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Metabolic and Damage Parameter
Variation in a Population

Gunnar F. Nordberg and Per Stranger!

ABSTRACf

Pr;nciples ofe'timalion of dose~respon,.,relalion,hlps a'e d,,,,u...,.j, Panicular
emphasis is given to Ihe di'lribut;on ",'ilhin a population of parameter>
describing the metabolic pr~ gO"erning Ihe ftow of a toxic ~ubstance

through ,he body and lhe seno;t"';I) of an orpn 10 tbe .ubstanee cono;dered,
This approach ohould provide a meanS 10 Jdenlify ,he fnw:tion of a popula'ion
sensitive 10 l~' 1e....,1 upo,ures lhal could nol be idcnli6ed epidemiologic.aU),

Concept< and assumption. n"""'sa')' 10 set up general melabolic model' are
defined and discu...,.j and SO a~ model~ describing 'he O«ur= of damage
Condi'ion' applicable to ;nd;"idual< are eXlended to populations and a ri'k
model is deri"ed using distribulions of the parameterS in the populalion_ Finally,
n.k ..timation model' "'hich ba"e been u<Cd for .pecific ,u"'tances (metbyl
mercury and cadmium) a~ anal)'<Cd in relation to the proposed approacb,

I 11'oTRODUCfIO:-'

PriflClpl.. and method. fo' e"alwuing the toxici'y of chemICal< ha,.. been
discu...,.j ,n a WHO pubhca,ion (WHO, 1978) and quanmahve risk models a..
revie"'-.d by several panlcipantl of lhe present ""o'kshop (Anderson; Cantor;
Janyll:"a .1 al,; Bass; Day, Peto; and Hoel: tbi' volume), Most of the models
discu...,.j in these papers are ..Iated to eff<C!, that resull from intmlClion ""th
genOlic materiol oftl><: <ell_ Our paper deal' ",-ith some: a,peas ofsuch effectl bUI
il i' mainly coneerned ",'ilh effecls thai resull from lnl.ra<t,on of ehemical~"'lth
other <ellular tar,.I'_

Ad,-erle eff<C!s ofchemicals 0«\1, when a ,uffi<:>enl amoun' of the ,u"'lance
..ach.. ",nl,liv. largotl in human lissues, An estimale of Ihe risk may he
obtained Ihmugll a quantilatlve description of lhe mOlabolic behaviour of Ihe
chemka! and of paramOlers ..le'-ant 10 ti.... ",n.itiv;ty. Geoeral principles..r
risk .."mahon are diseu...,.j in ,hi. paper and illumated by two examples.
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J METABOLIC MODEL

A metabolo<; (.pbarmxokllltlo<; 0' chemoblOkiDeuc) model clarnbes lhe fto.. ofa
mh5ana: from .~potu ... med,um Lbrou,h orp... and '- Illlhe bod) 10 'II
dlllllNlUOD (for a basloncal .......... ofoudI models and lhrir appbo::l.uon tee, for
eumpk. T""rdl 19l"1.b; u-.y and GibaJd~ 19n; Tal: Group O«l Moul
A=unll1auoa. 19~1; WHO. 1m). Some """'""'l'U and .-mptMIDI lila! ...
IDOUIbolic IDOdeb an: d1saaMed '" tb X<:UoII., iDd>l:aWlJ lhrir appbo::l.b1bl)

1.1 t:,uh a" DlsIrI"l_

Tho kUlOUa of all ....- 1Uh5ana: III the body ...., dacribfd b) 'II ao...
LbrOllP I lId.ork of compa"",",lJ. ranJlIIJ (,om uptake 10 dlmmauoa. A
a>mpanmmllS ddilloOd It I part of the bod) (us.suoo or orpllS) III ..hoeb lIM:
co<lCOl'JlnUOIl of I IUMII_ kba,u UIlIf~ 0''eT l1InO_ e-n,TlIIOllS'"
oubumll of a companmml ....y b< dilJ=r.. bUI lhe <:OOOrnlTllloa TlIIOS
bnl'l-.m ....bun'lI n:mlullhe I&IDO al alIum.I.

10 tvOI'} compartmen'. ,he... In: ''''0 maJO' prO""' .

(1) lhe inpul of I SUbloll_ 0' 'II mc:tabohl "hot d,lllC'liy from lhe
.nvj,onmrnl. or I' I ....ulI of lran.port from a""lhcr companmrnl; Ind

(2) Ih. OUIP"' of 1M ,u\>Ila_ by dirttl lran.port or b,olran.fo,mauO<l

The onpul and outpul fto.... are lim.-.d.poodont, In lbe lunl' 0;>' 1M
pstrointo5mlll 1,lct (f,ont .nd tomp;lnm.nt'), lhe iopul 'I del.rm'n~ by
exposu.... Thos ,npUI "0;>'" may be cilled ab",'bod do.. rate For In) penod of
lime. from r. 10 I,. Ih. follo"'tng condu;o;>n .x;,t, in a S','.n comp;l,tmcnl;

Content II 1.... ICI:Umulal~ ,npul bet ..·..n '. and I, __umulal~ outp"'

""'.....n '. and" +COnUm.,I,

In mOSl bul 1>01 all ,n.llnen. II i. jU."fied '0 ......mo Iltat 1M l\ow of.
luh5ana: from OM companmttll 10 loolhe, i. IpproJ.lMalely proporllolllllO
the """"",,lrallOO pad"OI. Le Ihc lid llmt. ""'e IS proponionallo.be d,lf....._
'" tor>cenlrallOll 'II ,.'0 adJXOllI rompanmoots. Uliol tb ......mpt>oa_ 010

SCI up In eqllluoa hDk.1I.J Ihc cba.... of """"",,lnlJOll '" _ compartmeol 10
WI", another ODe part>CIlIal «IftKq_ of proportionahl) 10 1M concm·
lration and>onlll aneq ....uoawl ckKribes lhc lnosl"¢1ofI ...bIta_ frlllll_
o:ott1JI'IlU>lml l'l,Lb an lIuual COIlttI\lraUOD c. and DO further Illpul. 10 IDQtbor
compartmenl ..!l>dl has 11.....)'1 I toe. alOIlCnllnllOlllnllnwlloOd b) OlIZ)-.aallt
""'-lIOII Of~_ Ullder IlICh «a1iIJcIas lIM: CODCallnl>Oll c, '" the fiIIl
allDputIDI::IllOf orpa ....) bo: apreued It c, _ c." ap( -In) ..-beN, tll1InO

and b is lbe dlDWllllOll COOlIlInI.
At>o::>tbot comeq_ 0( prc>pottJOl>lbl) 10 lIM: woteIIlraUOD and>onl II the
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'tead~ 'tate. A"uming a con,tant input, the mternal concentration a, well as the
output ""ill eventuall~ reach a steady "ate in a compartment with output beinil
equal to input and. conse'lucnlly, the concentration equal to input diVided b~ the
ehmination conuan,-

One major consideration in modelhng k,net ..s of a chemical compound is 'he
extent of compartmentalization that may occur. Substances that are readil~

absorbed from the .ite of applicauon and are .,idely di51ributed in the body,
beha>'e kineticany in the same wa~ a. a .ubstance that i. distributed in total
body wateT (for e<ample, ethanol), For othe' substances, "'hieh are bound
t<l macromolecule' in membranes and tissues and "hich are very unevenly
distributed In the bod~. the bneties in various tissue' are different. A
compartment i' frequently form«l at the "te ofabsorption but may' involve other
tissues of the body as well.

1.1 I Camp"mmentJ al lhe Sile af AbJ(},plio~

If ,ub5tantial quantities of chemical. are retain«l In re.plrator~ tissues after
inhalation or in the mucosa of the gastromtestinal trac, after ingestion, it i'
justifi«l '0 conSIder th... tISSUes a. separate compartment<. The uptake of ilB....
and vapoun(forre'o'lews seeTask Groupon Lunil Dynamics. 1966; WHO. 1978;
Camner el 01, 19(9)depend, on the'r solubihty in water. Modening of pulmonary
t,ssueconcentration, i' important for gases like SO, that ha>'e a direct toxie effect
on these tissue•.

When an aerosol is inhaled, pan;,;les are deposlled at various level. of lhe
tracheochemical and pulmonary tracts dependinil on breathinil characteristiC'S
and aerodynamic siu: of panicles. Soluble particle. are taken up regardles' of
their deposition .ite and the retention time in pulmonary ti"ues i' usuan~ 'hort.
I.e, there" no compartmentah.... llon at the .ite of absorption. Leu soluble
particles depo'ited in the tracheobronchial tract may be remo>ed by mucociliary
mo'-emem and ,wallo"'ed before 'he~ are dissol,-ed, Particles of limited
solubIlity, whIch are not tran'located to 'he ilamointeSlinal tract, may be
re'alned for long penod. In pulmonary tISSUes, ,hus constituting a source (or
compartment) Ihat ma~ iliye rise to a considerable tissue dose e>'en a long time
after exposure. Sucb retention in pulmonary ti"u", ha' been sbown to be
important for r",plratory carcinogenIcIty of some compound. ofchromIUm and
nlelel.
Th~ mucosa of the ilB"roimestlnal tract often behaves linetlcally a< a

compartment "hich .. ImpoTtant for inilest;on of larg~ doses of chemical
substances. In acute oral poisoninil. local retenlion of a cbemical i' frequently' a
prerequi,ite for damage to OCCur in the ilastroim"'tinal tract For additional
IlIfOmtll.tiOIl 611 tke uptake lia lh~ galtroinl~~linaltra~tsee WHO (197Sj and
Camner ~, al. (1979)
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1.1.1 CompiJrlIMm, in Olhu Or(ltlnJ ond TiJs~s

Tho transfor of a chemical from the SIt. of absorption and i\$ diStribution to
'''rious organs in the body u".ally in"oIH' tran'pon by blood and uptake by
oth.r tl"ues. Such uptake" oflen mediated by the 'd,ffu$ibl. fntc,ion' in blood
pla,ma and imen,iual and im.rceUular ""ids. If the diffusion of a .ubstance in
body orpn, i. more rapid than SOlo. o'her .tep 10 motabohe bolla"our> organs
boN'cen ,,'lrich such rapid diffu,;on occurs may bc regarded as pans of one
ccmpanmcnt

Binding of eh.mical sub'taltCe5 to moleeul.s with scleeti"e penetration
propertIes to body orpn. may som.t,mes bo of imponanco for uptak. and
mention in a companment. An .umpl. is the ",locti". uptake and r.tention of
motallothioneln·bo"nd cadmIUm ,n the bdn.y. The: uptake process involves
passag.l)fmetallothioneln.bound cadmIum acrO$S the bru.h bordrr mombran<
of the re""l tubule coil apinst a ccncentration gradiem, Obviously. such
proce=s cannot bc modelled by diff.rontlal eqWl.tions I>.oscd On the concrnt,-:a·
tion vadient A rapid and almosteomplet. Uplat. ofcadmium· motallothionein
from blood plasma in the ronal tubule " as,umed in tb. m"lhcompartm.nt
model of cadmium m.tabohsm dISCUSS«! In soction 5. This assumption isl>.oscd
On experimental evidence (Nordbcrll and Nordbe,... 1975).

Th. ,-:a,. of b,otransformatlon of a sub$tancr and the permeabl],ty of coil
m.mbranes to tut .ubstance a. it occurs in plasma and int.rcellular fluid. may
be imponam for eompanmcnlaliuuion, Tho uptake of tncn:ury ,,,pour,
phy'$iC;llly di$SOh'e<! in blood. into the braIn and its subsequent oxidatIon to
di"'lent m.rcury .. ith a "ery long retention time r.pre..nts a mochani'm
lmply'ingcompanm.ntahullion (Nordbofll and S.",nius, 1%9). Tht. mecham.m
is of con,id.rable significance.•ince the central ne,,'ou, s)-.tem may bc affeeted
aflcr inhalation of men:ury vapouT.

The: proc:esses of neretion and ehmination of a chemical from the body as a
..hole art freq.,.ntly tilt ratc.limitlnll st.ps In the metabolism. and tilt
mechanisms gov'.ming these processes af. oftcn of decisive tmponance for
mclabolic moddlini- The ,-:at,o""l. fOT treallng methylmercury m.tabollsm as a
one-<:ompartmentsy'st.m, for .xampl., is the demonstration that the distribution
to body organ, is cOnStd.fably fa,t.r than tilt excrehon from the body (S,,'edish
Expen Group. 1971)

A kinetic model of motabolism of a substancc frequcntly involves ......ral
companmonts. The accumulation In an orpn has the .ffect of dampenmll and
d.tal'ing the variations in the input fIov,', If. for instance, ""eral compan""'nts
..'th the same bolla"our are connected ,n ..nes. a step 1"<'reaS<: In tho Input dosc
rat. will .....ntually transform into a slow, gradual incr.a.. , Similarly, a ,ingle
do.. adminlst.red 10 an individual will r.sult in a Ie....n.d·out ootput frorn an
organ "'ith a sobstantial ret.ntion capacity (mnll biological half·time),

These two eu.mples soU..t that hillh tranSIent CO"<'entTat;ons ..,ll affect
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O'l~.. no in tb. proXImal pan of th. 8"", network, i.•. in th. respirator)' ..nd
pmoint••tin..ltrllCt•. Con.'.,...,I), tr..nsi.nt concentralian, ..,11 na' ....,ly reacb
organ. sucb as the kidn.y. "'hich ..,11 rnor< hkoly be ..ffected b)' tb. long-tim•
......g. dase •• rcflected by th. organ concentration af the .ubst.nce. Thcse
ob••,..·.. ti"n' "g= "'ith lb. f.cl th.t wh.n ex]><>Sur< Ii .hon .nd int.nse.•ffec"
frequently oa:ur .tlb••ito af .bsorplion (for ....mple. lung or ",.lroint..tln..1
trro) .. hieh in ,hiS case beh...... a, a.pecific companmenl

3 DAMAGE "ECHANIS~lS

Dam.ge to an orpn or a tinue ,...n ad,.e"" change ,n some normal. essent;al
funetion. lbo d..mage rna)' be r.,..nible or irreversibl••nd m'l occur SOOn afl.r
a sufficiently high ex]><>Sur. or .fler a long-term ex>""ure. Th.r< are ,,'·er.1
fundamentally diff.rent biochemical mechanisms that det.rmin. how damage of
various bnd' comes about. A bnof di..::u..ian of tbe main damage mechanisms
and the" r.lahon,h,p$ to the .-eceptor tbe<>ry oniln..lIy de"eloped in pharma.
calog}' by C .. rk (l9J1) is ginn in SCo:1I0n 3.2,

3.1 Ma'btmatical Moolellloll or Oamalle M...hanisms

lbo bar.oc ....umption "r t"ucolop causality' Ii that an ,he ,nformanon
n.......r)' 10 d.termine ,be probability of damage in 0 cell or unue A withtn 0

cmnpanment P is contained ,n the behasiour of its concentration ,n P ovcr some
'p«ified lime up 10 the tim. under consideration

1././ 1M Slroin Frmi:'ion

S~b>eque"'l). a m"r< .pecific a..umpti,," IS made tha' th. ,nflu.nce "f the nme
..qu.nce of c"ncentralion, in a companment can be .xpressed by a single
number. d. Th,. number. d. indicat., 'hOI ,be presence of a IOxic agent in the
,issu. has produced. with or "'thout some d.lay, a de"..t,on ,n th. normal
biochemical ..ate "rcells. Th" d.'utian i' called ·.train· aDd il i' a..umod to be
toeasurabl•. Ihhe ..rain ;, to<> great. rt...n,bl. Orl""... rs,ble d..m..ge "'ill OCCUt

If hom<lCo.latic m"",han,sm, ac' rapidl)'. on. mal .n'·i",&< that th. ti..u.
strain heha,'.. ,,"cr lim. in lhe >arne .. a)' ... Ih. concen".. tion of 'h. toxic agem
In lhi. ca.. the "ra,n would be suitabl) rep....nled b) tbe concentration. An
.......mpl.,s methylmercury po;"'n,ng. in ",hieh ..n 'IT..·.rsibk 'oxie eff.......m'
nat to occur unl.ss th. concen"a"On in Ih. central n.,..'ou. ,),.Iem (as
rep....nted by th. blood , ...lu. or tb. body burden) exceeds .. """,lin value on
some occaSIon.

AI Iht other e~trtme> if the ~genl causes a more la~ung Of ...en irre.'.nible
biochemical cbani" "'hieh does nol d,~pp<ar r..pidly ....n ,f ,be a~nl is no



loniCl protOl io tile tissue. tile aPJllOJ)flate funct,on ofconcenlration "ould b<
lhe mean ~allle or a "CIg!lte<! mean ~al"" (givin, morc weighl 10 =1
concentrations). or a (poo,ibly w.i&hted) time mteifal

Thc dallUl&C funcl,on for the .ff..::ts of chronic ,xPQ'ure to SO,. for .xampl•.
m'&ht be ..pected to be adequat.I)' represenled by a function of thi. ba.ic typc
AI",. latent ti"u. cbanges due to ..posure to radi.tion or oth., ca.rcino~ni<

agents may be dc>cribed in a .imilar way

3.1.2 Damagt C,iltrUJ

For the purpo!C of comput.'ltion the damage criterion has to be form.ahzed.
a"umin& thai the de~iation from equlhbnum a' a certain time is adequalely
repr.senled by the .train function.

[krtrminu,i" da1ruJgt may be dtiined u rollo...·.:

If the strain at lime I.xceed. a th....hold ~alu. for a ,;,'en indi~iduaL then
either a damage OQCurs at hme , or. if dama&e is alrudy present. il remains.

For 'h....hold e/foet••uch as occur ,n mcth)'lmtrcury poi",mng. 'he '''am i.
equal 10 concentration

For compan"'n. srorluu,jr <i<JmDgt may be defined a. folio"'"

Th.re i. a pfobabili,), lhal a damage will OCCUr in a (.hon) tIme int.",al 'ha'
"'eludes lime ,. In Ih. finl order of approumalion. Ih" prohabtlily is
proportionalro lh. Ii",. 'and to the strain

For ......mpl., m radiolo&y il i' a"umed tbat for .mall do"", lhe probability for
cancer ..press,on is proponional to Ih. dose .--..cei"ed ""h,n a gi'"n 1lme
Int""·al.

3./.3 C.i/i,,<J EJJtc,. C,iri"al 0'90n and C,iril:,,1 C",,"'n""';"n

lbe t.rm. 'crilical .ff..::t". 'critical organ' and 'cntical concenlrat,on' a,.., oflen
used in loxioc<>logy. In cases whc,.., Ih. OIra,n ca.n be considered a, proponionallo
lheconcenlralion orlhe chemical and th. lhr..hold damagc cm.rion applies. the
definilionscommonly used (Task Groupen M.,al Toxicity. 1976)ca.n be applied
directly

Hew.~cr. for 10xic .ffect' ... hich a,.., srocha$tic Ih. $1mpl. ddinilion' a,.., no
longer .uffici.nt. The main ,..,a",n i. lhal lhe crilical con""ntra,ion of thc 10xic
a&W' does nol emt. N.",nbeless., il may bc possible 10 use lhe crilical .ffect
concept wilh a $Ilgh! modificalion. Th. addilional assumplion, lhal are t'CqUlred
10 dcli"" th. concept, of criticalily in these: cases ,hall nOI he consid.red h.re:
ho"·.",r. it should he pointe<! out lhat restricted ca.1.gori.. of .xposure pau.m,
should be trellted in a .pecific manoe'-
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A uwc w"'....... ,n _laO! ""lit cdls or~ ",tenets ""lit vanous h,uck

TIlt iD.~ bcl:"'...... lUI CJ.OFDOUIwbRaDcc: al'Id l!toI: bied 0 1 co;.
1ll1UO:llll! of ..... ""') sometimes f..no.. .. pnnaples of em)'1l>O mhibo~

esabh$hed b) MocbadJs Uld Me:a1<1l (l911) aad later dc>"doped ,n plIarwo
CIDIoI) as 'r<CqlIOr lheu)" (Clark ~I 111_, 1933; C1aIk. 1937, Anftl5. 19S4
SI<phn>l.oD.. 19S6). If the number nf lDOlcaIIcI ofa t<We ...lIs........ Wt alll
bound 10 ,_ hpnds is small. the fuD.Ctioo oI"l!toI: oeD is usuaIl) noIatreelCd
Whe:n ala'l" number nfmolecules is bound, tM m.llJUludc oflhe drect ckpetI(Is
on lite funeuon lballM bindln' hpnds perl"orm. A b>ocbemical eballJC ....Y
d~Jy preted..p11~ehallJC or dy1funcuon. Such biochcm>calchan,n
or blochemlQllcsions "'.re desocnbed by Petel'1 (1967). Tbt; concentr.tion of.
chemical (for .xampl•. I me",l compound) .t "hlCh und.sirable funcliol\.l!l
ch.n~. reversibl. Or irrever1;ble. OCCUr in the ceil hn been d.fined •• the
'critical' concent...t;on (T Group "n M.",l T"ricit)', 1976) SlIIce the I»nd,n.
bot"·...... chemocal .nd t,11 ltpnl:b i1 SOlnCUme1 re,'ers.ibl••nd "nee most
cellular componenlJ CIIn be replaced .nd have I ceraln tunlOVCr lime. mo1t
ful'lC11Oflal thallJll1 .re m..-rsible TIlt reo:;:c-pIOf lbror) used in plIarmacolo&Y
(see, for eumJ*. Slepbensou. 19S6) an apbJn tbe quanUlative relauonslup
bet","CC:D. tlIc doN (or CClllCCIltraUOft) ofa doolDJCl.l and the mallllludc 01" Jl1llled
,<=

TIlt number 01 hpad:s a'--..iIablc '" USAICI vanes beftt,"CC:D. tDdlv.,hws '" a
popubl>OlL "T"ho a_t ofbpnd blnchna lltat an occur ""!boallUl adVCf1l' dl'ecl.
also ,-.nco bcl:"'"CC:D. lDdl"""-h. Ead:I tDdlVldlllll bas • defined n"",ber <11 suctr.
Iipnds It I ddincd pOUlt III ume; llus IS tlIc basis for III mdmdlllll dl"'l..
thrcsboId (det.....'nlS..c da ......l- An eumJ* IS the <l1l."eretICC 01 Iud ..,th
Imlno IK>lIluuc ao:.l deb)Ul1lwe (ALA-D) l1us enzyme b;u • comodera.bIc
rescr>-'C caPKlty. and • Jl'"O'lO'I'X'i' mhibolJOG IS~w~ 10 a,h-cndy 1ftlI_
the ef)1.hropooaas. For "'.... effecu. such I 'Ihrnhold- cor>oeDll1luon of a
chmucal may be de6ned for ceru.lD cell t)l'Q. In any llldl\-.dual, the funcuon of
an orpn 1$ ImpllrW .,I\(n • ceru.lD concentration of1M ehmllQl ,$ 11l.luned In
lhe mOlt fCnl.ll!~e nrpn. Th' 'C'riucal efTeet' II .n Important point In tM
spectrum of vanou, efTee" that mal be IndllCfll by chemical •. sinc. it de/\MO the
di"idinll lin. bet"'••n .dv..... and non,.dvclW elf""t•.

An .xcepl;on to Ihe priooplC$ dIscussed Ibn.'e i. a non-repaired damall.
mullin. frnm the interaction with DNA SIOCC th. DNA molecul. cont.... the
&<lIC:hC code. Interaction "'ith DNA may ClufC .n irre'ers.ible chan&< in cellular
function In COIIlrlSlto mall) other tdlular "''I''u hueh IS <J\l}me1 .. hICh ba''''
• ct1Ulll rue"", Clpaal) etLlIblinlltbem to 1Okl1l!': I small n<lll\ber of IoU:

moIccubl, tM U>Wcrac-uon of D~A",'CD "'Ith I 1UI11k ex........... moIecul< <;Ill

I"'C rue to. chana< '" the J<DtUC code.nd thus ""'11K anll'l'C\'CnIhie damaltf II
II pos$Ibk-. thefcf""", lltat for mteraCUOa ""lit Dl'oA a 'th=bold- dna noI uaoI
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ano1lhal o1amage 15 O1UC 10 a ltochll.Slic process (stoch~ilic d~m~H~) This lyPt of
damase is nol lhe main subject of lhe prrsem paper and "'ill not br further
d,sc:ussW. For a more detailed disc:ussion ofcamnosenes>s and mutasenelis see.
fo' eumple, WHO (1978), IARe (1980) and Hoe] (thi. volume).

4 INDlVIDl:AL u-rECf MODELS A:"o'D POPULATION RISK
MODELS

ModelbllJ ofconcenlration ofa to.tic .ubstance in a lissue: or compartmenl " ....
disc:uued ,n seclion 2. Se<:non 3 deall "'lth err""'ts due 10 a i','en ume knel of
concentralions. Taken together, these '''-0 componem. of a model determine
"'hether or not a damage o<:<:urs al a g",'en exposure. Certainly, the uptie" form
"f a combined mathematical model "aries con.iderably in comptexily. ranglnS
from a dosed slatislical formula 10 U)'SI"'" Slmula1l0n ofmeutbohc and damage
prn<esse<. In lhe presenl SC'<Iion, a briefoutline ,,'ill be: gi"en ofgeneral principles
lhal rna)' br applied in e..endlnSa dose-effm model for an indi'ld~lloa dose
rC$ponk model for a population. Thi. ealen,ion requires additional dautthat
describe: Inler-indi"idual '-ariation of parameter>,

When <on"<lerinaa "nsle indiv'dual, a delerministlc model can tell u. "helher
or wt a toxic effect "ill appear. The outCome" ,n depend not only on capo.ure
but also on lhe rndi"iduar, melabolic .utlu, and ti ..ue knsiti'it)

At low eaposures. lhe indi>idual. "hich are damaSed are primarily' those "'ho
ha,-. unfavourable metabolic paramete.. (for eumple, high relenlion rn li"uC$,
\0"- eacrelion rate) combined "ith hiSh tissue knsitivily' The slat,slical
disrr,bulion of paramele.. i. eitber kno"'n or can br eslimated, For in'lance, the
model for melhylmercury conlains an indi'idual parameter fo, the b'olo&ical
half.hme. The co"e.pondtns "ati"ical di>tribulion may be: repr<senled by a
normal distribulion. The distribuhon of lhe 'hrC$hold body burtlen bal been
approximated by log-normal and Wei bull models (see se<tion 5).

Fo, • g,ven exposure, the prohabilily of a ,pecified damage in a randomly
ch<»en indi>'idual can be: in principle computed by inlCaration of the joint
p,obabililY distnbulion of paramete.. o,-.r tbe d<»e range in "hicb these
parameter> are a»<><iated "ilh damase according 10 lhe comb,ned metl_
bolic damage model

Thu., lhe di>lribulions of mdiv'dual parameters can be: combined ""h each
othe' and wilh the strueture of the melabolic and damage model. to yield
est,maleS of damage p'obabihtiC$ al va'y,ng dose level. of Ihe 10xic subslance.
For melhylmercury, lhe procedure fo' the computation of the probabililY is
illumaled in Fillure I-

The dose-respoMC model. diS<1lssed in lhe preced,nstear are panicululy
useful when tbe ri.k <lepend. On the interplay of several parameters SO that
unfa,'ou,.bte eomb,nallon. will lead to harmful eff..,..
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Fl•• re 1 Grapillcal rcpr<1<n",,,on of111< usc 0{,11< JOOn'
pro,,"\>;1I1y di" "bY,..", o{ dama.. paramo,e,.. Ith...hold
Ic>'el rOf ro;sonml) and me...bobc para"""'" (b",lol;"al
half·"me) rOf e,"ma""1 ,he pop.latlon ri,\: orpoi"'ni"l1
1I1 'p¢<,!ied lonl·t<,m "p"'ure I"d. (>haded aro..)

5 APPUCATIO",' or RISK MODELS

The pnDCiples re,iewed in lhe pre',ou, seclion. ha\'e been ui<d in e..imatinglhe
ris\: of ~ntflll ne"OuS damage ,n hllmans f,om exposure 10 melh)'lmercur)' and
of \:,dney ""mage from exposure 10 cadmium The "alidit) of lhe.. models i.
discussed in KClions 5.1 and S.2.

5.1 M'lh)'lmucary

The uptake of methylmercury from lhe gamointestinal Iracl i. 'irlaaU)'
complete. Meth)'lme"",ry di'lribution in body organ' ha. a specific panem, bUl
all orpn. beha,e k,nel"""Uy ,n a ..milar .....y. Thererort, a one..;ompa,tm.n,
model is appropriate (S..-edi,h hpen Group, 1~71), As already mentioned. lhe
toxicity of ""'lhylmercury to 'he .:tnlral ne,..,.ous iYSttm in an adull indi'"idu.al
rna)' be con.idered 10 depend on lhe peak concenlraHon in tbe brain ti..ue, and,
therefore, a lhresbold model apph.... The b,olog>:al half·ume of lhe compound
bas been "'limated in person. e.poi<d 10 higb dielaf)" !e"el. in Iraq, Analy.., of
consecuti\'C hair "'Imenls permllled tb. calcuLauon of the b'oloJiCl>1 half'lime in
""-era! persons. and lhe inler·indi,idaal "arialion ..........limated by Sbabri'lan,
and Shihab (l~74). Threshold body burdens 10 adults for d,rrerenl s)'mp'oms
"'er<: also ...1;maleO (Bar-ir rr al. 1913) By mumina that m adull indi.iduals
biological half-'ime is independent of lhe thr...hold bod)' burden. tbtit ""ta
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Filure 2 Il.<lotion'h'p bc:, ..= ",,,,-term do;l, ,""'h uf
""'h,lm<1'<ul) an<! "'k or poi"'''''''. Cal<llla,ed &<co'd,",
'0 :-;",dbe" and S'ranren (1976) Il.,produe<d 1»' perm,,·
si"" of EI...'ior BiMlediaol ...... :-;V r,01It NO'dbe" and
S,ronrm (1976)

~ould be u.ed 10 derive ,he joint probabillly dimibu,ion of the indi"idual model
pll,ame'C1$. Th~ pnncipl.. illumate<! in Figu~ 1 fo' n,k calculation a, ",nou.
doses oflong-Ie,m intake of methy·lmer<:tl~·yield lhe comple,e model (Nordbe,g
and S,ran~rt. (976). The ,""ulling dose-mponse eUrte "..hen ""ng a log.
normal di<lribulion of tissue Ih~,hold, i' 'hown in Figu~ 2.

Depending on Ihe ehoie<: ofd"tribuI,on (Iog·nonnal 0' W.,bu!l 0' SOme othe'
d,,'nbuI,on) fo' 'nd"idual threshold•. some",hal dilferenl ~suhs may be
obtained pllrticularl} in the lower pllrt of the dose-,..ponse eurvt; but other
uncertainu.. (fo, ....mpl•. the background pre,..lence of symptom,) ha,-. been
shown to be or similar or il~ater imrortantt fo' risk ..timalion al low dose<
(Nordbe,g and Stranger!. 1978). The«: eSUtn'".. of risk apply to adverse elf"'''
on the ttntral n.....'ou' sy"em ofadull human, tiS(ICIated with long.te"" Intake
"la food.

If population exposure IS eo",idered, 'he mo" ..n,ilive ..gment Of th.
ropulauon should be prol"'te<!. Elf"''' of me,h)lmercury on the brain of lhe
",,,'bo,n ",-hen 'he mother "... exposed 10 melhy'lmercury dUring p~gn.ncy has
long Ixcn recognlud. 1l.=11). quan,i,ati"e data ha,.. Ixcn oblaine<! (Oarkson.
personal <:ommun",a"on; Ma"h 01 aI" 1980) for the eoncemralion, of me=r)'
in 'he hair of mo,he" !living birth '0 ehildren who w.... l...r ,hown to hav. a
~larded developmen, of the cen"al ...".-ous sy"em function 11 might be
possible '0 u.. these dal. for th..."ma"on "f risk In • ropuLohon of ehild~n.
associated ""th low Ie'-el oral imake "f methJ-lm.rcury by moth.,-., by appl)'mg
similar mod.ls as th"'" employed for ,he elf",.. in adul ...
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~.2 Cadmium

Th. sam. approach uSIng a melabolic mod.1 and crnical concentralions of th.
tox,c ag.nt in lh. critical organ ha$ also bttn applied to <slimat. the .xpecled
apj><arance of k,dn'j dysfunction in lh. expo<W group (Friberg eI 01" 1974;
Kj.Umom. 1977; Kj(lIWom and Nordberg. 1978: 1'00rdberg and Kjtl1Slf6m.
1979). Th. first an.mpls of ,uch cakulahon$ (Kj.U<lr6m ~I 01.. 1971. Fribcrll ~I

ai, 19(4) " .. r. limit.d to ex,rcmc:lj' long .xposure period, (o'.. r 20 y.ar$) and
con$Ulnt .xposur. conditions; 0 on.-<:ompanm.nl model ",a, applied and a
crnical conc.mration of cadmIum in lh. kidn'j corte. of appro.imatdy
200 "g g ",as a"umed. Usinll thi' m<lhod. approXImate Inlakes required for the
appearance of prot.inuria in an un,pecified proportIon ofan exposed population
wcr. caloulated.

A"uminll lhal the ral.·lImning Slep " lhe exo...lion from lh. body and
comidcrinil kidnC)' cortex as a subunit ofth.tolal body compartmenl, lh. us< of
a one-<:ompartm.m model for cadmium may be justified wh.n "'T)' long. low·
1.".1 "po.ures are conSldored aod only crud. estimot.s of",k of prol.inuria are
required. Ho""",'cr. wh.n modelling metabohsm o,'er such loog lim. pe"od~.U "

imporlanl to tah into accoum the age dependenco of body and organ "'oighu a~

",eU as tho amount off<>O<l C<lm~med ",hen e.pmurc occurs ,'ia f<><>d. Even "hen
modelling mOlaboli$m O"er long period, of tim•. a ono""ompanmenl approach
imphos conSIderable uncertainlios,

A multicompartmenl model of cadmium mOlaboli$m (KjelJ,trbm and
Nordbcrll. 1979: Nordberg and K.tdlstrbm. 1979) may be u>ed to modd over
'honer lime period, nol onlj the c<Jn..,ntration$ ofcadmium in the kidnoy corte.
bUl also tho concentration$ in other ti'sues. exc...ti'ln in uri"" ele,. and more
prec"" eslimates of risk of proteinuria may be obtained. The complex nalur. of
this model mak", il n<ee>sal) 10 Slmulal. lbe melabolic process by Slep"'is<
computalion of lh. imake ond "c.-e\ion of cadmium betw«n eight lissu.
compartments. Such a mod.l io c<Jmbinotion wilh a$~umptlon, of im.r
indi"idual "a,ialion in metabolism has btto used 10 .Slimate dose-rosponse
relalionships for cadmium proteinuria ond to compare such "(Imal.. "'ith
octual epidemiologIcal obs.ervallOn, (Kjdlmom. 1977). Allhough lh.... ore slill
many difficulti'" and uncertainti•• ",h.n O.timOling inter·indi"idual varIations of
lh. ~rilio::al conconlTation In r.nal cortex 'hat gIVcs rise 10 proleinuria, data
obtamed by m.an, of in Uw o.ulron aCli"alion (R""ls "I ~/.. 1979; Elli' <t aI.,
1980) ha,'. h.lped to impro,.. lhe rIsk "'limales. Data on In,er·indi"\dual
"arialion of Ihr<5hold concentralions for damailC (logistic adaptalion of 10\
prevalenc. at about 200 jig g and )0./. al 300 "g g) can be combIned Wilh
m<labolic da,a and "'limation' of ri'k of proteinuria can be oJad. u,ing lhe
prinCiples outlin.d in section 4 of !hiS paper. As shoven Jn Figu... 3. ,uch
Clllculallon, have been made (Holmberg tl al" 19&2) for an a'..rage gas.
Irointe'linal absorption of 4,8 •• in the populalion. yielding an Inc...ase of 5~,.



abo\t blI.~kJro~QlI prt\1lcllCC for bcl4·1·DlJCTOI!obulinuria (prolemunt) III
da~) intake of 200 .... per daj' Ruk '" pe"'O"S .,lb a hiaber psI,oon.nlllllll
absofplion (20'.) "'U aJso nt,,,,,,led Sucb a IuJb.lUltoon.esunal.btorpuool
""'} 0CCtll' ,n persons "'ub"On~} (Ilanapn tI 01. 19711).

II is e>idcnl f,om f"uK 3 W ••ho ruk of prolemullI.' "'take lr."ds Io'ro~

!han :tppr<Wml.d} 200 .... per da)~ t-,'. f.:lOr mlldl b11'F'" Lbln the
rebu.""increax ,n<:::ldmlum.bIoo'puon (from4111020\J.AIIOO .... perda) 01
cadmJum ",like, for ......."pk. 'ho ru.k UlCrUSn from .bou, I ••0 .boul 11'

}OO 400 ~

OO"y t:<. ~~/~',

F,."tt 3 lhk of 1'f'O'.,nu,a auoca'ed ~.,h "".·'et'm 0,.1
,n'a" of cadm,um .."mate<! hj' uuo. a model drm«l f,om
In<lallob<: .1Id pora..,.,.r "1ria'ioo ,n • burnon p<lll<I.
lot..,." ,n ......'.1 'o'n'...U>al uptake of 4 ~. N. bo<n
...om«! s.po ...., ",imo'.. or< >bo"'o for "'OIOpo ",,,b.
h.Jbcr.boorfl<M>rl \20'.) .,Ili<b ....l occur in p<f>OI>I.,lIb ,r<,C1
drll<.."q ._. R«l~.,n from Holmbe'. r, III, 198" and
<q>rodu<c4 b> _ al Statrn> hlt<nfolb"ftk

TbJS rapod IOICTU>C of nsk Ol rela.ed 101M slope obwJxd In .M combllled
<;tU'\"" <lema! f'OCIIthe "'UlllplJOO ofll). tos-l><lnJI-Ol d"tnbulJo" of meubolll;
'anauon and l~l' \oII>lJC dulnbo"lJ(lfI of lWU< Ihresbokh m the rmI1 cone>.
TheempulCll obomoa.............. bidI the ....umpllOOS 01para.mnn dmnhul_
blI'"" ~ ....."" ,rorompletc ,.-;1 Illeml"'"" ImlmpI><IM (for u'.IIIpk.
Wa'bun or DOnIIII dDtnbullOllj.boul panaIC'IOr dtOtnhulJOllS l1li) be IIWd
Sucb Ilumo."'''' .,ould )1tId .......... bo., chff<r<DI shape oI.ho result"" dole·
rnpo<tx <"Un""



5.3 ConcllHling Remark.

The t"o e"mp1<$. m.lh,.lmeTCur,. and cadmium. illustrate the applicalion of
model' in ...tlmalins exposure-n:.ponse relalion'hips, Bolh .xampl.. a",
co,,"med wilh determini$lic Or "hreshold' l,.,pe of damage. H""",,'er, .. hen
$pecifk informalion on paramet.... dimibulion, in a popula'ion i$ ,vailable for,
$I<>cha$'" damage. ",m,lar approach m,ghl he ,".mpled (sec Hoele' "'-, 1975).
The dose-respon", rna) ha"e 10 he modified on lhe ba'" of informalion
obtained in metabolic and k,ne"c $1ud,.. (Hot:!. lh,s v'olume).

In bolh egmple, (meth,.'lmercuf)' and cadmium) th. models impl,., estimation
of paramelers delerminin& inler-indiv'idual varialion in lissue sensilivily and of
mela.bolic parameters, Sueh .n .pproach offers comin adv'.nlages oV'er more
conv·.n,ional method$, The resulting dose- ....pon'" CUI';, has. s,m,lar shape as
the cu",.. ,uUesled by M.nlel.nd Bf)'.n (1961) for lo"-<lose eXlrapolalion
Ho"'"..r, in the approach 'Usgesled in the presenl paper lhe slope .nd the exact
shape art del.rm,ned by Ihe lnfosmahon ,,'.ilabl< for 'he compound under
consideration

Ralher lhan idenlifyinS a very small p,oportion of mdiv,dual. Wilh symptom,.
whICh '$ ofl.n v'ery difficult in .p,demiolo&ical practicoe, in some cas« it m.y bt:
possible to separate lhe facton invoh'ed in poison,ng and 10 eslimale lhe
distnbution of Ihe correspondins paramelers in lhe populalion When sueh dala
can he ohtaJned .nd .pp1ied 10 • 10.ticoloJicaI model. lhe risk eslimal" 're
determmed by v"tu.. of paramelers that dev'lale onl,. moderalel,., from the
normal '·.Iu.... Also, Ihere are many u,,"rlalnli... ,n .ssumlns a specific
ma'hematical form of do",-mponse relationship for extrapolalion f'om high
do... to vcry 10",' dos«. Calculat,"g the risk from "'Hral. more ",hably
e..imated portion, of ..parale parameler distribulion' should provide a bener
prO£e<!ure for ri'k emmalion
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