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ABSTRACT
Absorbed dose D i{s shoJn to be a comnosite variable, the orodust of

the fraction of cells uitc (L'-.) aad the rean "gese” (a1t size) Z to N0Se

cells. D 1s suitable for use with high lewvsl (HLZ) w9 ragiation anz 1

»
9

e

resulting acute organ effects becuyuse, since I, = 1.3, D 3pproximitss

closely enough tae nean energy deuslty lu the cell as weli as in U=
organ. However, with low-level exposure (LLE) to radiation d4na {ts
consequent provadllity of cancer (acduction Iru= a single cell, stociasiicz
delivery of energy to cells results in a wide uistriouticn or ait siles =,

—_—
and the expected mean value, 2z, (s cunstaat with exposure. Thus, with LIZI,

only Iy varies with D so that the apparent proportionality betveen “ose™
and the fraction of cells transfocmed 15 misleading. Tnis proportiznaliczy
therefore does not mean that any (cell) dose, 79 matter hew saall,_zac
be lethal. Rather, it means cthat,. ln the exposure ot a gopulattion i

individual organisms consisting of the coustitient relevazt cells, thera Is

a small probability of particle-cell latecactions which runsier ensr3y. _

The probability of a cell transforming and initiatiog a cancer can :mly ==

greater than zero If the hit si{ze ("dose of energy"”) to t=e cell Is lar:=

hl . 1 . -
~EVes 12

enough., Otherwise stated, if the “dose” is definea at the prorer

2 larc:-

biologf{cal organization, namely, the cell and not the orzian, ounly 2

dgsa z to rhat cell 15 =2f

rn

acriva The ke sams
actlive. e Tove 2Tz

] - - B -t

S alz
develop a drastically 2iifercent approach to evzluaticn of

that holds promise of obviating any requirement for the csaponaats :zf th=

present system: absorbed organ dose, LET, a sta.darg raciation, KE_L .},

dose equivalent and rem.
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A Differenc Approach to Evaluating healtn Ettfects tros Ras:ativn Expisuce™

2 o e 3
V. P. Bonal, C. A. Sondhaus®, 2na L. E. “win=zage ez’

INTROCDUCTION
Radiation 1is one of the few, (£ aut tre oaly ajent oI iiterest !z ife

healtn sclences that spans tae entlice raage fron constituti=g an ubij.

1Y)
it
O
b

eavironnental agent of concarn, to bdeinzg an =Ifec

ot

tve <hara-=2utlcz a
the control of cancer. Tnese chardcteristics plic: the forzec
of public healch fncluding epidemlology (Ph); the latter in the discirline
of pharmacology, toxicology, and medicine (l.¢). The sanme cr2racreris:ics
divide low-level exposure (LLZ) to ractation, from llgh~leval excosurs
(HLE).

The basic radiatloa quantitliss anu unlts ia curcent use ane def:==1 =%
the ICRU (L ) were developea durlng that eca in «nich esseniiilis toe s9l=
focus was on diagnostic ana therapeutic uses, and larzely oz the earlir

acute effects cu an organ or a tumor: clearly in the '@ real:.

Taus, :ine
description and quantificazion of these effscts of HLE coul:, anz
be comfortably accommocat=u 0y those 2:antities and urits alontes
during this period. These consisted ~ainly or organm or tum:iz excosurs,
proportional to absorbed guse, on wWhic.a cepenas tne fracti
tumors responding quantally (i.e., an 2ll-or-nozilny cmange § s:iate, tzo-
functional, to essentially permanent or lethal dysiuncziva;.
However, the above happy state of affalrs was not achizved <itn-.:

considerable discussion ana disagrecments about

fuw tihe “amciat”™ or
quantity of radiation was to be defined, In the physizist’s eye, to.s
quantity was the total energy flow frca a source, per unit sz23, i.z., the
energy fluence times the exposure time. On the other hand, ‘rom the
physiclan's standpoiat, the amount of radlation in the ambieat fielg «as
regarded as irrelevant: what matlterec ~<as considered to be ™at <hics Jas
actually absorbed in tissue. In fact, the “skin erythema 2cse” unit :f
radiation "amount” had already been invented and used, whic: oy-rasss: ans
physical measurement beyond the amount of tizwe speat ia 3 r:itation [:=la

celebrated with such a "btologtlcal dosineter™.
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The r<u views were eventuaally cesoivad, but onl; arter the secocc

meeting of the ICRU in 1923 (. ). At this .athzring the "guantizy” 3t

«~radiation was deflne¢ as the loentgen, ejual, Jiza -cdgitiznal Jetailes

specifications, to one electrostatlc unit of chan,s (o one ¢ of ai:-.

It seens evigent that the word “cuantily” was ©y Tz iaternrsted

in e

physical sease, i.2., 2s a f24sure of ine enersy Ilueuce. -JWwever, .2 1o

part to amblguity among the w~oris "arvunt”, "quantity™, anc¢ "dose™, 222 in

part to the fict that 3lr nd tissue Tave 21952 o Ens sdwes 2lecizta

(3]

censity, the pnysicist's “"quaantlic;"” of radiation was <qual-, or
proportional to the physicifau's "amount”, t.e., dose. Thus almest
immediately the Roentgen was widely describeag as tne unit of x~ray "zase”

The 1CRU in time eandorsed thls preeaptive move, as evidences by zne

P

adoptlon of the "rep”™ and then the rac¢ as the unit of absoried dose. iw=

improvaed [nstrumentatlioa and the uUse of phantoms fur ~easur=:zent im ze;:h,

this systen has contiaued to <oTs wall Zor HLI, even wnen h::h=-L:iT

radiations, necessitating the use of the concept of relative dlcloziz:
effectiver2ss (RBE), were intrcoduced into the radiothecapy - t
The baslic vrinciple Involved in the above problem can be stated =5 t

For a physician (or anycne) to estirate the probadility of z serious =t

labeled consequence of stochastic agent transfer, preferrey ‘s a=s
5 b

evaluation of tre s2varity o

r,
-

aflr Tl Tl v o : - i

this, an astinate of the dose {5 the mex:z fall-btazw pesitlen. EZzpovz.ze &s

of little or no help in this regard.

i

i

H

Tnat is to say, neede:z for progmc

evaluatlon in an object-oriented quaatity,; measur=d Iin or €:r the

indivtoual of concera.

Low-Level Radiation Exposure
It was observed quite early that caacer could result from ELZ.
lowever, only mucn later was it widely appreciated that the “single

cell-origzinating” effects, cancer ana herftable effects, musz alss be zacew

seriously, even at very loir doses, or larger doses at very law dcse rztes,

t.e., following LLE. It was also apparent that the basic prenorena

icvolved fell intc the category of Fh, particularly its subziscizlines of

epldeniology and accldeat statistics. HoWwever, no effort wzs race o

adjust the basic quaniities and units as demnanded by tiis di:zferenat



disciplianz. Lt appacrently was taclicly assumec, since the uxgression oi g
tunor is observed in an organ or orguans, that the celevant paranelzr I:
cancer inttiativun should also Le the acsurdzd e LY Iue oCl4u. 10
sractice +as adupted. Avsorfled duse Al3u <onliaye: Lo
using "sinple cell systems” Ior whice o i:ffces fopulation cuotlad e
regarded as a "system” to Wiich an "orz2a gose” couuld e applied.

However, serlous c¢dnceptoal and steratiscal jlzticulrnizs wer

1’g

&

eancounteraa. Lhlle a number of these problens will be detailad luter

tats communication, the infitial ounjective s sicoly to i1ncicate

"
[0

e uzs
reason for the ditficulties associated with thls attempt o use the o:il
concepts and quantities appropriate for aLE, ioc LLE tnat rejuirzs b
concents. A new approach to the evaluatlfon of rcisk from LLE, anc how
can be applied to the evaluation of ris< fron LLZ, is then presenied,

tollovin, which the method o appilcatica is cescribed. 7This i3 then
followed Ly a nore detarled and techarcal cescription of toe underlyin:

concepts anad methodolozfes.

The Proslem and e Lew =3sproach
A fact cz2ntral t> the rnees for a new approaca to LLUE risk evaluiti:s

w11l at tnis polint sinp.- te stated, arg then later deronstrated. Thi:

Thnil Che atsurlbed CI3Se . T 44 orsan 13 concerztially thoz fueitity exposirsa
< E 1 > 14

ot that urgan expressible ia terms of the physical quantirty fluence.

is, 't is concentually the nuadber of prizary anéd secondar; iarticles ;=<

r

unlt arsa, ~hich is a2 parametsr of the radiation svurce, aund ftelc of ti=
radiatioa ia which the <=2ll population <: an Srgian or cther o=l _opu_=zticn
of interest is exposed. Thus, in the typical urzan dose-culi res.onse

curves shown in tig. 1, the absorbed aquse sheowna on the abscissa shoul: we

2

regsarded conceptually al-iough not numerically, as the exposure in ter-s

(o]
"

particle fluence, to whi:. the cell population of an orzan or other cell

populatlon of interest {s exposed. Thus the basic problien appeacss to iz

cunceptually identical to that encount=reda by the early physiclans

whu

wished’ to know the dose tu the organ. the raalobiologist concernea wiiz

tne study of single cell-inftiated eftects aust %e Interested tno the s~ tun

of eneryy deposited tn the ¢2lli--notl Tial W&

14 7ay be 1o tre wavirun =1t

of the ceils.
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C e e kadens e w2
physycians, who had no dir;ct udy of detzrminiay ~tat the turmor or nernal
tissues were recelving from a glven exposure. That 1s wo say, one Musl use
a “cell phantom”™ 1f one wishzs to estimdate the dose to a living cell. Thus
we must outline the requirements ana n2cessary characteristics of suck a3

cell phantom. However, in so dulag we ©u3t be ever mindful toat, unifke
tite early (ana present) phys.clans wao operated 1a aa ‘id rode 4nd reg.iced

only the dose to the {adividual urpan o tumor of taterest, <2 ™ust

avproach rthe problea from tae oh, l.<., evicemiologlcal and acciczat
statistics standpoints. This is, of course, hecause any traasfer of

radration enerzy to tlssues wirkes plac2 saly 15 a o2

vi

ult ot s-ccnzsto:

(L.2., due to random procasses) encounters or collisions bei-:en 2 ch:ry
particle and a target-containing volume (TCV) within the cell.
first need, with LLE, the (fractional) number of cells nit. AiAlso, because

enerzy is ceposited fn the TCY in separate, discrefe amounts, we need also

the amount of energy deposited, 1l.e., the "lilt slze” or "cell cose™. The

ragnitude of the cell cose varles greatly from cell to cell, and raagss

from zero to the maximum amount of kiunetic energy carried by tne particle.

Thus the dose, to be relevant, must bte reglstered In Indivigduals 3t e

level of biological organization at whicx the {nitatioa of the response cf

interest occurs. The imporzant conclusica Is that, whi{le with KLE orniy the

one physical quancity organ dose is required for risk evalua:iion, witz LLE

P R e

at least two fandependent quantities ar= required,

)]

The first requirenent, =3 O

EXal

e

e T ra

.
tn
it

ar eho myme. s S sl .

]

and <osed curiang any given ex_osur2 period rejuires that the
electronic. It can then have the short recovery tiie needed in orle
many hits per cell can be recorded (i{.e., L{f a nunter of phartun cel

rzglster a total of x hits during au exposure tiwe t, then a single rasidly

recovering cell will also register x hits durlang a time xt). 7Tnis pcspert,

of the phantom will, with use of the appropriate scaling factor, provize us

with the first of at least two probabilities! needed 1a principle for

epldemiological evaluation, ranely, trz nunber of hits per cell, equal

numerically to the probabiltity that a cell will te hlt, dosez, ana {n ured.

1The number in a group expected o respond quantally atter a ziven expusdre
provides the numerfcal probability that such a response will occur. Tris,
the term probabflity will be used interchangeably with tne terus “rraczlon®
or "proportion” of equally dosed quantal responders aad the term “risu”
will be used laterchanz=2ably with the pruportics or Llncidence ot
stuchastically, and thus unequally-dosed quantal respounders.

50071453



L2xt, the phantom must record separately for every giscrete R1T

g0 Lo

V-
Aw

phantom cell, the magnitude of the energy deposited. That {s to say,

must provide tne aistribution of the ragnitudes of the enecly deposits in

the cell TCV's, or the cell doses. This distribution of cell Zose3s nust be

obtatnadle for aay giveu exposure to 1 s5inzle tyoe of raziatioa, ot any
nixture.

bt

THe electronlc phantom can be rade o arrange the sLuchastil cell
doses neatly in order oI increasing magnitud2. Thus we have the exact
analogue of what is commonly used ia phar-acolopy ana toxicolo,y=—-a graded

series of cell doses, watlch la principle neraits us to develop a func:iion

for the (fractional) number of hit cells thac will resyond quaatally, ac

each value of cell dose. This {s the cell analogue of the “organ
dose-organ response” curve. This fraction (s equal to tne conditional

probabilicy chat, if hit, ana with a dose of a given magnitude, a cell will

respond quantally. Such curves are now available, for scveral cellular 2nz

points. we thus have three probabtlities to be evialuateg, 1) the

probability that an exposed cell will be hit, 2) that the ait ceil will be

1
-]

of a given raange with a ziven 3fze, and 3) will respond quantally. I

these protabilities tThat permit us to determine, for a given exposure, the

fraction of those exposed that will respond gquantally.

An exanple will help to clarifiy the above stitements. In Fig. 2

shown schematically three distributions of c=2ll Joses from stochastic

A e e N - Ty PR ~ - 5 -
F2TTLI0 J0 L0050 005, S0z 30 =dd sl lOlewm

CAJuaalE3, 3A0d 1.l .0 4
radiation of a single quality. Iote that as the exposure iacreases,
nelither the rean nor the maxinum of the distributlons cha2ares~-{t s ouly

the area under the dlstributions, {.e., the number of exposed cells tnat
are nlct, that Ilncreases. Note that these discributions represent a graled

series of doses. aAlso shown Is the S-shaped curve, an HSLF (hit-size
effectiveness function), a relatioanshlp that provides the probability ot a
quantal response as a function of the cell dnse. I the cell dose
distribution {s rmultiplied by the HSEF, the result will ce the

correspondingly-maraed smaller distribution, under the larger one, te

area under the smaller distribution provides the silagle and ceteruining end

point in quantitative epldemiology or risk assessment, L{.e2., the

fraction
of those expused durlng a glven exposure, that will respond quantally.

As will be expanded on later, what has been terneg above a “cell
phantom™, 1s ~uch more than the analojue of an orjam phantum. It, ratn=r
than simply determine a dose to a slngle organ or organism, provides not

5
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only tne risk that a cell 4ill he doused 103 chat -duse will be of a glven
size, but also, with the HSEF, the probibility that that Jose will resulct
{a a quantal response. Thus the nhuantun saould be called 4 "cell riss
metar™, tdathar than just a zell gnanton.

“wow that tie basic outlinegs of the angroacn have beea lacd out, the
necessicy nore dutalled {nforwiactivn dn eacn elznant Hf the ouvarall aprroacn

can be providad.

Orzan Dose: Conceprzual Sxposure
In order to explaln ard extend the abtove statements, it s usefud
first to denonstrate th2 relationsilp Setween the absorbed dose2 to the

organ and that to rhe czllular elenents of the system., This can He Jone as

follows:

in which z &5 a single energy depositica in the targer—containing volune

(TCY) of the cell, i.e,, the "call acose”; h,oant Lp are i nunoec ot

hic ana exposed czlls, resfectivelwv, anag ¥ Is the stagle prababilicy ot

a cel: TCV recelving an enerfgy “epdslt .ucrliyy eapoSurle T, eQual nurericall.
. .

to -u/\L-

However, 1t {s «ell snown "cJy puysics taat,

in which 9 i{s th: fteld strength weasured as fluence rare (unfts of
particles cm-z t‘l), which express the rate of exposure (of cells) to the
enerjy~conveylng charged particles; tp is the exposure tiae; is the
fluence to which the total exposure 1s numerically equal; and — is the
"cross sectlon”, or constant of proportionality. Thus, substituting In

£q. (1), frem Eq. (2),

-

D = Eqa\— = k«f - k'é



in which ¢ = X lecause, with stochastlc energy deposition, and LLE, tuae

expectation value of the mean cell dose {3 invarlant with exposuce,

-

Eq. (1) coanfirns that D to the orjin system {s not a dose at ali, w"en

‘tts equivalent {s provided foHr w2 level of biologlcal orzavization

ippropriate to the "late single-cell initlated eftects”™ of LLE, muta_21ests

and carcinozenesis. Rather, it {5 the exposure of the cell populazion,

zwLprassed as<f. This ts jrovortional to the risx of a cell beilnz dosed,
equal numeri&lly to the expectation value of Spfdg.  lhis

"object-orieated quantity”™ is proportiocnal to tae ns}ma:y independent

.

“fteld—-orientea” variable exnosure E, expressed as P (see Lgq. 3).

with D becoming E, a ratlcenal basis f{or the “linear-noan-tareshols”
relationship 1is provided, i.e., although a purported 1 .near relatioasntp
between dose and the probabllity of a quantal cesponse tends to defy

credulity, such a relartionship between exposure E and the nuaber of

o

(stuchasticaliy) dosed faaividuaals, or of thuse showilny a Juantal c=zs_.onse

1s quite plausible. The fact that U {s exposure and not dose also pravices

a significant statement of ~nat is the basic prublem when oae attempts, Aas

is done in Fi{zg. 1, to express the blologlcal respouse in terms of a siagie

variabie, l.e., as Z, or the proportional parametar U. This Is deplczed in
riz
=2

. 3, the 1l,~er panel of which shows conceptually any oae of the curves
ohuwl WD clge w. In T2 uDLEer pA02i 1o 4 LACee-alrEnsiondi scawnatic, oo
the expcsure—KH/HE axes which 1s cepicted the same cucrve and latelea

points shown in the lower panel. Ou the Ny/hp-cell dose 4xes are the
cell 4dose distributious, i.e., the relative uunbers of cells dosed, as a

feauction of the cell douse, z.

It then >ecomes addirtonally clear that each point in the linear cucve
does not represent a single value of cell dose, with all dos=d indivicuals
haviang receivad nominally the same value, as s implied 1a the teru
"dosa-response” curve. Rather, each point equates to an entire
distribution ru:preseatling groups of cells with differert doses. Surh
distributioas ace implied in Eq. (1) showing that U = ZP, in chat
obviously, to have a Z, there rust exist a curresponding distribution., Tne
nunber of dosed cells at each value of f—repres=nts a graded series of c»:1
doses, 1dentlical in concept to such a sceries used in M4 w geternlne Inu

probability of an vrgan response curve as a functica of gouse.



A Cell Risk leter:. Microdosimetcy
“"Mlcrodosimetry™, although orlgsinally applied only Lo zhe context of

the techniques devisad by 20s8si et al. (2-34) o reisure the awumber of nits

-
-

per cell and thelr rnavnitude, has oW Deen exiended to inclilude both

-~

astrumental and calculatisaal 1ngr.achss oo

-

wr

quantities.* It is 22raa.3 nost (liuvinating o descrize fre insiruaent
approach.

A mlcroaosineter i3 si~gly a provortion:l countzr canfaiiing
equivaleat =as. Althouzh tae counter may be ceatinmeters (o ilameter,
partial ewvacuation ina suitable scaling pernits ready si-clazlon of
sudcellular volumes of several microns 1n dlameter. CTach tine a particle
impinges on or traverses the instrument, a siagle "ait” s rzgistared, aina
the size of the resulzing “event™, measur=d ia terus of tnz slz2 of the ion
cascade, is taken as tne magaituue of the hit, the "hit 3iz="

Thas the instrurent can be regarde2 as 4 “cell pranton™, ia the se=1se
that it r=2gisters the size of the "cell dase” delivered. Ho.ever, it
differs ila several qul-z sizinificant respects frowm the usual ~acro-phantans
used in the dosimetry of organs or other tissue volumes, The recovery tine
¢ the instrument {s exirsemely rapid, so that, with low-Io-~.0dest exposure
rates, 2ach hit 1s registezred separately. 7Taus, one obtains ot caly the

scectrunt of <ne stochastic:lly aelivered hit sizes, butr als: the nutal

lThc idea of discrete, stscnastlc hijh-density ecergy deposizicas ¢

frem radiation exposure >robably originatea early ~1th Tessaser’'s "polu:

¢
heat” tneory and was cerzainly well appreciatea by Lea (5). Lowever, tizse
7 £ y
jceas were not formaliy <eveloped until the "amicrodosimeter” ~as iaventen

by Rossi (2-4). 1Its use nas been more in the context of a substitute foc
the quantity LET, to descri“e energy definition within a anon-anatomically
defined “gross sensitive volume” within the cell. The fdea 2f a “cell
dose” was probably applied first by Bond and Fetnendegen (l1C), and
developed in NCRP? Rzport No. 63 (1ll). The idea of a microdosimeter being
conceptualily a cell phantom with which cell dose could te d2termined wicth
stochastic duse del:.very £s relatively cecent (Bena et al., Fetnendegen 2t

4

al., Refs. 6 ana 12}.

¢
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number of Jdiscrete hirs Ior tne gilvan anoual of expasurs. a

Ji0Ce T2

instrument represeants a slagle cell, th2 reacout is {a ta-ms oF

hits/exposed. The alcrodosimeter replsters -wssantially all =1 1

charzeq partlcl=s. HwWoever, with scilla] 2.25078 15 lar e i3 .. . 200 1on
2<iIznely 3mall zso03ures, LL DrLOVLI: . lIss alis _los o Lnalnoonilse, aus.,

tre fraction of exposed calls it 17 (wast

1
S
23
8]
.
1
.
3
=}
0
o~
ro
’
1%
.

B

‘intzrperspersea’partial body ridiaz.om, 11 Whicn Sute JoATiZucol cell. o .

L 3 tells :oe
moand sthars a2 ot
An additicnal fwacocrrtant characterist:z o0 stucnastic cell -a-rirle
en ..ntars {s tim» rat2. This can be varsieg 2t wili., Thus 1 si=,le oot
TCV za. be subjected to {rom nome up ~u 3 v=oy larze acmuar of stccuat:its, :

in o arbitrarily snort perlod of time. Thus the fa.nruii2a s ~.ch .ir=

thar. a dosimzzz2r or a "microdosimzrter”., Paiaer, 1|

21.3, Or 4any OLh=r wurganizal systen 50 =

1nes the aunter 2I faclvizuals ni= and affac

wnich per~its pradiction of zhe fractioa ~7 aiz :2ll. z-a:z

will respond quantaliy. Thus, {t provides sothr ihe probasii

e
a
’
)
I
(el
»
2]
11

w11. ove hit and :ssed, 4nc tne means cf dezz2r-ia.n tar.ugh ta

zne condlcional ,rababilizy <aat a hic cell 4i-n a gzives ar-

r2gand cuarzallv. (I e aceos aceldenc saalesy, tress Two faziars ir:
teferrad to as the "probast, . fy” und the "szvertlty™.) Tous che .ooruaza

nigat welter be fer-ed Tcell Tisk merhodoloIy” and the insnrument Ca call

“eamples oI mlcrodosinetric distributions, tor radiztions - Y070z
ares snown in Figure 4, The amount of enerzy deposited has been oyl n
the "speclfic =nargy”™ (2,47, <{:h dimencions rhe sane as tnose > ahbsgri-2
do:2, namely, energy/mass. iHowevelt, beciuse of nhe nced o use iie ol
i

ail-itionally as both an 2djective ind adverd, and Iur brevity, it nas

2z ~~only been called a "nft". Also, with ine <Jian=ter oI tne 1LV DRSS

L

as 3 nuclevs of 3 miceons in diareter, the tern "ewlenenzarcy avse” {4)
often sixzply "cell dose™ have becn emploved. "hic™, "hig=-stze”, ana "~ =11

[

deose2” will be used n=re i{nterchdang=zaodly.

E ¢l
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Alchough it Is 1lso useful to distlngulsa between stochasticaliy
delivered as opposz=d to planned doses, this is to avolua confusioa and not a
substantlve raquiremeat. Ia other words, all else beiny equzl, an crrantsna
has no phystioloyical means of determiaing wiether a glven auent traast
has occurred stochastically or by slan.

It {s only because of the above-outliney capaniliities ot
microgosimatric melinods that the eaormous advaatazes of usin, the eli-en:
cose approach can b realiced. The instrumeat i{s "cumpletely blind”™ o tha
tyne or energy of tae radlation particle responslbdle for the glven eaerzs
deposition. Thus the nuaber of hits and the hit slzes are completely
"object-orieutaa¢™ quantitles, oan whicu the extant and sevarity of effect
resulting fromn radifation exposure depends dairectly. Ia other wcrds, in
principle, 1t is unnecessary Co Xnow anything about the natnure of the field
in which the 5fological material is exposed. The large advantage of this
li2s not only in that it usually 1is quite difficult dractically, even for
the most "pure” of radlations, to determine cne fisla streagth {u tzrns of
the fluences and energiles of the different types of particles. In =ixea
flelds, {t is essentially impossible to define adequately these variables,
Even if defined, tney are too remote from the bilological effect to rake
them useful for gquantitative pradlction purposes. licrodosimetry in
priaciple obviates any requirement to measure Ctiaese quantities.

The companion advantage of uslnzg microdosinetric methods (s th2:z, (-
permitting measurezenls to be made 2t the ti~e of stochastic evauls, tier
in effect turn the abstract risk of being dos=d and of cell doses into
concrate values for these quantities. Zvea thoush it is usually no:
rossicle to designate <hich liviag cell {s hit, or to attribute any
particular hit size to any particular ceil, it 15 possidble to stace
accurately the relative numbers that were hit at any given value of z, tor
any givun exposure. Thus one has essentlally ali the information tha:z cae
hiae in pharmacology and toxicology, in wirlch the anumber of individuals at
env civen dose level is known precisaly, and from which the (fractional)

ny-.s o of uzacal respoaders can be determined.

10
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t/ith the above digression, we caa now raturn to Fig. 3. It is clears

from the figure that it is not approprinate, and 1s misleadia;, Co present

the data in termus of a "linear-no-threshold” relatlioaship. FRacher, as

shown also ia Fig. 3, the daita shoula be presented as distributions of 1z
cells, the ar=a of tne dl,tridulton r2presenting tie OLal amount of

exnposure.

AS noted above, the Zistridutions 17 Figs. 2 1wl § provides a4 faled

series of cell doses, exactly as is done {n Jjetuirmlalng an organ

dose-raspoanse curve, in !{d (t7e numbers of animals subjects to yragen

in ¥Md are frequently of essentially the same size). (U fhen 3ecotes ols:C
that what is needed to evaluata2 the number of hit cells that will rzspoc

quantally is the cell equivalent of an organ-dose response curve, {.,e2., a
relationship that will provide the probability of a cell quantal
as a function of Increasiag cell dose. Such 3 function, termea a k

effectiveness fuactlon (HSEF), nas been developed (5-9), Oae such cu2

"

shown schematically as the S-shaped curve in Fig. 2. An actual curve Ior

chromosome abnormalities, derived from the data in Fig. 1, i{s shown ia
Fig. 7. The use of these curves i{s now discussed, following whica theic

derivation is summarized.

Use of the HSEF

The use of the HSLF s snown schenatically in Iig. 2. For any oue,

or all of the cell nit siz2 distribitions shown, one sinply wultiplies =

e m i E e mes etaL LT R e - Foim 4tV e e an P
3LriouTion ¥ Tag oLl aeme,y oo AUNIED 0 LU ool LT 2hJ -

P

2 ToiLle L5
multiplied by the correspoading polnt oa the HSEF. The resulting produczs,

the traction of hit cells responding quantally at =2ac¢h cell point on the
distribution, are shown as the nuch smaller distributions witihin the largec
ones. The area under each of the smaller aistributions ylelds the total
fraction of exposed cells respounding quantally, for each of the exposures
marked E-1, E~2, and E-3. It is this fraction, of exposed cells responding
quantally for a given amount of expusure, that Is the end product of tha
risk evaluation. It is the total risk to the cellular system, t.e., tha

excess lnctdence, in that systenm, of che end polant, for expusure &, of the

risk assessment. Thus such a value can be readily obtained for any amount

of exposure to a radlation of any LET, or nixcture, without any regquirement

11
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to utilize the"linear, non-tareshold™ tuaction required ta the curzentl:
used approach.

However, tt mav be useful, tno show how the prouposea approacn can te
tled fato, but differs f{rom th: present svstem, This ts lllustrate: in
Flg. 5. The llaear curve (a the left nana panel pecmits one to detecnias

the number of hit cells, or the fiss of 2 cell befnyg hir, for a givean -
exposur= X (the open ciccle on the curve zarkea Ry). This siaogle curve
is tor any LET radiation, or nixture. The hit 3ize distributions fzr the
given radiation are provided in the upper right hand corner. This
disctriouticn, as oppoasetl to thuse ia Figs. 2 and 3, is normallized te l.o.
If this distribution is then multiplea by the HSEF, showa [a the center
tizht panel, the product will represent the distribution of quantally
responding cells, shown in the right lower panel. The areas uander tais
distributioan represent the number of hit cells in the upper nocmalflzes
aistribution that responds quaatally—nultiplvying this value by the nuab=r
of exposed cells given by tne open circle ian linear curve Py tn the left
panel yields the total rcisk for exposure E, shown as the open circle on

curve Rq. .

Tt 1; emphasized that the "normalized distributions” approach ceplcta=d
in Flg. 5 is for 1llustrative purposes only. Neithetv"linear, non-
threshold” relactlonship, nor distributtons for differeutr LET's need :ce
referred ro or used in practice (it Is superfluous to provide a curve for
Io2 13K 0f a4 dli versas exposurz2——the distribuction of nit sizes
sutrfices). That is to say, for any given exposure, whazever the LLT or
nixtures of LET's, only a single distribution would be racorded by the
microdosimeter. Direct application of cthe HSEF would yfeld the requiced
"risx coefficient”™,., Thus, 1in practice, the cell dose approach counlc
obviate the need for multiple “dose response” cucrves (Fig. 1), and iz could
replace the concept of LET entirely. That {s to say, the "T” in LET does
not mean the mean of the energy depositions in tissue. It means the amount

deposited in the cell TCV--the cell dose.
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Cerfvation cf ‘tne H4NLEF

s,

The derivation ot the HSEF ts Jescribed la detill elsewhere - . Thse

basie tuput lafornation coasists of quite accurately deteruined c-ll
r2sponse Jata, for a series of radlatlons covering a wide span ot
qualicies. In adiicion, it is necess:zy to have quite accuratels
deteraiaed nlesodostietolc uala, that “1ll srovidge hot the uunbzrs o cell
hits ani the hit-slce disctribuclons. These Jistribatloas ovarlaz, 1» 230
be seen fa flzgure 5. [t is reisoaable o assume that, L 403 close 1. oz
reglions of overlap, lilts of a givea size will have the same eifectivezsss,
{udepeanzent of tne hit size Jdiscributlion of seigin, The eltacticzaes: of
the different distributions can than te obtalned, ana the regiocas of
overlap provide independent Information oa the e¢ffactiveness of tie
individual hit sizes. It {s thea possible, by an fterative ceconwvol.tion.
process, to arrive ulctirately at an HSEF that most accuractely flts t-=
{nput <ata.

This nerivation {3 purely empicic4l, t.2., it is coupletely
iadependent of assumptions or thedries in resnect to molecular or othsr
subcellular mechanisms of action of tie radlations. In other words, =2stC
if not all of available radtleobloluzical action theorfies, bezin wicth
assumptions about mechaanlsms, e.g., that single ur double strand bdrea<s max
be resnonsible I{or scme or all of the cell transforusations obserwad. In
derivin.: the H3LY, on tie other hand, only observed quantal czsponses ice

used.

Ancmalies in the Present System

Sevaeral anonalles 1n the set of typical cell "dose response™ cu-v

“

*

shown fa Fiz. 1, can be polinced out immediately. For tanstance, alth::gh
the response is of indlvidual cells, the “"dose”™ is to the eatire org:a. 1z
{s taken to be axiomatic that the stitwulus to an iadividual, be 1t a :zell
or an vrgan, must he measured at the same level as the init{al biolozical
response. Although the effective agent i{s purported to be en2rgyv, my-iad
"dos. response™ curves are drawn for that same agent. Also, as seen with
lithiun {ons, the same particle but with different enerzies resuits Ia
markeily different curve slopes. In fact, more and more curves can r2adily
be add=1 to the set, simply by using different particles of differen:

energles, until the roughly triaagulac area represented by the curves 13

13



filled in cumpletelvy aad coastltutes an arei {Fig. 6). This shews tie

fallacy and fuctility of the present dose response curve~- P5E systenm,

.
3 le.,

Jae needs in princlple a separate, emriricilly determined © <

curve",

(3]

agent cacrlers (particles) of every coaceivisls type and energy so that 3o
venerality of the RBE concept i3 1llusur;. 7Thus severa comframis2s st .=
made in order for tnha system to be workatle at all.

The fact that the curves can £{ll aa r23 also indicates that ax
additional varianle 1s involved as well 25 an unexpressed coatinLous
function. That s to say, the threc-dirmensional plot in Flz. 3 s
requic21. TIhis missing wvarciable has beea thsught to be LET, =2xpresse: as
keV “m—l in tissues. Such 4 coantiauous tunctica, representec by a grsup =zt
<separated points on the curve representing the mean of a segrent of
curve, is presented 1n Fig. 3a. The separated points represent the I
or, in radtation protection, assigned values of Q. However, {t has icag
been well appreciacaed that LET is nut adequate fur the purposs. It
clear from the above discussion that tils missing function is not LEZ, ia
the sense of transfer of energy to tissues. Rather, the transfer s suita
specific--to the cell TCV, to constitute cell dose. Thus high~ ana lsv=-LZT
radlations are in fact large- and small cell dose radiations.

High-lLevel Exposure

In the above discussion, exposure to low-LiT radiation only was

discussed. The diffarences between lcw- and high-LET radiations are siow=

ta Figure 7, for a low—-LET radfation <-ly. Flotizd on the =I3cissa .3 L=
exposure, expressad in units of NH/NE, or %p. On the left orcinate

is the mean hit slze, corresponding to the heavy curved line shown ia the

figure. On the right ordinate is the numder of discrete hits per cell,

—

correspondiang to the straight diagonal line, part of which overlaps =2

curve for the mean hit size.
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Wheres the curves become cvagruent, at the upper high=—exsosurs past ot

the curve, each c¢ell has ruecelved a larze number of hits. If one calls the

sumnation of eneryy censtrties frow these multiple hits tie "cell zose”,
then it is clear that even though the fadiviiual alts constiivting that

"dose™ vary yreatly in size, e varlance wf e rean <41l =¢ofie 3zaller

and smaller. There {s then no reason to evaluigte sevarcatels the

-~

isx fur
each discrete hlt. It is adequate, for practical reasoas, sizuply to .se

the summed energy density as the mean dose. Ia other words, lo tnese
hlgh=expusure reglons, the cell dose and the orgzan Jdose are, foc zal
practical purposes, identical. Then, and most iaportantly, one caa

characterize and predict the probability of & biological response in he

cell population, or in the organ {itself, In terms of a sinzle paranmeter,

the absorbed dose D to the organ.

However, as one goes lowar In exjosure, it is seen that the expcsure

splicts {ato indepeandent compoaents, Z aad RH. Norte that e

expactaiion
value of 7, even though the variaance is large, remalns cons:ant, s0 izt
the ouly cellular parameter that can lncrease with increaslizg exposuyrz is

the Ry or the nunber of hit sizes per exposed cell. Thus, .ith ELE

cwl, 02

dose to cells and organs alike caan incrzase becausa of rultiple hits, and
the oae varilable, D, Is adequate to predict a response {n the {ndivicial.
However, with LLE, neither the dose to tre cells nor the reza dose

increasa

w

; 2t is onlr the au.ler ol calls Zdosed T~1t con L-:zrease,

Note that while LLE has Lts couatzrpart in tacro ecclczants, zad nat
only a small fraction of the exposed population is hit with increasi=g
exposure, there 1is :o analogue, with macro accidents, of RLI exposurr. Ths
reasoas for this i{s that, for practical and ethical reasouns, if the
accident rate in given populazion {ncreases above a very srall fractisa pec
year, even drastic action 1is likely to be taken. With radiztiom, on the

other hand, the accident rate caun be iacreased at will, so ziat any ziven
cell can readily be exposed to dozens or more severe accldeats, la tre
course of minutes, seconds, or less. It {s only bdecause of this fac:,

which may permit lateractions between the hits, that the "guidratie™ term,

seen only with high—-level exposure of cells to inaizing radiation, exists.

15
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The tramsition from low- to high-level radiation exposurz 15 depiziec
fn Flgure 3. This is for cell lechalicy only. hote the lnitial lipea:
increase in the quaatal response as a functionn of v, ian the LLE rezioa.
Because of nultiple hits and interactive procusses, the curve rises rcatar
ste2ply beginalng Ia the transiticn zone, so thit a lacge fractica of :z13as
cells have been killeg as one enters the HLE r2:ion. At this poi=zg, some
of the orgaas, and therefore, the organisas, At a4 glven value of =, wil.
fail and die, and the fractiun will increase to unily as D iacreases. I nis

plot demonstrates ciearly now a single agent, th~ energry carcizd -,

fonizing radlations, can span the eatire gamut, ranging fron the accldzsat
statistics of Ph in the LLE region, into the HLE region in waich :ia

me thodology applies. Again, the largest diffecence between the two rezions
{s that with HLE the focus {3 on the individual, and the sinzle paramei=c
i1s adequate to svaluate the probability of the quantal response at any
glven dose D. fiith LLE, on the other hand, each poiat on the curwve shoun
represents an entire population of cells, and the interest focuses on izw
many in that popuiation will be seriously injured or killed. Har=a cthree

variables, the number of cells hit, the distribution of hit sizes, anc zn

HSEF, are required.
CISCUSSION
The above-preseanted cell dose approach to radiation ris« evaluatizt
differs drastically from that presently used. Cell populatioas 3nd tn=2

energy depositad in each cell replace the organ snd organ dose ccmcepts.

l“

Ph and statisctical mechanics apprvach to evaluate cell-chargad particls
interactions, replaces thé Md approach currently used., ilean values of
LET in tissues {s abandoned 1ia favor of use of the HSEF to evaluaza riszx c=
the slangle cell, Cbject-oriénted shysfical quantities that are closely
related to cell damage replace the more remote fleld quantities. Thus
distributions of cells, the HSEF and the associated distribution of
quantally responding cells replace “linear, non-threshold” relationshi:s.
The approach, in principle, appears to be far more coherent, internallr
coasistent and logical than is the present system that must eaplcy varisus
factors and various versioas of "dose equivalent”™ to permit it to be

operable at all.
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.effect” and “"dose respoase”™ relatinnship; riskx coefricients; REE;

The present system could in priaciple obviate the need 1 czdiation
quality and LE1; fleld quantitles; a “standdara radiation”™, linear T“dose

1ose

equivalent and rem., The problexm o»f obtataing measurements thal c=Dreseaut

dccurately che radlation field in tissues and cell populations i3 of course
difficult, whether ona uses the current 3L or the propcsed LD apzroaches.

A rather far-reachlng conclusioa {s nossibdble with the .raoposei
approach. Each relevant organ system in the body contaias enormous aunbars
of cell elemeats. With the prorosed approach embracinz tas H3EF, <t is
possible, with any exposure, to estimate the {fractional) auaber of
traasformed cells in the individual. Assumingz all exposed normal
individuals have approximately the same number of relevant cells, we then
can have, ian principle, for a glven exposure, a population of {ndividuals
with known and equal numbers of transformea cells., With 3 zraded szries of
=xposures, these numbars can then be correlated with cancer incidence,
which can be evaluated only long after the exposure, in aninals cr in hungn
beings. The result would be a function for cancer risk as a function of

the aumber of transformed cell§ in the ihdividuai, to renlac: the curreat
organ dose—cancer incideace function.

The siguificance of the above 1is perhaps substantial. In the preseat
system, one can derive only a quite uncertalin estimate of the risx ot
cancer from a physical quantity, and one must use the collective Zose
equivalent in very large populativns to evaluate the risk of cancer ia we
individual. On the other hand, with the proposed system, one has a neasuyre
of actual efrfect, L.e., the fraction of quantally responainz cells, ian twe
individual, from which the cancer risk tailored to that individual can te
obtained. In other words, the function for the probability of an eflect
vs. the amount of exposure may in principle be by-passed completely., Ttus
one has in priaciple removed the evaluaticn of risk from the vealm of Ph iz
which the focus is officially limited to the health of tRe population or
society, and placed it in the Md category, in which the focus {s oa the
health of the individual person. This may have many impllcations, not onl:w
in radiatioa biology and protection, but in the medical, soclal aua legal

spheres as well. With respect to the probability of causation ( ), tt
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could strenytaen substuntially the value of this approacn in iasuriag
equizabls resolution of legal clalims lavolving an allegaziun that a
speciiic earlier exposure is causally related to a particular, eciant
c4ncar,

‘ote that HSEF's for racra -.ccidents, 1ltaou jh votivened W experi-2nic
in «hich stochastic energy traasfzr 13 sirmlated, ire not uses or even
referred tu operationally. The oLviaus r2ason s because 4 juantail
response that may result can be readily observed, so that neither a dose
CoNC= T NOr l0Se=rfe3pyonsSe rfuelationsaips are requirza foc cisa evaluatisa.
Simillarly, quantal respoases of cells, can in most laboracory experineats
us1ng “"single cell systems”, be observed promptly. Thus it is only for
severely delayed responses, such as cancer or heritable defects, that early
observations are precluded. A complete approach to risk assessment at the
time of exposure must then iavolve the HSEF for cells.

Since the HSCEF replacas LET conceptually, this may be of significance
to those interestad in the detailed siznificance of "track structure” with
radlations of different "qualicty”. Much of what has bYeen ascrited to LET
and track structure differsnces, me; well be simply due to a 3ifferenc= in
dose to the cells. With most, particularly stochastic arent traasfers, it
has been more or less generally accepted that a larger dose will be morz
effective per unit dose than a smaller one, apparently wiia little or -o
necessary reaulrencent Heiﬁg perceivea to iavestligate whyr.

The proposed apprvach has relevance {a the "extrapelati:n™ currea:tly
used to estimate cancar risk from low~LET radiation at very low "doses”.
Clearly, one 1s not extrapolating high- to low doses of thie ajent ener:y.
Rather, one {s extrapolating to the lower reaches of a curve ::presenting~
the probability of an expressed cancer, as a functioa of the sumber of
malignantly transformed cells in the organ or organs of interest.

The interpretation of a “linear, noa-threshold”™ curve (for exposurz
and not dose) also changes. What is meaat is that, with any amount of
exposure, there can be stochastic interaction with health con:eﬁuences. It
is .true that "any amount”, i.e., as little as a single encount2r, coulé be

lethal. however, the conditions are 1) one must first have experizncez

such an encounter, and 2) it must be a large one so that the dose

13
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transferred 15 large eaough to have sone unglble ovrobability ot causing i
quantal response.

Finally, it must be recognized that, with sischastic =acounters, e
density of enerpgy transfer, a parameter oI 100 piir censicy, may w=11 ‘ot
be the wost ralevaunt quantlty in terms Of causiq) trauvsartic Lajury. -th=r
candilate quantities Ilaclude =zonentun trianster, rate ot aeceleration,

particularly of one part of an oCgun reiative to aiotler part, and irsulie.
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ABSORBED DOSE
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“adiition syadcuries | Tuduced ;o lsToe Joses 3f fonizing radoilion

dare diviael into tares jewaeral yro 5 Zzpendin: oa Jose of radizs__a o

tir2 aftzr exyosurz.  The CWS synuzsne T

siwifes gy Ueasatis ol fad.
10084 Cs 1o Gl vtes T LuuTsS, ANY L. Zl3 wal.oo . Guais L3 5. AR
apgpelrs :iler doses ot a4 lew fwadss) o Dol rat, o IU L charagiosiiz.
niusea, vaniting, diiacchea, and agizturiances ol watb:r a%i el=cltrolvie
rzabaliso. Tt tas aonlon rorzalite § T2 TUTET Lol 1TUAT XD LTz

Survivors «will then esp2cionce the 0 s 1 zes:l
Depenuing oa dose, survival is possizle ~ito 4utizitocis ind transziesi. o

therapy. The ralutionchip of geanilocszz deoression o> woreslise

ndicszion Wi

. TRe therapy Wi oradlatliic it ours

u
based on 1atihiotics, trinsiusion therapwy, aad use =

molzeular tegulators. The lisite: fole of ztzaed allz-=nis bSome 2t

-
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Yroo peruosal of tae older literdature an Tedi-v . 17k 4, alzow
experience 4t Giroshinta ang la,asaal (1., 1l sujeelzt TEizmdsaly TC CCmLideT
sofie bruader asrects of rTadiatien inlury in e wril, s.23 a3 the .JnwTUnes

producey by tacilatian in ury, the i{aflience .1 =, In oz

LI Ti.ialew™ UG aat, 17 IT.® T Igi=x
rate, and repiiz of 1ajury Jduring shroolc 2.0 .safe 0 Iallaticn ox in
fallout fields decaying with the -1.2 law. :studies on [.ce& Taliitlioz
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TTal Cannelt 2 oeve.oualsl o deIlniTovEL, . P
rescect TS TR2ATID,, Vasl fulanl C..nicl @ 2422liende S0 WSt vl anIiIiolo 3 ol

fianag2rent of trauma and fhermal sutns

n an-jenent I C2ITOW
aplasia _roduces by 4 ,enls vtier nin Tagiat..n, 1T Cen -z T3TerIiiizo o

stated T.oat artiZiot: -~ Increase the s.rviva. Tate of [ :Ilelis -1l.
STer ... DLTDa, IT. . b o wd Il e iiaizomafe L2 LuTaIi TLIIla i eieeoaa.
A crucia. problem in ragiation injury is whetaer Toe LLZ:z L&TTO- uill

regenerate before the coxmmensal
rasistance to the antibieozics avallable

‘adiation _ethality - The Clessi

The radiation syndromes procioc2a by exposure to iczizios reiistliom et
hizhly aependent on the energy ol the radiat..n anyg hentz to toe wepts doi=
gatterns w~nich will oe consider2c later, Three, scmewhz- a- =z
and overlapping syndromes are ill_strated in Figure 112,

The Central llervous Svstem Syndrome

After larje doses cf seversl :icusaad raz, the Cerirzal .ervsos S. oten

(ae

VCN3) syndrome 1s producec, Deain nay occur

32



laboratoury aninals that (s prece

respiratusn cistress, oW 1latermittint >tuof. LuUS=S Ca auvle OI [TOULIl.:
this syndrome are unif. =iy total, This syndr.re has b=zl CISefveu 12 4
tew casualties <escribed by liubnar et ol, (2, If an clzas:cnal z2rsa=
waTe tu sur "ive the ULL svndrer.e, the inuividual Raos ,eI WU =i, sI:2nC:z  ile
lastrointestinal svalrene (G110 ).

lahoratory inimals that 1s preceded o, nyLar-e citacilil.o, atax.s.

. Tespiratory distre2ss, anc Intermittent stupor. woses caidable of ;:od-:;ﬁg
this synatone are uniforely razall, "3 svnoeTome tas TeIhooo3eTr.-l o 1T 5
few casualties described uv liconer =% ai, (1}, 1Ioan 0¢sasional fersiz
w2re to survive the CLS syddrome, the ingivigoixl Soc ye2l 0 2XpeIisnce Ihs
Gestrointestinal syndrceme (GIS).

The Castrointestinal Syndrorme

The JTI3. when procuced by doses e fxzal
within 3-% aays in laboratory armimals and procubly this :lsc ap.lies o
huiran Leiangs. The range in survival resules Zrer sreciz: anz stT:iin
variations., It is‘named the GIT syndT . ~e bDec.use o the laT el TilSes .
vomiting, dJiatrh 52V =Ir
and persistent GIS
animals. It was .aTzen
(1), and in scme accidar=s M T tear e L, I T drsa T o 1
{3), havs prolunged life by intensive acuinisiration of .atTaven..3 £ ...
and plasce. It is of interest that
animals surviving doses up to 1200 rae will re_.enerate ze rucces 27 . =
small inteztine as described bv Lrecher et al. (4). The survivozs of zaic
syndrome have then to cxpeTience the s:quelae of boue metrow Je zzsciz_
which has been termed the hemopoietic syndrone (HS) auc was comriziv
observed 1n the Japanese exposed to nuclear ragiaticn iz nirvssaiq: :n:

5007140

lagasaki.

The lLemopoietic Syn<ronme

The US t

is not necessarily fatal., 1

seen in tne

letihal range ror all rurmals including wman.

- e
the letrz.

levels re.orted represent t.e LDRG {or tn2 setuelas of Line marT_v
depressicn, narely, gro.ulocytupenia witn suoceptitilic

infection, g Jd

thrauboeyte =nia witn suscerzinilicy

Lffez= ¢

is a clinical sicture zzat -

[
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aneniag from suppression ot red cell proaucticon and Rermorrnis 2ta

|
,—.
.,.
\

desceriptions of this syvadro-= in g and zaizals are aescribed (O -1

.,_,a

L

This picture of toe thatee tvatiatioe synlro-es, waich uverla; ww -

cartain extent, 15 Las=c prinvavily upon Aaniral experinentazion, -uran
experivince (1,2,14=20) {ndicates thal an corvesooals r=i1..0a3ly closel s T

the Zenveral ~ar—ilian responisz,

~ - - - - = . = - -,
: Lonere are sl oo tillzrenZes L raspect U
tire ti 2 of oocurrence °r A00nS Gad SYTLUanS. JnNe oaperiznez of W

Japan=se at llroshiwa and lLagasaxi exposed wo gamra cadiation §

nlson-aloicide aucliear evice L Whilon the 24

~>ach tne r-oun:

Are Jescriced o getail Ly Luslitersea an. JarTen 1. sawner apns Tos 2
have jathered together the totzl humen experiznce in raciatien iajury ==
its ~anagement, with the exception of the Jazanzse altonit oond casualtizs

an. Tne darsaallese fallcut casualiies.

ladiatioun Injury iu thne Japanese at diroshima nld lages=oi:

Tae IS was not obsz2rved by the Japanes-w at Hirusaiza or Nalasani
(1,13,24°, nor would gna hav
Sroguoe Lh@ 3YNoLome serr owalil

ct.nmiaslly zad patholuyglically

Cise wi van, the se ugential

E€ = Yo o~ P T - - e . - v - e e -
AP Sfzranz I bl SOl L. LT oLz lis.n ItoottooLoTo
igvziop Lo man.  For emamgle, geaths from falZeciion were west przsalunz L

I
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114
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incidence duzing thirs week) and foon
hemorrlagic phenomena auring the taira to sixca te=ks (-aximuw inci

the foarth weeh)., Deatns I{rcn racdiation iniory

¢ Jave occurriny in tre
Japz2nuse as lale a3 tn: seventn weeXk. This f: in gontrazt oo ui-merw
aninals, whezre deaths from the acute chase are uncommon lafer to=a ohe

S
thlrtieth day atcer exposure. The corrzlactisa of neutrsuhil counts wizh

mortallicty, 1Is shown in Flgure 2. The cata ia Figure 2 zre baseg oa dols
13t were exposed to a nuclear bombd in th= Pacific proviang grounc.

<

.omparable observations were made in tne Japanese at Liroshisa a2aa N

znd are iilustrated In rfigures 3 and 4. Ia aadition, it wa

w
[

jul
o
2

o
P
e}
fu
L

lowest leuxocyte counts in tre Japanese ware sbszarved ia the fifth tu =ne

sixth week after expusur:s Lo tie nuclear raqlation {Z%:. A zo-zarable

sequaence in the depression ol granulocytes wias also sewn it the Darshalless

exposen to fallout rad.ztion (5).



Probability o Survivar followin~ Exsoscre to hnola=3
Whe wrobabtilzty ot survival can Le reldtel o Syrptunaloiuly 1n 14N,

The rfullowin, amalysis is based on the ohservations rmade oh T2 Jupshes2 1o

airoshima and Nagasaki (1. Ingivicuals exposes it tioe tethal range (.- ere

>

sote, bt ot ell, ciz 2a the first several weels after .nrosire e 22
.
divided accurdicng to ci.ns and svipiots, Into Sroups taving Ciiferent
€ > . b4 > r =

prognosis. Thus, they may be cividad into three jroups in which sarvival

T

1s, resgectively, 1improvable, prossillc ane uretable. 7T
originally made by Cron~ite (7). It is
line of cemarcation arorn, the grouus.

Survival Inmprobable: If vomiting occcers promptly or witrin a Is=u

bours and continues ana .3 followed in rapid succession Iy prostration,

uiarrhea, aporexia, and Iever, the prognosis is -“rave. Teath wi.l prulauly

oceur ia lQCr of these 1ncividuals witnin the rficst

199

oy

ween, Lt i1s assumed

that eXtensive administration of fluics ane plasns nay extend tns life of
W

these :ncilviduals so they may survive e devel.. the hero 0leZlC IvRdAroe.

Survival Possible: Vomiting nmay cccur, but will be of r2latively
short curation followed oy a periou of weli-seing. In tors gericd of

well-ba2in;, rarkec changes are taking plece ia the henepuietic tissues.

Lympnocyte

w

ate profcunely depresses wizain hours aunz rerain zo fur

nontns., The neutrovhil count falls to low levels, t=e ca-v.e

tine of raxirun depression depending upcen the douse a3 1llusir=sez oy Jo:0ls

et al. (29). S

e

sns of bacterial infection may cevelop when trne ©

Q
r
M)
yoee

neutrophil count fulls below 50C/:l. Plateler count ray reach very luw

levels after tuo weeks. GLvidence of bleecaing may occur withi-
This

5TOUp IXepresents a lethal dose ringe in the classical prarmzeclsigizal

-
jon

sense, In

2 higher exposure jroups of this category, the latent

lasts fron 1-3 weeits with little clinical evidence of 1. uries cihier than

slight fatijue. At the termination or the latent period, the paczien =ay

uevelos purpura, epilation, or cutenecus ulcerations, infecticns of wounds

or burns, diarrhea anc/or melena., The ~ortality will be significznt. with

therayy, antibiotics and/or sulfunanides the survival ti-e can be expected

to be prolonged and 1f sufficient time 1s provided for bLene metrow

regeneration the survival rate will te increuased substanczislle. In

-0 ...'q_aIl,

05

5001



rany sol:iers lbad nansea and veniting, rscovered, felt well, returned to

duty to 1l.ter devzlop purpura, epilation, c¢rel citaneous lesions, snd  tlen
cred of imrecrtiun. Tnis is well-cocurentae Uy Luabtersen ars LWalren (1).

T'espite thz cthaotic cenditions that exisrzc in

trhe date of
Vikuchi wn2 Vaagisaxa (19; 1ncicates that trer

LTanuloc:

ot

23 ia indiviau.ls Tmat co

Inprobable unc Survival Tessidle as Scrpesze to the -.rvival Probelis
gIoup.
Survival Probable: This _rours conmziste o rnud twls =70 ra. or ray

not bave -~u¢ transient nausea and ve-iting on the aay °f exposurs. In this

sroup, chardcterized by t.e larshallasze (»), thevrs 1s no further evicence

cf effects cof exposure ex :nt the hematolozic cnanges that can be zetected

sy serial stuaies of the Slood witn particular izference (0 Tanu.icytes,

5

lvnphocvtes and platelets. The ly-phocytes ray

Wt
[#)
<

1
-

cvels early,

:
P
s
.
-
o]
¢

14

¢

tours, and show little evidence of racovery for -

2xzosure. Tne granuloecytes wmay 500w sorz Jdepressicn wurin tne second and

third wez... rowever, consigzrable variasticn

15 enciountezrad, A laze fall
in the jTanulccytes during the Sth or Tl Jeek arler exposurs may LIour.
Platelet counts reach the liwest lzvels at apjronmactels the Z0th v at the

ime when —axinum bleeding was observed in the J:

v -

anc lhagasainl. Tue luwest

Toa arosad

T
ISl
N
'
b -
P

=g

[

ividua

5 wrih neutrcphil ceunts Lelow 10.0/ 21 may te

completely asymptomatic. Likewise, incivicuals with ;latel cunis of

n
(s
O

75,000/ :1 or less ray show no external sions ¢f b
c2fenses <zainst infec<ion are low=2rec by this
imdividuals with thesa savare degrees ol heratolog
¢evelop i-Zection. It is gen=rally believed that prerature admini:z:tration
of antibiztizs prozhylactically may jeoparcize the provasilisy of
in Survivel rossible group by allowing bacteris to zevelop resistinze to
antibictics.
Effenrzs of a Single Lose of Gamma Racdiation

Aralysis of a Possible bunan LI

‘

Lol

. the first place, in all reality, the mortality responze of rnan

tu TaGiatioh i, ROt Rpuwh with eay cegree of precision., One shoult think

of the LT:- 1n the claessic pharracologic sense; that is, the mortality

5007400



Iesponse Lo Tavlallon in tihe absence of ticatZeurn anc other conplizating

factors. The LL-., will be increased My the use of antidioctics to control
infectrone, by platelet traasiusicns to gcontrol tleeding, ana the

hemonoietic molecular regulators new available to stirmulate an earlier
recovery of heratopclesls. In 1947 Lewell (21} surveyved the ooinion of

ragdiolo_ists of the 3C° lethal ceze

(X3
.-r

aticn in o ran,  Tlziz esir—ates

[N

T3l

o

e

C

(2]

varied consideratly anu th2 averaze wa o0se v -3y ra¢, ile conrins;

stated LDSO'

ftany scurc=s of <ats Tear on the LD., value zour an aud ecch 24

wn

several shortcomings. Tloese sources incliuve rzdla

[ad

1o mortality Jlata un
large animals, the data from the Jjapanese ¢xposed zt liitoshirma anc
Lagasaki, the Marshallese cata anc cdata {rom patients Jiven therapeutic

tctal body raciation., The effects of gecrmetry of oxposure ans enerzy of

"

aciation on the -mortality response is crucial (22-24). GZond and Tobertssn

{23) observeg trnat the small anirals azp~ar to have a high LDSU’ wZeT24s
larze animals have a low LIse. It weoculd Be leogical trom this to argue that

man ray have a lew LDgg. 1o fact, Ofre dues net rzally kuow how tc

extrapolate from anirals to ran. In

izle, at least, cne mi,
tnat in Hitoshima anu lLagasakl vwhere —any individuals wele exXposes, one

vould have a rathar gooid izcea of the radiation
the case, however, tocause of the co ulicating fact

inur-wes, peor nutricicn, and, ost LovorTantle

A~vvigr radiation doses to incivituals thace suzvived or cirea.
Cromkite and EBonc (25, have approached the problem of LDgy in -wa by

loeking at tre llarshallese resjgonse to 175 rad totatl vody irradiaticn and

P

te response c¢f animals in general., Tigure 5 illustrates an approach ¢

8}

=

2stimating hwitan Ligp. It 1s believ.s that the tarshallese weTe evsoned T
# :

a near mexital sublethal cose of rzulation. It would appear that .0 T

o

a
uniiora tet.l bocy dirradiation woula anchor the lower part of the ~ortality
curve., Certainly, in dogs and swine, 1f the dose of radiaticn were
increased by 1l0C rad over thac recelwvw:d by the llarshallesa, cne wol.led bte
well into the lethal Jdose ranzs, 1f one adds 30U rad to the estimazza 175
rad that the larshallese received, one has a prooable low lethality of
about 3-107, of approximately 223 rad. 1If one uses the sare slope fo:r man

as for gogs, the 0% mortality 1s abest 500 ras. The nidpoint betwsen LD

o

5001881



107 and SO, 1s apprixinately 300 raa. Thus, one can wake a first juess

that the LbDge tor manis in the vicinity ot 360 rad nicline in the slsence
of corplicatca ther..al Sutns, traura, or any efrective therapy. Tiis

estiuwate is bolsterea by the {zct that patients given therapeutic tcotal

00dy 1Trradlation Navs asevere reMatipuicetic depresslon OCCUITLh: at dose

levels of about 27/ rac.
Pruboble Litects of Trerary

Pt

Cn clinical srounds, oune woulc¢ thivk that the conbined use of

antibiotics, fresh wnole btlooc and o

—

alel

W

© traasiusions when neaz-u, woul~z

increese the survivel rate. T2 has teen cleavly shown by Miller e:

A er al,

[¢]

(26) that antibiotics increa:s the strvival tate of irraciated nice. Furth

et al. (27) obtainez no rarkec %Senefit from antibiotic and transfusion

therapy in their sticies. S.Zsequent stucies by Sorenson et al. (I5) arce

Perman et al. (29) lave clearly snown that ome can consistently reduce

mortality from a near L0OY fatal cose

to adout L) mortality in dezs by tae
combined use of high dosage of successive antibtiotics anc whole bicod

transfusirons supplerientea by :-latel

[13

t-rich plasna when roi cells azs not

-

needed. This enables one to sni:t the signoidal acse mertality cuzve of

(¥
[N

uncomplicated whole Socy radiation injury to a much steeper one sn:ittin

the LDs, from approxirmately 307 rac im the adog to a little over 404 rac.
The 54, rmortality is shifted from toughly 230 rad to about 400 rad zesultin,

in a ~3avie DT | At ema -

b PPN 4 ~

talliy c.Tve.  alter

g DIVRCECE Y N O i L " FEv v

TaG lictle benefit is obLserved danC t1tla fTealer CoSes nu animals suIvive,

although the survival time is @oderatelvy increased. Thus, one can

dnticipate that antidiotics, L:0va transfusluns ans piatalet transfusioas
would benefit ruman beings.

The rtelariouship of rort=lity to as.riessice in the granulocyte couns

in dozs anc rman further points up the impurtant role of infection =ul value

cf aptibiotics. 1Im Fijure 2 1s shown the :ranulocyte cuunt in dozs that

ware exposed to gamra raclation from a nuclear bemb and the correlation

with percent mortality. The granuloucyte curve at the far left is in dog s

that were exposed tc about 607 rad midline dose. lote that the bl-od

counts declined ana all animals were cead by the seventh day cf exiosute.

At autcpsy infection was clearly the wajor cause of deatn. In the next

curve the mort-lity was also 1704 witii a slower declire in grauulocte

count along witz a loazer survival tire. At autupsy the najor cuuze of

~J4

co
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.

232t was ascrived tu iafection ane coriplicated Uy nerercia,e.  L0e Lekt

c:rve shows a slower cecline in the granaloc,te cocnt »ith a mortalisy of
=I5 . The anicals at .. togsy sncwes inzecticn alid nerorrhage as <4uses ot

ceath., The curve si...ing the leust declite in the Zranalocyts: -.udt naow a

~ortality of lul wit: hemorrlia_.e ann infection fre Zatses 0 cesld.

o

T ]
A T L

Ures 3 aLg -, The Toliilac Teie Ol Lot o Taluiucyte <..nt in the

Jiranese as a ceteroicent ol oo lyute o plois the

rmortality against tne bloca counts observed 1n the tnird, Jlourth, arc fifta
waaks,  The laotor Tt WLl LLL0T T o ilgrel Tow Tolle.aly.  Slgufe s

correlates the mortality at tie2 eng of nine we=ghs wWith

[

count observed. The most clearcut correlation of the

o
iafection is in the work of Niller et a.. {(Z»', sho.n 10 F
fizure, there is a clearzit correlution of mortality w
animals naving positive "looc 4nd s>lenic Gactezrial cultures.

5%1G.e5 10 nussia ana thte U,.3. =2XTelld and confirm the role of 1nlecticn

Srlman in and Lzvakova (30) have s:tudiec a whole series of antisiotizs and
“JelT use 12 the treatéent LI Tallafiun lnjury in osidce, Tats, anl reblits.
- 2v o oalTin

S:oarTidDICILCh weTe adhlalstered tWice a cay

2 J:.s statiing 2- hours aiter irraciation with

- Nallon OI ULibloTtics wWas ~Lixz
Z.lglce T IUAD SaDgasw 2NTocivliles. W38 Coablndition oI Lanatyclin L1t

tetracycline or erythromycin, or tetrucycline with ampizillin wes mos:

eifective. The anticiczic comoinatiins czhan

sed a nezr WCCY mor-alicy, to

mera than 5., survival. Zhernov et al. {31) 3

and Trushisa et

[

‘
-

[+
T

¢os,s and mcen-evs folluwea oy the

n the case of dogs, penicili anl

PO

in from L1 to *.. 1In ti.eir

streptumvcin were used. The survivals increased

stadies on ronieys, a <c .0lnaticr of kanauycin, oletetrine, streitomycis

<IN
arg pernicillin was used. There «as an 1ncrease in survival freom 207 =¢

s .

=F
o L

fects of Geometry of CIxposure and kadiaticn In’ury on
Lepth-Tose Curves and Bislogical Effectiverness
The inudequacies o usiu, an alr dose of radiation for pre.nosis «1ll

be illistriced Dy showing the [nflience ol exgosure ge6 .etiy ol =nersy on
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lepth-dose aw diological =frect. Tigure
& “leLonita: prantom to lUul VD < ray I
enposure 15 bLiliateTal with wli of the 20
Cose LU tne shantom .as measured Ty Slaverl
en.Tassed oS perisnt oI toz clri A FEN
exoosure, rhe Jule 12415 €I a3 11 1S alls
27S6TTLLLa 56 Taal e @X1T JCEe Lo ano .t
tze bone rmarrow of larjs aniztals Teing =x;
LIITE a0l L0852 .l Toiz Oa ewillizlieai= v,
tm=r 1 wvery cniform depositicn or oensT
Stancsn.  Lhe siolvgicar consejuerces TIo<
ITeaT. 1T i3 wi Cumsloariiie L ioTfanlz T
shen ev..uafidg fhevary OI ridlation Lo LT
2iseriue.titlon a3 CCTpdATal.z a5 J05:L. .t
exgogura.

Sijure 5 LnOW3 a comparisen I oSilazs
$3). T .is sit.aticn is i-portant Wnst
falloir srraciLcion Lifth LS wlie To.o.2 LD
2¥j0s.Te apuréacniag & PL osource., Sinmie O
from 2 planat sourcz, the ssual narTow lea
scch a4 crifcse Z6C gezree fiela, tne w=irs
e k@3S L TCuOLICel L0an that Teso.llo ITT
<-ray bea: because faliout froT inwei:z =
F:r the same energy, the dose 4t the cenla2
I higher tnen would result frem a ziven
Z=ometty. Ca.zure 3 further illustrates -

D
- z2nt:m placed at theilr canter, co-ravace .
tezth-coce curve nbrained with 2 siizle l:o
t.3e2, tne airr zose is wusue.ly umeasural at
v o tne cs=ater <I che prox.oal surface of t
tz the s02rce., For the field case, alil s
fense that air dose ~“asured anywnere I.
tme indivigral is nhe same. I: Is thiz ..
inztroments; 1T Cue, nol Tesl Ui Same Te.

i

i

tate diTelIiot loan .oen v

HA
2 o1 el %0 eaca si.z {>I,. ite
T oi.iletiun fnanlelss a1
o T Laae oI b unrlotlofel
. oaft=d I¥ o .nVaIse stuAare o
eers wa Le BN L 0CE JUSe Leu S
3%e% sould ae @ LTOLTAIIIVeLY
cam @I, WLTY ...al2Ta. ...zl
thToug et the Tls.ue ctulvalellt

e I:fifefent Clse Talieln 4Te

5 Lear tdaese o frzTenmce2s 1r mind
Soane TITLag 1T fElls oal. shaTae

e Zn adsuren r2al-lile ~umman

T4l ENpPE3ULT= T 4 £l exIiIisuTe

. tu evalozie tre caZiros s

LT, A TonE o olaelatiln
al.o.t rTudiatown e
SooZzomenly 1s not s i
Tae DI 1G4 WiinodE_oTn .7 Titsae
“ 3 Ln.dat2.d. XDCs.I2 1L &n

lal= .3 201 eltel? Le LIE_1I&7. .
1 ¢l tte Locy :is

217 lose qitn maTro. Lzoo
2 dedth-un3e C_oTVe ITLT .
Tlenled 260 lt=9% Z..17z. -1i3 4
1tr & ceaventizsnal cilats.el
sal® souzce (I.,, Tn tie .atsar
the o1t subsejuenzly czcusied
ne retiont or wninal wit. -ospect

rfaces zre '"pr.uxinal' in <ne
n: s.acz subsenuently ociuzied by
T dige anich i: megczirec v f7eld
R I & -
1TAVASNL L8 A8 LT LlTiaftz lecw
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clinic or laboratory. It woule anpeir uuder these circumstances and in
most exneriwental conaitivas that the nidiiae duse, ruther thad doss
measuTeu ia aiz, would be tre bettzr cumrmon paziueter in terass of wnich
nredict bilolozical eflfect. On this assurztion, air dose value should be
multiplied by approximately 1.5 in orcer o cospars their effects to these

of a given air dose frorm a "point source” Yean secaetry delivered

Pe)

bllateraily. Furthermore, tie- rom a fallout fiel:

re

seonetry ol raciation
is not idesntical either to the z2omatry of bilateral point sources cr thes
spherically distributed sources s
larpely at a grazing angle. GHowaver, the total fi<ld situation is
approximated by solid than by plane geometry.

Fisure 9 shows depth-dose curves for siflecent types of radiatiIon t:

pcovide an 1dea of the alrflereace in anscrption of energy tiuroughout

I

o]

larze aniral body thus injury (in tne letnzl range) to the important tar
c2ll, the heratopoletic stem cell, wnich Cetz2raines whetiier the bone rars.<
will rejenerate. These d¢2pth-~dose curves are determined 1n uaic density

material ising small Sievert cihacilers implanted at o

¢

¢nm intervals 1o fhe

phantons., The doses are expr235es 435 percz2nt of the entrance air asse.

Curve A rzoresents the ceprth-dose curve from 250 <Vp x ray. Tnis is a

conmonly used epergy of raaiation in aninil studies. lote, the suriace

dose 1s =about 4J/ greatar tran Lhe 207r3nce olr dose aad this falls off
.4.3:-. - PR B

; - =

: PS40 Tus Tisses w Tt 2pulfislaateldly in o tie i14i. -

correspcnsing to nan it woula e ou. oI Loz enlrance to tie important

tacget celil, tie hemopoletic st-= call ich datermines bone marrow

-
)

regen=raticn., Since bcne narrow was cistributed throughout the bouxr in 2=

bones, tha amcunt of energy dGeposizzz in tre

henopoietic stem cell varies
by a

factor. The cucve - showWs a similar gepth-dose curve fo:

2000 ~Vp x ray. <{Lurve C is the initi:l bewh jamma radiation and curwve L I3

cobale-50 gzamma ragiation. It Is eviuent that tor the same air duse,

,ury to heratopoletiz stem cells scattered throughout the bone marrsow
rarie onsi erably and thus would %= expected to result in different
lethal dose curves.
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The Effect of DLifferent fadiation Lepta-bose (urves on tortality fn

Mammals

Tullis et al. (35, 36} nas studiea this in the laboratory aad in che
atomnic boub field tests ~ith swlae as tie target animals. This is
{1lustrated in Figure 10, showing the sigmoic 2use mertality cucves f(or
unilateral 2000 kVp x ray, oilateral 2040 XVp X ray, and the morallty Irmm

he highly energetic prompt sarmma racilation frum a fission bomb. The

{
L
\n

from unilateral 2000 kVp x ray is S50C rad ir aicz. Bilateral 200J KVp
resulted in an Lbgp ©f 4Uu rac in air. {he ilaitial Domy gamma r2dlation

with LDSO was about 230 rad in air. These air doses can te convarted zo

nidline tissue doses based on comparative studies on depth-cose surves to
3CC, 220, and 184 rad. The differences are explainec in part by lack of
honogensity in uistribuction of dose. 1In the case of the uanilatazal 2000
kVp x ray, tissues distal from the midl:aa received much less thzu 309 ra-z

and tissues proximal to the midline receivec nore. In fhe case of
bilaeteral 2000 xVp x ray, tissues proximal to and distal from thz nidliz

T
receive a greater absorbed cose. In the case of tne prompt garr:

raciition, tissues proximal to the migline rec2ive a jreater dosz ana 572

distal a lesser dose, and heace a higher and lower sucvival of hzmonoiet::

stem c2lls on opposit2 siges of the midline.

=~> a result of £z elitact o

-
e

Y
37

enersy anc gecrnelry o

(8]
C
v
=4
ry
o
T
fa
tn
r.
)
)
i

raciation doses in ai: are ol relatively litile use in predictinsg
cal

survival. For »nractical clinilc ranazenent, it is the opinion zf tais

author that one shoula be guiced by the elinical and hematolo
not by estimate:s of radiatica doses in ai:r
dosinetry.

Fallout haciation Lxposudre of tre arsnalliaese

The energy of a fallout field deternines, in adairtion to tic secmets

of exposure, tne depth-gose pattern. Gfijure ll shows the enerygy siectsui
of 4-day ola rfallout. The original source is5 the energy »f inherent
enlssions from the rajor cormponents of the 4-aay fallout. Thne sulid bozoc

nistogram is calculated distribution of energy taking into accouzt Conp ez

scatteriag. Thus the energy to wiich an ingivicual {5 exposed veries fron

(2]

a few KeV with little penetration te a jeak at 150Gy iV The

this energy distribution in tnz g2ometlry of eatosur= on aeptn-do.e curwes

is snown in Flgure 12. The depth-dose curves of a fallout fleld and

11



gamma radiation arz showan. The coses of raviation to the surfuce ana the

. first few millimeters of the lody were substantially nigher than the
midline cose of gamma radiation. The curves presented are a perceat of tie
3 ¢ dose of radiatioa. In addition, the clinical observativas ot thz skin
lesions forcefully deronstrated teoat the duse to tire skin varied

considerably bewween inaividuals anc uver the surface of any given
ingividual because of tue spotly nature of tue radiation burns to the skin.
Another feacture of fallout radiation is its decay. The fallout
arrivad acout 4-3 nours after cetonatiom. Figure 15 shows the accumulatisa
of dose as a function of time after detonation. The dose ratz decreased
continuously as thz fallout material decayed. The rajor portioan of tze
dose was received at a higher dos=2 rata. by the tine that 30% o the zose
had heen raceived, the dose rate race fallen to less than 407, of initizl
value and thus is much different Irom any aniual exposure cendition iz the
literature. The influence ot a cose rate falling by a 1.2 rower tunction

is not known.

Xepair of Radiation Injury

his has been considered in some detail in a report of the »LiP . 37).

pL] OTYS

In the NCULP dissertation, it was stated that 120 rad over one wezs, 27.J ras

wo o
over one nmouth, or 300 rad over four moutths is believed to ve stilethel ana

that no rredical care would be re2quired. However, 250 rad over cas we-t,

330 rad over one month, or 300 rad over four months is esti-ated to Ltz in
the 5% nortality range and that scre medlcal cace will be requirsd.

' s
- len

450 rad 1s received over one week, (UJ rad cr iore over one mont: or

longesr, tre mortality without trerapy 1is estinatzg to be S5C7 or vure zia

extensive medical care Wwill be rejuired. These are duses of rad in ai- anz

aot midline tissue dose in raa.

Whethar studies on mice are zpplilicable to ran is not known. In recent

cnpublished studies, we have investizated the influence ot varyizg ths tine
interval from 1-24 hours between 2.5 Gy, 250 xV¥p x ray to alce, Ior a total
of 10 Gy. This is shown in Figure l4. At intervals of 1 and 2 nours, no

mice survive 30 days. As the faterval between the 2.5 iy lncrerecats arce

increased, there 1s an apparent cyclic change in the fraction surviviagz.

when the interval 1s 22 or 24 nours between the 2.5 Gy lncrenment, 1007 of

toe rice survive. Figure 15 snows Ui hematopolivtic stew cell (LFU~3F per

5007493
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leg in normal mice and mica receiving a single dose of loe, 200,
and the mice receiviny 1C0C rad in 4 single duse or 1UGD rad in zour IS¢
rad iucrements 24 hours apart. Aall

luLyu rad anilcals dieg by the "ilih zay

after irradiation and

[

the survivorss had a very low CFU=S conzent 2f ahoout &

per leg. Animals receiving 230 rua cose at 24 hour intervals *ad an

a
equal depression of their CFU-3, Z.,llowsed by an exponzntizl ce=covzty oo

cear aormal levels by 3V days aftzr exposur=.

Therapy of l'hole Bodv Radiation Injury

has long een

Bacterial infection

{

stavlished as tie "a’or cioSe o=

5

death in the irradiated aaimal in the LDSO ranje. The commemsal organis-s

living primarily in the
xill

gastrolutestinal tract are tihe ustal orgzaisms tnet

the animal that 1s 1irradiats¢ in the LDy, range (11, 26, 33-<1}. Tu=

use of antibiotics as an effective treatment was shown by ‘i1ller et

al. (41) with the aaministratica of streptumycin in nice. In a¢dizZon,
germ=free aaimals have been studizc (42, 43) ang these animals 1live lozger.
dying fron hemorrhage and anemia zather than iafection in the absance of
tacteria. The effectivencss of extibiotics falis oft as one nears tha oo’
lechal dose level since oone narriw regeneratica is delayed so l.zg the:
bacteria cevelop resistance to tnz antibiotics being usea belore soue
rarrow regen2ration ensues. Take:za {(«4) has iatensively stucied the =—zlas

of vater-electrolytes ang autibiszic tnerapy against tue acu

r.dlatlica deain

3

il the rat. 10 Loese

SLuJdies WL .as

ciearly snuvn tuz

microorganisms play a proninent rile im the

Zetesis of
death in the rat, and this was nc:ified by tha use of anziniutics aad

iatensive administratioa of water iand electrulytes. It is a benelicic’

effect not limited to rocents. I:3s

been treatec with
antibiotics, fluid replace-ent, =222 Liood traasfusion.
Inprovement in mortality .as obteined by Coulter et al, (
(47).

corbined with successive antiblozics. In

PR

23), Hazmond <9 .

and Allena et al. In the lz:ler study, bloug traunsiusicons sare

view of the fact

organisms of che intestitce are frziuently culturea from the

fatally irradiated riouse, webster (45) tested the effect of oral zeomv=-in

therapy upon the rortality from wiole budy x-1rradiation of =ats. Grarzea

coses of cadlation were used fror 700 rad through 250U rac. eoryein

treatnent

)

resultea In sizniftcant Lrolensation of the resn

servisal ti =



irraatated ~aimals at exposures Letweesn 300 ane 1500 rac. After 1500 zad
and 2500 raa there was a snall, but consistent prolongation of t: meacn
survival time. TFor exposur=s hetwsea 70U ana L1OU rad, the 3Z0-dar
lethality was consistently locwer for th2 neomycin—ireatad rats. Joremson
et al. (23) and Perman et al. (29 discussed earli=r rave clearly
established an etfective treatrent of tatally trraliatal dougs usilicio:
successive antibiotics, fluias, platelet truusiuslons, and wnole tlooc as
needed. Shalnova (49) published an Lnglish-languagz review of all of zne
work doue in Russia before 1975 on antibictic therapy in raalation inuzy.
The essence of the work is: 1) apply broad-spectrum antidiotics insuring
suppression of micruproliferationusing a purpusetful alternation cf
antibiotic cycles with different preparations; 2) use antibiotics w0 cz=ate
bacterial static cocncentrations of antibiotics, aot only In the sluod zznd
tissues but also in places of naturaloccurcence of microbes such 5 the
gastroiatestinal tract and respiratory tract; 3) utilize2 antihiotiss zas

early as possible, and before iafectious foci have develcped.

The Managezent of Whole Boay Radiatiocn Infury ‘ith or Withou: Lor.mZinec
Burns and hLounds
As discussed ecarlier, estimates of the air-exposur2 sose are of 1lzcla

value for two reasons. First, one needs to know the cepii-cose

distribution ana second, the cos

(1]

estinatszs are Jenerally inaccurate

AL,y

bearing on the nigh sile initially and tren deciining 23 ¢

4r

tr

CMer 3T

(83
i
{

'

and analyses are made.

The first step is to deternine tnz severity of the rzdia

tiva Injez” oo
the basis of sizns and symptous. I

(o)

tners are no abaorzal sym
nausea, vomiting, or ciarchea, the dgoze of ragiation is in all
probabilictyin the sublethal range. I treraz is severe nzussza, voriting

‘ and diarrhea as discussad earlier, the individuals will fall into the

severe gastrolntestinal syndrowe., Ir the early syrptomatology sudsiges aac
there is a feeling of well-being with rapidly developinz changes iz

hematologic picture with developing lywphopenia, reutrorezla, and
thrombocytopenia, the individuals weould fall into the hezatopoieti:
syndrome. The following therapeutic regimen is pruposed:

1. TIf the exposure 1luvolves contamination with rasicactive materi:ls,
the individuals shoula be ~onltored for radivzctivity anc cscontz inizsa

as promptly as possible.

5007495



50071490

2. If exposed to nsutruus, 3 whele body zouat shoult be rade
astimate the arnount of raacionuclices >roduced.

3. ledical history, puysiczi exarmination, 2nd laveritory studies
fncluding a complete hemazoluslc =valuation sneuld ie done as prowpily =3
possible. Cytogeaetic preparations of ulrzct Lufe rarcdx and
phytohemagluinin stimulateyd paripreral blooud lr-pauevtes should be set up
for leter aualysis of biological cose sstinate. 45 soon 33 pcssidble, I=me
lymphocytes should be obtainec while still available, belore Zjymphoparnia

sets in, for human lymphoevte (hLla; t-.ing 20l stoczge 1.5 later oaasd

RS —d T

leukocyte cultures, 7The results of tha ti

«
W
c
1%

tvulng will be userul fuz
ratching of granulocyte, platelet transfusioas ana the izeatificatioz cI a
possible bone marrow doncr.

4, In the early stages, the first five cirs, fluic iad electrolyt=
balance nust be monitored closely ans r=stored 5y the aprropriate
iatravenous or oral solutioan.

5. Reverse isolation techaiques tou prevent Ingress .I patiiogers

-

tha irraaiatlon individuals are

Zenerzily Telizveu to hav: leen weifezti.=
in preventinz infections 2n patients uld=rzoinz treatment 10T lzuksnia =nd
subsequent bone rmarrow transplaataction. This woulc probtzily be a us=i-ol

proceducre ita the event of a potentially Zfawal irraciaticon zccigent. I

pnssible, the incividual shouls pe ac-itize to z mocera l:ilnar air-Ilc-

{8

rLot WiIn o a cusrlale Cegiten I sxin sterilizativa, sterile Gilatl, ant
ncn-absorbaovle antibiotics for starilization of tie pastrziuntestipal
tract. If chis is not fe=2sible, Teasurzs should te initizied o preventz
commensal and pathogenic infections. Recuction in the gzsirointestizal

flora is desirable, and tiis can be zcco-plishes with or:il, nocon-avscriaziw

o’

road-soectrun anstibiotiz

0

e

SUCi, 48 nuet tycin anc ant

2

rstatin.

6. Platelet transfus:ions, pr=ferably fresn, should e ziven when The
platelzt count agproaches 25,0350 and repeatad to -aintaln levels above
tiiis.

1f the patient should becoze refractcry to rancfom donor piztelets, the =
of tlLA-matched platelets frow unra2ldates
farily=-nenber transfuslon snoulc not e azdiinistered unti: th
of btoune narrow transplautaztion has

might sensitize the patient to the antitens of a po

i
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b
[va
N
P
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S
2
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7. Graaulocyte traasfusioas

lucy woitld be desirible tw prevent
in patients with sranulocyta count falling Selow 200, .1.

These are 4ot practical on any larze scale.

~

O el

<

Infection is the

reatest threat to

The onset of

1ite,

signiticant fever .reatzr tuar 389C should ar.ise stron: suspici.a of
infection in tne granulopenic patlent. Farver sitn 211 Igal SI-: of

tiacterial infection, or fever sustained wore can 14 he.rs is o4n inal
for initlating systamic antibacterial therapy =ven Chougd cuiturzs ar
nezacive. Since the most likKely agent is »2n .r-2nisn 29 aorctae. fow

flora, Lnitial therapy should include aminog

adalcional antibiotics

v bactzriusl culiure
sensitivities that are obtalmed. T1f cultures zre negative or fevzr
persists, therapy with a combination of triaep-overim ana sullanzthoxz rule
or with amphotericin ‘may e considered, Aafter iniziati:n cf Lrozdi-suez=r.
antipiotic therapy, it should e coatinueg until the grzgulocyte ounl
rises aYove 5C0/_1l, fever subsides, ane evidence of Infczticn diszzprz2=zs.

G, Washza pacsed r=d blooe cz2lls shou e given -3 ingizaiaz otz el
the remoglobian 2bove 3.2 5.

159. aAll bioog praducts shoule bhe frradiat=d th 2 50 rac te-cce
infusicn into the patient in nrder to kiil 1o Lu0ocytes that niiga:
pruliterate anc 1npair cthe possihility of a tome rarrow transplacs.

11, Boae -z2cru4 transtlannztine 4311 ool ronoely :oinzilooel Lo
irrzdiation casuzlty because uncertalnty abaut the ragoiiuce of s
raiiation dose, inhomozeneity of tie dose, and the requiremagt that tos
qose e within the limits of rescue ot bone marruw traa:izlantacicon,
approximataly £00-2300 rad. ZEelow 560 rac imrunity 1s zot sufticizrcl-—
Suppressz2a ana plants Are rejected.  Above roughly ILUe raa osr= 2o
no therapy. Froa tha lytiphocytes c¢ollected promptly, e castvalosy sL17
nave been tHLA=-lypea and donors 411l nave been izentifiez. A genezical_ ;
icentical twin Is the ideal denor. Iu one irreilation casualTy etsos2az t
appreninately £40 rad showed a rapid hemacopoiztic recovery follcwinz e
trzasfusicn of osone marrcs trom his twia. Althousn radiztion dous: was dsec
above as an iadicaticn tor bone rarrow transplzutation, It is to := act=a
from the earlier discussiua tiat doses arl the 4epth-dos- curves zze n.z
<auwn with any ~egrez of certalnty anz the dofzs USed Zo.ve ~2fs Lztet .=
experimental ceaditions wnere radiatioa was aqzlivered iz a ranner o 10w

uniforr whole focy distribution of absurbec

1n

500 1ka0
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Hematopoi=ztic illolecular Revulaturs in the [anageunent of the lLone

Marrow hypoplasia

In the last ten years several rolecular regulators of hei poiesis
have been identified, purirtied, sejuenced, and by recombinant ...
techniques arz beiang pruducad in large amounts. These are interlevkin-C
and 3, granulocyte- macruphage c.lony-stinulating factor, macrophage
colony=stimulating factor, granulccyte colony-stinulating tactur, and
erythropolein. Interleukin-1, a _roduct primarily of activated acrocytz or
macrophages, sti-ulates T-cells, =ndoiaz2lial cells, ane Zibroblusts o
producz2 granulocyte-macrophage colony- stinmlatinz tactur. The latter
accelerates the prouduction of granulocytes ang macrophages in vitro ana
upon in' vivo administzzation produces a jranulocytosis with accelerateg
producticn of granulocytes. It also increases the effectiveness of the
functioaal granulocvtas in phagocrtosis aad tactzrial killing. Granulo:izste
colony-stinulating factor accelerates in virro tie procuction oi
yranulocytes in colonies and inm vivo accelerates the procuction of
granulocytes nud inproves the phagscytic ang tacterial-xilling cavacitie
{5L-55). IL-i nas been uced as a racioprotector. Wwhen acministeceu 20
hours prior to lrraciation, IL-1 turns a near 100% lethal aose of raziaciun
in the mouse to near 1020% survival. Yhen administered four hours telors oc
43 hours Lefore, it is ineffective {(3L). GN-C3F aud G-0Ls:

admlaisterec Lo

"

rimatzs ang snown to produce a sustalnec granulocvissis of

4-5 tizes the normal lavel as loug as the raterials are adninisterec. Iz
has been given to priwates and nmice in which the marrow .as been supprecssza

by raciation or cheziiicils and the zranulocyte cuunts are increased
(51-34). Erythropoietin has been shown to be of major benefit
stimulating tae proguction of rec cells in individuals with

as a result of renal failure (55). It is assumed that these

conblaoations will bLe of potential “eunetit in tne treatrent of inaividuals

with bone marrow supprassion as a result of whole boay irradiation. Ca the
other hand, it is concelvable that forciag cells Into miiosis Lefore Diha is
adequately repaired may fix genetic injury and result in either an esrly

fallure of the mitotic capacity of pluripotent stem c2lls or an earlier =nd

increas2d incidence of leukemia. These are possibilities that need o bo

explorac experimentally.

17



JLRLRR

REFEwRNCLS

l.

10.

11.

tz2.

13.

Cughtersen, A.W. and wzrren S. (1936) Hedical Eftects of the Atomic
Bomb ia Japan, HMelraw #ill boox, ins., iew York.

Hubner, K.F. and Fry, S.a. (1930) The liedical Dasis tor Radiatiox
Prepar=dness, Elsevier Morti holland, Inc., tew York, Amsterdan znd
Oxforc.

Conard, X.A., Croukite, E.P., Brecazr, G., and Stroue, C.P.A.
Experimental therapy of gastrointestinal syndrome produced bty lethal
doses of ilonlzing raciation. J. a,pl. Physiol. 7, "ir=253, 195w,

Brecher, G., Cronkite, L.P., Conara, K.A., ang Suith, W.U. Gastsic
lesions in experimental animals followiny single exposurss to fonizing
radiation. Amer. J. Pathol. 34, 1C3-119, 1955,

Cronkite E.P. and Bond, V.F. (1S5ul: Radiatiea Iunjury in an, Clzrles
C. Thomas, Springfield, IL.

Cronkite, E. P. and bera, V.P. (1933) Some Zifects of lonizing
Padiation on Human Beings, A Report on iiarshallese Exposed to Fallout:
Pagiatiun, L.S. Goverareat Printing Cffice, 1.i.0. 5333, washingion,
0C.

Cronwite, E.P. (1357) The diajrosis, progaosis and treatmant of
radiation injury producec by atom.c bolbs. Radiology 36, 661-66%.
Cronkite, E.P. and Brecher, G. (1953) Proucective effect of
sranulocyies ia raciaction injury. anm. h.Y. Acad. Sei. 59, S15-37%.
Bond, V.P., Silverman, M.S. and Cronkiite ,E.P. (1954) Pathogenesis and
pathology of radiation infections. adiat. Res. 1, 339-400.

Cronkite, E.P. and Zrecner, G. (193Z) Lefects in hkeéwostasis prodiiea DYy
whole body irradiation in the duyg. Sth+annual Conf. on Blood
Coagulation, Josian lacy roundation, tew York.

:liller, C.P., Hasmond, C.%W. and Torpicins, !li. (1951) The role of
infection in radlatlon injury. J. Lab. Clin. Med. 38, 56&=571.
Jacobson, L.C. (1954) iodification of radiatiun injury in experlmzatal
animals. mer. J. Roentgenology aad Rad. Therapy 72, 543-535.

tiale, Ww.J. and Stoner, R.D. (1954) Effect of
Kadiat. Res. 1, 459-470.

radiation orn immuni:zy l.

Hempalman, L.H., Lisce, H., and boffran, J.G. {1952) The Acute

kadiation Syndrorna: A study of lLine vases and a Review ot the Pruglern.

Ann. Inct. MXed. 36, 279.



5001500

17.

13.

19.

20.

23.

24,

25.

26.

LeRoy, G.v. (Jan. 1950) Hematology of Atomic Bomb Casualties. Arch,

Int. !ed. 86, 691.

hastarlik, R.J. (1953) Clinfcal Repoct of Four Individuals
Acclidentally Expos=d to Gamnma Radiation and leutrons, argonne lational
Laboratory.

Guskova, A.K. and Baisogolov, G.D. Two Cases of Acuta Radiatisn
Disease in MNan. Presented at the International Cont. ort The Peaceiul
Uses of Atomic Enercy, Geneva, July, 1955,

Kikuchi, +. et al. (Feb. 13, 190U). Studies ou thz atomic bomb
injuries in Hiroshima Clity. Report to the Special Research Commuitiee on
the Atomic Bomb Disasters, Japan.

Kikuchi, T. and Wakisaka, G. 71952) Hematolozical investigations of the
atomic borb sufferers in Hiroshima and hagasazki City, Acta Scholae
Medlcinalis, Univ. of Kyoto 39, 1-33.

Jacobs, G.J., Lvach, F.S., Cronkite, E.P. and Bund, V.P. (1963) Humusn
radiation injury - a correlation of leulocyte depression with =ortalizy
in the Japzanese exposed to th2 atonic wvombs. Milirtary ied. 128,
732-73¢.

News1ll, R.2. (1lY¥5() Human tolerauce for large amounts of radiztion.
Kadiology éﬁ, 553-6U1.

Eonae, V.P., Cron<ita2, E.P.. Sondchaus, tC.a., Ddczie, 0., Hchert:or,

J.S. and Borg, L.C. (May 1257) 1Iafluence of exvosurz z20ieiry oa
pattern of radiation duse delivered to large animal phantous. kauiat.
Res. 6, 554-572.

Cronkite, EZ.P. and sond, V.2?. (195;:) cffects of radiation on carzals.
Ana. Rev, Physiol. 13, 433-524,

Bond, V.P. ang Kebertson, J.t. (1957) Vertebrate radiobiolopy tlethal

actions and assocliated effects)

1

o]

3.

. Rev. lLuclear Sei. 7, 133-1a2,
Cronkit2, E.P. znd Bond, V.P. (1960} Uiagnosls of radlatioan iniury aad
analysis of huuan lethal dose of rdiation. U.S. Armed Forces iza. J.

11, 24%-240.

Mi{ller, C.P., ilammond, C.w. and Tompkiuns, t. (1950) Reduction of
mortality frow x-radiation by treatient with antibioctics.
719.

Sclence 111,

Furth, J., Coul-er, ".P., Miller, R.W., Vowluna, J.%. and Swishar,
S.ti. {1953) Thaz treatnment of the acute radiatlion syndrome In cogs

with aur=2onycin and whole bloud. J. Lab, Clin. Mea. 41, 918.

19



30.

31.

33.

-+ 35.

50071501

36.

35,

Soreason, U.n., Bond, V.P., Cronkite, E.P. ana Perman, V. (1%00) An

H

effective therapeutic regimen for the hemonoletic phase of the acute
radiatioe syadrome in dogs. Radiat. Res. 13, 669.

Parman, V., Sorensen, L[.K., Usenik, E.A., Bernd, V.P?. and Cronkite,L.P.
(1l262) licnopoletic rezeneration in cuatrul aac recovery of hesvily

irradiated dogs following severe hemorrhaze. Tlcoa 12, 738.

Tumanian, M.A., Lzverkova, A.V. (1974) 1he effectiveness of treating
th

infectious connlications of radiation sickaess with zantibictics,
antibiotiki (lioscow) 15: $13-917.

Chernov, G.A., Trushina, M.N. and Suvorev, MN.'. (1973) Radiuprotzctive
effectiveness of perural administration of nexamine {n dogs.

Radiobiologiya 2, 434-466.

Trushina, M.N., Zaamens.i, V.V., Chernov, V.A., anc Lemnber V.a. (1273)
Radioprorective action of lLexezminze in the case of peroral

administration in monkeys. &#acioblologiva z, 715-722.
Bond, V.P., Imirie, G.w., Cronkite, E.Z. and Stickley, E.E. {1255,

Distributionn ia tissue ol duse from penetratlan. gamma and n2uison

radiation in radicactivity 1a ran. George R. Meneely, Ed., Charles ¢

Thomas, Springfield, IL, pp. 173=-154.
iullis, J.L., Chawbers, Jc., F.%., lorgan, J<E. and Zeller, J.z. {1%32)

LLT/OLT 3W1lh2 aqu G05¢ LLlllioUllon 3344les 1 Lndlluns wmapesel TO

supervolta 2 roentsen raaiation. Am, J. Rozntzenol. tadium Inzrapy o7,
620-627.

Tullis, J.L.., Lanson, 2.G. ang Jadden, S.5. (1334) iwrtalicy io swiz
exposec tc gamra radiation £from an atoalc bomb source. Radiologzy 62,
4G0-415,

kadiclogizal Facturs Afrecting Leciston-liakiag in a huclear Attack,

NCXP Wo. 42, 1574, WLational Couacil om Radiation Protzction anc

Measurensnts, WWCRPF Publications, P.C.

Miller, C.?2., Hammond, C.W. and Toapkins, M. {153C) Reduction of

Box 30175, “ashington, LC 20Ci4.

mecrtality from X-radiation by treatment with antihiotics. Science 111U,
719-720,

Silvernan, N.5., Greenman, V,, Coen, P.ii. anc Boad, 7.P. (153

o
e

Zactarinlogical studies on rice expos=d to sugrzletnal doses

~
-

ionizirng radiations. raaiat. Res. 3, 123-1306.



39.

4G,

42.

43.

48,

&
(Ve

51.

w
~
.

Consierry, L., Harston, X.Q. and Smith, L.L. (1953) Haturally
occurring infections in untreated ancd stregtouycia-treated X-irradiatag
rice. Am. J. Physiol., 172, 359-354.

s

niller, C.?., hammond, C.U., Tompkins, N. and Shorter, G. (1932) Tk=
treatment of post-irradiation infection with antibictics: an
experimental study on mice. J. Lab. Clim. lled. 39, 462-479.
“iclLaughlin, !.I., bacquisto, {.2., Jacobus. D.P. and Horowite, R.:Z.
(LS64) Effects of the germrree state ou responses of mice tou whole-toay
irradiativn. Radiat. Res. 23, 325-2-9.

Ledney, G.2. and Wilson, R. (19632) Protection induced by bacterial
endotoxin against whole hody X irradiation in germfree acd ceaventicoral
mice., Proc.Soc.Cxp.Biol.lled. 118, 1T52-1Cc5.

Taketa, S.T. (1%62) Watcr-electrolyte anc antibiotic thera;
acute (3- to 5-cday) intestinal radiation ceath in cthe rat,

Kes. 1b, 312-326.

Cculter, !,?., Furth, F.W. and Howlane, J... (1l

e
(W3 ]
[N
~—
-3
=2
]
H
[A]

el

-
Q
X8
[a)
=
[

X-irradiation syncarume With tecramycin. An,S.Pathol, 28, £57-.51.
Hammond, C.W. (193+) The treatrnent cf postirradiation infectizn.
Raciat. les..l, 448-455,

Allen, J.G., lioulder, P.%". and Enerson, D... (1951) Pathogenzsis anc

treatment of the postirraciation synsrome. JAus 145, 70s-71it.

~r
Lelster, ... \L¥es,) The effect ol oral nevmycin therapy rfollwwing
whole-bcay X-irvadiation of rats. Radiat. fles. 32, 117-124.

Shalnova, G.A. (1975) Sone problems of antibistic therapy iu radiation

T
sickness, J. biyg. Epicerol. lilcrob-ol., I::iunol.. 19, 138-147.

Neta, R., Louches, 5., anc Oppenhein, J.J. Interleukin l is a

radioprotector. J. Immuncl. 136, 2423-22i2, 1937,

Homiyama, 2.A., Isniguro, T., Kalbuo, «t al. Increases in neutrophil

count by purified human CSF in chronic neutrovpesia of chilaren. Bleca

71, 4l-43, 1985,
Lenahue, R.A., YVayne, E.A., Stone, D.X., =t al. Stinulation ¢

hematopoiesis in primates by coatinucus infusion of recombinant Lurar
G!-CSF. ‘lature 321, 8§72-575, 19&6,.

\Vzlte, K., Bonilla, ., Gabrilove, Jj.L.,, =t al.

lecombinant Fuiman

granulecyte-coluay starulating facter in vitro and in vivo elrzcts on

ryelopbiesi<. blood Cells 13, 17-30, 1957.



Fizure 1.

Schematic presentation of

FADIATION SYNLROMES

radiation syndromes produced by total
body irradiation as a function ol dose and tine after irradiation
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Figure 2.

Neutrophtils 1 per cent of pre-wiadiation  count

Sequential neutrophil counts in dogs exposed to nuclear tomb gamma

radiation in relition to mortalicy.
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Figure 5. Schematic presentatioa of likely and unlilely radiation lethal 3:se

curves for man frow Croukite an¢ Boud (23).
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Caouaw Ve trEywTLLY UL geatns, positive blocod and splenic cultures by days
ater irradiation witn 450 t© (200 XKV X-ray). Death frequency based on 262
mice. Frequency of cultures based on 35 cultires performed dailr, illez,
C.P., Univ. Chicago, 1949, unpuhlisned).
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Figure 7. Depth-Jose curves for 200 “Vp x ray expresssd as gercent of surface

dose for unilateral and bdilaterasl radiation exposure from Jomd et
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Figure 9. Comparison of depth-dose curvas in jlasonite phantom expressed as

parcent of entrance air dose for diverse sources of radiazion Zron

Bond ec al. (34).
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Fizure 10. Radiition lethal dose curves for suine exposed to unilaterel =z

bilateral 20060 %XVp x tay aand pro-pt atomic boxd jamrma tadizticz=m
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igure 1l. Inhereat gzamma enissions fron fallout (mixed fission prolducts, and
the histogram of dezraded enerzies sroducea Ly Compton scatleziag

at leva! of infinite plane 3 feet in air above uniformly

distrituted fission products fron CTronite et al. (4.,
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Figure l2Z. Repth-dose curves for fallout field and bomb gazma radiatiza. The

dose is expressed as parceat of the 3 cn dose because of the =i~
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beta component At the surface froi Cronkite et al, (&),
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Figure 13. The accunulation of radiation dose in air as a function of tine

after commencement oi fallout on Pongelap from Croukite et al. (4y.
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