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ABSTRACT

lbe dfccls on canoc=r lrlcideDCe or d"'" 1e""I, duralion of exposure to a
camnogen and ale ,houklal",aY' be a""lysed ",para'e1y_ Erro,."lhal ha"" led 10
misinterpretallon or .uch dala include lhe i""ppropriate oombi""uon of dose
Ie"el and duration ;n a sinlle '~umulah"" dose' ",deI, a""I),.i. of pK\'alence
ralhe, lhan locideDCe, and mi.u"" .fth. term 'laleocy', ,,-h~h i' used IU at lea't
four quit. dilT.rem ",n""', These and other 'lali'l~al difficulties in d"",­
respon'" anal%i' a,.., illustraled with example!; rmm midi.. on asbestos, ionlZlUi
radiation and .mokin" and discussed in relation 10 low.(\"", eXlrapoLalion and
'ndu'lnal.un'eilLonce.

I INTRODUCfION

Quil. a<Xurale qPan'ilali'e daa euller ha,e !>ttn or could be obtained on
various 'bfe·.t)'Ie' faclon liIal ha'e a marked innueDCe on caDCer nit, such as
cipreue smokina:. aJe al fi,.", p""JOancy. promillCuny and alcohol con.umplion.
and ;t seems likely tbat It".ral dietary facIo.. with larJe effccI' lhal can be
""'lOured with similar accuracy will won be id<:nt;lied, ThIS may n.....r be lrue or
industrial ~a"'inoJens, bo"...""r. A", ti"", since lim txp<»ure and duralion of
exp<»ur. can be measured accuralely, but eu.tina data on lhe inten"ly of heavy
exp<»u.... lhal ha,'. produced IarJe cancer risk. are u'Pally 100 crude to provide
iood numaln of dose-r«pons- ,eLauon,hips, and a modmue increa", in
relit;,·. ri'k d"" 10 a new carcinoaen is likely 10 be dillkuh 10 detect al all and
impossible to eOlimale accurat.ly b)' con""nlional epidcrniol~1 "",lbod•.
Many people at this meclinll rna)' lh.refore f..,1 thaI the most us-ful fUlure
developments in both .urvemaoce and d"",-responOl' tst,na,ion ,"'ill co"", from
ad,,,nct:S ,n biologicat unde..tandinl Jeadin, to a firmer ba.i. for extrapolation
from irr ritro Or an"nal ItsUna \0 buman ri'k auts."",m, Epidemioloi)" ba,.
however, made sllMtantial conlributioni to \be undcrstandinll ofcaf'CinOzcntslS,
pal'licularly in relalion to mulliota,. Pf~"'"and Ih. age and \Hm dq>endence

'"
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of cancer rilk, and dnelODJ1lenll in blolovca1 knowledge should complement
rather than supplant such re..areh, For example, metabolites or inhibitON ot
carcino&"ns, and cylo&"netic and chetnleal indicalOI> of exposure such as
alkylaled ba.. concemralions Or sister<hrontalid exchange rates, can be
measured in ca..<onlrol and prospective 'tudi.., and may provIde d"..,t and
quite pr..,i.. measures of 'effective .xposur.' that can be relaled both to

environmenlal faclors and 10 cancer risk,

2 THE ASSU~IPTIONOF LINEAR DOS[~RESPONSE

A hnear d.,..-response relationship is now uS\l.lllly assumed for the practical
purpose of .xtrapolaling from lhe obs.erved elf..,ls of imen.. exposure to a
carcinogen t'l predict lhe elf..,t, of lo"'e, exposure 1.....1,. Th"" m'lre prudent
and scientifically more reasonable Iitan u"ng models which implicitly aUume a
safe Or v"many <afe threshold, allhough there are carcinogens for which linear
extrapolation w'ould subslanlially 'lverestnnale the risk and some fo' ,,-hich lhe
oppooite would hold. One human carcinogen for "'hich there is SUllllesti,'e
evidence of a higher lhan linea. d'l..~respon", relationship i' cigarene sm'lke.
Smoking appears 10 bolh initiate and promote lnng cancer. so ifthe dose eff..,l al
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each 'tage "'ere roughly hnear the o"erall d","-~,pon.. ~latJon,bip'hould be
approxlmalely quadratic. and data on conlinulng clga~ue .mohrs do ,uggest
SOme up"'ard curvature (Figure I, 0<>11. 1978). Linear extrapolation from lbe
risk 10 heavy .mohrs rna}' lherefo~ o"ere5limate tbe n,k to IIghl smoke",
leukaemIa mortahty cau$«! by iOOlzin, radiation (Figure 2. Smuh and Doll,
1982) and lumour incidence in mice inilialed wllh DMDA and promoled wilh
TPA (Figure 3. Stenback el 01" 1991) 'how lhe opposite effect. "'ith marked
downward cu,,'ature In do..-re,pon... L,near extrapolation from 1heob..,,'ed
ri'k at high.. doses could thus underestimate lhe ri'k allo"'er do.., by an orde'
of magnitude for 1h... agents,

One poSSIble explanation of su"h dowo"'ard cu,,'ature to do..-mpoose i.
th.. O"eo at moderate do.., a bigh p'oponlon of cell. are affecled. a, ha' bttn
obse"'ed m in cilro 'y"em, fo' bolh chemical and radialion·mdllCed lranoform-
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FiIOr< 2 Do"'-'..pon.. r<lotinn>lllp ","'..n exC'"
~ohemi. ,i'k and muo marro..dox D of I"od,.(ooo Ii"en
......tmen, fer onk)'IO""1 ,poodl'li'is, 11>< h•..-y I,oe. ,he
he<t.fittml model cen"d<lro by 11>< .ulhor< (Smllh and
Don. J982) i, prepo1"llooal ,ed,,,p ( _ kd), Thecerr<>pond.
,oi 10'0\'-<10'" ri,k «lImOle oS 2.0 per milho" p<NOO ~"'r1 p<r
rad Rcp,odured b; pe,mission of ,he B",UII Medical
Journal from Smith ond Doll (1982)
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FiJUT< 3 Tumour T<'pon.. In mlC< ,o",.,o:! "nh DMBA and I"omo'o:!
.."h TPA.•ho""o, do...n....rd cur""UT< '0 ..1.1000 '0 on,,,.,,", dose
Rtpfodoccd b) pormi"'on ofM_ilkJ. )""",,11, LId. from St<nN<k"~
(19S1)

alion (Kennedy ~I al" 1984). An obsc,,'allon lhal 'UU..I' lhal Ih" can occur in
!'iro. alleasl ror radialion. is 11>0 high lumOUT incidence in Ibe off,pring of mice
wbo.. ,.rm coli' b..'e boen "radialed (Nomura. 1982), Al the hlgh"l d"..,.
( _ SOO rad) the p,-oponion ofoff,pring Ibal developed lumou", w'ilhin 8 monlb,
""a. increased by aboul 10-20 ~•. w-hich 'UU"led lhal al leul Ibi. proporlion.
and probably considerably more. of ,u",,',ng irrad,aled germ «lis ,uffered
herilable aheralion predisposIng 10 carcinogenesis, h i' pouible lhal cemin
I>ea,'ily exposed indu'lrial populalion, ha"e al.., ,uffered ouch ·...'uralion
..posure· to earcinolle... and lhal ..lrapolalioo from lheir experience could
thereror. undcrCllIl"",e the ",k at lower le"els. I" lhis eonteXl. 'saturalion
expo,ure' doe' nol neccs",rily mean Ihallhe cancer risk i' enormous. bUllhal a
his/! proportion of cell' are al'm'd. and nelIher lhis proponion nor Ihe risk per
affCC1ed cell of becominl! fully malignanl ...·ill increa'" in proponion 10 funher
increases i" dose,

) CUllR(:NT PROBL(:MS AND rUTUll(: D(:V[LOPMDiTS

The 'Iudy ofdose-'espon.. rdationsh,p' rai"" ..,'eral inltrrclaled but «parale
problolll$. SOme of ,,-hieh are lisled bolo"" Cert<lin i$$u.. are discu...w in more
detail in laler ""'lio... including lalenl period. "'bicb i' one of Ibe m"'l
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frequently abused concept< in epidemioiosy: wtal dose and lbe confu'ion ofdose
and time in do",-",spon'" relationsh,ps: faclors lhal may affect do"'- ....ponse
for ioni,in, radiation: and Ihe errors lhal Can an", ",h,n p",,'al,nce rather lhan
incidence i' analysed

3.1 TIll: Approprlu. Statistical Approacb to Anall.ls. [xtnpolatiOil
aJHI laterpuluiOll

The importance of formal separation and "'parate analy<o< of dose and lime
effecl' and temporal difference< in Ihe effecl' of carcinoi\ens acting al diffe"",t
'lage. (inilialors and intermediale or late-stag, promoters) is still not universally
appre<:iated. Errors of analysis u,ually ari'" a, a ....ult of r.ilu" to fonoulale a
sen'ible model or by using intuili",ly appealing bUl inappropriale mea,ures of
r..pon", {p",'alence Or lat,nt prriod ralher than incidence) or ..posure
(confmion or combination of dose rate and durauon of exposure). So"eral
exampl.. of .uch erron are gi"w on a later ""'lion,

3.1 Tbe EfI.<:I1 of MeasuremUI Error

The'" systemaucally fIalten do"'-....pon'" eu",,,, and reduce lhe exponent of
<10"" Quadratic <Io",-response relauon,b,ps appear linear. and linear relation·
,bips apprar ,ublinear ,"'hen doses are e,tnnaled ,naocuralely.

3.3 Blol<>&ical Hypotbesell Reluini\ to Me<:hani..... of
CU<ln<>&enesi.

The 'tudi'" menlioned ,n th, pmiou' '«lion suggest that both radialion and
cbemical carcinogens can sometimes predispose a high proportion of cells to
bcc<>mc tran'formed or malipant. and the "mple't mulh'tage model. which
predICts lhal only a small fract,on of cell' art affe<:ted. may requirt su"'lanlial
modification to accommodate the.. ob"''''ation•. An<>ther anomaly which
m'ght be discU$sed at this meeting i. the fact that certain carcinogen. apprar 10
act as ,nitiato" for cerlain lUmou" and as promote" for Olhers (Day and
Bro"'n. 1980; Peto el ~I.. 1982). It seems unlikely thaI fundamentall}' diffe",nt
care",og,n" processes sbould happen to be caused by the same agent but bolb
initiators (Hennings er aJ,. 1983) and promoters (Slaga er al.• 1980),an acl at t""o
or mort 'lage< ,n exprrimenlal cal'Clnogen..,~.

3.4 Fu{ur. O....IOpIllODI< ID IDd...trlal Sun.III .....

Monitoring biochemical and genetic effeelS in industrial cohons should romp­
lnn,nt ralhor than replace tb. measurement of incidence or dealh rates in futu'"
studi... and th. titabhshment of a large dala base for fUlure research is one



importanl p=ti,al imlc I~I Ilti~ wetting ,houlll illdl"tM. for eumpl~.blood.
urine and perhaps .tool sampl... tOiCthcr "'tb en."onmental air sampl.. from
,,-hl(b gaseou, and paniculate expo,u'" can be measurt:d. <;(Iuld be eoU""tcd on a
mIllion 0' more "·orke.. e.'ery five yea.. or so. The approacb wbl<h ...,msto me
likely to pro.e tbe mOlt ""onomical and fruitful i' to ,tore both blolopeal and
environmental samples for fUlure case-<:ontrol 0' cohort anal)'s.. ntber than to
al\empt to mea,ure a large number of facton immcdiatdy_ The samplIng and
Itorage technIques should ideally pre"',",'e carcinogen, and tbei' metabolites.
alkylated ba.... fa<;\ors ,U<;h as beta~r01eneand ir)'l b)'drocarbon bydroxyla",
and possibly e,'en Ibe enlire genome_ Thi' i' caW to .ugge,t but dIfficult to do, but
the benefit. could be .uMlanllal. For example, tbe problem or linkinll lbe
modente cancer nsk ,n certam rubber worken '0 one or more of the Lorge
number of chemicals to which II>cy are exp<»ed eonld be approached more
ly'tema6cally through .uch a dau ba"" 'Job-expo,ure' malrices based on
employment record, are at besl only ..mtquantitali'-e, and premalignant efTe<;lS
ofexposure rna)' be ,-.ry much mOre COmmon and appear much earher tb:,on oven
ca."""r. A moderale risk in men exposed 10 many possible carcinogens is
probably typical of future problem, ,n lndustnal ,u,",'cillanc-c_

Such a dala ba"', 101lelher "'ilh detailed dielary, smokinll, mcdl<al and
reprodLlCliv. bislones, "'ould of eourse also be of llreat value in other areas of
,ancer research,

3.5 Sialislieal MOlboolololl)" aM Moolel-rilliPll

Standard proll1amme, are already a"ailable fOf Ihe analy,i, of mul1iphcau"e
efT..:t. on "mple absolute or relati.'e ri'k data, bUllhere a", many ,ilualions in
...-hich mo", complex temponl mod.ls may be ....fnL For ....mple. tb. ",Iat"'.
nsk of epllb.hal cancer caused by ionizinll radialion, .nd of IUlli cancer caused
by brief inten'" asbestos exposure, increa... for some ye.....flef expolure, and
lhen either """"n, ,ouihly con,tant or e.'entually fall' (Day and Bro"'n, 1980).
It is ",,11 knn"'o that ,uch .fT..,,, correspond qualitallvely to the prt:dictions ofa
mult"taa:c model in ,,-hieh .n intermedi.te or Lote 'Iage i' .fT""led. bu' mOSt
epidemiolollim ha"e been rductant to fi' .-.ry ,pecific mod.l. to 'lICb dat._
Among the few .xamples of .uch anal)'sis. ho"·e'"r. ",."ral ha"e already p"",ed
meful:

(I) Knudson', t,,-.,...tage mod.1 for hentable susceptibIlity to ret!Poblasloma
(Knudson. 1971) has recenlly recei,-cd .Irong experimental suppon
(Ca.'ell« or aI., 1983).

(2) The ,uggeslion lhal eiprelle smoking afT...slhc fi ..1and pcnuhimale 'tag..
in 'he dC'o-.lopment oflung cancer ...,med anomalous In 1971 (0011. 1971), as
l I,,-o-slaie eff":l would be expected to produce a quadralic ralber tban
linear d.,...-rcsponse; but funher data ,ugge'l tbal Ihl' 1'n:dIClion "...



probably correct. and lhal the apparenl d"'" Itnearily in earlier slud~s

reflecled the inaccurac~' of >mo~ing hislori", a, a measure of bronch'al
expo.ure (Doll and reto. 1978),

(3) Mole and Major fiued spec,fic lmear and quadra';" dose-re.ponse models
incorporaling ~ll.~,lhng eITecl< '0 explain leukaemia rales in irrad'ated
annnal> (Major and Mole. 1978). and stICh a model may expla,n 'he
app;irently anomalou. leukaem'a <J"",-mponse relalion,h,p for p;iuents
Irradialed a. a lrea,ment for an~)'l""nl ,pond)'lili, (Smnh and DoI1. 1982).

None of these models i. likely '0 pro,'idc a complele explanalion of lhe
phenomena analysed. and SOl1'lC may be completel)' wronl, They are .. ill useful,
howe,'". both a, a ba.is for tentali"e theori",. and as a Slimulus 10 further
analysis of exiSling Slud,es and 'he colleclion of more eXlen.i"e and accurate
data. A 'tandard computer programme incorpora"ng both addi'ive and
mulliplicau"e d"'" eITectS al "anoUS Slages;n a multlSlage model would be a
useful addilion 10 lhe 1001, of cancer epidemiolol) Ideally. lhe programme
'hould be capable of analy,inll both absolute incidence ra'e'. and rela'ive
(ob>er"ed expecled) or exces> (obse ...·ed m,nus eXpeeled) rat", compared wnh
the alle"pec1fic rates ofa ..andard populalion, It would be .illy to eXpeelsuch a
pr0ll'amme '0 determine lhe exacl Slage or sequence of d,lTe..n, eITeclS. bUl it
m,gh, fac,lllate ,he "il;,,;,m and funher developmen, of such models. Al a
simpler 1.,.'e1. induSlrial ..udies in which e.posum at d,lTe..n, "rnes and
inlensiti.. are ",Iimated fo' a ,insle ClIrcinOjen require an additi"e model for the
comb,nod elTecl' ofseparate exposures. whICh aredlflkulllO incorpora,e inlo the
eon"entlonal proportional ha.z.ards model in "'hich separale elTec" acl
muIt iplicati"ely.

4 USE AND ABUSE or THE CONCEPT or LATE~C\'

The lonl delay bel"'·..n firs' exposure and any detectable ,ncrease In cancer
,nCl<!cnce that" ob>e,....ed for many carcinogens i' predicled by Ihe C<juation

'" h'h d...,ribes. a' least approx'ma'ely. the incidence pauem of 'arious human
and ammal tumours caused by chronic 10"·.<Jose exposure (Doll. 1971). J<!cno,"
cancer inc'dence.' ,s either durauon of e.posu.. Or lime since first eJlposure 10
the carcinogen. and b i' connan, for a g1\'en dose I.,.'el, The exponent k is u,,,,,Uy
J 0' more. and a potent carcinogen "hich causes cancer ,n 10\ of exposed
;ndi"id""ls "'ithin 40 years of first uposurc 10',11 the..fo,e p,oducc a cumu!ali"e
risk of Ie,s lban 0.04 \ wilhin 10 year>. In a cohort of 1000 workers in which
100 cancers are caused" lIh'" 40 years offirslexposure. l\ willlhus be unusual for
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any cases to ocrur ...lthin 10 )'~ars of fim e~polure,althollgh several m;l)' IlC'Ollr
l>ety,ttn 15 and 20 yea" afte' the lim e.po,ure.

4.1 ~6l\itlol\s of Luenc)' in Common Use

This lag l>etw~n fi"t ~.posure and an appreciable increase in cancer risk is of
cons,duab~practical importance. It delermines the delay betw~n Ihe introduc­
tion of a new carcinogen and its ep,dem,olog,cal detect,on. and 'he 10"" of
e~pecte<l hf~ of a cancer "ictim will be Ie" if the latem period i' lonll. The
widespread belief Ihal latenC}' increase' as e~posure is rN~ i, not in gencral
true. however; mdeN. ,t 's shown below 'ha' th~ a"erage age at diagnosis or
dea'h for lunll cancers caused by mode,.te e~po,ure '0 cigarette 'moke or
asbestos may "'ell be slightly oldu than for lunll cancers among non-smokers nol
e~posed '0 asbest"'. Hea"y ..posure to a ca~,nogen can produce the opposite
effe.:t. al'hough 'hIS IS usually due '0 the shorten,ng of life. not to changes in the
age-,pecific incidence pattern. This confu'ion i' due largel}' to Ihe fact 'ha'the
teno 'latent period' is used in a' kast fOUl qui'~ differen' sense,.

4.1,] A Pe.Wd of Abwl",. I",,,,,,nil)'

By an i"i'atmg qUirk of stati't"'s. a cancer ,ncidence ra'~ that is apprOXImately
proponionalto a po"'er of age or time 'ince first e~posure can al'" be described
by ,h••quat,on

Thus. for e~ample. th. lung cancel rate among hf._long smoke" can be .qually
"..,11 finN ei'hu by the >c"enth po""" of age or Ihe fourth po",..,r of duration of
smoking (0<:>11. 1971> 0<:>11 and P.to. 1978), Durauon ofsmoking 'Houghly equal
to age minus 20 years, and in thi' in'tance the 'lall' of 20 years is merely the age by
which the habit of regular ,moking 's estabh,hed. There i' probably also a lagofa
f.... weeks In mice and a year or more in humans between the existence oflhe firsl
full}' malignant cell and diagnosis of cancer,

Such a period of absolute immunily Is a useful and meaningful concept, but it'
duration cannot u,ually be estimatN with any precision. e~cep, in targe
e~penments in whlOh a h,gh proportion of an'mals d"'elop cancer.

4.],2 Th<: A,uogr {nteno] lktK"ffn Fir" ExJW'u" ond DiagMJis

This .'aries vossl}' with age al exposun:. duration of follo",'-up and mortality
due to other ~au.... and i' only weakly and inconsistently relat«l,o ,ntensi,y of
e..posure, unkss doses an: so hiGh 'ha' a h,gh proportion of indi,'idual. (usually
experimental animal') dC"elop cancer O' di~ of toxic effects,
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... " l'ar,onJiJr CIJIt«I

n... is oof/f1lUtlll!<l .. "'tldt b) lht tItt oflht cobon .. b) lht m1eaSl1) of
apowre and 15 merrl) a cndc malUre of i.llt pOlin al ... Incb i.llt prodllCl of
<:WlllIIau.... rnJ; and <:ohon tItt IS of'M onIcr of W01')

4.14 n. r_ by Wltd'" FlUd ~I_lf/AIUIItI2ls III" H'fII 1
C~SU UI'"ilnml HIlN Drr~C<m«r

ThtS tS ofcourt< .'.on&l)· relaled 10 dIMe. bUl DNC1<rq"S Slud) (Dnx:1<I\"Y. 1967)
...·hio:h sh.,..,"t'd ,h,s is still incorrectly CIted ue,"Kkna: ,ILa, ·lal.OI period" in one of
Ihe .....SCS deftned .bo,·. ",-ill be dose-Itt.ted

4.2 Error' Due ,n llIOonsi ...o' OoOniliOll o( LII.ncy

It It molt un'lollllf.clory lhal lhe ...me term l.hould be used. u.u,lly ",."hout
formal deftn",on, ,n fOUl qUltC d,tT• ....,t ...run. lbe r>ecd for • bell....
lUIIIentand,nl .nd definlt;on of lhe conctpl of la,.nc) IS ,lIUStl1lled by' 1M
folkntol0ltUmpin. 10 each ct.... lhe "Obscn"llllon' i•• neoessarrronoeq~ of
lht parucular definlllon of blmcy llull ""lIS ""pllcnl) used.•nd lhe ftSll1unl
mfCl""t1lCC IS arwlar or flht.

A dnft repon oa!be dfccu of .........01 ....nten for a l,;S <><>-..mlltlll IfIIllCY
I>Ol.:d thaI ,he m'....."11 bn"fIU'n fin< .Ws!0I <:1pom.. and diagDOUl of pIewaI_beI_. IS mwndy <dated 10 ...., fin< Upos<lre 1luJ IS 1lardIy
mrpnsma; ,bote fin<.>.p<ned ., ..... SOor ilter ... naIitd) 10 In.. IoqcnouP 10
<k\-dop _heboma. bul if~ do !be 'ble1l1 penod' <:aJmOt lIItldt ae«d
3O)UIS. TIlt mftmltt tha, .."lIS d.....lI fTOlllllus obsen"J-lJOII.Wl 'M pIewaI
_beb<ImI"oJ< maybe knto...... ben~.'.. Cl<poscd.,loun........ nof
COUnt lht <IppOloOtc of lbe lruth.

A I'C\........ of ClI reporu of chIldhood mtloOIhebomas (defined IS ClIf'OS
dtaplOOOd below 15) obsc"-.d thaI "1M INKI con'J'icuous tWJerencc bet........
tbe characlmlllC'$ ofmco<>lheboma In .h,ld..n .nd '0 .dults IS d... kllJlh of lhe
Ia,e", pcnocl of this IUmou, (up 10 I. ye.tS ,n child....., .nd from 20-55 YUtS '0
.dull.)'. Her. Ip,O. lhe tautololiY lhal'xposu,. Cannol begin he(ore birth (or
conceplion. for in U'Oto exposure) aod .anc.r cannot d.'·elop aft., d.alh is
prestrlted IS I sianiOcanl epid.miolop:llliodini. Long folio.. ·up of I .ohon of
indi>idualle>poICd to .,hestos ,n childhood \ll"Quld he ~u"ed '0 dcmOnSll1llt
thaI llle rcsulllni plllC11l of rtlt$(>lh.lloma incidence dltTers from IILaI caused by
lal.r upowre

It is ofIen ....gnllOd IlLallht Ialml period 'fIC'1"USCS iU lhe expowre level falls.
and lila! llus prO'ildcs IJl dfa.:u\l: Yofe lhrollold fora~ u below I
ocru.m Ir.et llw: illt11< penod ..ill caettd lhe h1llDln hfe-span. 1luJ aus-
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\lnlkmandmg i.common e"en among epidemiologistl, and i~ worth comidering
in more detail

4.3 Comparison of Vir;""" Od\nition. of L.l~lIty

Suppose thala cohon of ind\lmial "'orkers;. first oxposed to a carcInogen at ago
25 and lhallheir relati.'e l\lng caneer risk i' 1,0 up 10 age 35. increases .loadily to a
mu'mum age of 65. and romains at lhis 10"01 thereafter, The effeclS of varying
mten,ity of expo'\lre. d\lration of follo"'-\lp and tho SilO of 'ho cohon on
differont mea.u ..... of 'latent perlOO' are shown 00 Table I, which i' calculaled
from 8rili.h malt death rat... for lung cancer and olher cause" Age. rathor than
laten' periods are ,ho"'n, but as the cohortS are all first oxposed al age 2$ (excepl,
ofcourse. lhe un..posed cohort) lhe correspondinillatent periods are .imply allo
minu' 25 yea", .... hato.'or definition of latene}' i. adopt""',

Tho age al which the fiNI lung canetr death OCCUN, and lhe allo by "'hich a
cena,n proportion (5°/. in Table I) ha"e diod of lung cancer. both faU with
inerea,inll imensit}' ofuposure. ahhough lhe fonnor i' also llro>sly affectod by
the .ize oflhecohon: but tho averallo allo al doalh of those ,,'ho die ofl\lnll CaOCe,
i' virt\lally \lnalterod until tho nsk is so h,gh that a ,ubnanlial proportion of the
cohon is ehm,nated by lhe hazard. Tablo I also .how. lhal Ihi. a,'n.ge .ge is
ll1""ly undoreslim.,od If 'he cohon i' not follo"'ed 10 eXlinClion: i' mun be
...hmaled by oxtrapolalion, not, a, i' ofton dono, It}' merely a,'erallng 'he .g", at
death observed in a $ludy. Although the offect i' 'mall, il i' perhaps wonh
emphasiz,ng that lhe avtrage allo.t de.th from lung Cancer i, actu.II}' incre.sed
by moderalo exposure, from 6ll.1 ye." 00 the unexposed goneral populalion 10

6ll,4 years 00 mOOn.toly exposed workers whose lung c.ncer ri.k is doublod in
old age_ Tho effect of carcinogon. \uch a. cigarel\e .moke .nd ••beslo> 'hal
produce Ihi. sorl of ri.k patlem i. ,hu. '0 ,ncre.se 'he probahihly ofdovolop,nll
cancer, but not to m.ke it occur earlier.

.5 TOTAL DOSE AS A MEASURE OF RADIATlO ..... OR
ASBESTOS EXPOSl:RE

A'besto' and ionizing radiation are Ihe ,wo m"'l important industrial carci·
nogens for wh'ch there aro some dose-response data and reason.bly accurate
dal. on temporal effect'. but the mechanism. b}' ,,-hich lhoy .Ct rna}' be quilt
unlike lhose of lhe major <n~ironmenUlI c.uses of cancer or of chemical
carcinogon. ,n induSlr" The carc,nogonic effeca ofa,besto, may be entirel}' d""
to ph}'sical ralhe, than chemical propert'.... and dose~re'ponse dala aro difficult
to inlerpret, as the offects of asbe.I'" appoar to vary wi'h fib,e knglh and
diameler, and "'ilh r..idonee .nd tran.porl d,fforence' belween difforent fibre,.
Tho effects of radiation aro complicaled by cell killing and porhaps DNA repaor
mechanism., and depend on fr.ctionation .nd $Canenng ,n ...... )'. "hieh.re nol



T.~ I Mea'urcsoo"«p",,<I'"i 10 <I,lkrent Ikfin'tion. of'l...", I'<no<l' '" .001>0<' ofworh" folloll"oo uP"""" first e<posur< 10' lung
co<ein<>gen.1 'If 25

" 44.4 O,l'. Not r<achcd '"(Io.ge 50)
~ ~, r.; " '"(10 ag. 75)
," ~, ."" " %
o",..tlOn

" 44.9 0.5·. '" r..""hcd "(to 'g. 501
~ "' IP, " "Ito'ge 75)
T• ~.T 16'. " "..ti..tion

" %0 1.4', Not ,...hcd "Ito ago SO)
~ "0 4l', ~ "('0 age 75)
To M' ~" ~ "".Wnet","

ro,

MO

1LJ

M.O

"

Age of firs'
~'n8 ""nce,

<I""th'

All< by "hich
5·.d"'of

lung en",,",

Not ,,,,,,,hcd

43".

~""

1.4·,

'. of cooon
d~"'i of lung

0_'

~,

"0

Averag. 'Il<
of lung C'IIl""

"""t~,

I'ollo"-up
In ye'"

"Ito "go 50)
~

ito.go 151,.
.,Iinction

u..,po>«l
(RK _ 11

500 mcn

E,f'OSu", level
(rna<. rei. riU)
and col1ort ,i""

Modcrate
111.11._2)

'" -"

Ik••y
(1111 10)
500 mell

11«l>Y
(11.11. 10)
100 men

, At< offi"t durh" <l<fi..,.j .. ,1><.11' by ~'h"" 'I>< l",*",tMt"y 'ha,., ~""'" l"lca"",,, <h'h h.. ""'",'"" ,n "",_t ..«ed. 50'~

" 'u","_ that ,lit ,."',;,., ,~k r", I"l"''''''' " t.O"" 'o.ge Jl."" ,is« uM..mly hum 0."" ... )1'0' ",mmum "'8< ~."" "'..."'''',......,,hmllr,,,



'.

yft ulldmtood. "ThN (100 JiflI~ Irt ftl1JOl' Clrl'lllOltftS lllillm 0V01l nal'lI.
~~",._ aDd tbt qe aDd umc dep:adcDC< of tbt C&DC<R lhoy proc!llCO. bk~ tho«:
ca\lKld by dImucal~ CIll ~ upbU>«1. a' \ea$, q.....tall>'d). ""Ihm
tbt smonJ f~-..rt of,~ lIlul'n.tIF model

S-I C-'-th~ ~OI I:",..-etlllfoos* or UfOllltt wtl
.... o.ariH

"T'beK IS an almool p:rfml) hlltar ...lallOfUlup amon, a.MlOil IJ1U1efS aDd
mdltrs ~l""«fl 1M ...Ia",'. nsk ror III'"~ and ('<lU'lUltd 'wmulallv" doK·,
1M prodUC1 or,v'mI,. "limattd upOilu", ,",~I and dUflllon orU pOilll'" (F'I" r~

4, Pelo, 1978; McDonald or w_. 1980), nw.'-.nt....l ...la'"". n~k ror Iun, ca....r
abo Inc "uh inc ,'" dUral ion of .xposun:, h.......v••. "'h",h can of
oourso be urod .''In: ly lCl:ural.ly. and r~,ul" "milar 10 thoso ,hO"ll in
Fi,u... 4 "'ould lh~f.fo... be oblalned if 11\0 .Xpo,UfO levd of lh••nlif. cohon
w... the ..m~. or .>'en. for lhal mau••. if .xposu... ltv~1 ..limatet ...~.. a",,,,td
to IndIvidual' at random. The cmicallnl of .xpoIurele"elnumatn ;'11\0 d"",­
mponse for ..·.rate ..umattd expoluro Itvd' amon. wo.kers uposed fOf
Slrmlar duralionL

One Ilnpon.ant lmphcallon or 1M far 1'"".' accuracy of meU\l.R'ltXl11 of
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duration than ofdoso is lbat tbe best strat.gy for detecting indus, rial careln0&en,
may be '0 depend enurely on duration, particularl)' in ca~ontrol studIes. A
case<ontrol study in ...-bicb control. from the sam<' flC10ry are malcbe<! for
dUf1Iuon of«JIplo)"men, ""ould fail to detee1 a potent careino..n if no lar,. jOb
category In,'ol.-ed .:u:eplionalexposure, Once tbe carcino..n has been deteeled.
bo"."er. a cl.ar r.lalion.hip bet"'..,n ••posur. le...1 and risk is r«!ulred to
demonstrate lbal the expo,ure e,umate, pro,id. a satisfaclory basis for dose­
re'ponse esttmation and extrapolation,

S.2 Totll Iffldilti.... Dow ItHI Lub.mla Riok

For praClical purpo..., the most importanl outSlandinll que.tlOn in relation '0
rad,allon ClIremo,ene", " tbe lihly .tTe<:t of lo....-<loso .xposur., to worhrs in
certain industrie•. '0 the llen.ralpopulation from amb,"nt 1.".1, or a,,"dentS
In,'ol,,n, release of radioacti.'e mat.nal. and 10 pati.nts in ,ouline radiollraphy.
The caroinogenic bu.ard of bnef Intense rad,a"on IS Instlnificant m companson
...-ith the hazard' of most diseases for ...-hich f1Idiotherapy i. no...·l!i'·.n, or ,he
mort: lmmedlat. conSC<luenees ofnuclear "'-Ir. Unfonunatcl)'. bowever, the best
dose-respon.. data so fa' obtaIned relate to tbe .tTe<:ts of radiotherapy or
nuclear ...-eapons. and there i. "ill considerable ut>C<rtaint)' in the reltabllity of
l"""-<lose prediction. d.ri,ed from .uch data. ...-hicb are not .uffici.ntl)' detailed
or .x'enSI"e to pro"de an adeqUlte test of the assump"ons Implicit In sucb
."rapolation, Some of these difficulttes are illu>trated b) tbe data on leukaemia
mortalily amonll patients i,rad,aled as a lrealment for ank)'loolnl.pond)htIS
(Fillure 2. Smith and Doll, 1982),

For medical "radiation. tbe .tTeets of Sl.'attering and cell killing may
substantially atTeeI tbe doso-respon.. curv•. It i' not possible tn praclice to
..timate accuratcly tbe dtstributlon of doses d.l,,·ered to all SUSl.'ep'ibl. ""US by
Sl.'att.rin, from a focused beam. but tbe follo...,nll Slmple model ''''.. som.,d..
of tbe type of .tTeelS that mIght occur. Th. thr« cur"es sho...·n in Figure Sshow
the relallonshlp bet...-«n ri'k and total dose for thr« different beam pattern,.
assuminll a lin.ar dose .ffecl "'ith cell k,lhnl. Th. ",k R i, 'hu, proportional to
d,exp( -kJ) .', "he.. d i. dose per unit volume, r is lhe ,olume of marrow
irradiated. and tbe con"ant k i' ehoson to correspond '0 SO~; cell killing a'
100 rad. Up '0 a tOlal dose of SO cad. the .ffeel. of incre..tnl th. intensity of
irradiation to unit volume of marrOW (ltne C) or of increasmll th••'olume
untfonnly irradiated at SO rad (line A) are approxima..ly equal. but at hIgher
total do... th.y diff.r markedly. Lin. a Shows ,h••ffect of..alt.rinll. The beam
intensity i, nOrm!;llly distributed alonl a length of marrow, wilh the same
intensil)' in tbe cenlre of tbe beam and the same total doso as for C. At high doses
the risk i' still substanual. because irradialed ""US at the edge of the beam sur\,.,.
If the U5UD1ption of dose bnearity i~ correct. th~ dose-response relationship
,hown in Figure 2 is presumably a ...-eighted a".ra,e of .uch pall.m•. but th.ir



relau\( oonlribuuoni Ire dIfficult 10 ISSeiS. and probably \'tl) II dllferenllol1l
do5/:$. O.U1 on pallmli ~~poscd 10 mulmum dosei per un'l "OhllTle muth
~~inJ,he SO·• ~U·k,U,nl~~ 'h'" of bIlk ,..J... in ._n,lhe ruk of
",-boJt.-body imdlauon .1 ~ Ie\-eh un..... ,he d,<lnbtluon of ,mdlallon ...
kDoaooll in crea' dnalL and • btlltf auma'( m1JbI he obu.uxd ,r 'he) "'~

,~. aDd [he IDOdd •.up( -.to') r Iinrd 10 lhe daUl on pal_Ii '"boK
Ill~tl or trndJallon did _ ~ 200 rIld or 100_ 1l>rw dlfticullln "'wr
~~ SmI.h and Doll"'bo rmpbasued 1M q...iU.....bll: ,..bdny oflbnf
fIIOdel-limnl aDd rnullUll u,tapnlauon~ 011 man IIIaJTO'" dcolci. .,.,
pomtod oullballhe) obu.lI.ed. iUrpriMnJl} "'Jh~'( of!he SO'. cdI.hlhq
dme (. man dme of 110 rad. t:Of1""'5JIO"~'lOadme 10 imd.. tod 1IWTO'" of
.bou-l400 radl· T1>t) "'~ u...bll:. "',lh !hedaUl a\-.ilable.1O iq)&J1IU ,nlt1lSllYof
ll'radi:l1Ion aDd 'olIlrrlI! of marrow ,md...1rd. btll such ....Iym ""a1n iUbilatI­
1..1Iy all",. <hctr mull< If!he daUlIll fip,.., 2., mean doin ~1ll1200rad
could he d"""MCd u Unlllterpm.bIc: andacu of"",-umnl .Dd odI tJlho&. r....
rumpk.• man plauill* SO· .ml-kllb",le>el of.bout 100.-ad could be Iinni
10 1M fi~ll..odat. polI1u, .hllouJh ,\ rould ob\lOUsly nol heCilI.... lrd ..nh an)
~ from 'hne dal. aIon<= ROiInct;lIJ ....~-.il;.o ,he: ''''0 \crf,'nl dose Iro't'lo
could .Iso e1IMr ,,,,,r~U~ Of rrd~ 1M Dl,ma'ro nsk .\ I"",-er dosei, The: tlurd
tu"'~ in fil"'. 2 ..ould nO Ion,e-r he COMlntned 10 lir hel.,...lhe: otM...·ed ruts
.1 mean doses MI"",' 200 nd.•nd ,f ,he: "",an dos< of 100-200 nd COflUponded
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appro"mat.ly to a do»t of :lOll rad to half lho marro...· .nd th. 50~.ceil-killing
do»t ",en: 100 rad. tho ri'k caused by 150 rad of ... hok·body "radiation could be
up to thrtt UmOS I"'at.e than tho ot>.e,.,..<d ri'k plon<d at 150 "'d ,n F,gun: 2.
drpendinll on th. drgr.. of SCattmnl. Th. 1I ....r mod<l d"xPf ~ kd) ...·ould th.n
pr<dict a kub.mla ri'k at 10'" do.., up to.n ordor ofmagnitude hllber lhan lhe
fillurt of aboul 2 ptr million ptr year ptr "'d d.n,·<d from lho.. dala: but tho
qu.d"'ti< model d' . •xp( -kd) ...·ould fit lhe firsll"o poinu in Fisurt 2 beller
than ,be hnear mooel and ...·ould pr<dict a n.slipbl. ",k at 10'" d0$C"5. E'llmat..
based on tho e'ptrience of atomic bomb .urvi'ors "ho «<e"'ed ,,'hol.-body
irradialion of undot 100 rad ,ug~'l that lho ..limat. of 2 pcr million pcr }-.a, per
,ad e.nnol be mu<:h 10 low (8«bt tt al.. 1978). 00 the do..- pon... may "'ell be
quadralle, ptfhapo "'-;lh • linear component There i' id<nce of &ro"
diff.renee, bet...·..n th••ffm, pcr unit do.. ofbntf and prO,rael<d irradiation.
how...·"'. at I.a't in mice. and lho.. an: ...'e,al O1htf unccnamll., m 'u<:h
compa,ioon,. includms problem, ofdo"merry and tbe "lati"e .ffeets ofd,ffe"nt
",a,·.ltnlth, and Olher panlCl<s. Furth« dala. pref..ably from direct ot>.e,·
'''lion of COhortS .xpos<d '0 I...'el, of 100 "'d 0' IO$S. art ,.qUlr<d 10 pro,1d.
rehabl...Umales of the Iikel} eff""ts at low.. le,'.I•.

6 INAPPROPRIATE MEASURES OF RISK AND DOSE

6.1 IllCid.ltC. and P,n.lon«

On. rea50n fo' analy,ing cane.e mcid.nee f"'t. of apptarance of n....· cases)
'alher lhan prt...lene< (cumUlalL\" ri'k ofd."dopmg ca....ee) i, lh.l inCldenc. i,
likely to be rouShly proponionallo the number of c.lI, that rum: und.'lIone all
bUl thela" 'Ia~ ofcarcinOlenOSIS. and IS lh'" a moro dIrect m•.,uroofcu".m
biological condition. The formula fOf if>C1d.nee IS ,h=for. l,kdy to be
scltnulkally mort Infonnall\". and math.matically Inoro '",ctabl•. Pro,'alenee i.
SOCIally .nd dmically mOre Important. ho",,,'.,, aod mort ,.adil}' understood
Sun''''al da" art th.refor. oft.n di.play'<d by plol1ln& ,un·",,1 CUI".'. "hich
mea,ure pre"al.lIct, bUI should be analy-sed '0 «rnlS of lille undtrlling IPCldence
pau.rn.

T1>< nudc>' Inca,Uro ofp',,'al= i. the proportion ofindi'1dual' "ho ha,.
dn.lop«! cance'. Thi. i. a "irtually- meantpg!eS$ ,lall'lIc unit" " i, calculated ',n
lhe at>.enee of o'htr cau.., of d.alh· by propt, ae'uanal mtlhod, al a ,pecili<d
11m. af«r lifit .'poour<. Animal carcinoa.nicily IOSIS act ,till oft.n rrpon«l in
thIS crud. "'''}', ho...'••'cr. in 'plte ofth. f;KI lhal a PlH.m cafClnogen tbat i. al50
directly 10xIC can ;Kluall}' ,educe th. probability ofdt\,.loplo& Can«r by kllhng
apimal. befor< th. lumour has had \1m< to d....lop, Th. sam. mistak< is slill
$OmetimO$ mad. by .pidemiologlSt•. Th. lhr« ""ntili. repons d....'ibed belo".
commissioned by 01 submm«l to government "gtllCl" for tile pUrpos< of
....S$ms and ....'ising hY-llien••laodards for 0Ib<s10$.•xamlned p......1<nce



376 M~'1r<>d.t f'" E$limmi'lg Risk of Ch~mical f,,}~ry

II.-ithoullaking adequate account ofd~ and lime dependence. In each cax.
con'~ntio""lanaIY111 of dose. lime and incidence raleS ...ould ba"e avoided Ibe
re1ullin, misinlerprelalion.

6.2./ Prn'ale"et af AsNJtOJ·'elat~dSi~n.t and C"",~loli.. Dose

Th" eumpi( In,'ol,'., crepllalion, (.n early "an of a,beslOS expo>ure) ra,he,
than cancer incidence.•nd " lbu. nol direclly relevanl 10 lbe subject of lbi.
paper. The 2libre ml bn",ne standard for a$\>estos InlfOOUO«l mo", than 10
yea... "0 in Britain and .ubsequenlty in ""eral olber countri.....as b.>sed on lbi•
• nalysi •• hO""e\'er. and il 'herdore .....". wonb Indudin" bolb for melb­
odol",",.l teasons.•nd as • background to the olber e...mples described helo....

Worhl"1 "'ell: cla",fied lC<:<lrolna 10 the" cumulahve "bestos ,xposUIl: In
fibre ml' yeal"1 (a"era,e expo>ull: in each l'ear .ummed o'~r all }'ea1"1 of
employmem). and 1M proportIon surrenna from ,repllatlon. ploned ap,n.l thl<
index (Berry, 1973). A lOll-normal curve lined the data adequalell' (fillUre 6).
teadinll ,,, Ihe prediCtion 'hat lb. nsk II 100 fibre mI· l'tar< would be I.,s tban
1~,~, Lifetime (50 }'eaI"1) exposure at 2libre mill"'" a cumulat,,·. exposure of
100 fib'" ml' yea .... and it .... , the",fore concluded lhallhe re1ultinll risk "'ould
be less lhan 1~•• .., 'hat 2 libre ml would be .n ."",ptabl. st.ndaro, !)e"eral

'.

'.
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Filure 6 /'re<...ienc< orb 1ril<> (cr<pitauoo.) reltrtcd '" cumllltrti,..,
asbe>t'" upo<ure P"" (1978). redr...·" from Berry (1973) bl perm"•
..00 of tbe hlternauonal "Bene)' for R.......,h on Cancer



qUe>lionable a"umpli,,", are impl~il in Ihi~ calculalion (Pelo, 1979)_ The
rumulaliH dOS<' eannOI by ddin,l,on ,,,,,rease after e~p05u", ha' ceased, bUl lhe
pw'alence ofcrepilalion, cenainll does, and 1he ...me cohon examlOed 10 lears
laler "'ould ,n(\-ilabll' .ho'" a h'iber "'k al each dose 1(\-e1. The a,'.rag•••p05ure
1(\..,1 of lhi' cohon "'... of the order of 10 fib.. m!. and a mo", plauSIble
inlerpretallon ofFigu.. 6 is 'ha'lhe pre",lence .,aszero up 10 aboul 10 yearsand
lhen rose sharply with time, The absence of eases below 100 fib.. ml- )'ears
would then ",Oed. a dela)' be,,,,..n fi"l expo.ure and Ihe appearance of
symploms and ,ign, ra'her lhan a non·linear dose-response, The incidence of
erepilalion. dunng funher follo""·up of ,he$<: workers (Acheson and Gardner,
1979) "'a. 10 fact roughly proportional 10 eumula''''e dOS<' ",'en althe lovoesl
I(\-els, ,u"",ting Ihat Ihe life·long risk a1 2 fibre ml may be 20 Or mo.. hmes
greater Ihan Ihe I ~-. or Ie'" predicted from lhe "riilinal analysi., This error seem.
10 be direc'ly allributable '0 Ihe use of prev'alenee a, 'he primar) response
mea,u", and the confu'ion of dose and lime, ",'hich obscured lhe biological
implausiblht)' of lhe modeL

6.2,] Me",rMliomtl 'P'..-ale~(.'

An l$Sue of SOme 'mpon.""e ,n th. cUrren, d.ba.. on .'be"o' conlrol is the
mesolhelioma mk coused b) differenl l)'pes of a,be"os, nOlably chrysolile,
which i, now the predomman' 'ype ,n many eoun,ries. 'nclud,ng Bri'ain, The
epidemiological review (Acheson and Gardner, 1979) on ... hich lhe recom·
mended re".ion of'he Bntish h) goene Standard from 2 fibre milO 1 fibre ml was
based concluded that 'up 10 Ihe presenl time chrys01ile ha' rarely caused
mesothehoma', an infe,"""e based pn""ipally On the mortalny .xperi.""e of
chrysolile mine" and millers in Canada, After ",v'",""ing case repon, of
m<so'hehoma amona mlOers ,n Sou,h Afnea, ... here almos' all ealeS ha'",
o<xurred among miners exposed to eroctdolile ratber Iban ehf)'SOlile, Ihe Repon
conllnues:

__ the ev'dence from South Africa" cannot on i" o"'n be reilarded a.
conelus,,'e , Fortunalel)'. h"""e,,Of, ,upport for a "Iali"ely 10'" "'k of
mcsothelioJml associa'ed "','h chryso'ile mining can be found in other
counloo, particularly Canada_ __Accordinil 10 McDonald, a $Iudy
of dealh. in 11,379 chf)'sotile miners and millers has reHaled onl)
11 meso,hehoma$ .

On the ba.is of Ihi. obser.-alion it ",as apparenll)' a$Sumed Iha' lhe
mesolhehoma ri'k due '0 chryso'ile IS negligible, and lhi' cancer ...., ignored on
,he nsk eakula,ion., Apart from the S1atiSlical,mpropnety of thiS approach.
olher dala ,uUesl that lhe eonclu~ion may be false, as Ihe ralio of pleural
mes<>lhehorna 10 excess IUDi CaJK:r does Dol >tern 10 be eon"'lt1Illy depeodem
on fibre lype, and ",'en in lhi' cohort ofchrysolile miners (McDonald ., 01.. 1980)



w

"•
Table 2 Inappropriate do>< and ""pom" oomf""'''IU of coho,," of asb<<to. ,,·orke... Rcprodu=J by prrm,,,,,," of O""nch Rem""
Val.! and Bundc'iC'undl><il> amt [rom SChnciJe,man " 01.' I ~g I IDurahon Cumu",,," E'hmat«J Re,,,,,"..

"fstudy from Subvoup frequency of cumul.,i"" p<r "0" M.""hdio"""

"Study Type of onoe' of OlI!<,g<>riud ",,$O,h<· CAp<»O'" d""" rOo pe.- a' '. of lung
group ••m,os c'poSo", by ••po,o,< h....' (".1 (r-y/ml) [.y,'",11 0_"

fIn,ulauoo Amos'" JS y (.hon <" mon,h 04'.(2/481) " ON 6'. (2/);,)
maou["",",;08 ",,,,,,",.,) ,." n'o"t~ J.~~.(12/l39) '" O~ 21~;(12/~71 •2 ....be<lo)$ Croci<loh'<. M,II42y W. 0.3 ". (11{14381 W 003 lll",(II/29)
prod""" later ",'" 1.4'. 'W 0.02 47". (JS(l4) •,
manufO<1u,ing chrysot;1e •

.1Id aTJ'K>Si'e 1',3340y ,.. l'.lI1'J8) ~ om SOo,; 0/21 "-Ihgh lA'. (20jS9S) ''" 0.03 80'. (20/25) 0

•",be"". prDO""" C1uyso'ile. 31 +y W • 4,1', (12/2931 '00 ON 11".112/17\ Iman"I",'u,mg -- Med,,,m 4,1'. (10/2441 ,. 002 SJ~'.1l0,,12) [C'""W,Jol;le Ihgh S". (4flll) ~ 0,03 100".14'41
and • ....,..,e -,

6 T."i\< Chrysolj,. lD-1S+y Pro-l9S1 1.6S', P/424) 'W "~ 2", (1P~l <

p<oo""""n only
,

, In,.Jallo" O"y..,llie lo-~+y. 1.4'. m "~
38',(I70j4W)

appln""n .00 mOOian (170/llOSI)
'n'IO>tle '"•Mining or><! C1Jry""ilc 10 l\4 Y OJ.I9', ~ m, 4'.IIOf2S0)

milh"g 11(}/lool9)

9 Minong .,><1 Cbryso,,1e J,t, S6+y o.2~,; (1/5441 ~ 0.0002 4',11/28)
mHiing



the ratio (10 plcural mesotbd;omu 10 46 tJ.Cnl!v.tl, CJ.l'IoCt'rlln men) ..'U not
suitm,t) ..... tr ,ban 'ba' obstn~ 'II CJm.IIll tobort< of mt:Il ..'110 bad btt:n
bt;t,1ly upoM<! 10 <>1M form> of a.bnI...

M......bdKlf!'la ,ncldtnc:t nscs as 1M IIwd 01' fourth P"""t1 '" 11m< ....... int
asbnlos Uposul't (Ptto~,aJ~ 1982\. aDd lDCft lhall 99·. '"casu lIIIIy IbtrtfOl't
occur lDCft than 15 )un Iflef tinI upoIWt' Tho ptrttn~ofubmos ..wbn
in a cohon .. bo ba'l' .a far d<-.l'\op«I maotlId>OI'lIa. can th'" ,-at) by _ lban
1"0 ordcnofmapuluOe. dcpendllll oa the duraliol> offouc...',up. and llusCOldc:

SUlllWC is~ urutl'"Prccllbk.

6.1.1 l.wrg Ctmn, tJNI M~:WIMliomil Prn~'. tutti C""",k'-lir~ DoN

Tht rallo of lhe 10111 number of IUIII Cl.ntt .. 10 tilt total number of
mtsotbeliOln.ls III d,fforccnt indumial tohom oan 'al) from "ell o.or 100' I
amona hury smoke.. nol occupalionilly o~pos<d 10 a'bestos 10 0.3: 1 amon,
non·lJ11oktn h"'i1y exposed 10 ..bes'ot. as lilt mtWllltlioml rilk il hl,dly
Ifft<tN by ""ok,n,. D,IT<= III Ihll ral'O bet,,"tCn <oborn ar. lheref"re
probably d... more 10 diffe= in inunilly ofa>beslos e~posu« and »nokllli
than 10 <bff.ren<:n bt,,,'ttJI <blTtronl lyptS of UbnlOS. NOM the Ina, luch a
companson"'U tUN as ..-.dona of Ia~ d,ff.rttlCtS 'II ,'''' «III"'••ffe<U OIl
thnc lumoun of diff nl 'bre ')'ptO III a rtalll .... le'Io comm""oDtd by ,''''
Wm Gtrman Go , (Tabk 1. Stlulelde"UIlI~'aJ.• 1981). Thnt 1111",,"
alto calculalCd 'dose I'C'lpoMt'l1Iln for mnotbtboma III cachcobon III ptrtelll

fl(r 'bn- ml )Urf. d"'.dnl' tht audo< ptrmuajlt of tht 'OlI! cobon tha' bad
died '"~ II) lbe 1''CnJI" cumulau"" aposure of tht cobon. If. as
_ bkd), _bdKlf!'l' IDcidmot , )un afitr lilt btpnnm, '" tofIllIlllOlO>
asbtllOOI uposure II a It>"d of J litn ml " fOUPJy prOJlOflJOftlllIO J .,' '. a
'cumulall'l' d<R. of 100 litn ml ) ...n 11 tht mil of 50 )un' uposure II
1 'bros ml ..1U prodllCt IIlIDcidmot mort 'han 50IJDWS pa.1..-ltLon a dolt of
100 fitn ml )Un II ,be end of 10 ytan' upos"re II 10 fitn m!. and an .......
1a1Jt1 dlff.......:c ,n 1""'111<.....
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