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delivery of energy co cells results in a wide Uiscriuuticn or rILtszzes =,

and the expecced nean value, z, is cunstant with exposure. Thus, kzch “CZ,

only IH varies uith D so that the apparent pru;ortionalLti bet.~een ‘JOSe-

Snd the fraccion of cells transfocwd is Tlisleading. Tnls proporclznal~=y

therefare does not mean chac any (cell) dose, no matter h~4 s.r~llr-ar.
-.

be lethal. Rather , ic means ChaLY in che exposure oc a po?ula:l~n J: -

individual organisris consisting of the cotlscitu=fltrelev=c cells, ~i=re ~s _

a small probability of particle-cell in~ecacci~~s +ich ‘--dnsieren==sy. _

Tlw probability of a cell transforming and iniziaclng a cancer can XIly ==

Sreater than zero if rhe hit size (’”doseof energy””)to C>e ceil is :ar:s

develop a drastically ~i~feren[ approach LO e,:~luationC: :fs~ fro-.:~:.

that holds promise of obviating any requirement fur the csJpoa=TIcs:i c“.=

present system: absorbzd organ ciase,LET, a s=..dara raci~tton, F.E>.),

dose equivalent and rem.
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I\TRULtiCTiON

health sctences that spans CM enclce raag= frar,conscicuclz< ~1~ ubl;.::ati

environmental agent of concern, to hein< alleifec:lve :keC.3-e’J:::.3:=;:f::

the cont:ol of cancer. Tkse char.-icwriscics pljc: c:.efor:er ta Ci,e :=a:=

of public heal-h including epidemiology (Ph); the lact=r in :he disci;::n~

of pharmacology, toxicology, and redicine !:.c). The sa.m ~:zraczeris-~cs

di.vi’ielox-level exposure (LLE) to radiation, frcm ll~ti-levt:exzo5c:t

(HLE} .

The basic radiation quanci~t<s Anu units in current LJSeane tizf:z=iz?

Lne Xc?.u(1 ) were developea during c~st eca i:,.nicn cssar,::ail: Kc= sol=

focus was on diagnostic ana th.erapeucicuses, and lar~ely c= che ear;?

acute effects Gn an organ or a tumor: clearly in the :’=rea:z. :nus, :52

dt!scripclon and quanclficacion of these effects oi fiLZCOU1:, anz SL:L1 ~:.

be comfortably accoinmoCaC=u by C~105% .~Jantities ana ur.::sx9?Le2 ea:-:-

during this period. These c3nsi5cea ‘:dinly01 orgau or cuv:: ex>osu:?,

proportional to absorbed aose, on uhlc.:ce?en.cs :;% fKacci:-.~t >r5a-L-Jr

cunors responding $uancally (i.e., an aii-or-ao:nlmg cnan~e ,: s-dce, ::;:

functional, to essentially permanent or lethal dys{unc:ioaj.

Rowevvr, the above happy state of affairs ‘#asnot acki:.:ei-,it::-:

considerable diSC’JSSion ana dlsagr~=mc?.csZDOUL ?,:,tiKi,=“.a~,e:nt-or

quanclty of radiaLion vas to be defined. In the physi::s:’s eye, cr.-s

quantlcy was the [oCal energy flow frm a source, per mic =:sa, i.=., L5.=

energy fluence times the exposure time. On the ocher ~mand,frmz the

physician’s standpoint, the amounz of :adiation in che ambie=L fiela as

regarded as irreievanc: what matterec as considered to be :Fat =hi~ ~~s

actually absorbed in tissue. In fact, che “skin erytkema zcse””unit :f

radiation “amount’.had already been lnvenced ana used, uhic= ~y-passc 3P:T

physical measurement beyond ckkeamount oi ci:les;eaL 12 3 r:2i.]ti5ni:=lri

celebrated with suctIa “biological dos:necer-.
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indi’~fcudl of concera.

Low-Level Radiation Expos~re

It was observed quite early Chat c~ncer could result E:m E-U.

!iouever, only mucn later was it widely appreciated tha: the ‘single

cell-originating” efteccs, cancer ana P.ericableeffec:s, 13Ls:alsa be -ti<em.

seriously, even at Very 10:’C!ases,or larger doses at \-cryIS dcse .3:=s,

i.e., following LLE. It was also appar+nt mat L% &sic pt~nor,ena

icvolved fell irltcche cacegory of Fh, particularly its subcfsci?lln~ ,:f

epidemiology and acclderit sta:lstlcs. iioutve:, r.oeffort .4%3IQC:e c,b

adjust the basic quan~~cies aml units ai de~arrtied by ckis Ci:fereac
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Of che CeLLS.
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pllY5ycians,who had no dlcact uay of dec=rciof~g .Pac the tu-or ~r ncrzll

cisszes were receiving frum a 2tveo exposure. That ls LO say, one musc use

a “.ce11 phantom”. if one wish?s to estindte the dose co a llvin~ cell. Thus

1

.

ra~fster a total of x hits d~:ing ar,exposure ciw t, then a single :33idly

recovering cell will also register x hits durin~ a Lime xc). T~ls pc2:ert:

of the phantom will, with use of the appropriate scaling factar, provice us

with the first of at kast Ldo probabilities1 needed in principle for

epfdemiological evaluation, namely, Lrs nu,nberof hits per celi, equal

numerically to che probability chat a Jeii will be hit, doscc, ana lc:ured.

IThe numbe~ in a group eXpeCC<d to respond quancally atter a ?lven exi.IsJce
provides the nunerical probability Cimt such a response will occur. :P.L5,
clw tern probability will be uSed incerckan~eJbly with cne t~:l,s““rrac:i.)n’”
or ‘proportion’. of equaily dosed quancaL responders a,Id che term ‘ris~’.
will be used interchan:sably x1L3 titepr~portic.,cr incicence ot
scochastically, and Chus utle~u~l.~j‘-dosed quantal resp(>llders.

5QWNJ3
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phantom cell, the magnl tude of the energy deposited. That iS tO S4Y’,i:

IJUSC provide me aiscribuclon of the ragnicudes of tileenec~y deposits in

the cell TCV’S, or the cell doses. This distribution of ceil doses must b=

obtainable far any gl’~e,lexposure to I s:ngi~ c:,>eof ra~iatton, or 3R:;

r,lixcure.

Vie electronic ~hanco$m C43AI% ?~de CO d~:lll<e t.~t? S: JCildSL~: Ce 1:

doses neaLly in Ortier a: increasing m~nltude. T~US we have the exact

analogue of what is commonly IusL2din >l@c-.3colo/:y.32cI:oxic31G<y--a yr3def

series of cell doses, ~~~ich :n principle :~ermitsus co develop a iunc::oa

foc the (fractional) numbec of hfc call. c!,acwill respond quaatally, 3c

each value of cell dose. This 1s the cell analo~ue of che ‘“organ

dose-organ respons~”” curve. This fraction 1s equal LO cce conditional

probabllicy chat, if hit, ariawith a dose of a given magnitude, a cell xill

respond quancally. Such curves are now available} tor several cellul,ir en;

points. tie thus have three proba5Llicles to be ev:ll~ateo, !) cne

probability that an exposed ceil wIIL be hit, 2) chat Lhe ,IiEceil Jill be

,Lven ~fze, and j) will respond q~idntdll~. ~~ isoi a ~ivec range with a ~

these probabilities c-tatper’nltus to determine, for a ~iuen ex?ostice,tile

fr3CLiOfl of those exposed chaL will cespond quan:ally.

h exanple ‘will heip to clarify ~!e above sucezents. In Fig. 2 ~re

sh,oxnsche!~atic~lly Chree di.scrib)lcionsof cell .!oses frcn StocP.a;Clc

!., “ ‘-:.):.s,;T.s :Jr -4::. ..,“-,:“..-.: :2 .-..J :Zrec C,’.iu*4Ze5, .2:.<1-. -.:r d

r~dlatiorl of a Stngle qualiLY. !.0CC2that -1s che exposucs lacr2ase.5,

neither Kbe wan nor Khe IxIxi7urIof the C!fstrlbutlons chzn~es--it :S c;.l;

the srea under the distributions, i.e., the nu~ber of ex~osed cells C;.IL

are F.ic, th3c lncr~ases. ?ior.ethat these distributions repcesent a ~r+~ed

secies of doses. ,llsoshofl is the S-shaped curs;?,an F!S5F’(hit-size

effec~~veness fun~tion), a relationship Chat pcovid%s che probability ,Jta

quancal response as a function of the cell dose. li the cell dose

distribution 1s wlclplled by the tiSEF, me result will ue tf,e

correspondingly-mar’hd smallec distribution, under the larger one. The

area tinder the srnalier distribution provides GhL!Single dnd cet~r:,inin~~iI&

point fn quantitative epidemiology or risk assessnenc, 1.?., the fract~.on

of those exposed durln~ a given exposure, thzicwill respond quantally.

As u1ll be expanded on ldt.?r, what has been ternea above a ‘ceil

phantom’”, 1s wch Iwre Cnan c~e analo~ue of an organ phantun. IL, cac:=r

Lhan simply c!f’cermlnea dose to a single organ or organls,m,pro.<tdcsnut

5
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as

in bnich
!

1s ch+ field Strength wasur~c! as fluence care (units ot

particles cm-2 ~-1), which express the rate of exposure (of cells) to Lh.e

ener~y-conveyin~ charged particles; [E is che exposure CII,ie;F is the

fluence to which the CGCJ1 eXpOSUre is r.uneric~llyequal; and’ - is ci.~

‘cross sect!.on..,oc consfhrttof proportionality. Thus, subscitutln~ Lti

Lq . (1), from Eq. (2),

!
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-..-.”’-3 -n :i&. L. ::1 LI* U>p~K i)-lCl~ila d L>C~~-<L;’’SflSi,>i,J~ j<;,~;~.itlt, u!.

Kke expc.sure-m.:i/:;Eaxes ‘uhlc’his cepicced c,hesar,ecurse aa: latelea

points shown in Lhe lower panel. (JIIthe l!,i/hE-eeiLdose +xes are tie

cell dOSe dis~~lbutf~(:s, i.e., the relative numbers of cells dosed, as 3

fu:lction of c% celi dose, z.

Xc Ulen ‘Acomes arldiriunally clear that each point in Lhe lin~~i CUCVe

does not repzest?nta sindle value of cell dose, with all dosed indlv~lcuals

having receiv?d nominally the sane value, as is lmpiied in the cer:J

‘“dose-response””curve. P..acher,each point equates to an entire

discrlbucion representing gruups of CS1lS wlch differer.Ldoses. Suc!l

distributions are implied Ln Eq. (1) shouing that b = ~?l{,in chdc

OLJViCJLISly,m Pave a ~, there must exist a cucrespondln~ distribution. -,’-1e

nunbec

c!oses,

pcobab.

of dosed cells at each value of z represents a :caded series of r’.l

i?encical in concepc to such ~ scrles used fi~ tid to oecermlne :rIC

lLty 9: an ;r~dn response c~rve as d functicn of aose.

7
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developed in NCEQ ?.<pore~io.63 (11).

conce?cuailY a Cell ;.hanton uith x}licR

scochascic dose del:”:ery is re~acively

*i. , ?.ef~. 6 and 12).
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Alcllo(lghiL 1S 31SO USef’Jl co dlstinguisa between ~c~chastic~li>

delivered as ooposed to planned dases, thfs fS [O 3vol~ confusion and noL ~

subscantlve requirement. Lc other Xvrds, all else being equzl, an cr~,nisn

has no physlolo~ical means of dctsr:ulning uhecher a :iven a:+[]t crlns:=r

ius occurred stochascically or by pl~:l.

It is sfilybec3use of che ah-Je-U!lCllCed CJp3*?Ll~L~eS cJt

mlcrmiosirlatr:c ,ce:aocs LhJC K:leenocfl[ous..idvantJ5esuf usltl,;c!:cu~<-en:

dose approach can k realiied. The instru!~entis ““completelyblind” c.I:h~

type or ener<::of cne r-id:ation partLcle responsible for che ~iven ~ner;;...

deposition. Thus che number of hits and the hit sizes .3Kecowpletei:~

““object-orieuted” quantities, on uhici, che ext+uc and seveclcj of effect

resulting fro3 zidtation exposure depends directly. In other wcrds, in

principle, Iz is unnecessary [O how any[hin~ about the nacIIre of the field

in which the iiologtcal matsrial is exposed. The large advantage of this

lies [lotonly in c!_acit u>ually’ is quite aifficul~ ~cactically, even ~ur

the most ““pure”of radiations, to decerntce cne fiela strength Ln ccr::s C:

che fluences and energies of the different types of particles. In 7Axsd

fields, it is essentially impossible to define adequately these variables.

Even ii c!efinec!,Lney ar+ too remce from the bfolo~ical effect to ~a’ke

them uszful i~r quznti’tacive prediction >urposes. }iicrodosl,metryin

principle oovfaces Zny requirement L<Jmeasure these quantities.

The companion a.iv~ncage of usln~ mtcradosi:~etricmethods is th?:, i=

pernlctlng measurements co be rade at Lhe tl.”,e0[ scochastlc f?VC2iLt~t t2e:._

in effect tum the abstracc risk of beina dosed and of cell doses iz:o

cancrete Val:=s for Cilese quan:icies. :Verlthou;h iK iS USildllj’no:

~ossi.ble to tesigriate ~hich living cell is hit, or to actributc ani

particular hic size to any particular cell, it is possible to scaLe

acc.irately th= relattve numbers that were hit at any given value of z, tar

any givtin ex?osure. Thus one [Bs essetl:ialLyall the information t-%: cce

h~~ in pl~rmcology aad toxlc~logy, in wi}ich the nun5er of individuals at

~TIy .-ivendose level is known precis?l’y,and from whfch L\e (fractional)

Illi“.,S1 of :uancal responders can be determined.
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quancally is the cell equivalent 01 an or~an-dose resPonse cUrve, i.,=-, d

re~ationship ctac will provide the prababilicy of a cell quantal :=SPOCS=,

as a function of LncreaslaS cell dose. Suc?I3 funccion, Kerned a h.i:-si2e

efiecCiveness function (+iSLF), G+S ken Ge’wl.ojed(5-9). ~ae SUC~ C::t:e :S

sho~n schenatLcally as the S-skaped carve in Fig. 2. * actual cur.:ei~c

chromosome abnor,nalicies, derived fcom the dah in Fig. 1, is s!w~n in

Fig. 7. The use of these cur’:= is now discussed. foll~wlng “ahichc?eir

derivation is summarized.

he of the hStiF

The use af the 3SLF ~s snown sche~latfcallyin Ii:. 2. For my ot:e,

or all of the cell nit Siz+ dist:iblclons shown, one si:lply:ulCi?lies Cne

JiiLfll’2!iL:ti:1:; :::< .-.--,-.~., :-: .’,c-.:e: J: “::: :.::: ,.-A: :.-.::..-. .l’-l_,~;

~ulti?lied hy the c~cr~spondi?.~ ~~int O$n t!ie ~Lji~. The resultir.g?:JC;CL:S,

the traction of hic cells respondiw quantally at exh cell point on une

d!.stribucion, are shown as the nuch snaller distributions witilin the lur<=c

ones . The area under each of the smiler afscributions yields the total

fraction of exposed cells responding quaritally,for each of the expoSUreS

marked E-1, E-2, and E-3. Ic is this fraction, of exposed cells responding

quantally for a given amount of exposure, that is the end product of c5+

risk evaluation. It is the total risk to cne cellular syste,m,i.e., che

excess incidence, in that syscen, of che end point, for expusure E, of the

risk assessr.ent. Thus such a value G~n b readily obtained fur any anauac

of expos~re co a rad:ation of any LET, or nfxcure, wichouc any requirement

11



txposurs X (the open CL:cle on C!Ie curve ,Tiirked?.H). This SiG&k C’JCV=

is ~or dL_IY LLT Caui,lclon, or rdxture. The hlc size discrihutians fsr c~e

gLven radiation are pr.>vlded in Khe upper cighc hand corner. This

diSCrlaution, as oppasel to tnuse in Figs. 2 and 3, is I:ormalized u 1.G.

If this discribucion is then multiples by the HSEF, shown Ln the cent==

right panel, che product will represent the discribuclort of quantally

responding cells, sho’m in che right lower panel. T~e areas under tilfs

dfscrihutioo repcesenc the number of hit cells in the u!>~ernornalLzeJ

aistribl]tfon that responds quaatally —nulcfpl:~ing :his value by the xu.~~b+r

of exposed celLs given by cne open circle in linear curve Pi{in che lecc

panel yields the total risk for exposure E, shown as the open circle on

curve 3.
q. ,

It is emphasized chat the “normalized dlstrfbutions”’approach cepicced

in Fig. 5 1s for illustrative purposes only. Neither “linear, non-

chcesh~ld”” relationship, nor dlst:ibtittons for differeuc LLT’s need x

referred co or used in ~ractice (it is superfluous to provtde a cur-.= f~:

.-,A~.<:.-.e si a 31c vcrs.4s e.xgo2zr2--c>&e dlscribuci~n of hic sizes

sutfices). That is to s3y, for any ~iven exposure, vhazcver the LET Jr

r,]ix[uresof LET’s, only a single distribution would be recorded by i;e

microdasimeter. Direct application of che lLS~ would yield the requi:ed

“risk coefficient””. Thus, In practice, the cell dose approach Collld

obviate the need for multiple “dose response”.curves (Fig. 1), and f: cou:d

replace the concepc of LET entirely. That is co say, the “T””in LET does

not #mean the mean of the energ depositions in tissue. It means the anouc:

deposited in che cell TCV--the cell dose.

12
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Several ar,onalies ia the sec uf typical cell ““doseces~onse- CL-”::,

shoun la Fiz. 1, cm be pointed out immediately. For instance, altkc:~h

the response is of individual cells} che ““dose””IS co C& entire drg,=. Z= “

is taken to be axiomatic that the sci~.ulusto an individual, be it a ~ell

or an organ, rr,uscbe measured at che sa:zelevel as the initial biolo~~c~l

response. Although the effeccive agent is purported to be energy, c>riad

“’dos~ response’” curves are drawn for that same a~enc. Also, as seen xith

lithicn ions, the same particle but ~ith different energies resuics 21

rnarkelly different curve slopes. In fact, more and mom curves can :s%dtly

be added to the set, simply by using different particles of differenz

energies, until che roughly trlan~uhr area represented by the curves is

13



specific— to the cell TCV, co

rddlacions are in fact large-

High-Level Exposure

In the abov~ aiscusslon,

constitute cell dose. Thus high- ana i:x-L-7

and small cell dose radiations.

exposure to luU_Lii radlacion only was

discussed. The differences between lc”J- and hi@-LET radiations 3re Stio”.-z

in Figure 7, for a l~v-L5T ra<:ati~c ~-.:;;.?Iot:=d on :he ~:zc:ssa :: L-=

exposure ~ expressed in units of l$H/h’L~or ?.F,.On the left oriinate

is the man hit size, correspondin~ co the heavy curved line shoun ia the

figure. On the right ordinate is the nufiberof discrete hi:s per cell,

corresponding to the straight diagonal line, part of which o=Jerla?s<:?

curve for the mean hit size.
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and .srk+\ler. There 1s then no ce.msonco evili:~tsse!JacaLI?i;:he rfsk :ur

each diJcrece hit. It is adequate, for pr~ccicll reasons, :iriplyKJ -se

the summed energy density as the r.~eandose. IiIocher words, in cnese

‘hl~h-exg<sure reg.iuns, Cke Cell dose ,a:lcL.heorGan dose .ar=,ior 2Ai

practica~ purposes, identical. Then, amd mosc itj~ortanzly,me ca~

characceri.ze and predicc the pcobabili~y of e biological res?onse in ~!e

cell population, or in the or~an Itself, in cems of a single paranecer,

the absorbed doss D to che org~n.

Hoxever, as one goes low~c Ln e:crosure, iK is seen that the expcsure

splits into independent components , z and ?.h. ;ioCethat L~e expecra:ian

value of ~, even though the variance is large, remains cons”-nt, so t_-.2t

the only cellular parameter that can increase with irocreasi=~ exposure is

the RH or the rmaber of hit sizes per exposed cell. Thus, ‘“”z-ith r.~~, z.;e

dose to cells and organs alike can incr?ase because of mult:?le hits, ~nd

~he orie variable, D, is adequate to predict a response in ~-= indt.JicJal.

However, uith LLE, neither the aose LO tne cells nor cne i-eazdose

<-..-razsti~;:~LL.G-._. :s 37:? ::jenu ,Lez a: C2::5 <955: :“.i:c:. !-::23s%.

Note clwc while LLk ha: its co{ln:erparc in :dcco dccic?>ts, a~d ::lat

only a small fraction of the exposed population is hit WIGFJincreasi=~

exposure, there is :LOanalozue, ‘withmacro accidencs~ of hLE expssur:-. ‘N-L=

reasons for this is chat, for practfcal and ethical reasons, if clke

accident rate in given population increases above a vecjfsrall fracti~n per

year, even drastic action iS llkely to be taken. !Jlchrad;xcion, on CSe

other hand, the accidenc race can be increased at Mill, so ~?at a~y ~iven

celi caa readily be exposed to dozerisor irwresevere accide3Ls, iiI&-.e

course of ninutes, seconds, or less. IL is only 5ecause of this iacz,

which nay permit interactions between the hits, &c the ““quadratic-term,

seen only with high-level exposure of cells to ioaizing ra~iatlon, exists.

15



The cr:~nsltlonfrm 10W- to hl~h-level radtatlon e.xposuz=1S dep:c:ec

in Figure 3. This is fOK Cell ~t!C!l.llityOnlY. hute the LniLial lined:

increase in the quaacal cespor’seas J Functl>n of d, in tie !.Liirc~io=.

Because of rl,ultl~le hits and inter~ctive processes, the curv~ rises ra~:sr

scesply beginnink in che transltlcm zone, so tn-ita LqcGe fr~cticm Of ;:~,i.~

cells have been kil:ea as one enters the HLL rsjion. AC this po:nt, Sx.e

of ~he organs, and Gnece fore, Lkie organ i5#7.s,at a given value of ;, GI:.

fail and die, and the Eractiun will increase to uni:y as D iacreases. TnLs

plot demon scrace.sciearly no’Ja si?~l.~ agent, t):-energ:~Q::i:i :-.’

ionizing radiations, can span che eatire gamut, ranging fron the *CCIC=ZC

statistics of Ph in the LLE region, into the HLE region in walcn :io

methodology applies. Aga Ln. the lar~est difference between the tZJOrejions

is L!!atwith tiLE the focus is on Ck?elniivldual, and the sin~le parame”~r G

is adequate to evaluate the probability of the quantal response az any

given dose D. ‘JichLLL, on the other hand, each point on t% cur-Je s!?oa

represents an entire populaclon of cells, and the interest focuses

many in thaL popu~ation will be seriously injured or killed. Here

variables, the number of cells hi~, the distribution of hit sizes,

HSEF, are required.

The above-preseated cell

differs drastically from that

energy depositad in each cell

GISCUSSIG!{

dose approach to radiation ri;< ~v~iu~t~:-.

presently used. Cell poOula:IJns 273 t:?

replace the organ snd organ d~se ccr,cep:s. =.

Fh and statistical mechanics approach co evaluate cell-charged pazticls

interactions, replaces the W approach curreflcly used. ;k?An ‘Jai’x<SOi

LET in tissues is abandoned in favor of use of the HSEF to e-{aluztzarisk t=

the single cell. Gbjecc-ori&nted physical quantities tiiicare closely

related to cell damage replace’ the more remote field quantifies. Thus

distributions of cells, the HSEF arid che associated discribucion of

quantally responding cells replace ‘“linear,non-threshold’” relatianshi;s.

The approach, in principle, appears to be far inurecoherent, ince=nally

consistent and loilcal than is the Present system chat must en?lcy vaz:ius

faccors and various versions of “dose equivalent”” to permlc it co be

operable at a:l.
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,

T% present system could in principle obviate che need I czdiation

quality and LET; field quantlcies; a ‘“scaridarar~diation””, l:ne~r ‘dose

effect’” and “dose response” relationship; risk coefficients; ?&E; lose

A r;~cher far-reachin? conclusion IS :)OSSi>k “Ji:!lti% ~r3pOSed

approach. Each relevant organ system in Lh.ebody contains enocmo- nunbtrs

of ceLl elements. WiCh t% proposed approach em~r~cln.z t.w ‘;~~t,:E :s

possible, with any expos~re, LO esti.xate the {fractional) nunber cf

transformed cells in the individual. Assuming all exposed nor-l

individuals have approximately the same number of relevant cells, <e then

can have, in principle, for a given exposurz, a population of inti:viduals

with known and equal nmbecs of craasfocnea cells. ‘ii~ti.3g:adtitiseries OE

exposurss, these numbers can Lien be c’~rrelatedufch cancer iucid~nce,

which can be evaluated onh~ long after the exposure, iR anf.nalsG= in hmac

beings. The result would be a function for ~ncer risk as a funccion of

the number of cransforred cells in the individual, to replace the currenc

organ dose-cancer incidence function.

The significance of the above is perhaps substantial. h tkx >rest:lL

sysc~m, one can derive vnly a quite uncercairtestixate of L.% ris~sot

cancer from a physical quantit:~, and one must use the collective 5ose

equivalent in very large populaciuns to evaluate the risk of =ncer in Lne

individual. On the other hand, with the proposed system, oce has a seasure

of actual efiecc, i.e., the fraction of quantally respanain~ celis, in “Ue
.—

individual, from v’hich the cancer risk tailored CO that individual can ie

obtained. Ln ocher words, the funccion for tilepr~babillty of an ef:ec:

vs. the amount of exposure may in principle be by-passed coc?letely. Tkus

one has in principle removed the evaluation of risk frain the realm of Pi ir.

which the focus is officially limited to the health of tfiepopula=lon or

society, and placed it in the Hd =te.gory, in which tie foczs is on the

health of the individual person. This may have many Implications, cot onU:-

in radiation biology and protection, buc in c% medical, social aad legal

spheres as well. With respect to the probability of causacion ( ), it

17

~1-jo-mlb



. .

could scren~cnen subsc~ncially che value of [Ilisappruac:i in lnsurl(lg

equitahl< resolution of leg~L Cl<qins involving an alleg,3tiun t!]a:a

SpeCftiC elrlier exposure is causally related co .3partic~la:, e.ccunc

c-inc~r.

‘,JLC Lhac ~{SEF’s foc r.acrJ ..cciiea[j, Ilc.loudh ~O::lL:,eCL(Iux>er:-snc~

in Ahic:l stochastic energy transf.sr L3 si,:,:laced, ‘tee n,>c asez or e,rez

reierred LLJupera~lon~lly. The QbVL.JAS ceJsJI: is because -+ ;uant~i

resgonse that may result can be readily observed, so that neickr a dose

c(>nc=,)cPar ;Ose-resgonse r,~l~r.ionsnipsAre cequir:u ioc CISS evalddr.i~n.

Similarly, quantal responses of cells, can in I’IOSC~abord~ory experimeacs

usl~g ““singlecell systems”, be observed promptly. Thus 1[ 1s oni~ for

severely delayed responses, such as canc%r or herftable defects, Lhat c~rly

observations ace precluded. A complece approach to risk assessment at che

cf~e of exposure must cnen Ir,volve [he HSEF for cells.

Since ti]eHSLF rzplac~s LET conceptually, this ray be of si~niflc3nce

to those interested in the detailed significance of “Lr~Ck st:uccure’”xitn

raalations of dlfferenc ““quallcy””. !luchof what has been ascribed co LET

and track structure differences, m~; xell be simply due co a difference in

dose CO the cells. Uich most, particularly stochastic agent transfer:, it

has been more or less generally accepted that a lar~er dose afll & XOCZ

effective per unit dose than a snaller one, apparently wL:3 little or :.u

necessary requirement 5?1;? !)ercaivtd L3 :n’:estigitt-J:,y.

The proposed appruach has relevance in the ‘“exLrapolaci:r,””cu~ren:iY

used co estimate canc~r ris’kfrom 1ow-LET radiation at ver~ lW ““r!oses”.

Clearly, one is not extrapolacin.g hfGh- to low doses of tl:ea;ent er.erjy.

Rather, one is extrapolatiilg CO che lower reaches of a curve r’:prese:lcia~

the probability of an expressed cancer, as a functioa of the zumber of

malignantly transformed cells in the or~an or organs of interest.

The incerpretaclon of a ‘“linear,non-threshold- curve (for exp~su==

and not dose) also changes. Vhac is meant is that, with aw~ amount of

exposure, there can be stochastic interaction with lwalt.hconcequeaces. It

is true chat ‘“any amount”’, i.e., as little as a single encouncar, couii be

lethal. however, the conditions are 1) one muse

such an encounter, and 2) lL must be a large one

1%

first I)aveexperfencet

so that che dose

I
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(26) that ~ntibiotlcs incr~.~;e the survi..’aildte oi irratiiated uic=. Fur t:”;

et al. (27) obtained no rarkec benefit frun antibiotic and transfusion

‘with percent nortality. The ~rdn UIOCyt& curve dt t~,e far Left is in do~s

C’nat were exposed tc about 60; rad ,nidlin.edose. }:ote that the blzod
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gamma radiation ar~? skuvn. “fhe case> ot rduiar-iorico chc surface ana ti:e

first few niilllneters of the LOCIY%ere subsuucially higher than the

midline dLIse Of &amlWI ~ddi~clOfI. ~k’~ curves presented ace a percefitof ts~

3 CK.dose of radfatiu:l. In addition, the cLinical ubservdtions ot th~ skin

lesiotts forcefully aer.onstraced c.:acche dose to c;lsskirivarieti

considerably becweer. izuivlduals anc uver the surface of any gi..-en

inaivldual because ot t,leS?OLLY nature ot cw r~diation burns m the SLIT..

Another feature of fnllout rsdiation is its decay. The falLouc

3rri;2d Goouc 4-5 :;durs after ce::nacion. Fi~ure 13 si]ows cne Sccumuia ci~n

of dose as a function of time after deconati6rt. The doss rat= cecreased

contiguously as ths fallou~ iiiaterialclecayed. ‘Ikecajor portioa of =e

dose was received at a higher dose ra:e. by the Cin;e that 90% o= the dose

had ken rzceivea, the dose race kac fallen to Less than 4b’. of initial

value and thus is much diffe=ant iron any aniwil expos.ace cznaicioa i= che

literature. The influence ot a cose rate failiab by a 1.2 ~~wer Luncrion

is not known.

Repair of Radiation injury

rhis JKM been considered in

In the ;;L:.Pdissertation, it xas







r,atshiai: of ~ranulocyte$ platelet

possible bone marrow doncr.

4. In the early stages, the

balance nust be monitored closely

incr3v~naus or 0:31 solutiou.



lb



Hematopoietic ilolecular ~.e::~]ia[ursir. the lana~e],]entof tlieLone

$:arrow Hypoplasia

colony-s:imulating f2ct6r, ~ranulocyte colocj’-stl.mlasin~ hccurj arid

eryt.nropoiein. Interleukin-1, a ;roducc priularily of activated mcr.ocjj:=or

xith bone marro’~ suppr2GsiorL as a res,ult CI: whole boay lrradia:~on. f-.’a=ke

other knd, iz is conc*i’Ja51e that forciag cells into c:i:3sis kfor2 Lh.k is

adequately repaired may fix genetic injury and result in either an eirly

failure of the nlcocic Capacic’f 0? pluripot~nt s~en cells or an earlier ~nd

increas.zd incidence of leu!:emia. “;hese.~r~ possibilities t!~ataced zo b>

explorcc experimentally.
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FL:ure 1. Schel,latic pre:entacioil of r~diation syndromes produced by total
body irra,iiation .1s a functiom of dose and tine after irradiation
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Figure 2. Sequential neutrophil counts in dogs exposed co nuc:ear ~omb gazc~

radiation in relition to l?ortalit;~.
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Figure 9. Conpa:isan of depth-dose curves illr!asonits ph:~nt~!ii cxpr=.ssed .iis

percent of e[ltran:e air dose for diverse sources of zadia*Jon Zroa

Bond ec al. (34).
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?igure 11. Inllerant JImna emissions fro,; fallout (~ixed fission product~; and

the ilis:u:ranl of (ic:raded energies ~roducea by Co?ptm scacce=i.t~

at le~.el of infinite pl.3ne3 feet in air above WlifOi2_al:

distributed fission products from Cron’(ite et al. (4<.
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Figure 12. Pepch-dose curves foc fallout field and bonb ga:ma radiat:~n. The

tiose is expressed as psrcent of the 3 cr dose because of r>e ?.i;h

be:a Corlporient at the sUrfdce froil ~rotlk~te et al. (4).
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Fi~ure 13. The accumulation of radiation dose in air as a function of til.)e

after comnence::ent oi f,illout on ?.on:elap frofn Cronkite et al. (~).
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1- given in increments of 250 rad at L to 23 hour intervlls to
illustrate repair of lethal injury.
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~i~ure 15. The sequential changes in the 1~-dav CP;-5 in control

non-Irradiated mice , mice exposeti to 100,200,300 or IOCO rad iz
a singie dose and nice ~xposea :3 1000 r~d gi,.”en in incre~e?. ts a: 2

5 rad at 24-hour intervals.
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