoring specifications. It
is also difficult to select an area over which Lo average the dose since the probahility of
occurrence of deterministic effects is influenced by the size of the area exposed, as well
as the energy of the radiation. the uniformity of exposure and the dose.

C(BIT9) 1t is accepted clinically that to prevent deterministic effects in the skin, the
dose must be reduced as the size of the radiation feld is increased. For example, “"5¢/*"Y
sources cause moist desquamation in 30% of the irradimed fields (EDy,} after 70 Gy for
S mm diameter sources hut after only 27 Gy for sources of 23 mm diameter or up 1o 40
mm diameter (Hopewell ef al., 1986).

{B180} The influence of the energy of the beta radiation is also marked. The ED.,
doses to produce acute radiation effects were about 30, 70 and 340 Gy measured al 3
depth of 16 um, for heta particle radiation of maximum energy 2.27, 0,97 and 0.225
MeV, respectively (Charles er al. 1989).
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(B181) The threshold for acute exposures of large areas is sbout 20 Gy. Protraction of
the irradiation decreases the effect and at a dose rate of 0.4 Gy h™' no acute tissue
breakdown was found with total doses of about 100 Gy {Hopewell, personal communi-
cation}.

Late effects

(BI82) Dermal atrophy and damage to the vasculature {including telangicectasia) are
the main late effects of acute exposures (Reinhold ef al, 1989 and also chronic
exposures from moderate to high energy radiations. Dermal atrophy, detected as
induration of the skin, a minor detriment, can occur a1 doses below the threshold for
acute breakdown of the skin and thus could be considered the fimiting effect. The
appropriate depth for specilying the dose for these effects is therefare 300-500 uam (see
NCRP, 1989h).

(B183) With fractionated exposures (in man) the threshold dose for telangiectasia and
late dermal atrophy 5 years post irradiation is about 30-40 Gy. These doses may be
compared with the Commission’s current annual dose limit which corresponds to a life-
time dose of about 20 Gy.

Effects of radiation from radioactive ("hot") particles

(B184) The characteristic of “hot particle™ exposure is that very high doses can oceur
over a very small area. The number of cells al risk is so small that the risk of cancer
induction ix considered minor (NCRP, 1989b). The lesion of concern is ulceration or
breakdown with subsequent infection that leads to ulceration. The threshold dose for
<1 mm particles is estimated to be 70 Gy measured over an area of 1.1 mm? or about
{ Gy when averaged over 1 cm? at a depth of 100-150 gm (Hopewell ef al, 1986).
However, below 250 Gy the ulcers are transient, lasting less than a week. Erythema over
a larger area is detectable at these doses, Other estimates (NCRP, 1989b) based on the
number of beta particles emitted from the source (which is approximaiely independent of
heta energy) suggest threshold values, at least for more severe or more persistent
ulceration, of ahout 10™ particles or Bq sec. This emission level corresponds o a dose of
ahout § Gy when averaged over 1 cm? at 100-150 um, i.c.. # somewhat higher threshold
than those values proposed ahove Hapewell e al, 1986).

B.10.3. Srochasiic effects

(BI185) Two 1ypes of skin cancer, basal and squamous cell carcinomas have been
associated with exposure to ionising radiation. As yet, the evidence of an assoaciation
hetween ionising radiation and metanoma, the most malignant type of epidermal cancer,
is inconclusive, The ratio of basal cell to squamous cell carcinomas that occur in
Caucasian populations exposed only to uliraviolel radiation {(UVR) in sunlight is about
5.1 but for those exposed to ionising radiation it is 10:1 or greater. The lethality of skin
cancer is very law; for hasal cell carcinomas perhaps as low as 0.01% compared to about
1% for squamous cell carcinomas,

{(B186) The risk of excess skin cancer induced by ionising radiation is influenced by
exposure lo UVR and is dependent on the degree of skin pigmentation, The greatest risk
is in those with a light complexion, the extreme cxample being Albinism, There is a fifty-
fold range of susceptibility among races. The risk of both nawrally occurring and ionising
radiation-induced skin cancer is low in black-skinned races, The risk estimates given here
apply to Caucasians. Evidemly it is necessary (o make separate risk estimates for areas of
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the skin exposed to sunlight such as head and neck, and for areas such as the trunk that
receive much less UVR, :

) (B187) The incidence of hasal cell carcinomas, assumed to be caused by UVR, is high
in persons with the genetic condilion, Nevoid Basal Cell Syndrome (NBCS). Patients
with this condition are not more sensitive to cell killing by ionising radiation bul they
show a high susceptibility to the induction of cancer by ionising radiation, in areas of skin
both exposed and shielded from UVR.

(B188) Umil recenily induction of cancer by doses less than about 10 Gy was not
ahserved, bul recent experiments indicate an excess risk at much lower doses, perhaps
below | Gy. The dose-response relationship is dependent on whether or not exposure 1o
UVR is involved. The data, although incomptete, suggest that a relative risk moadel is
appropriate, but the choice of this model may result in an overestimate of the risk.

B.10.4. Risk estimates

‘ (!3_189) The incidence of skin cancer is proportional to the area of skin exposed to
ionising radiation and also to UVR. The absolute risk estimate for the UVR exposed skin
of the hody, 2 Iotal area of about 3,000 cm?, is 6.7 % 10-* per person year gray. For the
skin shielded from UVR, representing a total area of about 15,000 cm, this risk is
eslimaled to be 2.0%10°' per person year gray. The total risk is estimated to be
8.7 % 10~* per person year gray when all of the skin of the hody is exposed to ionising
radiation (Shore, 1990},

(BISM Risks have been estimated by summing of the risks for UVR exposed and
shielded areas. averaging risks for hoth sexes, and assuming a lethality of induced skin
cancers of (1.2%. No reduction in risk is assumed for protracted exposures even though
such a reduction is very likely. The average whole-body cancer risks for a working life-
time of age 1R ta 64 years are shown in Table B-24. These are selected from the report of
the Task Group on Skin (ICRP, Table 10, in preparation} in which risk estimates are
given for a variety of circumstances.

Table B-24, Absolute and relative risk of induced
skin cancer!

Prohahitity (112 8v N

Incidence  Morality

Ahsabute Tisk model 1.3 0nms
Relavive risk model 9N o2

' Wirking lifetime from nge IN-64 ¥,

Mortality based on a frequency eatin of 51 for
hasal cell carcinomns  {O% moeiabity) 1o
ssprnmnny celt corcinomas {179 fethelingd,

{B191) The estimate of fatal cancer risk derived from the relative risk model, viz,
2% |04 §v-', is preferred and the value is used in this annex, earlier (paragraph B110
and Table B-17}. The dose should be evaluated at the depth of the basal celt layer which
varies hetween 20 pum and 104 gm over the whole body.
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B.11. Summary of Estimates of Prohabilities of Effects

Exposure
Effect Prpulation Expasure period maodes Prabahility
Low-LET radistion
Mental eMects
Reduction in 10 Ferus fi-15 weeks High dose. M 1Q points Sv-'
nf gexintion high dose rate
Severe mental relardntinn Feius R-§5 weeks High dase, a0 x 10" at | Sv
of gestation high dose rate
Hereditary
Severe hereditary effects, Whole All generations  Low dose, 1.0x10-? Byt
including muttifacioriel paputation Inw doxe rnte
direases
Cancer
Fatal cancers (total) Werkers Lifetime Low dose, 40x 10" 5!
law dase Tate
Fatnl cancers (ntalh General Lifetime Low dose, 5.0x10-2 §v-!
papulation low dose rate
Fatal cancer (in specific Workers Lifetime Low dose, See Table B-17
nrgans General Tow dnse rate
pepulatinn
Skin (fraaf) Lifetime High or Inw dose. 2% 107% Sv !
law dose rate
Aggregaied heslth detriment Lifetime Low dose. See Table B-20
{in specific organs] tnw dose rate

Tiawme welghting facinrs Paragraph B120
High-LET cadintion
Cancer and hereditary rlake are the same as for Inw-LET radiatinn using wy in assess equivalent or

effective dnxe.
Scr main texs for

wy valuex, Tahte |

Radon:

Fatal leng enncers {1-4)x 10! WiM '

{3-10% per Thm -

Workers Lifetime
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ANNEX C

BASES FOR JUDGING THE SIGNIFICANCE OF THE EFFECTS

C.l.
C.2
Ci

C4.

C.5.
C.h.

C.7.

CH.

C9.

OF RADIATION
Contents

Introduction
The Meaning and Expression of “Risk”
Conventions on Acceptable Risks
The Risk of Death
C.4.1. The conditional death probability rate (dp/du)
C.4.2. The unconditional death probability rate (dr/dw)
C.4.3. The attributable lifetime probability of death {R)
C.4.4, The probability density of the age of death
C.4.5. Mean loss of lifetime if radiation death occurs (1)
C.4.6. The reduction of life expectancy (AL}
C.4.7. Probabilistic “aging™
The Background Conditional Death Probahility Rate (Ga(17))
Primary *Risk Coeflicients”
Increment of Death Probability Rale after a Single Dose
C.7.1. Assessment based on the additive model
C.7.2. Assessment based on the multiplicative model

Increment of Death Probability Rate at Prolonged Exposures

Summary of the Risk Description

C.10. A Multi-attribute Approach to the Selection of Dose Limits

References

C.1. Introduction

Paragraph
Cci

C3
Cll
cr8
C21
C23
C25
C26
c27
C28
C3n
C31
Cis
C40
42
C46
Cs1
C57
C63

Page
193

(C1} This Annex discusses the risk concept and ways of expressing quantities
describing various aspects of a potentially hazardous situation. The main emphasis is on
the probability of serious or lethal radiation effects, particularly death from cancer, and
ways of indicating the severity of such effects.

(C2) The expression of cancer mortality risk in the Annex is based on primary risk
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coefficients given in the 1988 United Nations Scientific Committee on the Effects of
Atomic Radiation report (UNSCEAR, 1988), and the application of cither the simple
additive or the simple multiplicative projection model as described in the text. The risk
expression (not only the attributable lifetime probability of death but also the distri-
butinn of risk over age after exposure) will depend on demographic data such as back-
ground cancer incidence and total mortality rates by age. A detailed discussion on how
this will influence the cancer risk for specific organs in popularions with different charac-
teristics i_s presented in Annex B. In Annex C, the calcufations have heen made for a
hypothelical population, using, for convenience of calculation, cancer incidence dafa
from Japan and survival data from Sweden. The results are very close to the nominal risk

assessments in Annex B. The summary tables and diagrams, showing various alternative’

ways of c._xpressing radiation risk, can therefore be used as background material for the
mull}-a_tlnhute approach required for the conclusions in the main text, The reader is
reminded of the large uncertainties of the primary risk coefficients on which the calcu-

lations are based. Compared with these uncertainties, the infleence of demographic
assumptions is negligible.

C.2, The Meaning and Expression of “Risk™

(C3) In previaus publications, for the sake of simplicity, the Commission has used
“risk™ as a synonym for probability of a harmful effect (mainly lethal cancer and severe
hereditary harm}. However, oulside the feld of radiation protection. "risk™ has several
other meanings, including the comman, loose meaning in everyday tanguage, i.e. the
threal of an undesirable event, including both the probability and the character of the
evenl. With this latter meaning, “risk™ is almost synonymous with “hazard™. In reactor
safety, “risk” vsvally means the mathematical expectation of the magnitude of the
undesirable consequence, i.¢. the product of the probabilily and the consequence of the
event, These different meanings of the word have caused considerable confusion in
transdiscipline communications.

(C4} With special definitions of “risk™, as in reactor safety and in the Commission’s
previous recommendations, risk becomes a quantity which can be characterised by a
magnitude expressed in a unit which is dimensionless if risk means probability, hut has
some dimension if risk means the mathematical expectation of consequence. However, it
has become increasingly recognised that such limited presentation of risk is insufficient
to describe a “risk situation”. Therefore, in many areas of hazard assessment, specific
meanings of the word "risk” are avoided and preference is given to words which more
directly indicate the relevant quantity, e.g. “probability”. “consequence”, and “math-
ematical expectation™ {which is a synonym for the average) of the consequence, This
leaves the word "tisk” free to be used in the everyday meaning and makes it possible to
include in the risk concept a number of factors which, in addition (o those more readily
quantifiable, influence decisions on risk acceptance. Such factors are. for example, if the
risk is imposed or voluntary, if the consequence is new or familiar, but also the severity of
the consequence and when it will occur in time.

(C5) With this wider meaning of the word, “risk™ is 2 concept rather than a quantity.
although it may also be seen as a multi-attribute quantity. This has fed Fischhoff et al
(1984) to suggest what they call a “veetor™ presentation to describe the total risk
situation. In such 3 multi-attribute presentation, different elements represent cach
quantifiable attribute, such as probabilities and magnitudes of specified consequences
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but also some rating of not so casily quantifiable auributes. Preferences in risk com- -
parisons would then have to be made on the basis of a multi-attritrste analysis.

{C6} Being aware of this development, the Commission has decided to abandon its
practice of always strictly using “risk” with the specific meaning of probability and to
attempt to use, where practicable, the more direct term “probability”. This should reduce
the ambiguity when describing probabilities and consequences and make it easter to
communicate the recommendations to regulatory agencies and others who also deal with
non-radiation risks. “Risk assessment”. in this report, is therefore not necessarily
synonymous with “probability assessment” but may include assessments of other aspects
of risk, e.g. the nature and severity of the harmful consequences. “Risk of death”™ may
refer hoth to the probability of death attributable to a defined radiation expasure, but
also to the attributable death age probability density (see paragraph C26) or derived
quantities such as reduction of life expectancy. In many cases, however, when misunder-
standing is unlikely or when the exact meaning of the word is not important, the
convenient word “risk” is still used, e.g. in expressions such as “risk acceptance” or
“radiation risks".

(CT) The symbols and quantities used in this Annex sometimes deviate somewhat
from those in Annex B and from those used in demographic and epidemiological fexts.
Far example, the concept of “death probability rate” is used rather than “mortality rate”.
The reason in that particular case is that the rates will be integrated and the integral to be
used by the Commission is the attributable lifetime probability of death, related to the
average individual, rather 1than the observed or expected number of deaths per 100,000,
Since the Commission uses probability as one aspect of risk, it has chosen to use a
probabilistic presentation in this Annex where various ways of describing risk are dis-
cussed. However, in order to help the reader. references to the corresponding presen-
tation in Annex B are given where appropriate.

{C8) For the purpose of this report, the Commission is mainly concerned with two
quantifiable risk quantities, namely: :

P, = the probability of each harmful effect {i). The effect will have to be specified, e.g.
lethal cancer or curable cancer, severe hereditary harm, etc.]

W the consequence if the effect occurs. The consequence can be described in a
variety of ways, indicating the severity of the effect and its distribution in time,

(C9) The mathematical expectation of consequence, identical to the average con-
sequence is

W=-52R-%
i

when averaging is relevant, a quantity which is sometimes used in the effort 10 express the
magnitude of the *risk™ by one single measnre. In the collective case, i.e. the numher of
affected persons in a large population, N. the mathematical expectation is not far lm!'n a
likely result unless the individual probability (p) of harm is very small. If the possible
consequence for each individual is w= | case of harm, the expectation will be

WaN-w=N-[pw)=N-p

Weighted for the severity of the harm, it has been used by the Commission under the
name radiation health detriment (ICRP, 1977a). In the individual case, however, the
mathematical expectation (w=p-w} is not an “gxpected” result. because the only
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possible outcomes are ( or w measures of harm, The use of the expectation in this case
masks the fact that it is composed of the two components p and w. For example, p=10-*
may he the probability of losing, on average, 20 years of life becanse of cancer. The
expectation of loss of life is then 2.107 % years, i.c. about 10 minutes. However, the real
loss of life is cither O {almost certain) or about 20 years (with a very small probability)
and never 10 minutes,

{C10} The probability of death (as defined later) may be assumed to be the major
fa_ctor in the multi-attribute concept of risk, This particular component of risk, therefore,
will be discussed more thoroughly here. Other attributes should aso be considered, such
as illness. hereditary disease, risks to any fetus, economic losses, anxiety and other
societal impacts. However, too little is known about these to make 2 full treatment
possible. Therefore, the Commission has had to take account of these attributes by
means of simplified approaches in order to modify any conclusions that may be drawn
from the assessment of the risk of death from cancer. One of the additional components
of radiation risk, the hereditary risk. is discussed in Annex B and in the main text.

C.3. Conventions on Acceptable Risks

(C11) A risk-free society is Utopian. All human activities (or lack of activity) carry
some risks albeit that many risks can be kept very low. Some sctivities are accepted by
most even though risks have not been reduced “as far as reasonably achievable™. The
corresponding risks, however, e.g. traffic risks, are not necessarily acceptable, and there
is a growing opinion that unnecessary risks should he reduced wherever reasonabty
achievable, Other activities are not accepted, because the risks are considered unjustifi-
ably high in relation to the ensuing benefits even after reasomable efforts of risk
reduction.

{C12) There seems to be an unspoken convention that we are willing to accept certain
levels of risk in order to enjoy the henefits of a modern society. provided that the risks
arc not unnecessary or easily avoided (see. for example. Fried, 1970). The nbvious
question is: what levels?

(CY1) Many attempts have heen made to set an upper limit of risk to an individual
(with “risk” often not well defined). i.e. a level of risk which would not be acceptahle even
if it could not reasonably be further reduced. This limit will undoubtedly depend on the
general life situation and the urgency or desire (as in voluntary risk taking) of taking the
risk; for the Commission’s purposes the relevant circumstances would be the daily
normal oecupational or private life in what is usually considered 1o be a safe society.

{C14) A report of a Study Group of the British Royal Society (1981) concluded that
imposing a continuing annual occupational probability of death of { in 100 would be
unacceptable, while they found the situation less clear with regard to an annual prob-
ability of death of I in 1000. They felt Ihat the latter probability level could “hardly he
called totally unacceptable provided the individual at risk knew of the situation, Judged
he had some commensurable benefit as a result, and understood that everything reason-
able had already been done to reduce the risk™. However, the annual probability of death
is only one of the atiributes which are appropriate to take into account. In the following,
a number of other aspects wilt be considered.

(C15) Travis ef al (1987a, 1987b) retrospectively reviewed how cancer risk estimates
for the public had been used hy U.S. federal agencies in the regulation of 132 different
chemical carcinogens. Among the risk measures they examined was the individual
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attributable lifetime probability of death, Their conclusion was that all substances with an
attributable lifetime cancer death probability above approximately 4 X 10" appeared to
have been regulated regardless of cost, At lower individual probabilities, substances with
regulatory costs above 2 million USS per life saved, with one exception, were not
regulated.

(C16) The dose limils recommended in the Commission's Publication 26 (ICRP,
1977a) were put forward with the implied assumption that an annual occupational death
probability of about 10-* to the most exposed individuals would be at the border of
being unacceptable. The corresponding extra imposed annual death prohability for
members of the public at the annual limit of 1 mSv would be about 10-%,

(C17) A problem for the Commission is therefore that, even if in the unlikely case that
it were possible to reach an agreement on the fevel of total controllable risk that might be
considered unacceptable, this would not necessarily give the answer to the question of
which level of radiation risk should be said to be unacceprable. There are many sources
of risk in Tife and the question of their addilion has to be kept in mind, even though no
individual would be expected ever 10 he exposed at each one of the various limits that
authorities may impose.

C.4. The Risk of Desth

(CIB) The attributable lifetime probability of death from radiation exposure has been
used by the Commission in earlier reviews of the justification of various levels of dose
limitation, and radiation risks have been expressed as so and so many “per cenl per
sievert”. However, our total probability of death, which is 100 %, cannot be increased.
The introduction of a new risk source will not change our lifetime probability of death
but only the distribution of the probable causes of death. Any increment that a new risk
source causes, is an increment to our death probability rate a1 any given age, provided
that the person is alive at that age {i.c. a conditional probability rate).

{C19) The iotal conditional death probahility rate from all causes. for an averape
person {i.e. given that the individual is alive at every age u), can usually be described by
the Gomperiz-Makeham expression (Gompertz, 1825; Makeham, 1870):

Gol) = Ae® + C

where v is age and A, i and C are parameters which can be derived from demographic
tables (it should be remembered that there is a distinction between the probability in a
year—which can never exceed 100%—and the probability per year, ie. the probabilit
rate, which wilk exceed 10{F%: at very high ages). v

{C20) A defined exposure scenario (e.g. a constant dose rate {rom age 18 to age £5)
may add a conditional source-related increment of probability rate, dp/du, to the hack-
ground rate:

Gla) = Gy(w) + dp/du ]
This corresponds 1o the expression which, in Annex B (see paragraph B78), is denoted
Anala) = gula) + b fa)

From this increment, an unconditional probability rate, dr/du, may be calculated once a
reference time {age) has been defined, .. the age a1 the onset of the exposure period
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(see paragraph 24), On this assumption, we may define a number of quantities which can
be used to express "risk”,

C.4.1. The conditional death probability rate (dp/duy

{C21) The first quantity of interest is the radiation-induced death probability rate,
dp/du, w_hich a given source or practice is assumed to cause over the rest of the life of the
exposed individual. Assuming that the dose rate is known as a function of age, this can be
ca_lcrllsted on the basis of postulated dose-response relations (including assumptions on
minimum latent periods, plateau lengths, etc.)

{C22) One of several radiation protection requirements is that this conditional prob-

ability rate should be kept acceptably low. The rate is conditional, because it will only be’

exprc:-asc(! if the individual is alive at the ages (#) for which it is defined. One pertinent
question is whether it is its ahsolute value dp/du which should be kept low, or its relative
valu,: (dp/d)/Gulu). 1t seems reasonable to assume that all requirements on this
particular quantity are folfilled if (dp/du}/ G,(u) €1 for all ages of concern. It can be
shown thal, for exposure patterns of practical significance. the maximum valve of
(dp/du)/ Ga{u) occurs at ages below 60 years, irrespective of whether the additive or the

multiplicative projection model is used in the assessment {see Tables C-4 a and b and
Figure C-T).

C.4.2. The unconditional death probability rate (dr/du}

(C23)} The conditional incremental death probahility rate, dp/du. due to a given risk
source, cannot be used for calculation of the 1otal attributable lifetime probability of
death, because the expression is "open-ended™ with no well defined integration limit. The
attributable lifetime probahility of death from the source under consideration must there-
forc be calenlated fram the unconditional incremental death probability rate, dr/de.
1aking account of the probability of reaching each age («) by considering the likelihood
of dying from other causes as well as from radiation. The unconditional incremental
probability rate is obtained as the product of the conditinnal incremental probahility rate
dp/du and the survival probability modified by the incremental risk S{T.u):

dr/du=S(Tu) * (dp/de)

This corresponds to the quantity which, in Annex B (sce paragraph B78), is denoted
Liya )by 0 (), although in that expression A, is the lime of exposure in the case of a
single exposure, while T has a more general meaning (see below).

{C24) The modified survivsl probability §{T.ur) is related to the age (T} from which
the probability is calculated. Hence. 7 must be defined. The choice of T is obvious in the
case of nne single exposure, in which case T should be the age at the time of the exposure
(7= A,). However, with a prolonged exposure pattern (c.g. age I8 to age 63), the choice
is less obvious. In this document, T has becn chosen to be the age at the onset of the
exposure perind. The unconditional (“expressed” or “a priori”) incremental death
probability rate can then be caleulated as above.

C.4.3. The antribrable lifetime probability of death (R)

(C25) The attributable lifetime probahility of death [R) can he calculated as the
integral of the unconditional incremental death prohability rate:

R= ] {dr/du) du

¥
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C.A.4. The probability density of the age of death

(C26) The magnitude of the attributable fifetime probability of death alone gives no
indication of when death will occur, being merely the probability of dying from cancer
due to one particular cause rather than dying from any other cause. Somewhat fuller
information is offered by presentation of the variation of dr/du with age. This is the
prohability density of the age of death, normalised so that the area under the curve is not
unity hut the attributable lifetime probability of death (see Figures C-3, C-4, C-9 and
C-10.

C.4.5. Mean loss of lifetime if radiation death occurs (Y)

(C2Z7) Given the unconditional incrementa! death probability rate dr/du over all ages,
and the normal remaining life expectancy as a function of age, it is possible to calculate

“* the mean loss of lifetime, (V). in the case of death from radiation. The pair of values: the

atiributable lifetime probability of death (R) and the mean loss of lifetime (V) if
radiation causes death, is the minimum of information needed ta express the incremental
“risk”.

" C.A6. The reduction of life expectancy(AL)

(C28) It is also possible to catculate the reduction of life expectancy, i.e. the math-
ematical expectation {AL) of the loss of lifetime due to a particular exposure pattern.
This is simply

AL=R-Y

i.e. the product of the attributable lifetime probability of death and the mean Joss of
lifetime if the radiation causes death, As long as R is €1, this expectation value is not
very informative in the individual case. and may even be misleading because it may
wrongly be interpreted as a loss of life that will actually occur. In reality. if R is small, the
most likely loss of lifetime is zero, and there is the small probability. R, of losing the life
period ¥. The expectation value A L will then never occur.

{C29) In the colleclive case, hawever, the situation is different. Tn a cohort of N> 1/R
individuals, & lifetime expectation of N « AL (in e.g. man years) is a very likety outcome.

C.4.7. Probabilistic “aging™ .

{C30) There is one alternative to presenting the expectation of the loss of lifetime in
the individual case. The shift in the age-specific death probability rate may be described
a3 equivalent to an aging in the sense that the increased probability rate equals that at a
higher age. This "aging”™ with regard to death probability rate is of the same order of
magnitude as the expectation of loss of lifetime, hut varies with age also hecausc the
excess probability rate dp/du varies with age. :

C.5. The Background Conditienal Death Prohability Rate (G,(u))

(C31} The lowest conditional death probability rate from all causes usvally occurs
around the age of 10 years, when the annual probability of death is about £-2 in 10,000
in most industrialised countries, although it may exceed | in 1000 in developing
countries.

(C32) In many countries a peak around the age of 20 years apparently reveals juvenile
risktaking, particutarly in the case of males. At ages above 30-40 years, the death
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probability rate doubles about every seven years, i.c. increases by about 10 per cent
per year and is of the order of 1 in 100 per year at the age of 60 years, see Figure C-1. In
industrialised countries, the age-specific mortality rate has decreased substantially over
the last century, as the result of a number of improvements such as improved hygiene
cleaner waier, better living conditions, and advances in medicine and public health
(Statistics Sweden, 1969, 1988).

(C33’) It may be assumed that any particular new justifiable risk source with optimised
protection causes a risk which might be seen as acceplable as long as the age-specific
mortality rate for those most heavily exposed will not significantly increase at any age
and that sny existing risk might be seen as acceptable if it does not contribute signifi:
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cantly (o age-specific mortality rates which are higher than would be expected in com-
parison with countrics or regions which are usually considered "safe”, However, the
achicvement of average safety reflected in health statistics gives little help in judging the
appropriate individual risk limitation. It should also be recognised that the jostification of
a source does not necessarily foHow from acceptably low individual risks,

(C34) If a nation wants to controt the total impact of a number of new or developing
risk sources, the necessary degree of limitation for each single source or practice,
including radiation practices, is a problem beyond the realms of radiation protection
alone, The: choice of each risk limit (e.g. limits for attributable kifetime death probability),
including that for the purposes of radiation proteciion, always involves subjective con-
siderations in addition to the scientific conclusions. Other requirements. such as com-
parisons with normal variations in exposures {rom noncontrollable nalvral sources of -
radiation and the necessity of maintaining an appropriate margin of safety to dose levels
causing deterministic effects, may well determine the appropriate dose fimit (although
not the justification of the source) within a more narrow range than would the uncertain
derivation from a somewhat arbitrarily chosen risk limit.

(C35) Even if an agreement on a reference risk and the derivation of the cor-
responding dose limit would be possible, the Commission feels that the validity of the
exercise would be more apparent than real. The Commission, therefore, now prefers a
multi-attribute approach to the chaice of dose limits, For this purpose it is necessary lo
examine the averall risk picture that would be the consequence of various options of
dose limits.

C.6. Primary “Risk Coefficients™

{C36) A radiation dose, when delivered, will invnlve a risk commitment, i.e. a commit-
ment of an increased cancer death probability rate in the future, afier a minimum laient
period which may be from a few years in the case of leukaemia to tens of years for other
malignant conditions. Any change in the age-specific death probability rate would there-
fore occur first later in life, when the risk of death from other causes is also higher. The
risk committed by a radiation dose at a given age can therefore not be added to the back-
ground risk at the same age. This is different from accidental death which will usually
occur at the same age as the primary event,

(C37) In the case of internal exposure, the actual dose {the committed effective dose)
may somectimes be partly delivered long after the intake of the radioactive substance.
This will even further delay the actual expression of harm.

(C38) Anincreased cancer death probabitily rate (dp/di) will not occur until after a
minimom latent period of time from a radiation exposure. Two models have been used 1o
describe the subsequent excess probability rate as a funciion of time. In the simple
"additive™ or "absolute”™ model. the excess probability rate is dose-dependent but
independent of age. In the simplest version of the “multiplicative™ or “relative”™ model, the
excess rate increases with age at the same rate as the background cancer rate. The
multiplicative model is now considered to fit epidemiological observations best (see
Annex B). However, the additive model is also used in this Annex, for purposes of
comparison, because it was the model that was used in 1977. The difference between the
two modets is Hlustrated in Figure C-2.

(C39) The calculations for this Annex have been made on the basis of primary “risk
coefficients” presented by UNSCEAR (1988) and, in Annex B, denoted Ky, and Cp 4.
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e proportionat 10 the hackground raie of cancer death, B,

{ficients are summarised in Table C-1. During the preparation of the A'.m“‘
E::I‘::rc:csk estimates have become available, £.g. the "BEIR-V” report (U.S. National
Academy of Sciences, 1989) and the assessments made by Committee 1 for A_nncx B.
Annex B shows that the differences caused by different demographic assumptions are
small. The calculations in this Annex give attributable life time cancer death probabilities
which are virtually equal to the probabitity of fatal cancer after Im_w dose, low dose rale
low LET radiation to the total population (5 x t#1-? Sv ') assessed in Annex B. For these
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reasons, the various attributes of risk shown in this Annex may be taken as representative
for the total cancer risk. They serve the double purpose of illustrating the various ways in
which “the risk of death™ may be expressed and providing background data for a multi-
atiribule approach ta the selection af dose limits.

C.7. Increment of Death Probahility Rate sfter a Single Dosge

(C40) On the hasis of the primary risk coefficients used hy UNSCEAR, the age-
dependent increment of the conditional death probability rate (dp/du) after a single dose
at various ages can be assessed. Then also the unconditional rate (d#/du) can be derived.
and its integral, the aitributable lifetime probability of death, can be calculated.

(C41) The results are uncertain to the same depree as the primary risk coefficients,
‘The main merit of the exercise is to illustrate the character of the different consequences
of the fwo projection maodels. The results for the two most relevant exposure situations
are summarised in Figure C-9 (see Section C.B).

C.7.1. Assessment based on the additive model

{C42) The assessment based on the additive projection model is straightforward, The
minimum latent period assumed by UNSCEAR for leukaemia is 2 years and for other
cancers 10 years. A platean length of 40 years was assumed hy UNSCEAR for levkaemia
and of infinite length for other cancers (“non-leukaemia”™). The general shape of the
vartation of the conditional death probahility rate (dp/du) with age for males after a
single smafl dose is then as shown in the examples in Figures C-3 (a) and C-4 {a) for
exposure at age 5 and 35 years, assuming 8 DDREF (dose and dose rate effectiveness
factor, see Annex B) of 2. The discontinuities are caused by the crude assumption of no
risk within the minimum laient period and full risk over the assumed plateau lengths.
This is obviously not realistic but will suffice for the purposes of this Annex.

(C43) Figures C-3 (a) and C-4 (a) also show the variation of the unconditional death
probability rate (dr/du) with age for the example of exposure at ages 5 and 15 years. The
area under the curves for dr/du represents the attributable lifetime probability of death
The curves are derived on the assumption of modified survival probabilities, $(5,u) and
$(35.u}, based on the normal survival probabilities for the Swedish population in 1986
(Statistics Sweden, 1988), the modification being the correction for the additional
radiation risk. '

(C44) Figure C-5 (a) shows the variation of the attributable lifetime probability of
death with the age at the time of exposure. Here, the discontinuities are the result of the
UNSCEAR risk coefficients given as averages for wide ranges of exposure ages.

{C45) From the data represented by Figure C-5 (), it is possible to calculate a mean
value of the aitributable lifetime probability of death per unit {single) dose over all ages
in a population with a normal age distribution, If the age distribution is taken to have the
same shape as the survival probability to age v at birth, S(0.1). which would be the case
in a population in growth equilibrium, the mean values would be 1.8%/Sv for males and
2.1%/Sv for females, with the assumed DDREF of 2. On these assumptions, the mean
attributable lifetime risk per unit single dose (effective dose) is therefore about 2%/5v as
an average for both sexes.

C.7.2, Assessmernt based on the multipiicative mode!
(C46} For an assessmeni on the basis of the multiplicative projection model, assump-
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Altribut i
utsble death probabitity rats ADDITIVE MODEL

0.3 1 % per Sv and yaar MALES

Exponsure at age 5

]

levksemia

o %0 sge 100 yaars

Attributable death probabiity rate i MULTIPLICATIVE MODEL

0.5

MALES
% per Sv and year Exposure at sga 5
dp/du

N AR,
e e

0.4 ;I .
/ X

100 yaars

Fig. C-3. Variation with age of the sttributable death probalsitity rates dp/du teonditional) and dr/du
(m!lmnditlongll aftera sinlles:mll doae st age 5 years, assuming s DDREF of 2, The discontinuities reflect the
simplified p on mini Ll ¥ periods and platesu shapes {of Figure C-1).

tions must be made on the background age-specific death rates for lenkaemia and non-
leukzemin. In the assessment for the purposes of this Annex, as for the UNSCEAR
summary tables, the background rate has been taken to be that for each sex of the
Japanese population in 1986 as presented in the WHO World Health Statistics (World
Health Organization, 1986). These data can reasonably well be approximated by 3
simple power functiom:

B(my=a-u+c
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Attributable death probabliity rate ADDITIVE MODEL
0,09 1 % per Sv and yaur MALES

g el LT T P —

dp/du

006 1 Exposure st age 35

L L T T S —

0.03 letkpemia

o y
0
100 years
Attributsble desth probabliity rate “UL"PUC:TWE MODEL
M
0.09 4 % per Sv and yeoar LES
J {b}

0.06 1 Exposure at age 35

H
0.03 | sukaemis
o y
] 50 age 100 yobnrs
Flg. C-4. Variation with age of the attrib le death probabilit
assuming » DDREF of 2, The discontinuities reflect 'r'he slmlr:li’;'mr:fm — ."mn::n’ in?k‘ o '“ o ,:;:l'
and plateau shapes (cf, Figures C-2 and C-1), Yo -

{C47} The following values for a, b and ¢ were found to pi ici
'} Th ow : 8 o give a sufficienlly good
approximation {within about +15% for ages above 45 years which contribute rﬁnit to

the total risk}. All numbers are expressed to give B(ir) per year if the Bge, &, is given in

Years:
Cancer type Sex " h r
Levukscmin Malex Adwnm 100 15w qn-*
Femnles 3010 ™ 2.9 15% -
Non-leukremin Males KA R 5.4 Mxin-»
Femsles X9x y-m 490 15 % Hr-»
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Alirfbuteble hite-time risk (o)

% por siwverl
8 4 ADDITIVE MODEL

FEMALES
Paopulsilon averagss

o . ' '
o 50 100 years
Attributable lite-time rhak
T % per slavert
15 =
- MULYIPLICATIVE MODEL
]
1 ®)
10+
L .

Fopulstion sversges

5
-
9 - FEMALES
-
MALES
-
T L Ll ]
0 ° T L L ¥ s|o b 100 yoars

sge st time of sxposure

risk {rom a single smsll dose at various ages l|! rhe[nt::t'eo :a: Ib:’r?:::‘r:l::):
t annual val
di tinuities are the result of the use of constan imary
g _DDR&:"';': 1211:1;:; n;c:i:tervalt {cf. Table C-1). The higher rirk for the younges! age grotp w
risk coeflicients he axpresaed uniil fate in Tife.

Fig. C-5. The attributable tifetime

{C48) Figures C-3 (b) and C-4 (b} show the conditional and unconditional death

- probability rates as a function of age, again in the case of single exposures at the age of 5

en 1 | ;
:::en:i:dyl:; :;'eI;r::':mb:cr‘:he curves for dr/du), for exposure of children, is onc order of

hat the attributable lifetime probability. of death (rep- .
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magnitude higher than in the case of the additive model, but death will oceur at higher
ages. For exposures at adulr ages, the differences are minor.

{C49) Figure C-5 (b} shows the variation of the attributable life-time probabitity of
death with the age at the time of exposure. The substantially higher risk for the youngest
age group is nolable, but it must be remembered that neither model may be true for this
age proup, since they do rot fit the actua! data. Since the UNSCEAR primary risk
coefficient is given as an average for the age group (-9 years, there is no indication on
whether the risk is even higher for the youngest ages in the group. This is of particular
importance in the case of single exposure of infants, eg. in accidents. Here, more
cpideminlogical evidence (which could only be expected at high or medium doses) is
urgently needed. However, it must be recognised that most of this higher risk will be
expressed first at high ages. If the multiplicative projection model is truly valid, therefore,
any epidemiological study of exposed infants must involve a follow-up into high ages.

(C30) The mean attributable lifetime probability of death, averaged over all ages and
calculated on the same assumplions as for the additive model, i.c. for a smail single dose,
assuming 2 DDREF of 2, would be 4.8X10"? Sv' for males and 5.6X1072 Sv=? for
females. The average for both sexes would be 5.2X107% Sv='. This value is sufficiently
consistent with the estimate of Annex B (5.0%107 Sv~'} to make the results in this
Annex useful for their intended purposes, in spite of the simplified assumptions.

C.8. Increment of Death Prohability Rate st Prolonged Exposures

(C31} With the risk coefficients shown in Table C-1, the conditional attributable
annual death probability in 1wo exposure situations has been calcolated, In the first
sifuation it is assumed that a constant annual dose is received from age (0 and for every
year in the future. In the second situation, it is assumed that a constant annual dose is

Table C-). Primary risk coefficients for anpual cancer death (UNSCEAR, 1985),
These risk cocifictents huve been derived nn the bais of shservations on 1he cancer
death rate nmong the survivors from the ic bombing of Hiraghima and Nagasaki
They refate io high dores and high dose rates and are strictly applicable 10 the
Japanese sarvivors only, "ERR™ =~ excess relative risk, The symibols are those waed in

Annex B
Males Females
Age al
£Xposure Additlve Multiplic. Additive Muliiplic,
{ycar1) 10-28v-" and ERR/Sv M-T5¢~ " and ERR/Sy -
A, year K, Con year Ky ., Coa,
(n) Levkaeria .

n-9 0.4 18.7 0.0300 19.5
10-19 00203 id nnd 4.4
0-19 0.04 34 56 00249 58
in-19 0.0631 39 0.0194 a1
a0+ nNa72 13 [ XTE] 14
(h) Al cancer it lenkoemin

0n-9 00148 1.046 0.0407 2.06
10-19 00526 0.65 0.0707 1.27
0-29 0.126 nsy 01.137 1.11
-39 0114 0.24 2.137 048
40+ 0,164 0.18 0.186 0.34

ATeRr I-1/3-M
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received from age 18 to, and including, age 64. These situations represent the most Table C-2b. The conditionat desth probaility rate (dp/du). totnl and mtributable fo vari I doses
extreme non-accidental exposures of a member of the public and at work, respectively, :[::ﬂ';'s; :I: 'l:; -gren :nsl;;l?:s“":edGDPR'E.F- Z The values are given ns annual numbers per million of each sex.
For these caleulations, agnin. 2 DDREF of 2 has been assumed. P Y rate Golan) is ft:r lh:::“tfd:iﬁ_l’ﬂv‘uhn?n_: these values have been adjusied to reduce
(C52) The result of the calculations is shown in Table C-2. For comparison, a
reference age-specific mortality rate (from all causes), is shown (for Sweden, which is a Annual doses (mSv)
typical low-risk country), Gl .
ol 1) Additive model Mulliplicati
il plicative model
Age (per milliom n mn an 0 to 0 a0 50
Tahle !:-Za. The conditinnal death probability rate {dp/du), 101t and attributable te various annual doses Malex
from binth aver lifetime. Assumed DDREF = 2, The values are given as annual numbers pes miltion of each sex. o 7200 0
The total death probahility rate (1) is for the Swedish populmtion; these valuex have been adjusied 10 reduce 5 230 0 0 0 n 0 0 0
Jom and occasions variat 3 230 e 0 S S -
n L] i]
Annual doses (mSv) ;g ;22 ? g g o 0 a g 3
5 o '
Galr) Additive madel Mulriplicative mndel ;r" 970 I 2 32 54 3 7 u: 1 3
Age  iper million) 1 2 1 5 1 2 1 5 3 I‘;’:g gg : gg 99 166 9 18 26 ot
238
‘ A S T A A
o 7200 n o 0 0 n 0 0 0 sg g‘,ﬁ 67 334 502 R3s M 140 209 349
5 230 1 2 2 4 ) 1 2 3 %5 n 20 40 A0 anso 121 261 362 s
1N 180 2 4 5 9 1 3 4 7 309 263 526 788 1310 199 397
L] 13,500 15 b 3uh G093
15 400 3 s 8 r4 2 3 s » s 27 000 e T v4e g0 M 3L 046 180
0 a6 4 R " 19 2 ] 7 " e 55000 3R nE e 790 475 851 1430 2380
25 470 & 12 I8 a1 k| 6 L 13 7% $7.000 :':90 7RI it70 1950 696 1390 2000 a4go
n 1080 9 1R 27 4 5 9 14 24 bt 20000 08 Rl 1220 2040 999 2000 jaee  snon
18 1360 R 27 an £7 R 15 21 an Rs 145 100 %"1 75 1RO 194n 1350 2710 4060 #7170
an 2000 I8 36 55 3l "2 23 R 3 e 226000 w0 4 jeen IRID 3620 5430 onsp
as 2050 21 a3 64 108 I® 3 55 ol 95 30000 ppou s A L L2 90 41RO T 14900
50 5300 25 sn 75 124 27 51 an 133 "0 palle ;136 T2 nm  t7en I8 AZI0 934D 15600
ss R500 10 59 89 148 42 a1 128 204 e 44 B9 1030 1720 a0t RN 12000 20
20,100
6 13,500 34 &Y 3 172 hd 129 193 an Females
a5 22.000 £ " & 191 - 97 194 291 a5 0 6370 o
7 35,000 43 f6 124 214 141 286 419 714 5 146 M o o n 0 0 0 "
7% $7.000 a7 93 140 233 W7 414 R WM " s h 0 0 0 a 0 0 0
R0 90, (MW} 50 1 151 282 294 SK7 RA0 1470 ' 100 ; g n o n a 0 o
HS F45,000 54 In9 163 272 ang R1% 1230 10%0 n %0 0 " o n n 0 0 0
on 220,000 SR "7 175 292 S61 110 IAAD 2AMD 2 00 p 12 2 3 o ' t 2
95 0000 f2 125 187 E TSR 1Sl0 1210 3TOD » P " 3 t# in 3 f 9 15
100 820,000 £ tax 20 2 610 2020 M0 snan s 760 s 1 o o ., 16 M 19
Fempes :2 :AQ: los 09 dra 524 s 71 I;: 1 g;
o 6370 n n n o 0 n 0 0 10 2750 :;'l‘ §:§ 439 ;32 2 125 187 2
5 140 1 1 2 a ) 1 3 3 ss %m0 248 91 e lzfg 107 e 20 534
n s 2 3 s R ' 3 a 7 &0 5900 % s9e 898 150n 4 s s
15 N0 3 & 9 15 2 3 5 L] 5 ' Loan yag e L : . 548 821 13
w Mo 4 9 13 22 2 4 ? 1t m 19.000 390 70 110 1950 : 0 lavy e
25 400 7 13 0 33 3 6 13 ;; 75 34,000 422 848 1210 2110 :2: 1513 g;ﬂ 32;2
an 525 9 19 28 Q 4 9 ; 80 37,000 a7 w38 : 3
; 57, 1250 2090 ted 2330 a4
as 760 13 27 40 67 7 14 n i35 as 100,000 410 82 g W R0
1 X 0 1230 1080 1540 3090 4620
an oo 17 15 5 /6 " 22 M 57 et 165.000 an3 804 1210 b b 10
. wie 2020 4nan  &070  toann
a5 1650 b} 42 62 1M 17 3 50 LK) o8 2R0,000 394 78RR (ETCONNT Y -0
4 Y 0 2610 5230 7840 13100
sn 2750 25 49 17 123 15 49 74 124 byt
P e % pod 5o s b 77 15 191 11N} 480,000 a8 172 H&n 1930 M0 6670 10000 16,700
a0 69 as 10 104 174 59 197 176 293
85 11,0 an 7% "e 198 87 174 262 436
mn 19,014 45 a9 1M 223 127 254 E: 3] ﬁg:
7% 4 THHY 49 99 148 47 182 161 545 9 C53) Tt can . . .
a0 gtm P 109 164 172 285 09 T4 1270 anf-nual ) bab‘lt’)? seen from Table 'C ‘2 th_al the higher absoh.l.te values of the incremental
8% 100,000 59 118 177 296 /0 At oS0 1750 Il probabiiities with the multiplicative mode! appear first at ages higher than 50
on 165,000 ] 128 191 319 415 A9 1420 2370 years in the case of exposure from birth and 50 yeats at exposure from age 18 years.
95 Iﬁﬂ.m {;511 ::: §?§ :g ::: ::};2 ;m ::;g (C54) Since the total background risk increases with age somewhat more rapidly than
4R0, k k 3 ! ve i - s
son R the cancer background, the relative increments of the death probability rate in relation to
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TOTAL DEATH PROBABILITY RATE
% per year

10 4

0.05 |

MALES

0.02 |
FEMALES

0ot 4

0.005 v v ity T v ' ” v 1.
[} 50 age 100 years

Fig. C-6. Varimtion [exireme values) of the age-specific m_ona!ily rate, approxir g the cond death

prohahility rate, for 18 indusiristised countries usually dered “safe™; A Austria, Belgiom, Canada,

Denmark, Finland, France, Germany (GDR), Germuny (FRG), fuasly, fapan, the Netherisnds, New Zeatand,
Morway, Sweden, Switzeriand, United Kingdom and UI5A.

the background rate do not increase at high ages. In the case of exposure at 1 mSv/year
from age zero, the maximum increase is about 1.4% with the additive model and about
0.9% with the multiplicative model (see Table C-4), higher for females than for males
because of their lower background risk. The corresponding changes in the Gompertz-
Makeham curves for 5 mSv/year are shown in Figure C-7, while the changes caused by
500 mSv/year from age 18 to age 64 are shown in Figure C-8. The changes for 50 mSﬂ
year have maximum values of about 40% in the case of the additive rnot}el_ and 17% with
the multiplicative model. These changes may be compared with the variation of the age-
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TOTAL DEATH PROBABILITY RATE

10 4
% per year
5 ]
2 | MALES
1
AddHive mods!
0.5
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0. 1.4
FEMALES
0.08
0.024
0.0 44
8 mEv/year from sge 1ero over Nialime
0.003 -
T T T T T
0 50 100 ya
(113

l»'i;r C-7. Change in the totnl conditional desth probahitity rate (reference: the Swedish populstion 1986) after

an exposure of $ mSv per year from birth over lifetime, sssuming a DDREF of 2. The change is only shown for

the additive projection modef, With the multiplicative mode! the change is for ages below 30 years, At ~

higher ages it is less than 4.5% for females and less than 2.5% for males: these changes are oo small 10
iNustrate in this diagram,

specific mortality rate (from all causes) within some industrialised countries which are
usually considered “safe” (Figure C-6).

(C55) Figure C-8 also illustrates the fact that the largest increases in relative risk
occur eartier in life if the additive projection model is valid.

(C56) Table C-2 gives the unconditional annual death probability rates, i.e. the values
in Table C-2 multiplied by the modified (Swedish) survival probabilities, related to the
age at the onset of the exposure period li.e. age zero and age I8 years in the two cases)
but corrected for the increased risk because of the radiation exposure,
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TOTAL DEATH PROBABILITY RATE
% par your

J— Additive mode!

Muttiplicalive model

0.05]

0.02 ]

0.014

50 mSy/yaer from age 13 lo ege 65 years
yanry

' Fr——

o.008
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sge

[ i i : i tatlen 19RE) sfier
Fig. C- the tatal canditinnat death probehility rate (reference: the Swedith popu ]
:rllséfpttutceh::gfl ::S\reper year frivm age 1R 10 nge &5 years, masuming o DDREF nf 2. The change is shown for
. ench of the two projeciion madels,

C.9. Summary of the Risk Description

(C57) The unconditional death probability rates for fc[nales are pfgsenled in Figure
C-9. The curves can also be seen to represent the normalised probability density of the
age of death from radiation-induced cancer, The areas ur!dcr thc curves represent the
lifetime prohability of dying from cancer caused by the irradiation, These values are

iven in Table C-4, . o -,
g“;:CSﬂ} Figure C-9 also illusirates the difference in lime distribution of the radiation-

induced cancer deaths, With the multiplicative model, the deaths, on the average, will
occur significantly 1ater thap with the additive model.

Table C-Ja. The

i,

snnusl doses from birth over lifetime. Agyum
million of the initisl popolstion {age

tisk 21 asgessed at wge 18, For cownparizon, the Swedish nor
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ar d priorl) death probability eate (dr/du),
ed DDOREF=2. The values
18} of each sex. The sum of all

in the antrik

i, 5{18,6)Gy(u} ix aleo given for

A desth age p
each sex

183

atiributable 10 various
ufe given 3z annusl numbers per

bt lifetime
babifity density for age 18,

Annual doses (mSv)

SR Gdm Additive model Multiplicative modat
Ape per million) 1 3 5 2 3 5
Malex
g 700 n 1] o ] ] o 1] 4]
5 230 1 2 2 4 1 1 pJ J
10 180 ) L) 5 ] 1 3 4 7
15 4no 3 3 L] 14 2 3 5 9
20 LE11) ¢ L] B 19 1 3 7 1t
25 950 6 12 18 n 3 [3 b 15
kL 1030 9 17 98 &3 5 9 14 23
35 1320 13 26 19 &6 7 15 22 37
40 1930 IR kL] 53 87 12 4 kL 60
4% R0 0 41 1] 102 17 35 52 B7
50 4050 13 46 0 16 23 50 75 124
55 7690 27 51 &0 113 38 75 113 188
60 11,600 1 59 ] 147 15 11 186 276
65 17.400 k1) 61 of 152 ki 153 229 st
T X100 29 59 B8R 147 98 196 294 488
5 31,400 26 51 T 127 114 127 339 562
RO 34,000 9 k] 57 94 11 220 129 544
a5 19,700 11 F¥ 11 55 83 166 247 408
M0 172,200 5 9 14 13 43 L1} 124 210
@5 5960 ! 2 k] 5 13 26 ag 62
100 T20 Ll n 1 0 1 3 4 L1
Females
i] 6370 o 0 0 a n Li] 1]
5 140 | 1 2 3 ! 1 2 3
(] s 2 3 5 B 1 3 4 7
15 300 1 & 9 15 2 a 5 9
m 345 1 2 13 12 ? 4 ? 1
25 195 7 13 20 13 3 -3 9 15
0 520 9 19 28 46 4 9 13 22
3 750 13 26 39 .13 7 X1 21 34
a0 1080 17 34 51 a4 1" 22 a1 55
45 1600 0 A0 &1 1M 16 2 48 Bl
50 2630 PL ] 47 bl 1a 4 4B Tt 119
53 4350 24 14 a4 140 36 72 109 181
&0 6360 32 G4 96 160 54 108 162 269
3] 940 33 L) 103 17% 77 154 23t aes
T 15,800 37 iz 110 183 10% Fli] s 523
7% 25,100 k3 13 109 181 134 267 399 662
B0 Jiomn Az 64 97 160 151 ki) 449 744
&5 39900 4 a7 T0 17 13% 277 a13 682
M 312,200 12 23 kK Y] 92 183 173 d44
95 16,100 4 8 I2 19 36 | 106 173
100 kL) fi f 1 2 5 10 13 1]

(C59) Figure C-10 supplements Figure C-9 in that the unconditional attributable

death probability rates are compared with the total un
related to age 18 years for females. Figure C-

conditional death probability rate
Tl gives the net change in the unconditional

death probability rate. The fact that radiation causes some premature death gives a
negative net attributable vnconditional death probability rate at higher ages, because the
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Table C-3b, The ditional {“exp 4" or @ priari} desth probability rate {dr/du}, etributeble to varioun

wnnuat doses from age 18 10 age 65. Azsumed DDREF= 2, The valuas sre glven ax snnual numbers per million

of the initial population (sge 18) of esch sex. The rum of sl) anrunl numbers is the attributable Hetime risk as

wssessed ot age 18. For compariton, the Swedish normalised death sge prohability density for age 18,
i SR Gl It also given for each sex

Annual doses im5v)
SO1B8)Gylu} Additive maodel Muttiplicative model
Ape {per million) 10 20 k)] 50 L1y 0 kL] 50
Males
0 o 0 [+] 0 0 i} o 0 0
3 0 0 a a o 0 0 0 o
10 0 /] 0 0 13 ] 0 a 0
13 o 0 0 0 o 0 0 0 0
0 360 1 2 3 5 0 1 1 2
25 965 1" 21 2 53 3 7 111] 16
30 107 kX 6% o8 164 9 17 26 43
% 1240 8 156 4 189 19 38 57 a
40 1950 123 245 368 612 38 76 114 190
45 2840 161 321 480 798 67 124 2 135
50 5010 198 95 590 979 1t4 227 Rl 3] 566
55 TTRO 240 477 M3 1180 181 61 542 901
L1 11,100 272 54) 208 1330 274 543 116 1350
&5 17,600 184 564 B4] 1380 I7R 153 1020 1860
T 24 AN 7 534 195 [RL )] 481 055 1420 2330
75 EIR:L L 125 445% 60 1080 550 10s0 1610 2820
&0 34,400 148 3 433 03 508 989 1470 2360
a5 30000 78 153 126 365 3165 T 1040 t640
L] 17,400 29 56 a3 133 181 149 503 T4
LA #0310 .3 12 18 19 52 aR 139 07
100 70 0 4 1 2 5 9 13 [}
Females
0 0 L] O o 0 0 n 1] o
5 L] 0 0 o 0 1] [+ O L]
{1 a 0 0 o o 0 0 1 LI}
15 0 0 0 o 0 n 0 a LI}
n 350 0 | ] b ] 1 1 2
25 400 & 11 1] an 3 L] 9 1%
M 525 26 52 78 110 f 16 24 Rl
s T30 63 13 195 328 i7 AL 52 13
40 1090 {14 n? amn 516 15 ™ nd 174
45 1620 143 286 429 T a1 122 183 ins
0 26T0 tRS 169 553 o917 104 07 k1] 514
55 4390 234 466 696 1150 166 Rk}t 4946 A4
& $420 77 552 828 1360 154 5n7 59 1260
&5 GR4N ) 615 917 1510 hiy) m 1090 1800
T 15,900 324 643 @56 1570 h11r] 998 1490 2450
5 25.300 i 616 914 1490 #37 1260 IR 3060
.1} N 4,200 147 489 T24 11RO RR7 1150 20{My 3210
Rs 40,300 16) 2 474 THR AO8 1190 F 40 2IR0
" 32,500 74 154 126 6% 3R7 749 HHM 1700
9% 16,200 22 44 65 104 145 277 36 &
1 e 2 3 7 1 mn » 75

integrated rate (the total change in death probability) must be zero—the probability of
final death is always |0H%.

{C60) The summary Table C-4 lists values for a number of guantities which may he
used to express the radiation risk. In the individual case, apart Irom diagran‘ss such as
those in Figure C-9, the most informative presentation is by the combination of the
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5 J per ceni per yanr
Probabitity density of the age of death
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4
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.
[
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Fig. C-IN. Comparison hetween the probahilivy density of 1he age of death from all causes and the probability

density of the age of attributable radintion death nor d to make the atiribuiable lifelime risk of death

dircetly comparahle with the 10{% total lifetime risk. For females exposed st 50 m5v per yess {rom age I8 to
age 65 years. DDREF assumed to he 2. {cf. Figure C-11 far the net change of the probabllity denxity )

atiributable lifetime probability of death end the mean loss of lifetime in the case of death
from radiation-induced cancer. In the collective case, for a population exceeding the
inverse value of the per caput attributable lifetime probability of death, the detriment
represcried by the expected number of cancer deaths or hy the collective Inss of man
years is informative although not relevant for individual risk limitation.

{C61)} The values in Table C-4 should be used with great caution. They are valid only
if the risk coefficients used in the 1988 UNSCEAR report (Tabte C-1 in this Annex) are
valid for all ages in each age group. This is surely not the case: the values are averages for
each age group and there is not enough information 1o indicate the variation within the
age groups. This is particularty important with regard to the youngest age group, '

(C62} Table C-4 is the most comprehensive indication of the various consequences of
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Table C-4n. Swmmary table (averages for both sexes). Exposure from age zeto ovet lifelime. Assumed
DDREF - 2. Uniform whale-body dose. The upper numbers relate fo the additive projection model, the Tower

to the multiplicative model

Annual dose (m5v)
Cuantity 1o describe “rhak™ 1 2 3 5
Adributable fifetime probability of cancer death (%) 0.15 o .46 0.77
0.40 0.80 112 1.99
Loas of lifetime if cancer desth (years) 22.6 226 18 226
e ' ¥ 134 134 134 115
Loss of fife expectancy st age 0 {mau yoars per caputl 0.03 o007 0.10 0.17
F y e 0.0% i1 AL 0.27
Mesn snnustly committed probability of suribatahle 21 “ .1} 110
eaticer destha 0--70 years (per mitlion) 57 115 16n a0
Anmual extra prohabifity of cancer denth at age a4 a7 [} 28
70 years (per million) 135 T 403 673
Moaat probabl al attributable death (years) 68 [.7.] 68 1.4
e e ¥ 70 T 9 i
Maximum relative death probehility cate (%) 1.4 27 40 7.0
0.9 18 27 4.4
Age at maximum relative rate (years) _:; 3; 3; :;
Muximum risk equivalent aging {years) gg 32 g: A:
Deaths® per million and year in » mived populstion 2 4 [ 10
at 10% of the dose Jevel 5 11} 15 25

* Attributable cancer deaths,

. Assumed
ble C-db. Summary table (averages for both sexest. Exposurs from mge IR to age 65 years.
E'DRCEF- 2. U:ifmmr’whnlelhndy dagse. The uppet numbers relute to the sdditive projection model. the Inwer

hers to the multiplicative model
Annual dose (mSv]
Quantity to dexcribe “risk™ J N m n 50
Attributable lifetime probebility of .35 114 3 3;; :g:
cuncer death (%) .58 188 157 1:.9 m,“
19.8 19.8 . 8
Lsx of Hifetime if cancer denth {yenra) : ;: i 3_7 128 1 bl
112
TLoss of life expectancy st age IR (man gg; gi; g:: g:: 12
years per capul) L 5 :
Menn annually comminied probmhilicy of T4 150 ::g ‘;J;g :;gg
stiributable cancer deaths, 1R-65 years  12{) AR5
{per million)
Annual extra probability of cancer death 120 390 I;?)g ;l?lgg 3(1‘!%
. at age 70 years {per million) on A50 o o Eh ol
L 1]
M?;;::;hnhle age at attributable denth -6;: s o 5 5
j 41
Maximum reiative desth probability 15 9 1; ?3 "
gl o 1: 39 kil ki)
Age &1 maximum relative rate (years) :3 P 4 » pH
i 1.6 2.3 LR
Maximum risk equivalent sging (years) g(!n gg 94 23 3
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life-tong expasures at various dose levels. These data have also been used, together with
other relevant information, for the multi-attribute approach lo selection of the dose limits
recommended in the main text. The reader may use them in order 10 sec the possible
consequences of applying these recommendations to individuals exposed at the limils
over their normat lifetime. They may be compared with similar expressions of risk in
other areas,

C.10. A Multi-attribute Approach ta the Selectinn of Dose Limits

(C63) If all radiation risks were of a deterministic nature, with a comparatively high
threshold dose, the selection of dose limits would, ta a high degree, be a scientific task
and the outcome would heavily depend on the magnitude of the dose threshold.
Unfortunately, there is an additional risk of stochastic effects at doses below the
threshelds for known deterministic effects, As long as the dose-response relationship for
the stochasiic effects is without great discontinuities the selection of 2 dose limit is only
partially a scientific decision. It is mainly a value judgment which would need to be based
nol only on the scientific information bul also on knowledge of the level of risk that is
usually considered unacceptable under normal conditions, This is a policy matter for the
Commission which is discussed in the main text, This Annex can only provide some of
the necessary background information relating to the radiation risks.

(C64) The Annex has shown that the radiation “risk” can be presented in a number of
ways. This means that, by different modes of presentation, the description may cause
quite different impressions, If only the conditional death probability rate is shown, e.g. by
the shift of the Gompertz curves, even relatively high annual doses would net seem to
change the exposed person's overall risk situation significanily, and the change may be
small in comparison with the risk differences between the sexcs of between countries
which sre not usually considered to differ much in risk to their residents. However, the
same risk expressed as reduction of life cxpectancy or {at about the same magnitude) as
statistical aging, may amount to several years and therefore perhaps look less acceptable.

(C65} In the case of exposure over many years, such as over an occupational lifetime,
the annual incremental death probability expressed a1 different ages will vary consider-
ably. If a dose limit is to be derived from the annual risk, what is then the appropriate age
for which the risk should be assessed? How should the probability increment be
expressed? In absolute terms or in relative terms?

(C66) Some readers might ask what the annual dose to workers of members of the
public would be, which, with the new risk estimates, would cause the same cancer risk as
the old dose limits, in 1977, were assumed to have caused. This question cannot be
answered unambiguously since the answer would depend on the age for which one would
like to make the comparison. This is illustrated in Table C-5 by data derived from Table
C-2 and the multiplicative projection modet. The table shows the conditional incremental
cancer death probability rate, averaged over the sexes, at various ages and annual doses,
for workers exposed from age 18 to age 65 and for members of the public exposed from
birth, For comparison, an annual risk of 1,25 % 10-2 Sv-!, as assumed in 1977, is given
for afl ages (although a lstent period way recognised, it was not taken into account).

{C67} The information in Table C-5 is not sufficient basis for judging the appropriate-
ness of a new dose limit. One reason is that it would first be necessary to judge whether
the cancer risk assumed at the limit in 1977 was appropriately limited at that time and
whether the same views on an appropriate risk limit still prevail. Another reason is that
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Table C-5. Comparison of present {multiplicative model and a DDREF of 2) and (977
tisk estimates for the annual conditional cancer demth probahility (per million) at
various ages andd annual doses

Annunl dose Age ni risk, years
RN

{mSy) n 4N 0 (3] 70 75

Warkers
50 42 1940 5 1504 2100 200 4700
n 25 1o 34n RRO 1300 Hoon A
0 17 15 2an 590 A90 1aap 19t
15 ] 55 1M 440 RSN 1000 1400
10 A iz 114 295 44% #50 30
01197 28 25 A25 625 £25 625 623
Public

5 4 20 &n 150 220 an 44m

3 2 12 s 90 130 mo 280

2 2 B 24 60 on 130 1on

1 | [ 12 an 45 L3 95

s 4 2 6 [ 21 12 47

{1977y 12 12 12 12 12 12 12

the risk of lethal cancer is only part of the tofal radiation risk and that other parts, such
as the risks of curable cancer and hereditary harm, should atso be taken into account.

{C68) The nominal probability coefficients” are composed of three components,
namely, fatality coefficiem, weighted coefficient for curable cancer, and weighted
coefficient for hereditary effects. In the 1977 report. only severe hereditary effects in the
first two generations were included and curable cancer was not counted in the risk
coefficienL, although it was crudely assessed in the Commission’s 1980 Brighton state-
ment {ICRP, 1980) as a detriment of abowt 1% of the fatality delriment. Any com-
parison between new limits and the 1977 limits should consider all these components.
This leads to the comparison shown in Table C-6. With the new estimates, according ta
Annex B, the weighted coefficient for curable cancer is abouwt 20% of the fatality
cocflicient for both workers and the public. The weighted coefficient for hereditary
effects is 1.33 % 1072 Sv~' for the public and 0.80 % 1072 Sv~' for workers. These figures
are hased upan 47 years for the worker and 75 year lifetime for the public. The nominal
cancer fatality coefficient is 5% 102 Sv~! for the public and 4 x 10-1 Sv~! for workers,
hut the attributable lifetime cancer death prohahilities at the various annual doses have
been taken from Teble C-4.

(CA9) The comparisons in paragraph C66 relate to cancer death probabitities, as if all
deaths from cancer involved one and the same degree of harm. However, the probability
of death alone does not give enough indication of the risk. For example, a very high
probability, assessed at hirth, that a person will die at a high age would be seen as
positive information, while the same probabitity of death in childhood would be negative
information. In 1977, the Commission assumed that a radiation induced death from
cancer would, on the average, mean 3 loss of life of 10-15 years (ICRP, 1977b). On the
additive projection model, the loss of lifetime is about 20 years, but on the mulii!slicalive
model only about 13-15 years (see Tables C-4 and B-1B). A more realistic estimate in
1977, when the additive model was vsed, would have indicated a longer loss of lifetime
than was then assumed. [n that respeet, the present higher probability estimate with the
multiplicative model is to some degree compensated by the shorier loss of lifetime,
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Table C-f. The detriment a1 varinut annual doses, az asacased 21 present on Ihe

basix of the proj L pared with the tetal risk
assessed in 1977 at the old dose limits

Probability (10- )

Weighted
Annual effective Fnial curable Weighted Aggregated
doxe (mSv) cancer cancer' hereditary' detriment?

Warkers (expnsure from age 1R 10 age 65)
0 &6 Ly 1.72 120
n 5.1 1.06 .04 14
n 16 072 mr2 50
10 E] 0.36 0.36 2.5
5001977 29 - - =
Public (exposure from hirth aver lifetime)

3 20 040 0.53 293

3 1.1 0.22 0.29 [B.1

2 0.4 016 .21 L7

1 04 nO0g o 0.59

.5 n.2 004 tns 029

Lo

' The weighting is for severity and length af fife Jos1.
! The sum aof columns 2, 3 and 4.

0.l - -

(C70) In 1977, the Commission assumed that an annual occupational fatality prob-
ahility of 10~ might be taken as a reference risk for the dose limit, This was made on the
assumption that, in “safe” non-radiation occupations, the average annual fatality rate was
about 100 per million workers and that subgroups with high risks might run a risk ten
times the average. It can be seen from Table C-5 that an annual cancer death probability
of 1077 is nol exceeded before age 65 years for annual doses below 20 mSv, nor before
age 75 years for annual doses below 10 mSv. For 50 mSv per year, it is exceeded above
age 35 years.

{CT1) The Commission, in 1977, expressed the view that “the calculated rate at which
faial malignancies might be induced by occupational exposure to radiation should in any
case not exceed the occupational fatality rate of industries recognised as having high
standards of safety”, This implies an ambition to design a system of radiation protection
that will keep the average doses io radiation workers low, as, in fact, the recommended
principle of optimisation of protection has achieved. However, it must be seen as
erelcvant to those receiving the highest doses to know how many workers receive low

OEES. .

(C72) Comparisons with risks in other occupations are therefore difficult, because
information on risks usvally refer to average risks. There is the additional problem with
the relevance of comparisons with accident fatality probabilities. One reason is that there
are significant risks not related to radiation in radiation work, for example in mines and
factories. Another reason is that there is also, in all industries, occupational disease
which may cause untimely death. There may aiso be differences in the mean loss of fife
when death occurs; it has been estimated that the mean loss of life from an accidental
death in industries may be as high as 35 years {ICRP, 1985).

{C73) The choice of an appropriate dose limit for members of the public is even more
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difficult because of the many sources of risk, in addition to radiation risks, to which the
public is exposed {see paragraphs C31-C35), and the arhitrariness in allotling some
fraction of a (non-existing) total risk limit to radiation risks. The observation by Travis e
al. (1987a,b) (see paragraph C15), that chemical carcinogens exposing the US public to
an attributable life time cancer death probability of more than 4X 107" seem to have been
regulated regardless of cost, has no direct relevance to the radiation case. The regulatory
action was source-related, i.e. related to individual substances, while the ICRP dose limits
are individual-retated. With the multiplicative model and DDREF=2, an annual dose of
1 mSv will cause an attributable lifetime fatality probability of 4% 107, However, the limit
of 1 mSv is not intended to apply to each radiation practice but to the total dose from all
regulated practices.

{C74} The natural radiation background must be assumed to cause risks which are
related to the radiation dose in the same way as described in Annex B and in this Annex.
Irrespective of the uncertainties in the assessment of the absolute magnitude of a risk, the
relative magnitude of any radiation risk in refation to the risk from background radiation
is described by the ratio of the annual effective doses. The fact that a man-made practice
involving radiation causes doses which are small in comparison with the background
doses does not necessarily imply thal the practice is justified, but it does imply that the
radiation risk situation of the exposed individual is not significantly changed by the new
practice.

(C75) The risk data in this Annex are only part of the information needed for the
selection of dose limits. A number of additional attributes has to be considered. How-
ever, sifice these do not describe the biological risk, they do not belong in this Annex but
are discussed in the main text. The reader is warned not to draw hasty conclusions from
the risk information alone. Other atiributes also have to be considered, which determine
what would be a risk that under normal conditions would be considered to be at the
borderline of unacceptability.
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(C76) The validity of the calculations in this Annex, provided that the primary risk
coefficients from UNSCEAR (198R), are valid, has been confirmed by independent
assessments. One example is calculations carried out within the United Kingdom
National Radiological Protection Board (NRPB, 1990) for the British population. Some
results, in comparison with data from Table C-2, are shown in Figure C-12. The some-
what lower unconditional atiributable cancer death probability and earlier mean age of
death is what might be expecied because of the difference between the British and
Swedish Gompertz curves. The shape of the curves in Figure C-12 is primarily deter-
mined by the conditional background total death probabitity rate.
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