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ABSTRACf

Sc~nti'ls have lonl used con'-entionalto,ioological ""'thods 10 e<tabli.h ''''fe
\c:vels of exposure' for ehemicals considered a. ha"lnl lllresholds for """'"
biolosi"al effects. These Umc methods cannot be US«lIO e<lablish safe Ie'-els of
exposure for chemical. COnsIdered as havinl no thresholds for some dTecu. stICh
os carcin0l"0esis, Therefore, federal repllatory aleneies in lhe United Slales
use risk estimalion methods 10 pro.'ide informalion for public heallh pol~

decisions concerninl ri.ks USOCIated Wilh exposure 10 chemICal. considered as
havinl no thre>hold effec... Atteplable exposure and risk Ie'-els are de<:ided by
pol~ make" who I"nerally conoider estimate. of nsks tOl"lher Wilh social and
economic hendi.. deri"ed from the tIit of chemical._

Thi. chapler discusus the devdopment of ri'k esllmation approaches by
Federal regulatory al"ncies in the Uniled Slales and idenlifies lhe mathematical
models cumnlly used for risk es\lmanon. The unttnaint;'" and limilauons of
lhese melhods have led ""me: ocienti.lS 10 que.tion the utilily ofquanlilative risk
estimalion. The US En'1ronmental Proteclion Agency (EPA) e,po:rie""".
summanud in lhis chapter. can provide a "'alislie basi' for evaluating the
",a""m for and against usinl.uch melhod., Finally. shoncomml' in curronl risk
aO$tS$ntent m.thods and their use in policy de<:ision. are explored, and a",as for
possible improvemenl, I,,,,,n CUrrtnl sc;enlific kno,,-l«lge. a", identified.

I II1oTRODUCfION

C<>nventional tox.,olollcal ""'thod. have long bttn av.,lable 10 define ''''fe
1...'01. of exposure' 10 agenl' cau,ing ad'-e~ effeet. which have identifiable
lhreshold. (NAS, 1977). More =c:nlly, ri,k es\lmalion mnhod. have been
de.'eloped 10 provide quanlilati"" mfonnation for agen.., moot notahly for
polential carcinol"ns, "-he,,, safe Ie'-els of exposure cannot be identified by
conl'collonlt mcthoos (EPA, t976; Alben tllll.. 1917: lUG, 191t.l). All ma>or
Federal regulalory agencies in the UnIted SIal.,. have used information oblained
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by quuuiUlu"" risk ewmation 10 csI.bliioh p<Oll!C'I'VC public b...lih policies.
Appb;::aUOIl. ,"chde ......u RlCb IS _'nnll'lod.Jatiorl.. &if polhll..nUo, tome food
«JnUlmlnaoU and pesurida. ................. co."am'oaO<l; and ..orw·, proICC_

uoa. wm.umcT ptOlflC'\JOfl.. haurdous ..-uu dispoul. and !he ........op of
"""""l1OIICd .."Ut...los.

10 llus 1U.I. rut .MM'=1I1 .. ddincd IS. '''"l;MIOP ptOCftL The lint >top
""olvcs. q lll..m~ ...111 1_ of all bonmcdlCal daUl .nibble '0 ...,...... lhc

quMIIOfI of ""'"' like!) an ' .. to be: • h......., (::1.1"'....,. Tbc likclihond ..
•~prcsscd 1R lCm>'I of adcqlLfoCY of boomcdlCal ...idmce. TIlt: l«ond "op In the
nsk .S5CSSmCfII proccu In>oJ..... fillllli some C1lt". <0 lhe ~-rcsPOIIJI< data
.nd couplmllt "'"h ,,,fo,..,,,.,l1..., .boul popu~lion npooura 1o .n...·.' the
folio.. In. q\lCOlIon: on lhe 'Mumlll,on lhe .Fnl i' • human camll"'.". ",!II.'"
II>c m.ll"lUuk of 1>c.1lh .mpact of culr.nl .nd f'rO)ccled npoourcs? Thcoc
....m.,..... I.nerall)' .~pr.ucd ,n I.,m, of ,,,,,...sed Ind,v,du.l hf.u= risk ;0
iubpopul'lionnnd lb. number ofannual cancer ca.., .nn ind.x ofnalion,,';d.
'mpact The.. a.. large ullCCna,nlOel "lOcialed "';Ih thi' •• Irapol.loon prOOC$$:
II>c..fo... lhe.. ~llmal... of nsk' musl be used ""h C.UI;on.

To provide quanl;tal;,e es"males ofn.k from \0.... je,.'C11 ornpoourc .....rally
found in lhe amb,,,,, ...,-iron=nl, lTIOf' often"ne mUll ..,rapolile from h~
doses In lhe ob>efYCd fll"l", uwaIIy ",>oJ>"OI.nimaI booauay Audoc:J. to much
Iao..... C1pooures iJl'ohllll hu....n popullUOftJ A1tboulb' '1I/'1C1) of matbernal'
ICaI moddo for ...ua.po!aUOll t..,.. beell p<aenled III lhe hla&IU!t'. lhe model
_ of\en w.cd by t:S rqublOf)'''''''''' bas beell aliDcar _thrcsboId ll'Odel
or • IUIlt1al' IIIOIkl ha'lDl' IillUl' _lhresll<Hd COIIIponcnl '" lhc Iao...so.c
I'CJ)OCI ollhc ~-rcsp<lIISI!curve. to QlImate <he uppc1 bound of risk (Chand
and Hod. 1914; Crump. 19811-; K,n,'!oki and Van R)"lln. 1981) Wbm adequate
h........ data .... "'lIiIablc. lhey a.. w.cd m pref...-...a 10 I.lI1I!IlII data for
quanuUI'~ rut CSlItna-'_, For h_n data. lhe bcs' lil <0 lhe doK-t'C>pODJC
daUl Ii IaCd 10 UlIapolate frDal1bJh doJes Inlow doocs (EPA. 198Ob; CAG.
1982) NepllVC.psdcmJooIoay <!ala ..r. Il>Cd 10 .... uppc1 boundt ..., nsk$.

Tbc EPA hunteo""" npcnmce .,Ih lhe...., ofquanuUllI"C IlJk csumalion
.1 • baStS fo' mak,nl publIC he,lth poJocydeC1S10ns. Sll"~ od.., Fede..l .........es
In lhe Untied Stites use "mil" IWrOilobcs. Ibe EPA .~pericncc is ~me<lln

wme delall in ,hi. paper 10 IllU$lnll. qllanti"li.. _WrNchel used .n the Un;led
Slates. The Appendi. provide, a detillcd d,scuss.on or the quant"al"'. risk
eiumllion models \>e,n. uled by the EPA." prev,ou.ly pubHibe<J (EPA. 198Ob),

1 OE\ ElOP)IE~Tor QtlANTITATI\'E RISK ASSESS)IENT
APPROACHES IN THE L!'oITEO STATES

Tbc EPA .......tabiJshcd by6<Cll1lV. order UI DceembeT 1910 Soon .fl....,,,nl,,
.. loCf1CS oIl<1iono 00IlUl>CfICtd .·h..bln~ the A.,...ey ,n ,he .....lua'- of
C&fC'U>OII"I'"da" aDd lhe mMlau.... oflhcse~-..Jualion$ ,nlO public policy. A
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bn~f hIStory provid•• the per>pecu,'. for ,h. currenl EPA policy. ,,'hich inwlves
an Internal procc.. for qualitat;v~ and quanlltahv. ca~r n.k a....sment

Between December 1970 and mtd-I97~. the EPA moved to .uspend and ca~1
mosl uses ofsev.ral majOr peshcld.s: DDT, aldrin and di.ldrin. and chlordane
and heptachlor. At the tim. it look lhese ac'ion>. ,h. Age....y IackM int.mal
procedures for assessinglbe ri.b associalM ",th the use of these pe"icides.
Inst.ad, much of the ,nformallon 'hal fOC1lsod on lhese pol.nlial rish came from
sometimes conJIicting .""Iuati"". that had been conducted by sticntisl$ outsi<!c
the EPA; these cnluation. were mostly quali'aliv. In large pan. ,h. full
sc>cntilie ..""lu.alion occurred during the subse<l ...nt adminIstrative hearin.. in
tesumony by expen "",tn.sse, called by tbe EPA and the r.glStrants. In shOll.
much of lh...i.nlllie information "'as assimilated .. a pan of an adv......tiv.
pr~ and had to be .unun.anzed in legal brief. at the cOllClusion of lho
hearin...

In summalll:mg the teslLmony of lh.ir .xpert "'iln....' in sev.ral htiption•.
lhe allome)'1 for the EPA ..t fonh cena,n .unun.ary .taternen" "'hich. in lhe
Iepl motion. " ..r. ref.rred to .. caJ>C(Cr principles (Respondents bn.r 1972;
Respondents mOlion. 1975). Thislri""rM a wid.,pr.ad perception lhatth.se
,ummary "al.ments rep....nted the Age y·s ca!'lttr policy. Bccau.. of thIS
perception, th.... so-called 'ca!'lttr pri iples' retti"M broad and gen.ral
cnllClSm b}' tho scIentific communtry. a ,uhstaotlal part ofth. private seclor. and
lh. ConVCss (•.g.. sec Tilt I..oM~I. 1976). Th. major thruSt of the cntlClsm was
nOt SO much that th.... Slat.lfJ(CnlS ,,'Cre incorn:c1.... " was that .uch a compl••
Ii.W a. carcinogen asses,ment cannot be ,dc<juat.ly co"erod in summary
,tatem.nts of thi, natu ....

Mor. specifically. th.re "'as a ""despr.ad Co!'lttm that the Age....y "'ould
simply ...prd all ag.nts associa.lM with thc ,nducllon of cancer in animal. as
equall}' Iik.I}' 10 be pol.ntial human carcinogen.; l...a' all .uch agents as if they
had the sam. pot.ncy; and r.gulat••xposu..... ,n the absence of. threshold or
information aboul degree of ri'k. to"'.rd zero <i'k. so far a. J'O"ible. To some
thIS meant a ~lan.y apPloach (zero nsk) fOl l"erally hundreds of .n ....ron_
m.ntal ag.n" ..,,'Cn lhoUllh the EPA Administrator, in his decisions on DDT,
aldnn dieldrin, .nd chlordan. heptachlor, did nol adopl a zero ri'k position. but
<alh.,. aucmpted to qualitah,'Cly bala!'ltt rish and benefi's for .ach use.

Tho Impr,ctic.lily of a,mlng loward zero risk on a broad seal. for a larg.
number of economically imponant ag.nlS is appar.nt. Also, ,,'hen one m,e"'S
th. authontics ,h. EPA inh.rilM in a ..rics ofla"" pa§.SCd in the 1970s that d.aI
"'ith the control of "",·"onm.ntal pollutantS. i ....luding carcinogen., it is
apparcnt that SOme ba.is for selling priorities is needM. Th. EPA authority
CO'",, .ight arcas: air pollution (Clean A" Ac'), pesticides (Federallnsecticidc,
Funll",Jd•. and Rodcnucide Act, FIFRA), pollution of "·at.r bod,,,, (Federal
Water POllUliOn Control Act), drinkIng "aIel (Safe D!lnk\ng Wat.r Act), toxic
substal1CC'S (To>", Subs~nccs Control Act). hazardou, "'aSles (Resource
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COIlSCr\'3.tion and Reco,'erJ Act), ullCOntroiled "1.Sl. utes (Comll~bensive
En,'ironm.mal R.spon.., CompefWIti"n, and L.abi]it), Act, usually referred
t" as 'SuperfuDd') (G""ernment Institutes. 1983), aDd i"nizin, radiati""
(und.r ..".ral authoritoes). In addilion. four olher major US re,ulal"ry a,.ooes
a'e abo cha'aM "',lh ~Ialln,cateln"JI'TlS under dIfferent authorities, These
includ., the Food and DrugAdmini'tration (FDA)(und.r the Food, Dru,. and
CcnmetlC Act), the C"n.umer Product Safet)' CMnmtSsion (CPSC) (und.r the
Consum« Product Saf.ty Act). the Occupational Safely and Health
"'dminlstrali"n (OSH"') (und.r lhe Occupati"nal Safety and Health Aot). and
th. US Depa'tment "rA,riculture (USDAL ",hich has ",me responSIbIlitIes f",
r.lulallnl food ..f.ty. Considerinl the la!i" number of chemicals 10 ,,'hich
peopl. are .xposed, many of "hich no,'. sh"",n catoln"II('n1C acu"ny In
laboratory antmal tests, "'me approach "a, cal~ for to d.termine the
magnllude of the 'isks. as a hasis fo' ..n,n, prion".., and halancln, riSks against
social and economic benefits.

Between 1976 and 1980. in orde' 10 pro"lde Information .....'dm' the dear«
ofnsk as.sociated "'lth diffell'nt levels ofe"posure. sn'eral US Fed.ral r.gulatory
agencies adopted Ih. u.. of risk a.....m.nt in makin, health poli,;y decisioM.
The EP... published ,uldelln", for ,,*telnogen nsk assessment and "'tablished a
senior healtb comminee in the A,.ncy to u .... cancer nsk (EP.... 1976; Albert"
al., 1977). The ""entlfic baSIS f'" the EPA appr"aeh ,,"as consiStent ";Ih
rec"mmendations from the ad"i",ry I'oup t" the NatIonal Cance, Institute,
"hich published lheir repon ab<>ullh. same time (NC"'BSEC. (977).

Th. FD'" al'" used nsk assessment approaches in a ..ries "f decisions
m""I",ng food ."ntammanlS. d,up. and e<>smetlOs. altb"ugh the FDA dId n"t
ad"pt gUIdelines for nsk a....smcnt. On••>lOrnpl. i' found in an application
"he.. the FDA relraeted a ..,ulalion ..I)'in, on the 101'prohll model to
establish oontammant hmlts for cateinozenic agentS tn ammal foodstuffs and
..placed It "'Itb a p,oposed ..,ulation ustn, the linea' nonthresbokl model
(FD"', 1973, 1977. (979). The FOA al", used the lint'ar mod.l as a basis for
dec;din, allo"'able ltrnilS of aflatol.in in peanul produc" and fo' perminin, the
use ofth. suspect..:! cartinogen.lead acetat•. In Iul,r dyes (fOA, 1978. 1980).~
Ne,,' York Time. carried an edilOrtal .ntitl.d 'A Careinolen Pa,ses' 10 point oul
the reasonableness ofan approach that rec"gnlZed the InsignIficance of '""''Y low
ri.k 1","",ls (~Ne,,' York Times, 1981lb).

OSHA adopt«! a can",r poli.oy that "",n!Jon..:! possible limIt«! use of
quantitative 'isk a.scs.m.nt (OSHA, (980), Followinll the Supreme Coun
deci'ion on the OSHA benzene 'tandard. bow",'et, OSHA now seem, leplly
b<>und to p,,,,ide al leasl so"", qu.antllat,,·e anal)"llS to ..."mate Impr""eme-ntS
(i.... reduced risk) in ".-ork.r h.allh as.soctale<! ""th more Slrin,enl standard.
(U.S. Sup.."", Coun, 1980).... Ne.,., York Time. editorial .ntit~ 'So It's A
Camnogen, But How BadT .ndorsed the utility ofquan1llati,.. m.a,ures of risk
tn decidinll the ut.nt "f nsk li$SOClat..:! ,,'tb po'enual carcinogens to set public
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policy (Tht Nroo' r",k Tim... 19SOa). This medIa co,-erage, albtit limited.
Indicate. al lea.t lhe inilialion of public a""reness and inleml in Ihe extent of
cancer rid:.

Major unatUtnl;e. art Inhertnt In the qu.antl!llh,-e nsk asot'lSmenl process,
for example, uneenaimieo associaled with hil!i- to 10",-<10« extrapol'lion
.nd extr.polalion from .mmallO m.n; .nd only rarely is ,nfonnatlon a,-ailable
concernlna .yneraislic interact,ons or ..sks in particulatly susceplible aroups.
The.. Iimitalion. have led SOme 10 oppoot lhe uot of nsk quan"",'ion In lhe
polICY proet«, For example, an article foll"",ina lhe Supreme Court decision on
benzene ciled limilalion. in quanlilati'-e ri'k ....osment as. reason fo' oppo<ma
lhe uot of quanlila""e as..-ssment (O<>nlltr, 1980). More reeently. Wernhou..
voiced similar concerns in hi' presidential address btfore lhe Ame'ican
A$<OClat,on for Cancer R....areh (Weinhouot. 1982), Neverthele". EPA, aiven
iii regula lOry respon,ibililie•• ha' felt il imperali'-e to uot qU<lnti",';ve a......•
ment despile admined problems. Tbe Agency's ..perienee. summarized m lhis
paper, can pro'oide a realiStic basis for O".luauna lhe reaSOn, for aod apl0<l
u"na quanlilati,-e ri'k e"imalion.

SttJna Ihe ntt<.! for a common approach, major US !"eiulatory alCncico joined
in ""riling a single document to .ddre" lbe issues invol";na lhe idemificalion of
eare,noaensand estimalion ofnd' (lRLG. 1979). Th" document emphasized the
importanee of carefully e"alualina all the posili'-e and noptive biomedical
C"idenee for c.areinoFnicity and p.....nlina the Slrenalh of lhis O"ldence clearly,
whelher or nOl quanhlal"-e CO"malCO of risk are al<c p'....nled. Tbe documenl
also di..uiSed available extrapolation models for e,mItatinll caneer ri'k and
sUlllle,ted the u.. of the linear nonlhre.hold model, wben only one model is
..Ieeted. An effon is currenlly under",ay. chaired by lhe President', Office of
ScIence and Technology PohC}'. to provide an updated Federal docum.nt on
Ih.... i..ues.

3 QUAJ'iTITATIVE APPROACHES IN l'SE I:'\" THE t11"ITED
STATES WITH SPECIFIC REFERENCE TO APPLICATIONS

IN THE US [I'VIRO;\,:\-lEi'\'TAL PROTECTIO;\, AGE;\,CY

3.1 HiSiorical Ptnpectl..

In 1976 the EPA be<:ame tbe first aaeney to adopt lIlidelinco for ..ientlfi>,
evaluation ofcancer rish and, further, 10 stale lhal pins io public heallh (i....
reductions in ri.k.) would bt balanced again.. social and eeonomicconeem' In
making regulalOry deciS1ons. 10 the ..teOI pennllled by the .nablina I'&islat;on
(prt,iously, risks and btnelil$ h.ld been balaJiced lIt all decisions In"ol"ina
pesticide wes, as required under FIFRA). The mo.t expcnena: \Il dale In UllO&;
rid: as>e'$Smenl in the ,eaul,lory p!"Oct$s has been in lhe area of care;noFnesis,
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although the EPA ha, proposed guidthnes for applYJng risk aMlment
approaches 10 mher biotopeal dT~ls> s""h as mmagenicity. This wor~ on
mutagenkit)' and other eff~I' co"tinues (EPA. 1980a.c)

In 1976. the EPA adopted a tw<>-st.p approach to ri,~ asoessment (EPA. 1976;
Albert ~I "I.. 1977). Ris~ as",osment ,,-as defined as a process to ans"..,r two
queslion"

(1) how likely is an agent 10 be a human carcino,.n"; and
(2) on th. assumption that it is. what is th. ma",ilude of public h.altb impact

gi..en current and projected expo,ure,?

Since only rarely do we know Ihal an agem i' indeed a huma" carcinogen. the
first st.p involv.s an evalual;on of aU the rel.vant bIomedical data to determine
the "".ight of evid.n... rbal an ag.nl mi&ht be a buman carcinoil.n. The second
,tep involves the quantllicahon of ri,~ and public b.alth impact in term. of rough
estlmat., of number of .xces> cancer$ for cun..,nt expo,ure, as ...en a, estimated
.xpo,ure, for vanolU ttgulalory optlons_

To ans",..,r thc firsl question reilardinillikely ."rcinoil.nicity. rh. biomedical
evidence may range from tb. strongesl .,id.nce. based on human data ba<:~ed

up by animal b;oa..ay resuhs. to sut>5tantial evidence provided by po,itive
result, from an, mal bIoassay 1"1', to ,uggestive or sUPportinil evidence provided
by positi..,. result> from short-ten<>. in d"" tests. Th. exact nature and extent of
evidence. h<Jv,..,....... cannOl be simpiy assip>ed fO bro;od caregorie$, such as t!le ones
mentioned abo..'e. but ralher .ach ca.. mu,t be judged individually by experts.
The.. judpoents att based on an ••..aluation of tbe relevant biomedical dam.
both negative and posilive. ro det.n<>;n. rh. likely carcinogenic potential, In tbe
EPA. l!lese evatlLltion, ha..'e always been ,ummarized in section' wh;cb discuss
th. w.ight of evidence for carcinoilenicil}', In ;oddilion. at one time. the Agency
a"iilned Ibe po,itive evidence to one of thr.e broad cat.,ori."

(I) strongest ",'id.nce-positiv. epidemiologic r<sults. hacked up by animal
data;

(2) substantial ~"d.nee-tb. broad r:ange of posit"'. results from animal
bloassa}'s; and

(3) ,uggestive ""denee-positive short-ten<> tesl results or bo,d~r1in.an,mal Or
human re,ults,

Beeau.. Ihese labels ""ere beinil applied ",'ithout full apprecialion of delailed
evaluation. the EPA dropped the lahcl,. and si""" then il has relied primarily on
,ummari.s to presenllb. daUl. in term, oflh. nalure orrespon>es. the qw.!;ty and
exten! of data. evaluation of bolh posili..'e and n.gali...., respon..." and otb....
r.levanl raetors. with th. undeMandin! Ibal the regulators would tah thIS
weight ofevidence inro aCCOunl when makinil regulatory d~ision•. To date lbe
Agency ha' not adopled erileria for malif}'in, the ""eiilbl of e..'idence,

Tb. second step. rbal of providing quantitauve es"matO! of public health



Impac,. brlCkC1< mk$ hct""ttIl an upper bound and a 10"'er bound approachini
zero. The upper bounds of nsk arc e~pressed bolh in terms of 'he indivldlUll
'IICrcasccl cancer risks In uposccl subpopulalions (i.e.. 'IICreasccl rists of. for
eumple, one chance in a 'housand or 1 ~ 10-') and the nationwide impa<;t in
lemu of annual iDerease of <:allCer cues. Thi' second quan';ta"vc "CP ;5
Intendod 10 I"'e lhe regulalOl'5 a f..~nl for the poteng-' of lhe suspc<;ted
can:inogen and 501TIC quanlitat"'e ,nformalion regardlnl public health impa<;'.
U"""rta,nlles associated wi'h 'he hi"'- 10 low-dose risk cx,rapolation and
e~trapola,ion from animal to man, make" imPOS51bk tod<lermlne th. ri'k more
precisely. Neverth.less, 51n¢C the polency ofcarcinolen, can coyer a range of 50
million or more. it oecms important to make 50me attempt to lake lhi5 di.parity
in,o accoun, in makinl public: polICY dc<:'5,on5. The upper bound is c:akulated
u,iOj rea50Mbly conse",a,i"" e~posure estimate> and the ~ncar nontlue5bold
model a'low doses. Since th. dose-re,;ponse c:u",e at low doses IS unlikely '0 be
COnca"e down,,·ard. the linear. nonthrcshold dose-re,;ponse C:Ul"'e i. regarded by
mo51 -"'ienti'" in 'he United S'at.. a. usually settinl a plausible upper bound on
ri.ko. that is. Ihe ri.ks are not likely to be hilher. The plau.ibilily of upper-bound
es'imates d.n.'ed from the linear non,hreshold model i5 basccl on 'he correlation
bet,,-..n can:inoFnic:i,y and mutaienicity: the non,h~hold dose-response
C:Ul"" for mutaFnicily (in most ca...); lhe quan,al nature of DNA ,nlCratt,on5:
and 'he hneat dose-re,;ponse eu",es ,uggc5,ed by 50mc epidemiology data. for
eumplc. on aDatoxin, radialion and C1prcue ,mok,nl (5.. Appendlll).
Ho,,',",'.r. ,he linear model could be unduly consel",ui,.. if an aiem e~hihi..
eilher a CODeaVe curve Ot a lhreshold allow doses (Brown. 1980). In Ihe absence
of informatIon 10 define mechanl5ms of ac,ion at 10'" dose' and inte"pccics
correlalion. e~trapolalion from hilb dose' 10 low do... can deftne the risk only
with,n roush bound•. ~nerany. no attempt is being made to furthcrdetermine
,he ri'k wilhin the broad bound5 deftncd a, lhe upper bound by ,he linear
nonlh~bold model and at the lo"..r bound as approac:bJnS zero. n"s
recogni'ion lhal tbe lower bound may approach nrO or be indi511nguishahlc
from zero i. due 10 uncertaIn,;.. as.soo:ia,ed "'ith mc<:hani'm. of carcinoFncs..
and ",i'h ,he e~trapola'ion from bigb doses 10 low do.... and from animal '0
man. Moot often ,her... no b'olol,cal jlU,ification to .upport tbe cboic:c of any
one model '0 es'imatc the acI1U11 ri.k or make po,nt e",males of risk$. Where
data arc a"ailabk allow doses. the model that be51 filS ,he da'a 'bould be used. A
varie'y ofmodel•. h",....,...r. can be usccl,o fil'he d11la In 'he obse"'cd 11InF and
to ..... lo...-dose po,nt esllmatCS of ri.k lhat most often ",II fall ""thin these
boUnds. "'bieh i' conmtcnt w"h ,be above approacb. E"en if point estimales of
ri'k cannot be calculated. an a"ailahle information .hould bc UsccllO d,ocu" Ihe
plalU,bility of tbe upper bound to eslablish point es'imate> of n.k, if pos,ible. It
should he dear from Ibi, diocu"ion thatlhe linear nonlhreshold model ha, been
used b:y the EPA 10 plaa: plausible upper bounds on risk. and nOllO ",lablish
poinl csnmateo.
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Beforc NO'-cmbcr 1980.lbc: C,\O ux4lbc: one-1lI1 model!O nUll'IllC upper­
bound CltICt1 risk from raponMS In IJll.mI.l bK>a>a),- In reopoIUe 10 pubbc
COInID<fIII on 1M~ Wiler Quahty Crilenl for Suspcc1ed CIIOIIOft1IS,
1M EPA tbanaed from tilt one-hlt rno&:l <0 1M hntartztld muitUllll' modd (II«
Al'f'<"'lu) 10 ..illDal~1M upper bound of ,,"ncer rist (EPA, 1'r9a,b.c, I )
Where bumaa dill~ a'wb!t. thi< C\l"~ btslli'l1flIIM dill In lilt obwf\'ed
ranI" lS~ ...,;I~ ....trapolat<:d <0 ..... dooe llSUIlthi< linear _tbm.bold
IDO<leI. 1M .~I· <0 1IU1 peJ'ff pmctIlI • dnailed c;le,cnpue- ot 1M
'l""'UIIU'~ n:U: "W$<t!V1lt lDOlleb .....s b)' tb< EPA (EPA. 198Ob). A
~ 01ewma~ Wol"'llllc OIlIHul modd and. lh< Imtanad muilUtllC
modd slloa'J a dow I&lecmmt uapt '" CtieS 01 otcepIy mml cIooe--l'<:lp""'"
CW"= v.'bm dooo:-reopoIUe CW"'U ne 01~. lh< __ ",u1U1t11'" modd will
p!"Q\>ok. oIopt .....-er 10)' .. mucll .. h~ WDci for tbe compamons InIdc (EPA.
19lIOb; Cnunp. 1981b).

Uppn..tlowxl rist nt.....ln bave mbc1'ent uncenamton and. "'\lot be II5ed "lIb
""<l1Ioa. H"""C'o"n,~. tbnc 'luaJlll6c:auoa .we-bts "p'ucnll!oc: bat
scxntilic tools curTmlly .....lablio <Onl.lmal. rist. Tho a11m>aU\'C lS 10 pro"'"
DO 'luantiIlU\'. ruk ,,,,formallOn 10 the~ process, ..-Iuclt I"""rally mans
tNollhe It\-.I ofhc:alth prOlocuon ",l! be <leaded by ddinlllOlll offoallbdlly. best
a,...iJablc: locbn<>lo$)'. and lO On.IU of ..-hi<h hao'cconllderablc: u"""rtalnun and
may load 10 Undo'l"Oloct""l heahh pol""", nr requiremonlllo rod.n In'..al rilb
at illOOmmc:nsuralc:ly h,'" (O$IS.

Tho EPA rilk usessmenl apprOltl:h " .... ct'rtainly expenmc:nlll II the "me ,I
"... adopled. In I""al't~, II hl$ p.O\'idod I conceplual bllis for bala!\(1nll nlks
again'l ><><:ial and economIc benmls. AllO, qUl-ntnlli,'. risk (Slimallon lias
providtd an alternat"'. 10 lb~ Ipp'Olt\:h aiminllOward UrO f1sks Or upolur~l.
wh... a<:luala=plablc: leocls mUll be: dtlincd sol.ly in lOrmo of fn."bihly f"r I
larll' "umber "r lCOn11 lnlroduced inlo the .n\irOmmnl, and Import.nl ><><:Ial
and oconorrric "alOnl. The: follo"'nll sectIon of lb" doatmenl p.....nll some "r
llonc examples.

3.1 Applialll_ of q,..dl.U~C RIsI< AsIoM" 101 I" P.blic
Policy DMsl_

PracliQl COI'SIdc-ra'>OllO 01 pubIK helhb liSUOS propelled SCIe>lUOU 10 C)plcta
mW>ods for ....prasl"l lh< doeSf"' 01 rist usoaatod ..~tb \ ...rious DpoIUK Ic>-.Is
for~ hc:aIlhrif<cu ..1IcK DO '..r~ Ic>-d of~'poIIIK'can be: lCkt>ukd. In most
CIOCS, nsk ewmal>Oll IIIC'tbods ba,~ been do>-doped <0 ans"-er qllftU"M f)( I
f;OOnpdliJla ...,;I pncucaIlIItUft.. Tlsc: folkwolfll dioI:uuioa prCMdes t, .mp!et f)(

lh< ..... 01 ns.l estlllll~10 prO\'ldlc: lftfoonal>Oll for ...... oIpobc) IISQ(S flalll
tbc EPA.

Ao dt>o:o.mcd earl>tr.l!oc: qlllbta1I\~compoDOl>l 01 rist • ......mml"p.~
'" terms f)( tb< .."etJh1 oItlk Iwvrcdnl l\-.cknce WI • dlrnuCIl .... ) be: I
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potential human ca~inogen, On lhe assumplion that the chemical i' a human
'a~lnOllen, the quantilattve eslimate, aim al dotonninlng a plau,ible upper
bound of risk, recollnl~lng lhal tho ri'k could approach ~ero if lhe chomical has a
thre'hold or a concave do>o-response ~u".

Quan"ta,i,.. n,k as......",ent. t01etber ,,'ilh qualitali'.. asseMmtnt of the
biome<hcal .,.idence, has be<n used b}' ,he EPA for lhe he distincl purposes
"..hen ~onSldenng public pohq:

(1) to set pnontles.
(2) to re.,iew ro,idual ri'k aftor applicalion of besl a"ailablt l~hnology to "'" if

an)'tbing more needs tQ be done.
(3) 10 balance ri'ks again.. bendll5.
(4) 10 Kl standards and target k>'els of n>k. and
(S) 10 provide informalion regarding lhe urgen<:}' of Situations ... hert ,ubpopu.

lations a'" lnad,'eMently expoKd 10 10xic agenll, for example, populations
near uncontrolled ...-a,te SilO',

St"eral oxamples of the.. applicalions are discuS$«! belo....
Under prov",lon, of lhe Clean Air ACl, tbe EPA mu,t 'list' hazardous all

po!lUtllrlU and regulate JOIII'CeS "''''''''''1} [n o<der '0~ pnont>es for ...........UIJl
hundreds of agonls tut may be polenlial air pollulant.. lhe EPA Office of All
Programs idenlified lhree groups of chemicals SUSpe<:led of beIng p.....nt In the
ambient all at I.,...ls of ""ncern (Table> 1 and 2). Hlabnt priorit)' for health
""aluation ...·a. Ii"en '0 group J. Iben group [I. and finall}' group Ill. These
prior;lies rdl~led judgments;n the air office regardinl tho.. chemicals ,,·hich.
based on proliminary information about likely exposure and possible to,icily.
mlghl p.....ntlhe grealesl IuIzard 10 buman, from all pollution. The Carclllogon
A.....ment Group (CAG). one oflhe health subgroups in Ihe Office of Health
and En"IIonmenlal Asses,ment, pro"ded a quahlati"e ...·..ght-of-t"idence
.1a.tomenl and an indn of pot"",,) npressed a$ an upper.bound urut n,k
eslimate (Table 3), The unit ri$k eslimate is the increased indi'iduallifetime n$k
for a 70 kl indi"idual brealh,nl all conlainlng [I'g m' of lhe ohemical for a
70-year hfe'$pan. Not~ tut lh. potenq indc. ranges a mlilionfoid and thaI
chemical. ba"ing Ihe strongo" biomodical.,.'idence for carcinogonlCity based on
responses m human$ may ha"e rela!ively low poloncios; for example, 'in)'l
ohloride wllh a unit rin of 10-'. and bem.ene WIth a unIt nsk of 10-' The$<
examples con'radict, the notion thaI moni evidonce of cartinogenicity mu,t
mean h~ potency as "'ell.

In the aMence of InformatiOn rcgardini polellC}'. regula,ors are Inclined 10

"'gulare kno...'O human carcinollon, more ""'erely tban antmal carcinogen" e"en
though ",me human oarcinogon$ appear '0 be rola'i"'el}' mu<;h less potent Ihan
",me chem~als whose carcinogenesi, ha' onl)' be<n demonstratc<! In animal
Studil:S, The weight of e~idenet for carcinogenicity, \h~ unll n~k 6liml\6 11 R
measure of poleOC)' and informa'ion concerning eXp"'ure le"'eli have provided a
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Tabic I~ propolCd by lh~ Enl'l!ollllll:nlil I'rot~uon "'gc~

0fIice of "'i, P'ognm> for Uni, Risk ........llI<'Ot·

Group I

Acrylon,'rile
Corbon ,m.ohloride
Chloroform
Eth)'lene dib,o.,>de
E'h)'lene dIChloride
Ethylene o'ide
Nilr.,...,i"", (4)
PeTChIoTOethy1<ne
Trichtoroeth)'lene
Ymylid""e chlorid.

Group II

lkr}lliwn
Cresol. (",,1>0, ""r•. arid po,o)
F""""ldehyde
M.le" anh)'dride
Mangan<S<
Morhyl ~hloroform
Morhylene chloride
Nidel
Nitrobenzene
Toluene
Xylenes \0,,1>0, ....r•••rid po,a)

Unit risk i> u= lilorim< risk .""""'ted ....th _th,nl I .. m' 0( tl>< 'l><m...l
0"'<1' 1O-)<or 1,1,..po" fo" 70\1 pcnoo.

Tobie 2 Chern.,.b proposed by ,I>< En"ironm",,!>1 Pro'OC\k>n AI"IlC)' Offio<
of A" Program. for Uni, RJ'k .......""'ot·

Group III

Acetaldehyde
"'cetyl.,,,, torrlCWorid,
...croI.io
Allyl cllJoride
lknZ)'1 chloride
Chlotomelhyl ether (BCME)
Chloro\>enze""
Cblorotn<thyltneth)'I.,her
Chloropt'<ne
Dkhlorohenzeo. (orrl<o and para)

D;o..""
EpicJlloroh)'drin
HeuchJorncyclopenladt""e
Me'hyl iodi""
Naphlhyl,mi"" (I_.nd 2_)
l-Nilfop<op"ne
Phenol
Phosaene
Polychlon...,ed brphenyl. (PCB.)
Propyl..,., o.ide

• Unit rrtk ",,,'... bl..,Ill< risk _,ed with br..t~'.J 1.....'0'1' of ,I>< d>em;eol o·.-or •
1Q.)... hf..sporI fo< • J\l kll""O"

ba'i' for ..Ieeling lhe mOSI hazordous au pollutant< for further study.
After an agenl has botn listed a, a hazardous air pollulant, ,h. EPA must

decide whi~h !<lurces to regulal' fim. and ind••d wh'lher or nol r.gulation is
warranted. Tabl. 4 prestnt' a compari!<ln of d<lla for diff...nt sourc. calCgOri..
conlribU1;ng a....nie 10 lh. ambienl air, In presenling upper·bound ris~ to
,ubpopulations and related upper-bound nationv.-id. impacl'. iI,s al",ay.
n~...l)' 10 rei)' on ..,imal.. of .xposu"" "'hICh also have grcal uncertainties.
Uncerlainties assoclalw ""Ih expo.ure .";mal" must alwa}s be ,ncluded in



Tabl< 3 Uf'I'<T.bound uni' calallaloOru for .u.pe<:ted carrinOVnic air
pollutan,,'t:

Acr1lon"ril<
Allyl cblond<
~,

-~El<l)lium
[N'h)·lniu....mine (DEI')
Dimctbj'lni,rosam".. (DM:-"1
DIO.in~ (2J.7,t.,tlr"cll1""".)
E'hj~ dibromid.
Elbylrnt diocblol'iJ<
ELIljl<ne o,.cl<
Formald.hyde
M.ng,>.....
Ndel
.\' .ni"""","'..,'hylurd (I'EUl
,\·.n'''o»- ..''· ....'hylurd (i\RVI
P=bloroo'hyl<ne
Tncbloroc'bj'l<n<
Vin)l <lIlotid<
Vtnjlid... chlonde

Upp<I.bound
un" , ..k .." .... ,..

u ~ 10 '
1.1 ~ 10-'
14.!O-'
74><10"
2.1dO-'
1.6~10-'

~,4.10",
0.10-'
4.2.10·'
1.8.10·'
6.1.10"
15.10 •
1.8.10'
1.2.10"
6.7.10-'
7.6><10"
2.7.10-'
4.1.10-'
3.0 ~ 10-'

, From U1i En~'" PrOlO<UOll "'1<"<)'.("~ , Group
R<P"'" IEPA '916-'"1~n.- _""'" or. pm<>d...nr -io<d .. ...., da'"
_ """lobi<.

, T1l< ~I"""'"' llJut<olI""" ,ocI <lo "'" ondoo:o" pncu;oo '"""""""l', bu' ...,!><r
Ibn or< <n<l_ '0 ..... "....." to"- ,he 6<ri...'''''' of'_ ,utn...... oh'''''Jll
1I.....<Iou> ",...polo'"", ot1<l ",'''''''''al ""I<oIo"oN.

; U"" rtU .. ..- lif".... "'" """;"tocl "j'h _th'"1 lo.. m' of the
<horni<aJ "'... a 71)...-- liI.- r",. 71) kl p<noo.
• Tho _ or_;, "boo' Ij(!(() , ........,.. 'lion r", DEN, '!><r<f0f<, f",
lir".... "'P""'" ,. I o..·m', 'Il< .pper,boonol "nIl .... io 100·, clIoancc of ""nee<
ooxurr<no:<. Tho upp<r,bounol .., ...." of ,he P""fIC)' (olopo) fOf d",,-il'I io
91I.o1.m'~

,he exposure ......menl .nd lak.n inlo .<:<:ounl in U,inl! 'isk ....ssm.nl
,nfonna'ion,

In another e""mple. n$k aS5C$,men, "'.. used 10 eompare ,«,dual n$k. aft."
.ppIiC'lion of bes' .vail.ble technololl)' 10 control ambien' 1,,·.1. of 'in)'l
chloride. "'ilh risk associa'ed "i'h o'her po,en,ial hazardou, aor pollulan" 'ha'
4d no, j~' been fully "'ie"cd (see Tabl.. S .nd 6), The ri.k ......menl
infonnalion indicaled th.t rcduction$ ,n risk had been con,idorable for vinyl
chloride and Ihal lhe rtmainml! risk ",as 10'" relalive 10 riskllswcialcd "ilb
Olher I;r pollutants thl' had nol j'el been tomplelely stud,ed for theif haurdou.



•
•

TaM. 4 Uppor.l,mlt lifetime: cal'l<><J ,;,k for arS<nlC "pO.u,..", ~,
Asooc;',od ~

Number upoo<d llog.....' ' ....0 Iif«imc: UI'\"Cf·b<>uod .-
in h,g/>t$l • ,,,,,"ut< ltvtl. upp:',oouod ..';,n'I../c....

[~~ 1'010 IVOnpq ,~ 10 • ",lItliday cance' ,il!<
"'" ~r

C_, ,,~ " "
2.41J~IO I,S 0.821

•md,... ..
'-'~ - 0.69-(l.2J 6,0 2Ax 10 • O,O:!9-0017 •...,.1,... ~
7;"" ,,~ 0.69-(117 6.0 2.4 x 10 • 0.32 OJ] ..

.....11... Q
COlt"" &i" " IS.4 69 1).4 ~_Ox 10 • 0.00I'I1 0.0027 l
l'n''''....

~maoufaclurmB ,.., 1l.016 0.014 2.2!.2xIO • OJXJQ4 ooom
G••

,
manufact"""1 ,,~ 0.6'10.014 6JJ-2.4 x 10 • 0.099 0,040 ~,

• fJ<llll Tobl< 6 of"" US (n";_1aI "'''''''",.. At<n<'. 0,,""".." "'.........", 0""'1'" Fn>al R'" ~ "It· 'K'" .. "',""';0, "I., 2, '9JO, "",_,
Tech_ 1,,("'....'"'" S<n'a, PB J'·20!,(lIJ (EPA, ,~
I The ~~",fica",fil.'" rrescn'od <k> "'" "'d,,,,'. l'fC"oKo" or ""'"""'l', boo' ,,,,.,, the, ." '''''''''''''' 'It ..... ;, ...,,, '" t...,. ,I>< de".."... of ,_
.....ben Ih"",~ 'ho: ........., .",.poIo,_.nd ...'.......'''''1 cakuIot-.

I !'<>po""". elP'*d '" om""'n, l<V<k of ....nO: I,,,,,, U.. """"'" lill<d
, lor ".mple, ,lI< hI""''' eo.,.,.." ...., ro. OOPP<' ....<1,... ~ 1.1" 10 • mli\~,
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polrnual (sre ,nd,vidual risks and nationwide impacls fo' arsenic and ben­
zene, Tables 5 and 6), 1be Office of Air Qualily Programs alloeated Agency
resources 10 consider Olher air pollulanlS and nol 10 funher red,," risks
associaled ,,'ilh vio)'l chloride emi"ion', To date, vinyl chloride hu nol bee:n
funher r.gulated,

Many deci'ions invol\mg Ih. balancing of 'isks and brnefil' und.. EPA',
p<slic,de regislral,on authorihe, !Ia\'. relied on nsk a.sessmenl, Table 7 prcs.enl'
the quanlitali\'r risk "'limates as""'iated "'ith Ihr...umple, for which
reglSlralion drcisions have bttn mad<, tn lhe case of chlo'obrnzilal~,a poslicidc
u",d on citrus fruil, Ihe "elghl of ",'id"""e for ca,cinogen,c polent,al .. based
only on ''''pon"" ID Ihe liver ofbolh male and female mIce; sludi", in rals we,e
negali,,", On lhe a"umplion l!lal chlorobrnzilale IS a human catclno~en,

quantilalive risk eSlimat'" indicale Ihal ri'k associaled wilh e'posure ot lbe
general populalion is relati,'ely low of Ihe ord" of one chance in a million, and
Ih. annual cancer mle on a nationwide basis is also relal"ely 10" However, ,he
risk 10 applicalon of the pestlCid< was higher by two orders of magmlude, Sll~
Ibe pesticide acl (FIFRA) requires Ihe balancing of risks and benefir.. the nsk in
applicators was evalualed assuming lhal no Subslitule w'.. available for
chlOtobrnzilale application 00 citrus. The EPA decidedlhal the risks did nol
oUI",.igh Ihe brnefil' and Iherefore retainedlhe regimJlion of chlorobrnzilate

Table l Comparison of uppe'·booo<! risk. a<o<><:ilIted ,,"b "",bi.nl "P:>'u" to
=cil>OFnio air p:>lIutanu·

In ch<mi<al'

A....nic&_,
Cok.o\'Ons
Vinyl chlori<l<'

Befo,. R.~Io'ioD

An.. R.~lo'ion

UPI'"-'.bour>d hI,"me
probabililY of "''''''''

dooth duo: 10 maximum
"PO'o,....., .a,ionat)'

""umes'
2.4-'-3 ~ 10-'
2.01--1.0 ~ 10-'
6.0.1O~'

).h 10-'
1.9" 10-'

Toal
number

«posed"

Total numbe' of cana:,
dealluiyear allb< upper·

bound in US duo 10
c!>em"",l in .i,'

1.5--"1).8
n,
n'
""'

• From II>< US Eonron""",..1ProleCtion AIO'lC!'. eom_ A-...nml G,oup Roport. (EPA.
1916-lnl~ Tbeo< """"" moy cbonl<" odd,,;,,..1do.. _ ._1>1<.
• AU ..... "'" befo 010,;,,'" Olbonoa< ,0<1",,1«1.
, n.. ~p,,6co.16..,... 1«1 do ;_" pr«"i>K>D or"""""")', bul "'Ib« ""y... U>;lud«l
to ....to iI _ 10 "- Ih< deriVOllOD of Illes< n"",bon Ih"",sh <l>< ...........u",poIolioD and....,_,.,.J ",lcIIlolionl.

• If ..... "=' _ 00 ,Il< i"""",,,,,, of IIlOIIlIIIOf)' lomon ill ,Il< otIlIllOl -..., "lid.... lb< mill"
"",,1<1 be fou, ...... "'Il><t
I PopololioD"poood '" ...l>o<nl 10.... of cb<mJ<a1> l1li«1. up><...... f""" "uOonary." >Co'=-
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T&blc 6 Companl\>~ of ~ppl'f'bIl~lld mb &>w;litcd "Ilb iID1bl~nl ~~~~tt (0
"''''inor:nic air poilula."'·

[n dl<ma['

A....nlC
Ben""'_
Coke O>'<fl'

Vinyl chlonde'
lIefo" ,egul&l",n
Art.. "'lulation

Upper-bou"" hfebme
pr<>bobihty of "''''''',

dea'h dll< 10 .ve"'i< ".
posUf< .<al .tationary

""u.-ce<'
U~IO-'

2.5 ~ 10-'
1.0x 10-'

TOla[
numbe,

"posed:'

lS million
220 mill",n

IS m,ltoo"

5 milbon
S m,II","

TOla[ number of cancer
dealh•. year &1 lbe

upper-bound in US due
10 cbemal TIl .i,'

[5.6

'"[49.S

~,

"
From ,.. US E.,irotltll<'H.l Pro'''''iotI AI''''') C.rcil\Ol<t1 A"""""", Group R,pon. (EPA,

'91I>---t9", n.... .."m,,,,, OUIy dul"1' .. >d<li,""'l do'" """"'" ..silo"".
, All ,"",..--. DdQ'" "'l"I0''''''' "t1l<.. 01..' iocla'<d

, The "",,",,"'" fiJU= p'"".oed do no' ,nd t< P''''''"'" '" """-''''''', bu' "" I1<r 'bey.", incl <>00II
'0 _to it -... to trao< ,be <1<'"01''''' of tbe>< "umbe.. tbrOllJh ,be ..'"'us "'''0'010"",. ltI<l
"""..",.,,,,,1 <abolo''''''''
• If n.b....--. btu«l 0" til< ;,.,"""", of _m_1)" ,""",,, "' t" ,",mal ""...y"od"", ,to< ..."It.
~,,"kI be r"", ''''''' h'I"'"
, Pupulo'''''' "P"""110 "m"'''' ~~ of <hem<>-4 h,,«t- E,,,,,,",,, " hum ""iutI>,y air """ro<>,

for us< On c,lru•. The Agen<" .dded l.bellinl1 r~uiremenl' 10 further ptOiectlhe
applicators.

The nc'l ,'a,," '" T.ble 1 in"ol"ed Ihe applicalion of risk as"",,ment 10
regi<lration of. nev. pesticide Amitraz (BAAM) for use on peat" and apple•.
Onl}' one carclnogenesLs bioas\-ay had bee" pelform«l. and il pro"id«l HlY weak
<,'idence ofcarcinogenic acti,·;t;. N<,'erthele", on the a"umplion thaI BAAM IS
• carcinogen. cakulat«l upper·bound lisk estimales indicated relali"ely low
e'tLmat«l ,;,k for Ihe US populalion. of the older ofone In a mtllion, BalancIng
ri'ks against bcnetiu. the EPA made a decision;

(I) lO permit a 3·year lemporary reKi,tTa1lon of BAAM fOI use on pe... bUI not
apple,;. beeau,," ,ubstitutes "'ere nol a"ailable for pea" but ..e.. a ..ailable for
appl«: and

(2) 10 require ,ubmission of more definili"e dala before granlin, a permanent
legi,tration for an) use

In Ihe final example In Table 1. "'k a,,,,,menl was used to balance nsks and
benefits for regi.t<r«l use> ofchlordane heplachlor. Tbc biom«lical ",'idence for
thes< chemicals i' reasonably slron~ based On Ii'er carcinoma' obsef"ed in a
""lies of rodenl bioa"a;,. Further. lh'" ch,mlCal, bioaccumulate and most
hum.n, carry a body burden of the"" chemicals in adlpo" li"ue. Application of
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q\lllmillltiv~ risk llssmmem in,jj,aIN risks al leasl one or,jcr of magnilu,jc
h,ghcr lhan the p",,'iou, Iwo ~ase:s pr.se:nt.d in T.blc '); ~onside ..bl. potcntlal
nalion....id. impa~t was .Iso projecl.d. The declS'on In thi' case: wa, to ~ancel

mo.t u\.e, of chlordan. h.plachlor w'ith th•••ception of und.,ground appli.
cations for termite ~ontrol,

Tabl. 8 presenl' projected ri'h associal.d with th. resumed manufacture of
nilnlOiriaceti~acid (NTA) in th. Unil.d Sta"'. Th" "'k a"",smcnt .. as donc
because: lhe manufacturer asked EPA for Ituidance as to ..'heth., or not lhe EPA
.. Quid regulate NTA if lhe manufa<ture was resumed (lhc manufaclure of NTA
bad b«n volunlarily .u,pended in lilt- early 19')0. because ofearly indicalion' in
an,mal bioa,says lhal NTA m,gh' be a <.rcmog.n). NTA is use:d in detergent' to
replaet phosphatcs that contribute 10 eutrophication ofwatcr bodies. Thcse: risk
e"imate,. prf$ented in Tabl. 8. are based on monilorins dala from Canada.
"'here NTA has llttn m conlinuou, use: for se'·e..l )'ea". Witb the excepllon of
pri"ale wcll,... bere onl)' 21 sampl., had b«n anal)-zed, ~.n.:er nsks eslimated
from tbe Canadian data indi~al.d a 10'" projected US a,k cakulated as the uppe'
bound, Although queStion, were raised aboutth. adequacy of th. CanadIan
exposure data to .stimal. US .'po,ur••. lhe dec"'on not 10 regulate the resumed
manufa~,ure of NTA ~,ledlhese rellllivcl)' lo"·risk estimates .s lhe r.ason.

Th. final application of risk a....sm.nl i, prese:n'M in Table 9, illustrating the
use ofquanli'all"C risk a"""m.nl to se:ttarget I..'els of ri,k (EPA. 1980b), In 'hi'
.pplication, the EPA ",a' obhgatMlo recommend nationwide wat.r qual"y
criteria for a llIrge number of ~hcnu~als. indudins ,u,peeted carcinogens. The
stalut. und., ,,'bich the.. critCria were ",ued, the Fed.ral W.t., Pollution
Control A~t. r«Iu,re<! 'ha' numcrical limit' be published b)' the Agcn~y to

prolect lhe publi~ lIt-alth: no provis'ons are 'nduded ,n 'ho< section of the statute
to incorporat. $<Xial and <;conomi~ ~oncerns in se\ting ....at.r quality' cnteria.
Sine. lhreshold, «:mld nol be .stablished for su.pected ~arcinogcns.quantitative
"'k a,sessm.nt wa' u..d to rc<:ommcnd conct;ntralions of contaminant•
..sociated w"h rosk In the rang. from IIr' to 10-' as the upper bound, Tbese
~oncentration. w.re ~alcul..ed by a",umins consumplion of two Ii'... of watcr
per day and a standard intake of fi,h. 6.S g per day ofedible portion. to i""lude
bioaccumulation. The ,lo]X, prf$ented in the second column of Table 9. i'
calculated using thc lincariled multi'tage mod.1 (Ap]Xndix), In 'hc proposed
criteria. lbe lin.ar mod.l "'a. used to~al<ula",b. concentrations a......iated with
a ris~ of 10- " In r.spon.. 10 publi~ comment'. tbe Ager.<y r.viewed alternative
model. ind decided to adopt tilt- Iincaaud multi'tag. model in orde< 10 makc
full use: ofall lilt- data pom... Tb. ,lope and tbeconcen'rat,ons (in par.nlbese.) in
Tabl<: 9, ...= calculat.d using the onc·h,l modcl (EPA. 19l9a.b.~). Ol;""ousl)'.
lbe w,.igbt of Ih. biomedical .vid.nce varies .nonnou,ly for the chem"",l,
presented in Table 9. and thi, infonnation 'bould not be ignored in applying
lbese targ.t coo<entration, to local .ituations wber. lbe regulatory process of
permining diso:harges a<tually take' place
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Table 9 Gu;dance for wate, qualily entma: upper bound calculalionl '1,itb a lo"n
bouodlPl"'*'~'"'....0·

W.,... oo"",otraMo,
OOrrdpOndiD,J '0 •
rislc le,cl of 10·'

upper bouod ilor. I~) ., ,I>< Upp<'
Chern.,.1 B" (m...'k...ca~r • bound"

Acf)'lon"nle O.SS (204S) OS79 (0-084)
"'-kino 11.401 (6.349) H~1O-'(4.6~10-')

A,,.ol<· "00 0,022
A'bes"" 300000 (61)<... )) 1O.0S)&_, 0.0S2 '00
Beozi"h".,· B4.n 1.2.10-'
lk')1hum 8.84 (3.4311 0,0)7 (0.0871
Ca,bo. t<trocllJond< 0.083 10.(P91) 4,0 (2.6)
CIlIo,.form 0.18 (0-111 189 12.1)
Ollorcan. 1.61 (ll61 4,60 • 10-' (1,20 • 10' ')
ClIlofOf.lkyi .'1><...

BCME 929976Ul6(0) J,80. 10·' IlO x 10·')

K" 1.14 1068S) 0,30 (0.41S1
ClIlorinatod I><"",n<'l

"CO 1.68 12,481 7.2.10·' (I.H. 10-')

ClIlonnat<d ..h.,...
1.2-<1,. 0037 (0,048) 9,42 (7.0)
U,2·,ri· O.OS' 10,12)) 6,01 12.7)
1.I.U-tetra 0.20 1001M) UI (1.1)
H...- 0.01410,011) 19.2 11.9)

Dx:hlorol><ntidinc: 1.69 11901 010 (0-016)
nn, $.42118.(6) 2.4 x 10-' III ~ 10-')
Dx:blotoelh~lellCS

1.1-dl<hlo'oetb~"n. 1.04 (0.2S) O.]l11.3)

DIeldrin 3O,l7 (ISH) 1.l x 10·' 14,4. 10·'1
Dlni'rotolu..... 031 1042) U110.79)
o.o.i..

2,3.7.8·T..roc~lolOdlo>io 4,2S. 10' (1 39 x 10') 21 x 10·' 14.6 x 10-'\

0. pben)'I~ydlUl"" 0.77 fO.7!!) 0.10 lo.,jQ)
Ihlo....'hann Sam<" dluoform
H.-ptacllior ll7 (lO.Jll 2.1 x 10·' (2.3 x 10·'1
H.uchlorobuudie... 0,071 (0.0491 147 (0,77)
HODChlo,n<:ycloba.a""

t",hoioal .....,. 4,'S (2.0) 0.0$2 (0-0211
alpha I......' Jt.1212.66) 0.022 (0.016)
boa isomer 1.84 (Ull) o.ll 10.(21)
pmma isome, U) (0.78) 0.11S (0.054)

loi,uo..mIMS
DMNA lS.SS (134) 1." 10·' 12.6x 10-')
DENA 4148 (l8.2) $.Ox 10"19.2 x 10-')
DBNA 51] (26.86) 0.06I1O.0111
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Tabk 9 (C",,'d.)

." ..,.p

''"~"Te"",blo'''''byler><
Tno:;blor<><lbyle""
Tou.p"'''''
Vin)loblonde'

Upper bound .Iop<
B" I",.. ~g,.<iay)"·

l.IJ (Ull
11.53 (2802)
H3 (Ull
003~ 10,08-4)
0.013 10,012)
1011 (4411
0.011

I....' .. col>C<n'ra,ion.
correspOndin. '0.
,i.~ I<,~I of '0' •
'''£'11., 'be upper
bound"

0.160 10.11)
2.8 ~ 10-' (~.7 x 10-'1
7,~~1O·0(3~1O·0)

3,012,0)
26,9121)

1.1 ~ 10-' (4.7 x 10-0)
ro

• f .....'" hg<u.. 'SIN."..",b<f;:;S, m:o. ~lll-~J1'9 Thu W.,.,. Quol",· (""""luoI>"", ,",)'
be r,,-..od .. ""' <1.0.. """'''''' .,>.il>.l*
• roe _'betJ<a1 ,.Iue> weo-,_,«I UU". tto< hot ...0.1 .. ",,";o>J.l} ..el""<'d. I. "'".,....
10 publ>c """"""~ .- tim.! <*i<uIo""'" ore _ f""" !lot .......-..ol ..1IItD"'F IIlO<IeI.
I A---. • ...-"""" doW, _..-- 0( 2 , 0( ..."" ...0 0,0061 q ft.... Not< 11101 • clalIy
""""lOp''''' 0( o.olll~, lI>h _... ouum«I "' !lot ""p.al _"""- ...0 ..- or ,..
1>0><0,,,,,.,,,,",,, r""on.ood "'be "'" <&Ic1J,""". or, d,rr<mll f""" .",,"', 00I<0o""••",
pr.poood,

1 Slop< <I<I«Imo«l f""" epod<mloIop:al 40'"

~ .nmple5 illustra" 11>< apphealion of quan'i,.",·. nsk lI!.($s.....n"n a
~.ri.,y of praclical circum.t.nces 10 provide inform."on on ri'k as. ba'i' for
makmg pubhc hcalth policy d.cis,ons In Ih. Umt«l S,al... Bell.·••n 1976 and
1980. II>< linear nonlhreshold model at Ih. lo",",.nd of II>< do><-""pon>< cu"..
"'1I applo«l '0 hundr«ls of c;u.,.. lOme of "'hic-h ar. pr"",nl«l abo,... 10 OSSIS'
policymak.n In d«:iding ho" much C<>'it. in !iOCial and <cooomic l<rm,. should
be .xpend«l to r«luo< ,h. ri'k 10 some reasonably 10" le".I. AhbouJ,h the..
policy dt:c's'ons did nol id.ntify· an}' a=p'abk ,....1 of risk. b«:aus< .ach
declOion rd\«:t«l f.asibilily In 10m< m.asun:, m",' oft.n d<cisions f.n do>< 10 an
,ocr.....:! ,nd'V1dual nsk of about 10-' a. Ik uppor bound. TI><n: "'.r. som<
circumstances ,,'kn: Ihi. ~vel of nsk ....as nOI acb'",'able. for .xample. ,n setlin,
halofonIl slandard. for drink>ng water (EPA. 1978). Dtt",ons 10 a=pl nsks
hilkr lban 10-' ",on: ,.neralll JUS"~«I on wound. of social and <conomlC
'radcoffs. R,sk< lo"'.r Ihan 10-' i.n.rally w""t unreiula,«I. a••x.mphfi«l b)
tb. NTA d<cision. currenl aoooprantt of III<: residual vin)i chlorid. ri.k. and ,h.
a"""p,a""e of risk in III< cblorobenzilal' <l«:i>lon. E=p,ion, ,ndud< III<
volunla!)' cancc:llalion of safrol. as a dOi r<p<lIen' (nsk 10- 'j b«:au.. orlo"
ben.~ts; n:quin:d r«luetion of nitr"",m,,,,, contam,nation on 1n:f1an (nsk 10- 'j
(EPA, 1982); and recommendauon ofwater qllaliW crit.ria a.lOCialt\! .. l\h ri'h
ranpni from 10-' 10 10-' (EPA. 198Obj, In • lars< numbor of risk a......menlS
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on dllTcrc:nl chemicals performed during this period. probably as high as 80­
9O~,; of Ihe casc< ,mdied, the upper-bound nsb fell inlO a rdali,"I)' to" ri.I:
ran£e of < 10-', Uncenarntoes In e'P'>'u~ estim.,...nd oth., uncen.intie,
inherenl in the ex"apolatlon process need to be t.\:en inlO .ccount on a case-b)'­
c.", b.,i" Despite these deficienCIes, the use of upper-bound e'tim.tes to identif}'
those c......here the ri,I: m.y be so 10"', e"en althe upper bound, aslo faU In a
10" priorit}' categor} for regulalory con"d...tion, as \,'.s deemed the c.se wilh
~TA, has provIded some hasis for regulato" to f""us aHenlion on the mo,t
compelhn£ public he.llh problem,

4 REFI~II"G RISK ASS£SS~IENT APPROACHES: FUTURE
TREI"nS

Carcin"llen ri,I: aSsc<sment h., pro"ided the ""iemific ha.i. for a ranie of pol;';y
decision, by Federal .gencies re>pon.ible fOHhe proteclion of public he.llh in
the United St.1U. Quanlilalive risl: ..tim.t... ienerally upmsed as upper_
bound e'llmate, u,ing a linear nonthreshold modeL coupled "'ith the qualitati"e
e".lu.tion of the "'<Jght oflhe biomedical evidence. h.... proVIded pohcym.I:ers
wilh rough e'tim.te. of ri,I: whICh h.,'e sened "'ell ., a ha'i' for ","ing
pnontl", halancing ri,b and henefit<, .nd establi,hing the urgenC}'
."""iated with pubhc he.IIh problems for .ubpopul.tians inad~rlently ex­
posed 10 ,uspected carcinogen,. such as.t unconllolled ",..SIc 'ite', Quantilati~
upper-bound risl: ..timates have .1", ~n u",d 10 est.bli.h public he.llh
'land.rds for suspected c.rcinogens, These standard. may be unduly con..rva­
ti"e for agent> that hav'e acan.:a\'t;do..-,...,ponsecurve or indicate a threshold a,
low dosc<. Beeau", of Ihis problem, quantilauve n,I: .....'ment method •. In

particul.r Ih"'" that ha"e ~n used 10 date in lhe United Stale< for selling
standards, a~ under revie"" 10 see ,,'hal. if an)'lhing, can be done to provide
improved quantitallve gUIdance for "andard sellini purpo..' "here the upper
bound m.y not be plau,ible,

In addition, the EPA experience 0"" Ihe la" decade pomts oul mi,­
unde,..tandinis Ihal seem to o«ur fKqUCnlly when cancer ri.k a"...menll a~
.pplied in poliq con,ideralion,. First. ,,'he~ quantitalive ""m.tes haye been
prOVIded, lhere has ~n a tenden.:y to Use ,h= ri,I: estimat.. independently of
the "'eight ofblom<ldic.1 e"idence and then to treat aU ,u.pe<l<'d carcinogeos a, if
they are hum.n ,arciooie",. An additionat problem is lhe use of upper-bound
e'limale, •• actual ..limal« of n.I:, decoupled fram imponanl 'llllCm""t<
repromi unc~n.inlie., Such misundemandiniS c.n lead to errors in poliC}'
judgments,

Fin.II}'_ a, more information warne, a""lable •• a ba.i, for ..t.blishini
mutai<nic potenllal for ,u,pected c.rcinogen•. lhere is.n Il>crea,mi ,nte,...,t in
finding the besl way 10 incorporate Ihi' informauon mlo aUld.nce to ~.tabli,h

prolecli~ poliC1~' for the.. subsl.nc«.
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Ile<:au.. "f ,hese and ~Ia,ed issues. thinking ,n Ihe EPA i~ rurrtn,ly focused on,

(I) me,hod. for stra,ifying the ",eigh, of 'he biomedical e>'idence (in th.
qualita,i"e a...."'n.nt) '0 make il hard.r 10 ,sno~ this ,nfomullion "'hen
uSlnS quantita,ive risk a'....ment;

(2) cmena for judgong 'he ",e,glll ofe>'idence for mutas.nicity '" tbat mu'ag.nlC
p<>t.ntial Can b< mOre ckarl}' expressed;

(3) possibl. approacb.. for making grea'.r .... of informa'ion about ,he
mutagenIC p<>trn,ial of .usptc1ed catclnogens. as well as ,nformalion on
revenibilily. pbarmacokinetics. e,c" in ,he risk as....ment process; and

(4) p<>ssible approacb... for ts,abhsh,ng quant"a""e guidance for chemicals
",b.r. ,he upper-bound tslima,. may nol be plausibl.

Wbil. ,be OUleom. of ,hi~ effon i~ uncenain. moSt likely lb. ri~k assesllllent
approaches tha' h....e been used 'a <fa.. "'ill con,inue to be used. bu' "'i'b 10m<

refinement Th.... "ill """,likely invol>'e "ra'ification of Ihe "-eill" of .,·id.nee
for carcinogenICity. grca'er we of ,nfomllllion abou, mutagenic pol.ntial and
o'ber r.levant informalion u il beeo""" available. and addi'ional quantita,i>'e
gUidanc•. ,n add ilion '0 the upper·bound .\lim".s. ,,·her. the upper·bound
.Slima'" are Ie.. plau.ible

ACK:-iOWUOCEMENT

Th••n,ir. Carcinogen A...."m.nt Group con'nbuted 'a 'his paper ,broullb
,he" assessment ac,i\lUts from 1976 to 1982. Selec,ed examplts of ,b~" M"k.
r.r.renced h.rein. provided a data ba.. fo' Stgnificant pan~ of ,b. diocussion that
rela'e '0 ,he US Em-ironm.n1al Protec,ion As.ncy The ",....'~ expre-ssed in Ihis
anicle. hO"'e>-er. are 'bose of 'be au'bor and no, necessarily 'bose of lhe
CatclnolW As....men' Group or 'be US Env"onm.n,al ProteC'ion Agenc)',
Mrmb<rs or the Carcinogen A...-ssment Group ar. R"l E. Alben. Chairman.
Rot>«t MoGaughy. Larry Andef'50n. SlO\= Sal'am. Da'id Ba)Ii... Chao Cben.
Marprel Cbu. H~rman Gibb. Bernard Haberman. Chara),ngayya H'mna'b.
Dharm Sinllb. and Todd Thorslund

S REFERENCES

Albert: R. E.• Tram. R. E.. IfId Andel"SOn. E. l. (1977). Ral>ollate ,xvel0J'Od by the
En\1roomrnlal Prot""'''''' A,.nry ro' lhe a.....rnrnl of .amn0l'1';e ri,t. J. ",'n
Ctmar /"',.. sa. IlJ7-1S-41

810"'''. C. C. (19S0). Leantina aboUl 10IDly ,n hu~•• from lind;" 0. a.lInal<
CIotrroT..,~. B, 310_358

CAG (1982), CarciTloj'" AI-H~"' o/CoJ:.,.(),-nr Emil'ia<rJ. Cirri""". A..........l
Group. US En'"o",.......1 PrOlect,OIl AI<IICJ' EPA-600 6-82.(1(13. J".""ry. Drill
E.,"onmcntaJ 1'r0'<CI'on A,.lIC}. Wllh"'IIOn. OC, 202 pag",

Cbond. N.. Ind Hod. D. G. (197C). A<om~n"", of modd. for ,xlonn;",,,. safe 1<..1>of



426 Me/hods/or £.Iimormg Rosie o/Cnemkal fn}~ry

tn\'lIonmtntal IlgtD1S. In Proschln. f. and Ser1ling. R J (Eds.) RtlUlbllity WId
Si"""",., Slot,,,icol Anal,.", 0/ Lifrl'''Ii,i1, pp, 681 - 700, So<..,~, of ltldu"nal and
Appli«l M"b<rnallC>. PhlI>.d<lph... P,nn.}'I""n;>..

Crump. K. S, (I~81>.). An improV«! p'~u", fo' 10..'4",. e>.",rnOI<n,c ri,k ...."""nt
from on'm.1 da.. J, tn,'i" farn. TtU, 5.6H--680

Crump. K. S. (1~81b). Sta.","col uJl<C" oflin<ar ntrapol.lIOru, In Hrallh RWr Anal}'''.,
PI" 381-]~2, Proo«dinl' of tlo< Third Life Scl<""", S~'mpo.ium. Fraokhn 10""Ul<
Pre>:!. Phil.delphi>.. P,nn.)'lv,n;,.

Dooi,,,. D D, (1980), Def<>t in Io<nzrn< eXp""uf< 0.", no d<..h kn<1I for OSHA
"ondar<l•. Tirr Nol_1 U1_' J"",,,,,I (S<pr<mber Il). 26-27

EPA ([n",onm<o ...1Pro'<ct'an AIOt>C}') (197~). low'm p,oc«!u,...nd gu«\<I,,'\C' fa'
Io<.llh ri.n ond ocooomi.c impoct 0"<"""0" of 'U'Jl<C'«l ..""o0i<n,. F<de.al
J/rj;",,, ~I (Mal' 2S). 21402.

EPA (197~-19ij1), En"i'onmenta.1 Prot«';an All<1lC)' ;ntem,1 ,cpom from tlo< Car_
cinOi<n A......ment Group, AI'a,l.ble t~raui~ D"ocla, af Ca"'inog.n A"'''m<nl.
En\';,onmentaIProloction Ar<""Y. Wu!l;orton. IX

EPA (En";,onmentoJ Proloctio" A;<1lC)-) (1~78) ProP<>'«! interim drinkin¥ ""or
"ando"'" for hillofarm', Ftde,.1 IItg''''' 43 (f.bruary 9). 57S6-Si80,

EPA (Enmao""ntal Prot«t1OO Ai<ncy} 119790). Wa,.r quollly crlt.no. r<qu<sts fa'
COmm<n" (l'raP<>'«!), Ftde,.1 IItg'"'' 44 (M."n Il). Il926 Il981

EPA (EoVlronm.o,>.1 Prot«lIOn AlOncy) (l979b), Wa«r quahty c,it...a .."Iabol")
(Proposed), F<d"a! lI<gu«r 44 (July 2S). 4366O---<l3697

EPA (En"rronm.n..l PralOe"an Ai<nc)-) (1979<). "".... qualrt)' c"'.no ... il.b>I,ty
(Propoled). F«h,a! fIr!!U'" 44 (Octobe, I). S6628-566S6.

EPA (Environrnrntal Pro!«"on AJ<"")-) (1980>.), Mutq<ni.cny ri'k .<><Urnrnt>,
propoled aUidol,nn, F«h.al lI'9rJl" 45 (Na'~mb<r I)). 74984_74988

EPA (En_rraom.n..1 PralOelOao Ai<""» (l98Ob), Wa,.r qualHy en""a document>;
ava,lab,lny (F,nal), F"k'al R'g'"'' 4~ (NoV<ml><, 28), 79316_79379

EPA (Environm<n\al Prot«t;on AJ<n<y) (19800), A''''''m<:nl of ,,'ks to human
,eprodUClion and to tlo< d..~lopm<nt of 110< ~um.n cor>«ptu, from "PO'U'" ta
.n"ranm.n..1 ,ubita""",. P,...rJ~, af EPA SY"'PC'ium orr R<p'Melif<
Drr-rlop"".', NTIS DE·82-OO7897.

EPA (Enmonm<n..l I'rol<ction AJ<"')-) (1982) D<t.rmina"oo co""lodini tlo< ...bUl­
\able p....umpt;on .p-,n>l "lliOtration of lrifturalin f<ik.a! 11'9"'" 47 (Auau" 4).
]3777.

FDA (Food ond Dn.tl Adm,n""at;on} (1973), Compound. used in food_producin¥
on,m.1<. P,ocedu'<o fo' detrnn;n;nr .,:<"p..bilil)' of a...y m<tnoo. uled fo' ...urnl,
110< prooucts of 'uc~ on'mal, (Praposal). Ftde,,,} IItg,,'" 3. (Jul~ ,9). 19226

fDA (Food .nd Drur Adm,n"trotlon) (1977), Cril<ri. 'od p,oc«l",.. for enluatinl
....}$ fo' caronog.n", ..."d.., (f,oal O,der), F'''''al J/rju,,, 42 (F<bruary 22).
11)412,

FDA (Food and Dru, Admm;"ration) (1978), Allaloxm, m .11<11«1 p<.nUl5 .nd pcanul
product> used as human food" Proposed toltro"..: rtop<n,ng of COm"",nl p<"oo.
Ftdt,ol Rtg",t, 43 (M,,,n )). 8808.

FDA (Food 'od Drur Admm;"'at;on} (197~), eri«", and p,ocedure. for <".Iua"n;
'''')'' for car<;noi<Jlio ,,,,;du<s (Proposal), Ftd<.a! lI<g;;". 44 (March 20). 17070

FDA (Food and Drul Admmutrotion) (1980). Lu.d """at" h"inlu, color .ddit;", ;n
"",metl<. t!lat color ,10< hai, on 110< ",.Ip, Ftd<rol IItg"'o 45 (O<tol><, 3). 12112.

Go,'<rnm<nt Inst;lu,.. (1983), y,";r""""rrla! S,a,.,,,, (98) «10, Go,,,o,,,,nt 10"ilUl<s.
I""" ltock"II•. Ma,)l.nd: 681 POi<'·

lltLG (lnt."'i<nc) R'iula'a') L'",,,," Graup)( 1979), Sc,.nt;fic 1>0", for ,d<otification of
pot.n"al corooor<o, 'od <"ima';on of ",h 1. no'•. Carrar I"" .. 63. 24]-268,



Q""nliloi'iu AppT()Q(nU in 'M U"iud 5"" .. II) Asu.. CanNT Risk 427

It,..,..'.h D aOO V," R)"Zi". J (1981) 0- '..pon.. _I. fo' quo",.I,...po"o< '0
1<>.U<'lly do,., 10 SurJO. D. Do"""". Roo. l Nit .. 000 Sok:h. E. (Ed•.) SIOILflk, tJNi
RTIo'nf To,.,s, 1'1'.101-231 North-Hollllnd. "'... Yo,~

Lan«! (19'6). So'''"l''" pnOClpl« ,bou' c.a1>C<'. 0' "''''lh,ni- Edtloriol, Ll"u', I.
571-573

NAS (1977). D,iTl/ci"l/ Wou, tJNi H<ol'h. Pl'. 24-~ NOM",] Acadom)' of Sc..~.
WUhi"flO<l. OC

NCA8SEC (I':a"onal Con«' Admo')' Boord SubC<>mmIH« on En,'"on......,,,,1
C.m""",".) (1977). G<,..c.ol eritm' fer .......". tbe: ~ldt:""o fo' <:am"o.."",,') of
chtm","l.ubo,.~,a ""po". 1.1""". Contn bu'., 58, 401-4(;5

1M "',... YOlk rim<s (198Oa). So i,', '<am""..n. hul 110..' Nd'(Wedntsdo)', luly 16).
Ed"o,ial. SA, 1'. 28. C"I, 1-:,

1M ."n. Y",' n ...., 119SOb). A C,n:i""I'" Pass<>, (Sunday. ""'<OIl>« 9~ Ed""",,!. Sot,
p. 18E. Col. 1 ,.

OSHA (OCCupatio""l S.f<1l.nd H<al'h Adm'" ..' ..'_III%O). Itl<nuli<::o.,ion. cla..m·
calIon ,nd r<iulal_ of po«n, ..1 OOX\lpa,.,,,,,1 caret""i'"' r",,01 R'lI"'" 4S
(Ian",,') 22), 5002 S03l. Ilo<>h 1and ,.

R..ponde"" bri<fin1uppo" "f proJ>OSOd nnd,n",conclu""n, and o'der at 63·64. In R"
S""<n' Ind",,,,.. Inc,,, oJ. ICO"soli<\at<d DDT ....,i"..April S. 1972). A,-..ilabl< from
lbe: Office oftbe:G<ne-ra1 Counsel E",i'""mo-"t,1 Protection AI'Il<')'. Wuhin.'on, OC

Respondents """.," '0 d"erm'n< .......bc:, r>r r>ol the ''I'''''tio" of mi..... "'"uld be:
can«lIed er .",.ndod. A"""hmo-n' A. (S<pt<mbc:, 9. 19"1~ A,,,iloblc: f,om ,be: o.n<ral
Coun..\' E",·iro"mc:",.l P,"'ection A...-.:y, Wasllml,,,n, DC

US Sup...... C"U" 11980~ lndu",,,1 U",O" O<panm,"'. A.fL.c1O '- A. ....'icon
p",~ IlUfi,"". 44& US 601.

Wo,nhou S. (1982). Pr"""'........nd p.ndora----cancer r<><:an:h "" ou, diamond
a""" 'y Pr=d<nt",1 .ddreu. C""", ~s.. 42. 3411 _34'4

APP[:-.DIX

DESCRIPTION' OF THE QUAN'TITATI\'E RISK
EXTRAPOLATION' .'IODE"'" LSED BV THE LS E/'. V1RON'ME:'>o'TAL

PROTECTION' AGE:'>:CP

1 CHOICE OF MODEL

There is no ,ealiy solid sc;onti/i(; basis fOT an)' ma1h.-matlcal ",trapolahon mood
relali"j! carcinogen o"[IOSure to cancer risk allho"'tremely low ie"ols of o"[IOSure
thaI must b< deal1 "'ith in .,.-alllll'inj! o"vironmontal hazards. For practical
reason.. such 10" lo"oIs of risk cannol b< measurod dJr..:tly usmg eith.. anltltal
oxpe,imo"!> or opidomiological studio.. Wo must. thorofor<. dope"d 0" ou,
curn:nl understanding of lho mochanl$ms of ca,,,,nOien<SJS for guidanc< as to
..-h;':h risk modol to us<. At lho pr....nt tlmo, tho domi"anl ,·it,.. of tho
carci"ogen;': process in.-oI"<5 1he COncepl 'hal most agentS thaI (:lIus< cane<r also
call$C i,m'of$,bl< damage to DNA. This position is ..lIcctod b)' tM fact that a "ory
I.Tae proportion ohsents that cause cant., art also mutagon;". Ther< is ,~n to

• A<laplOd r1'<llll Wot<r Qo,oahtl (nten> ~Ia; A,~,"hoh". f~",.j Rf9U'".... No. lli.
fhoda,. '<"" ...b« n. 19l1O. pp. 7'JJ~ '1IllJ



expect thai Ihe quantalt)'peofblological response characteristic ofmULitgenesis h
associaled wilh a linear nonlhreshold dose-respon<e rd,Olionship_ Indw:!. thtrc i$
.ub$lanlial ."idcnce (from murag......i1 ilu,h•• ,,-ith bolh ionIZing radialion and a
wid. ,...riety of ch.mical.) In.t this 1)'1'<' of d~r<spon<e modo! is Ih.
approprial. on. to u<e, Thi$ i. particularly true al Ih. lo"'.r .nd of lb.
d~mpon",cur...., at high.r doses. Ihtrc can be an up"...rd CU"'... lur•. probably
refle<:ling lhe .lfecl. of muhiilage proo:s... on lhe muug.nic ....pon<e. The
hnear nonlh.eshold d~.<spo"", Il'lalion,hip i. al"" con.i1tenl wilh lb.
relali,'.ly few .pidemioloJicaI itudi<s ofcancer r<spon... lo .pecific ag.nts lhal
oonlain .nougb information to malo lbe .,...Iualion J'O',ibl. [fo' .""mple.
radialion.indt>ee<ll.uk.mia. breasl and Ihyro,d cance, {Court·B,own and Doll.
1957; Lewi$, 1957. M}'rd.n and QUInlan. 1914; H.ml'<'lmann 01 "I.. t975~ ,kin
c:ance' indtK:e<! by a....nic in drinking ...-al.r (Tseng 01 "I. 1961l~and h,·.r cancer
indt>ee<l by aftaloxin in lhe di.1 (lin",11 and Pee,.", 1977)]. Th.r." al"" ""m.
e,',d.""e from animal .xpeT"nenlS lbat i. oonsiil.nl ... ilh Ih. linear nonrhr.sbold
b)'polb..i. (for in.lance. the iniliatlon Slage of Ihe IW()-il.ge ca!cinogen<si$
model in rat Ii.,., arid mou", din~

Becau.. il has the bell. albe" lim"ed. SCIentilk basi' of any of Ih. rumnt
malhemalical .Jurapolalion model.. Ih. hnear nonlh,..hold model has been
adOpI¢(! as Ihe primary ba'is for ...rapolation 10 low \e,'.I, of the do....response
relalion.hip. Th. risk a.....m.n" made ,,-ilh Ibi. mod.l should be r.garded as
oon....... li,•• rqlrestnung ,h. mo<t plausible upl'<'r limil for Ih. risk: i.•.. Ih. lrut
rid .. not lihl)' 10 be higher lhan Ih...Iimal. bUI n could be omaller.

2 THE MULTISTAGE MODEL

Th. malh.malical formulalion chosen 10 describe Ih. linear nonlhreshold
d~r<spon.. relatlon$hlp al 10" doses 's tb. modified multi$lage model
d..~loped hy C,ump ll980~ This mod.l.mplo)'" """ugh arbilra!}' am,Unt< 10
be able 10 fi, almO<t any monOlonically ,ncr...,ng d~respon.. dala, and it
",,,,,rporale. a procedure for ..Iimaling Ih. largest J'O'sibl. linear .101'<' (in Ih.
95'. confidence limit sen..) allow .xtrapolaled doses t!>al i' oon$i<lenl "'Ih
lhe dala at all dose le,'.ls of the .'I'<'rim.nl. for Ihl$ rea""n. it may be called
a 'linearized' muhiSlag. model.

2.1 Pr""edure for Lo,,·dose EXlropol.lion Ba.ed 0" A"imal
Careino:l:...ki.y Dua

2,/./ /Jtstriplwn of'~ E;r1,apo!al/(m Model

lei P(dl repre>enl the lifetime risk (probability) of cancer at do.. d. Th.
mulristage modellla< Ih. form

P(dl- 1 - .xp[ - (q. +q,d +q,J'... - - +q.""I]



q,>o.aod,_o.l.2. t

AI~)_I_e:<p[_h,,~ ... q"·" ~q""'l]

i. Ihe e.tlll nlk o'er t>ackground illite al dose d,
The polnl eSlimlle of the coefficients 'iJiI- 0. 1.2. ..~ and consequenlly

the e.lra r;lk function A(d~ Illny ,i"e" dose. d. il cakulated by m.uimIUn& Ihe
lihlihoOod func:lIOn of Ihe data.

The POI'll estimate and lhe 9S' 0 Uppel oonMence limit of the eXlra risk A(~'

a", <;:llI;u!ated. by USln, tbeoomputel prOJfllm GLOBAL79 d... eloped by Crump
and Wauon (l979~L:ppet 9S·.conlid.lQ IilDlU on tbentra risk aod 10.-01 9S'
confiderJollurulf Oft the dose producml a ...... m1 arc determmcd from a 9S
upper conlldmcl: lima. 'Ii. Oft~ q" \Vhene>.,. 'i, '" 0. at 10.. doles tbe
alta risk AI~1 ba:I apprm1.IDIld) the form Alil_ q, x~. Tberef...... qr" ~ IS a
9S·. upper COI'I1'Iodcnoe lurut oa the e:<lta nsll aod II. <I: IS a 9S •• Io.-l" COIJid,u...,
hftu' Oft the tloK prodtlf;lfll ao alta mit R.1...et 4 be the lDU..imum'~ ohiM:
loJ-likehbood funcl>o". The upper hftul. qi. II cakuJa'ed by alQ r I ., to a
,~atqr. suclItbat .. ben the Iof·litehboad .. mD&XlIDiled mb)OClto tlulllle:!
,-aI.... qr. for the Ia>ear c:oc:lfio,nl. the RSU!Ull' maxunum ..,I... of tbe los·
Iitehllood L, SllI.n.. ,be equalJOn

2(4-L,l-2.70SS4

...-here 2.70jS4 II tbe comula,;... 90'. poi'll of the chl-"'!uare di.tribution ,. nh
0"" degree orrr~om, "ihich rorrnpondSlO a 9j·• upper limIt (one'S1ded~ Thil
approach of OOmpulIn,lhe upper con~dence Iimi' for the ellla ri'k A(d) is a
modification of the Crump" al. (19?7) model. The uprer confidence limit for the
exira risk calculated at 10'" doses i' al ...a)'lllllle.llr, Thi' i. conceplually CORSIlIen,
"'ilh the linear nonlhre:shold concept discuS!Cd earlier The .Iare. qr. is taken as
an upper bound of tbe polency of lhe chemuJ in U'ldlJClnl cancer at low doses.

In fitU"l'he tloK re:spomc mOOd. the number of terms in the polynomiaL
!rl~~ II cllosm equal to (~-I~ .. l>e-re. IS tbe number of dolo p-oup! In tbe
aptrimaol indwlllI!be control arouP-

wtoene..... the "'lIlUOUJC!DOdd doe:o I0OI 6.lhe dati. suftiaerJtJy. data al the
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highe:;( d05e are deleted and the model is refined to the re:;( of the data, This is
contInued unlil an acetplable fillO Ihe data is obtained. To delermme '" hether or
not a fit is acceptable. the chi·square stauslic

is calculated. wh= N; is the number of ammal, in lhe jlh dose group. 1; is the
numbet of animals in lhe ilh dose "oup wilh a tumOur re,pon",. P, i' Ihe
probability ofa resp(m", in the ilh dose group eSlimaled by fitling the mulus'age
model to the data. and h i. the number of remaining groups. The fil i' determined
10 be unacceptable ""hene"er chi.square (1') is larger than the (umulati\"e 99~,.

po,n' of ll>e chi-square diSlribulion wilhj degrCC$ offreedom, wherejequals the
number of do'" groups mInus 'he number of non·zero mullistage ooell;clwts.

2./,2 Sdtrrwn tuuf Form oj lNl'a IlS<'d 10 ESlinw,e Pa"'''''''''J in 1M
EXlrapolarwn MOOe!

For some cbemical....,....al studies in different animal species. strain' and ...es.
each conducled at ""eral doses and differenl rOules ofexpolu,", are a.....ilabl.. A
choice must be made as to which of lhe dala ..t< from ",veral studies are to be
used in the modeL It i' also necessary 10 COrrect for metaboli'm difference'
belween species and for dlfferen(es in absorption .ia different roules of
adminislration. The procedure. listed belo,,'. used in e.alualing lhe'" dala. are
con'islent with lhe esli"", .. of a ma.imum likel)' risk,

(1) The tumor illCidence dala are ..parated according to organ ,iles or tumor
lYpes. The ..I ofdala (i.e.. do", and tumor mcidence) used in Ihe model is lhe
..t w'here lhe incidence " suuiSl"",lly significantly higher Ihan Ihe control for
a, lea" one lest dose le"el and/or where Ihe lumor "'cidence rale 'how" a
statistically significanl trend Wilh respecllo dose level, Tbe dall set Ihat gi"es
,he highest estimate of lifetime carcinogenic risk, q. is ..Iected in mosl ca....
However. effortS are made '0 exdude data "'IS lhal produce spuriously high_
risk esli""U., becau.. ofa 'mall number ofan,"'lls. Ihal is, if 1"'-0 "'IS ofdala
show a similar dose-re.pon", relalionship and one ha' a very small sample
size. the set ofdala which ba, the larger sample ,ize is selecled for calculaling
'he carcinogenic polency.

(2) If lhere are two or more data "'IS of comparable SIZ(: lhal are idenlical ""ith
respect 10 .pocies. "rain. ",x and lumor sites. the geomelric mean of q.
eslimated from eaeb of Ibese dala ..ts. i' used for ri,k assessment. The
geometric mean of numl>en A j, A}>. . > A~ is dcJined as (A. x A, x ..
x A~)j '~.

(3) If $ufficienl data elliS! for 1wo or more significant lumor siles in lhe sarno
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'Iud}'. lhe numbe' of animals wllh at lealt On~ of lh~ 1!'J«\1ic tumor s"~
und., con,iduauon i' used a, i""idenee data in the mooel.

(4) Follo"ing Ihe .uw"ion of Mantel and Schneiderman (I97S~ w~ a\Sume
Ihal mg 'urfaa: area thy i$ an equi,'al~nt do.. b<t"een '!'J«ies. Since. to a
d"'" approximalion.the .urfa"" area i$ pfOponional to th~ 2 Jrd. po"~r of
Ih~ weight as ,,'ould be th~ cal<: for a porfect 'phe,... th. e:<posur~ in mg por
2 Jrd. po,,'er of lhe bod) "~ighl day i< similarlj considered 10 b< an
equ""lent ",po.ure. In an animal .,ponm~nl. thIs equl\-alenl d"'" i'
compuled in the lollo"'ing mann~f. If 4 _ duration of ~,perimen"

4 - duration of exposu,..: m _ a"erag~ dose PO' da} in mg during adminis­
Iration of lhe agent (i,~ .. during 4I: W _ a"erage w~lghl of th~ ~'p<rimental
animal: lhen. the Iif~time .,·~rage uposu,.."

Oflen expo,ures are nol ii"en in unil' of mg,day. and il becomes necessary
10 con,~n Ih~ glv~n exposure into mll/day. For e<ampl~. In m"'t fe~(hng

'Iudies. expo,ure is ~Ipres><:d as ppm in lhe die\. In Ihi' ca.. lhe ~xposur~

(mg day) is deri"ed b}'

"here ppm is pam por mIllion of Ih~<:art1nog~",cagent in Ihe diet. F iSlhe
"eight oflh~ food con,umed por day in kg and r i' Ihe absorplion fraclion.

In Ihe absence of any data 10 tlie conlrary. r il Ulumed 10 b< one. For a
unIform diet Ihe w",ghl of the food consumed i. proportional 10 Ih~ calorie<
required. ,,'hich in turn i' propor,io",,1 to Ihe surface areo. of the 2 Jrd. power
of the "'~ighl. 10 lha'

m"'ppm~W"~r

",Wi J '" ppm

As a result. ppm in ,h~ di~l i. oft~n assumed 10 b<an equ",,1<nl (>:posur~

b<''''een lpecies. HO"'n~r. "e feel lha' ,hi. i. not justified 'ince the
calories kg of food are .i",ifi<:antly different in Ihe diet ofman u laboratory
animals. primarily due to mo"lure COnt~n' dirr~,~n=, Instead. w~ u.. an
empirically Mri"ed food fac!or.! _ F'IV, which is 'he fraClion of a s!'J«ie,
'oodj' " ..ght thaI i, consumed pa da~ as food. We U>c the rates liven as
follo,,·s,
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.\lan " 0.028,,, ." .~

M~ ." 0.13

ThUs, ...h.n Ih. exposure io gi,.n as a certain dietary concen'....tion in ppm. the
.~posure in mg,W" is

m ppm~f ppm~j~W t,
,~Wl'- W,)'" Wll "'ppm~f~W

Whon exposure is gi,'.n in t..ms of mg,kll.da)' _ m 1# _ '. the con"ers,on is
simply

m _s~wj I;wn

Whon exposut< i. by inhalat,on, the akulation ofdose can ~ oonsidtt<d
for t...·o cases ..'het<'

(a) th. arcino~nica~01 is .uh...- acompletely """'er-solubl. gu Or an aerosol
and '. abs<lrbed in proportion to the amount of air inhaled. ar<:l

(b) ...·h.re th. arcinogen i. a poorl)' wat.r-soluble ps which reaches an
equtlibrium ~t .....n 'ho air breathed and the body compartments.

Aft...- equilibrium 1$ reached. the: ",te ofa!»orplion of these agents iHXpected
to be proportional to the metabolic ....t<...'hich in turn is proportional to ,h.
ra'e of o,y~n oonsumpllon... hich in rurn is. function of surface area.

CaM I Ag.ms that af< in th. form of particulate matter or ,'inuaUy
complet.ly a!»orbed gases, such as SO,. can reasonably be ..pecled t" be
a!»orl;oet p,,,ponionally to the bre.llhing ....te In this case Ih. exposure in
mlliday may be e~pressed as

who.. I is inhalation rate per day in m'. c is mg.,m' of Iho ",ont in air. and ,is
the fraction absorbed.

1l>e tnhalation "'tO$, I. for nrious .pecieo an be alculated from lhe:
o,,""rvalion that 2S II mice brealhe 34.S lit..... day and 11311 ....1$ breluho lOS
hters/day (Altman and Dittmer. 1974~ For mice and ra"ofoth...- ....ight.. II'



(e.pm~ in k~~ lh. surface: area proportionali,y can !>< u~ l<> d.t.rmm.
brea,hing ra'" (in m' day) as folio,,",

for m",,=.1 .0.0345 (WO.Q2Sl' 'm' day
for ra,,, I .0.105 (WO,11 Jl' 'm' day

Fo. human,. lh. ,...Iu. of 20 m' day is adopted as a standard b"'I.Ih,ng rat.
(ICRP. 1977~

The "lui,...I",,' .xposur. in mg It" 'for th.... agent> can!>< d.n,'ed from
the air intake data in a " ...y analogou, '0 ,h. food intake cIa,a, The empirical
facto" for 'he air in'ake per kg per day.; • I W; ba~ upon the p.."iou,ly
Slated ..Iation,hips. arc as folio",.

,~ " i • I II

\lan " 0.:'9

." '" ,.
,,~ OOl "

Therefore. for particula,cs Or c<>mplelcly absorbed gases, the cqui,'al.nt
uposur. in mil..- 11" • i'

'" Jr-, illi', , \ J
I'P'· 1I'1l • II'n • Ill' "

In the absence of e.penm.ntal information Or a sound ,hcof<1ical
argum.nt '0 ,h. contra.). 'he fract,on ab'mbed. " i' ."umed to !>< th. "'In"

fo. all 'p""ies.

C= ] Th. d"'" in mg da) of pafliallpolublc vapors is proportional to the
0, consumption "hich in turn is proportional to 11" 'and '0 the solubility of
i"' in body nuid,. "h"'h can !>< e,prciS«I as an absorption co<fficicn'. T, for
'he p$. Th...fo... when ..pressing the 0, consumption as 0, _ ~ II-" J.

"her. ~ is a con"an, independent of 'p""'cs. It follo..-s that

m_"W"~,,~.

"d·wi"··"

As "i'h Case I, in ,he absero::c of up,,,im.ntal information or a sound
'hcof<1ical argum.nt to ,h. contrary. 'he absorbed f,aCllon. T. IS assumed '0
!>< ,Ilt sam<: fo. all species. Therefore. for these .ullstances a certain
conr:cntralLOn ,n ppm Or I'g, 01' In ..peri ....n'a] ammals is cqu"...knt to the



same COnctrltrlllOll In humans. Tbil il wppomd b)' lhe obsmnOlllll.1ll1ll:
minimum ahcolaJ ~traliofl nco=ssary 10 produa: a il\~n 'slalP=' of
aneolbela .. lUllIIar In INn and arumab jOnPI'"" aI. 1917~ Vol>m 1M
anumls ""e!"~O"'*'" b) the on.! route, and human Op<l$Urt' .. b) ,nhalauon
lor nC~ '<nil lhe aooumpuon IS mad., urne.. tOO~ is pharmaoolnneu.:
~~ 1o the """tnJ}, lhal absofpuon .. equal b) ..100 elPOSU~ roule.

151 If lhe dUJ1.uo", o(the elpmmtn1.. L., Ii Ic:i;s than the nalurallif~span of the
10$1 anunal L lbe llopc.q~.or~~'Ihe elpotl<1l1.. ..... II~
b) multipl)~n.by a factor IL L.". w~__ !hal tflhe a.-era. dole. ",IS
COOIIUlwd. the • s;v 'Sc ralC of <:alICtr ..it COOlon"" 1o biCl as a

con>IaRl fwoct.... of lbe b.ckJfOUnd rale. Tlx~ rales forb_
InCTCUIC al Ieasl b) Ihc we:ond~ of the "'" and oft b) a COl 1 rab/)
hiJber ......"e!". as demoMlratcd by 0<>Il119·1~Th · ouId opea the
eumula"'~ IUmor ral. 10 InCTCUIC b) al Iasl the Ih",1 PO"'" of. l;sm.
1M faa. ... am"n~ thaI lbe lJo~.qj . or~ ,.......uy the t1pontllt.. 14....
,,'auld aIso mcreaw b) al Ieaslthe llurd PO"'" ofaF- As a rauh, ,(1he lJope.
qj [or tiLl] iscakulalcd alloF L•. ....."uld ~~pea lha' tfthe.~ptO"""lhad
been conlLnucd (or lbe rlllllo(~n. L al lbe Ji.-.-n a'-era.. opolu~ t....
$lope. ~ [ortldl), "ould ha.~ been increased b) atlcul a raclOf o((L Lel'

This adJU.t....,,1 IS roncoe-plually con<i>tenl ",Ib tbe proportional hazard
mod.l proposed bl Co. (1912) and Ih. lIlm-to-tumor model consldtrlld by
Crump and Watson. (1979) wh.r. lhe probabilit~ of cancer by a.. I and at
dose J is gInn b~

P(J,II. 1-.,p[ ~f(l)' g(d)]

3 CALCIA..ATlO .... OF CARCI,..-OGE .... IC POTE"CY BASf;E)
0:-; Hl,\IA" DATA

If human ~pidem,ol,,*ocalSludlQ and .ufficlentl~- .-alid .Ipoour~ ,nformallo... aK
a,,,illlble (or lbe compound. the)'K .I....yl used ,n ""me .... l lr lhey lhov. a
carcino,enic efrt<:!. ,he data 'K anal)-zcd 10 si'~ an e5111N11< of the hnear
dcpendcntt of ",nccr rates Ofl lifetime "-efIF dose.. "hidl is equI lenl to lhe
factor qj If 'he) lJiov. no caml'lOfCrt'" cff«1"'1om poIil;"'. animaI 1doencc IS
a'-...Jablc, tben It " a$Mlmed lhal a noli: dotS e>.isl. but it il omaIlu thalo could ha,-e­
been ob<cn'cd '" 1M~ S1ud). and :on upper limn of 1M canocr
u>cido:u"" is caltula'cd "'""""". h)poIbetiall}· that tl>< 'J'tloC uted<na: II JUS!
bckno' ibc J.-.otI ofdetcetJorl '" the ""loon lludlCd. ..i1ido II determlll<d larJdy by
the oobort >lie. WbctJr,n poa.blc, bum:on data arc used ill p<ef.,-ffICt 10 animal
tlooiaWo)daa.

1.11 bum:onOltod>cs. the respoIIIt IS mca.surcd mt....... oftbe retau,. mlt o(the
c::IPJ'"C'd oobort of tndl\tduals oompu-cd to the controlltllUP. 1.11 ,he anal) ... of



this dal.iL It " .....mod 1....1 lbe= rnJr.. Of rdal"e rtSk nu,,,,. one.. RtX)- ""
propofllOf\;llllo.be heeum< a,en.re eApoJIl<e. X, and I..... it .. lbe _ for all
apll r~.'''''llhe~POletl()lSeq..alIO{RlXI- Ilt 1Il1ll"pll«!
t., lhe heft..... rill< al'....1":I~ '" ,be JI,"lWnl ~Iion. &cepe for an IUl_U)
-.<lkI<rcumen,od hulDUl 1100). lhe arnIldmee IlIIIU for !he Oce>li rill< II Mt

akulalod. d"" 10 lbe dd6cuhy ,n _,.u"I for lbe Uncerarnl) "'benft, III !he
da,.. lOpoJlll't' aI'd o;:&IICC:f ''''''''''''''1
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