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ABSTRACT
Absorbed dose D i{s shown to be a comnosite variable, the orodust of
the fraction of cells hic (L.:;) aad the rean "dese” (ait size) T to Ti0Se

cells. D Is suitable for use with high lewvszl (HLZ) w9 ragiation anz it

e

resulting acute organ effects becuyuse, since 1. = 1.3, D 3pproximitss

closely enough the nean energy deusity lu the cell as well as in uw
organ. However, with low-level exposure (LLE) to radiation ana {ts

consequent probadllity of cancer (aduction fru= 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 "lose™

and the fraction of cells transfocmed is misleading. Tnis proportiznaliczy

therefore does not mean that any (cell) dose, 79 matter hew small,_zac
be lethal. Rather, it means that,. ln the exposure oif a fopulazion it

individual organisms consisting of the coustitient relevazt cells, thers Is

a small probability of particle-cell latecactions which runsier ener3y.

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

e

greater than zero If the hit size ("dose of energy"”) to tre cell Is lar:=

hl . 1 . -
~EVes 1T

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

. hagh Y y e -
tve, The abowve _r2cep

dgsa z to rhat cell is =2f

rn

Qe ~ - PR, P R

53 arlz
develop a drastically 2iiferent approach to evziuvatlon of zisx fro- LlL:.

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

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

dose equivalent and rem.
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A Difrferenc Approach to Evaluating healtn Etfects tros Rasiatica Expisuce™
1 . 2 o 3
V. P. Bong*, €. A. Soadhaus=, 2na L. E. Tuineszegea”

INTROCUCTION
Padiation 1s one of the few, [ aut the only apenz oI literest =

health sclences that spans tae entlce raage from consticuting an ubigiizous

r

ot

ective zharate

re
-
[al
'
fi
w

environnental agent of concern, to beinz au P
the coatrol of cancer. These chafac:etiscics pliuce the forter i3 tie walzm
of public healzh Including epildemlology (Ph); the latter in the discirline
of pharmacology, toxicology, and medicine (lic¢). The same coiraclerisiics
divide low-level exposure (LLE) to racdtation, from !lgh-level exzosurs

(HLE).

The basic radiatioa quantities are unlts ia current use ane daef:==d 7%
the ICRU (L ) were developed durlng that era ia ~nich essenzialls tie s0l=
focus was on dilagnostic ana therapeutic uses, and larzely o= the earlr
acute effecté ¢ an organ or a tumor: clearly {n the @ reala. Tnaus, :ne

description and quantificacion of these efif2cts of HLZ coul:z, amz still caco

be comfortably accommocat=d by those aiantities ana urnits 209Dte ear.s
during this period. These consisted mainly of organ or tumir excosura,
proportional to absoroed duse, on whic.s cepencs tne fractisn of o N
tunors responding quantally (Il.e., 2an 2ll-or-notaing cmange i 3:zate, I7ox
functional, to essentially permanent ot letial dysiuncziovn;.

However, the above happy state of affalrs was not achizved ~itn-.:
considerable discusslion ana disagreemenis 2Dout now tihe “amcint™ or
quantity of radiation was to be defined., In the physicisi's eye, tn.s
quantity was the total energy flow frca a source, per unit sz23, i.2., the
energy fluence times the exposure time. On the other hand, Zrom the
physiclan's standpoiat, the amoun: of radiation in the ambiest flels «as
regarded as irrelevant: what mattered <as cconsidered to be At <nict vas

actually absorbed in tissue. In fact, the "skin erythema ccse™ unit :f
radiation "amount” had already been invented and used, whic: by=-passaz:c anw
physical measurement beyond the amount of tize speat i3 a r::tation I:zla

celebrated with such a "btologtcal dosineter™.
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The tW o views were eveatuaally resoivad, but only atter the seciag

meeting of the ICRU fn 1923 (1 ). At this pathering the “"caantizy” 3t

<-radiation was deflned Aas the Loentgen, ejual, wizn .cgiti:nal Jetailes

specifications, to one electrostatlc unit of chaa.r in one ¢ of

i ¢ of airs.

)

It seens evigent that the word “cuantity” was £y fe inaternrzted in 2

i

paysical seanse, i.e., 2s a @2asure of The enerzy Ilueuce. -Jiwever,
part to ambiguity among the woris “arcount”, "juaantity™, danc "duse™, iz

part to the facr that a1ir ains tl

L

3ue Tave 2los: e the sdne 2leC it
censity, the physicist's "quauntic/” of radiation was c¢jual-, or
proportional to the physiciau's "amount”, i.e., dose. Thus almost
immediately the Roentgen was widely describec as tne unit of x-ray "iase”.

The ICEL in time endorsed this preenptive mouve, as evidancec by zne

adoptlon of the "renp™ and then the rac as the unit of ‘absoried decse. il
{mproved Instcrumentatlon and the use of phantoms fur ~easur:zzent in
this systea has contlauesd to wors w~ell Ior HLI, even whea ‘hizh-LiT
radiaticns, necessitating the use of the concept of relative dlclong

effectivenass (RBE), were intrcduced into the radlothezipy zf tumors.

The baslc principle {involved in the above problem can be stated zs f:zilo

LN
w

For a »hysician (or anyone) to estinate the provadility of 3z serious :r
3 [ K

labeled consequence of stochastic 2gent transfer, pre

evaluation of the s=varity 9

"t

taf.rcy sistaln2 oo oo 3 e ac

this, an astinate of the dose {3 the nex: fall-baz+ peositis
’

cn. IZxmpoz.re Is

of little or no help 1n this regard. That is to say, needed for prosmcsls

evaluation in an objiect~oriented quantity, measursd In or f:ir the

individual of concera.

Low-Level Radiation Exposure

It was observed quite early that caacer could result frzom HI T,
tiowever, ounly much later was it widely appreciated that the “siagle

cell-originating” effects, cancer and heritable effects, musz alsa be scen

seriously, even at very loi doses, ot larger doses at very low dcose rzies
g N

{.e., following LLE. It was also apparent that the baslc prenorena
icvolved fell intc the category of Fh, particularly its subsiscizlinss cf
epildeniology and accideat statistics. However, noc effort was race tw
adjust the basic quantities and units as demanded by this ciiferent
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disciplinz. 1t appacently was taclcly assumez, since the expression ol o
tunor is observed in an organ or orguns, that the relevant paramedzr I:
cancer inftiatiuvn should also Le the acsucdz2< sse Lo
sractice was adopted. Absorbed dosje ALI0 Conlinye! te
using "simple cell systems” for whicr a :fifce: fopulation cunla e
regardea as a "'system”

to Wwitich an "orz2a dose” could e applies.

However, serlous conceptial and onezatiscal sizticulrie

&

1’g

encounterad. Lhalle a aumber of these problems will be detailed lucter

tals comnunicaclon, the initial oupbjective Ls sicmoly to incicate

"
[0

e uzs
reason for the ditficulties associated with this attempt o use the oLz

concepts aad quantities appropriate for HLE, Zor LLE thnat rejulir=s ¢h

concents. A new approach to the evaluaifon of risk from LLI, anz how

can be applied to the evaluation of ris< froa LLI, {s then prasenied,

followin, which the nmetnod of applilcaticn is gescribed. This is

then

followed Ly a more cetailed acd technical Zescription of the underlyiz

concepts ana methodolozfes.

The Problem and e lLew 25proach

A fact cz2ntral to the need for a new approach to LLE risk evaluatic:

will at tnls polnt simpl- be stated, arg then later deronstrated. Thiz is

LDA0 Lhe absuIbed COSe o Lo 44 orjzan 1s conceztually o quaentity expusise

of that organ exprussible ia terms of the physical quantity fluence.

s, "t {s concentually the nuadber of prizary anéd secondary rarticles ;zro
unlt arza, ~hich {s a parameter of the radiazica svurce, aud flelc of 1:=
radiation ia which the c¢=ll peopulation 2r 3an organ or cther o<l Lopu_z=ticnm
of interest is exposed. Thus, in the typical urzan dose-culi resgonss

curves shown in Fig. 1, the absorbed dose shown on the abscissa shoulz .e

2

regarded conceptually al-<iough not numerically, as the exposure in ter=s

particle fluence, to whicn the cell population of an orzan or other cell

population of interest Is exposed. Thus the basic probdlem appeacs to :=2

cunceptually Ildentlical to that encount=red by the early physiclans

whiv

wished’ to know the dose tu the organ. The racfobiologlist concerted wizz

tae study of single cell-inftifated eftects must %e faterested in the w--unz

ot eneryy deposited in the c¢ells-~nol Tial whicl nay be In tme eavirun =t

of the ceils.
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physycians, who had ©o dir;ct udy of det=rmining ~ftat the tumor or neraal
cissues were recelving from a glven exposure. That is to say, one M3t use
a “cell phantom” Lf one wishzs to estimate the dose to a living cell. Thus
we must outline the requirements ana na2cessary characteristics of suca a4
cell phantom. However, in so dolag we =u3t be ever mindful tiat, unlike
tire early (ana present) physiclans who oparated in aa b rode aRA rejitced
only the dose to the fadlvidual owrgan or tumor of tnterest, =2 must
avproach rthe problem from the °h, l.2., evidemiologlcal and aceiczat
statistics standpoints. This is, of course, hecause any traasfer of
radiation enersy to tlssues wares pliacz saly 43 a cesult ot s-gScenz 3Lz
(L.2., due to random procasses) encounters or collisions betr:en 2 ch.rged
particle and a target-containing volume (TCV) within the cell Thus e
first need, with LLE, the (fractional) number of cells hit. aAlso, bezause
enerzy 1s depositad in the TCY in separate, discrefte amounts, we need also
the amount of energy deposited, 1.e., the "iit slze” or “cell <ose™. The
ragnitude of the cell cose wvaries greatlv from cell to cell, and rang=s
from zero to the maximum amount of kiunetic energy carried by tne parcticle.
Thus the dose, to be relevant, must be registered [n {ndivigcals 3t e
level of biological organization at which the ilnitatioa of the response cf
interest occurs. The 1importunt conclusicn is that, while with KLE onivy the
one physical quantity organ dose is required for risk evalua:iion, witx LLE
at least two fadependent quantities arz2 requirea,

The first requirement, o e ahle to ra

Y
tn
()

ae thp mymras E sl ‘.

and c¢osed quring any given ex_osur2 period rejquirzs thal Che [nanioen =
electronic. It can then have the short recovery tine needed in orler that
many hits per cell can be recorded (l.e., L1f a numder of phanton cells
rzgister a total of x hits during an exposure tiwe t, then a single rasidly
cecovering cell will also register x hits during a time xt). Tris praperty
of the phantom will, with use of the appropriate scaling factor, provite us

with the first of at least two probabill:ies1

needed ta principle for

epldemiological evaluation, ranmely, thz nunber of hits per cell, equa.

numerically to the probability that a cell will be hit, dosed, ana in‘ured.

LR

The number in a group expected to respond quantally atter a ziven ex;osare
provides the numerical probability that such a response will accur. Trus, .
the term probability will be used interchangeably with tne tezas “zraczion”
or "proportion” of equally dosed quantal responders aad the term “risd”
will be used laterchanz=2ably with the pruportics or {ncidence ot
stochastically, and thus unequally-dosed gquantal respounders.
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n2Xxt, the phantom must recurd separately for everv dis:crete RiT

FLIGR =]
. phantom cell, the magnitude of the energy deposited. That i{s to say, it
must provids tae distribution of the ragnitudes of the eneciy deposits in

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

v

obtainable for aay giveu exposure to 4 s5iazle type of radiatioa, or any

nixeture.

THe electronic phantom can e rade Lo arzinge tne stochastis cwll
doses neatly in order oI increasing magnitud2. Thus we have tha exact
analogue of what is conmonly used in pharsacolopyv ana toxicoloiy~--a graded

series of cell doses, walch in principle permits us to develop a function

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

each value of cell dose. This is the cell analogue of the "orgzan
dose~organ response” curve, This fraction {s equal to the condittonal
probabilicty chat, L{f hit, ana with a dose of a glven magnitude, a cell will
respond quantally. Such curves are now available, for several cellular anz

points., we thus have three probabllities to be evialuatea, !) tne
nrobability that an exposed cell will be hit, 2) that the arz cell will Se

of a zilvea range with a ziven 3ize, and 3} will respond Guantally. It ls

these prohabilities .that permit us to determine, for a given exposure, the

fractioa of those exposed that will respond quantally.

An exanple will help to clarify the above statements. In Fig. 2 irge

shown schematically three distributions of czll doses from stochastic

P - .o . BN D= . ~ P - -
SATTLIL L I0.4a53:005, Lhx laD e=ddN sl IATee CAgUsLGlES,

204 s 0L a4
radiaction of a single quality. Ilwte that as the exposure iacraases,

nelther the mean nor the maximum of the distributlons chzages—-i

e

is culy
the area under the dlstrthutions, f.e., the number of exjposed cells that
are hit, that lncreases. Note that these distributions represent a graced
series of doses. Alsoc shown is the S-shaped curwe, an HSLEF (hit-size
effectiveness function), a relationshlp that providas the probability of a
quantal response as a function of the cell dose, I the cell dose
distribution {s multiplied by the HSEF, tne result will ce the
cofrespondingly-markud smaller distribution, under the larger one. The
area under the smalier distribution provides the slagle and cetaruiniag eana
point in quantitative epldemiology or risk assessment, L.2., the fraction
of those exposed duriné a glven exposure, that will respond quantally,

As will be expanded on later, what has been termea above a “gell

phaantom™, 1s ~much more than the analojue of an organ phantum. It, ratns=r

-

than simply determine a dose to a slngle organ or organtism, provides not

5
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only tne risx that a cell «ill he dused 3na that -duse will be

size, but also, with the HSEF, the probability that that Jdose

e

fu 2 quantal response. Thus te nhactun sidould be called a

of a glveu

will resulc

cell riss

metar™, vather than just u zell shantos.
Bow that the baslc outlinegs of the approacn have beea lald oul, the
necessiry more datalled {eformacivn o eacn elznunt »f the ouvarall aporoacn
can be providad. i
i
Orzan Dose: Concepsueal ESxposure

In order to explaln
first to denonstrate thz
organ and that to rhe czllular elenents »f tha system,

follows:

Tcell aose”; 'y

in which 2 {3 a single energy depositica in the target~containing volune
i

(TCY) of the cell, i.e., the

hic ang exposed c=lls, respectively, ang ¥ 13 the staple

a Cell TCV recelving an enersy <eposict Luring eapousure £,

to ‘-H/AL-

However, it is «ell Lnown “cya puysics

ard extend the atove statements, <t 1s useful
relationsulp BSetween the absorbed dose to the

This cau

anda g are the nunbec of
prababilicy ot

equal

he Jlone as

numericalls

in which ? i1s th:: field strength ueasured as fluence rate (unfts of

particles Cm-Z :’1), which express the rate of exposure (of cells) to the

energy~conveying charged particles; tp is the expusure Uluae;

fluence to which the toctal exposure s numerically equal; and —— 1is

"cross sectlon”, or constant of proportionality.

Eq. ‘1), from Eq. (2),

-

D = E(:;E\— - k({ o= k'é

5007459
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in which 2 = x Llecause, with stochastlc eneryy depusition, and LLE, tae

expectation value of the mean cell dose {5 invartant with expousure.

Eq. (1) coafirns chat D to the orjia svstem {s not a dose at all, when
tts equivalent {s provided for tre level of biologlcoal orzanization
appropriate ©> the "late single-cell initiated effects”™ of LLEL, muta_2qests’
and carclnozenesis. Rather, it s the exposure of the cell population,

2 Xpra2sseq as‘f. This s proovortional to the 5135 of a cell bhelng dused,
equal numerldilly to the expectation value of HpfNg. This
“object-oriented quantity™ is proportional to the ps}ma:y independent

“fleld-orientea” variable exposure E, expressed as P (ses Lg. 3).

wizh D becomiag E, a ratlcnal basis for the “linear-non-tareshols”
relationship is proviged, i.e., although a purported l.near relatioasntip
betwaen dose and the probability of a quantal response tends to defy
credulicy, such a relationship between exposure E and the number of

(stuchasticaliy) dosed fndividuals, or of thuse snowlny a Juantal c2s.onse

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

a significant statement of ~hat is the basic prublem when one attempts, as

fs done in Fiz. -1, to express the bilolopgical respounse in terms of a singie
variabie, l.e., as Z, or the proportional parameter D. This Is deplczed in
Fiz. 3, the liver panel of which shows conceptually any oae of the cuzves
ohuwWl oDl lg. L. In G2 ulper patei lo a Laree—aimEasionlil schmnatic, ou
the expcsure—ﬁ“fxs axes which is cepicted the same curve and labelea
polats shown in the lower parel. Ou the Ny/hp-cell dos¢ axes are the
cell dose distributious, i.e., the relative uumbers of cells dosed, as
function of the ¢ell douse, z.

It then %ecomes addirionally clear that each point in the linear cucrve
does not represent a single value of cell dose, with 3ll doswd indivicuals
haviang receivad nominally the same value, as 1is implied 1ian the terca

"dosa-response” curve. PRather, each polnt equates to an entire
distribution r:preseatliang groups of c2lls with differert doses. Such
aistribucions ace implied i(n Eq. (1) showing that U = i?“, in cthat
obviously, to have a Z, there rust exist a corresponding distribution. 7Tne
nunber of dosed cells at each value of i—represents a graded series of cnil
doses, 1dentical in concept To such a sceriles used in Md w getecaine che

prtobability of an .rgan response curve as a functicn of douse.
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A Cell Risk Heter:. Microdosimertry

"Microdosimeiry”, altiough orizinally applied only Lo zhe context ot
the techniques devised by Rossi et al. (2=4) o reasure the number of hits

cer cell and thelr naznitude, has now bYeen exiended to include both

[N

ascrumental and calculactivaal apcroaches o

quantities.* [t i3 p2ruazs mest (liuninating to jescsiie e
approach.
A mlcrodnsimet2r i3 siwgly a froportionil counter contaiiing
equivaleat zas. Although the counter may be ceatimeters {n ilameter,
partial evacuatlfon ind suitable scaling permits ready sizulazlon of
subcellular volumes of several microns ia dlameter. Tach time a particlie
inpinges on or traverses the instrument, a siagle "iit” iSVIE“iSCeEed, ani
the size of the resulcing “event”, measur=d in terms of tnz sizz2 of the
cascade, 1is taken as the magaituus of the hic, the "hit siz=".

Thus the instrurent can De regardzd as a “cell phanton™, ia the s=7se

that Lt ra2gisters the size of the “cel

[

dose” delivered. Huaever, it
differs ia several qui-2 sizianificant respects from the usual Tacro-phantons

used in the dosimetry of organs or other tissue volumes. The recovery tine

c? the instrument is exiremely rapid, so that, with low=-IZo-uodest exposure

rates, 2ach hit Is registered separately. Thus, one obtains not oaly the

szectrum of zne stochastic:lly aelivered hit sizes, but alss the zutal

|

he idea of discrete, stuchastlc high~density energy cepusiticas =
frem radiatlion exposure :-robably originated early ~Ith DTessacer's "polin:
heat” tneory and was cerzainly well appreciatea by Lea (5). hLowever, th=se
iceas were not formally dleveloped untll the "alcrodosimetzr” was iaventen
by Rossi (2=4). 1Its use nas Leen more In the context of a substitute foc
ché quéntity LET, to describe energy dzfinition within a non—anatomically
defined “gross sensitive volume”™ within the cell, The tdea 2f a “cell
dose” was probably applied first by Bond ana Feinendezen (1C), and
developed 1in NCRP Rzport No. 63 (1l1). The f{dea of a microdosimeter being
conceptually a cell phantom with which cell cdose could e determined with

stochastic duse del:very &s relatively cecent (Bena et al., Felnendegen ot

4

al., Refs. 6 and 12,

€]



number of discr=te hits Inr tne glvan amouat Of expasurs.

Instrument represents a slagle cell, th2 reacout is Ila ta-nms

hits/exposed. The nlcrodosimeter reyisters -ssanciall

charzeq partlil=s,  HwWoever, with scalia:

5 oIiltors
exirznely small z2xposures, Lt provi: . olzs,.alces
tne fraction of exposed calls hit 15 (wast sace.

B

‘interpersparsedpartial body radiatiom, in which
h

moand o chs

An addicicnal Lmgertant charcacteristis 0 st

fnd

en _cntzrs {s tim» rat2, This can be varcied 2t w
4

TCV za. be subjecred to Ircw none up o i w=cy la
in aa arbitrarily snort perlod of time. Thus the
thar a dosimzziz2r or a "microdosimzrter”. PRaller
fngradlents nziessaty for detevminatlion of the ov

a pezzlarnioa ¢l ¢cells, or any other wvurganizal sys

[

detaralnes the aumter 2f {adglvic.uals

|
anug the olt size which per~its pradiction of the

4

will respeond gquantaliy. Thus, {t provides both

“

w11l be hit and :osed, aag the means cf dezar-

i

tne condizional prababilicy =hat a hit cell winn

resoand cuarzallv.  (In the acro accldenc snale-
refer-ad to 3as the "probabi. (fy” and the "szverit
nigtt wezter be termea "cell tisk merthodolozy” an
clza wamrch,

fwanmples ol mlcrodosinetric distributions,

£

ars shown in

““—i

lgure 4, The amount of enerzy depo
the “specific =znerzy”™ (2,4}, «izh dimencsions the

dosz, namely, energy/mass. However, bescause of =

Jcnastia

{li.

niz

frac

ne probadilicy 2na

Doy

g

a given =i

r of

tarsugh o

v thmase
v, hess

yr.)

d th

or radiat
sit2d has
same as ¢
e need t

ad:itionally as both an adjective iund adverd, and Iur breviuy,

2
as 3 nuclevs of 3 microas in diareter, the feru ”

often sizmply "cell dose” have be:n employed. “Hi

doze” will be used h=re interchangzably.

[

S el
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z~=only been called a "nit". Also, with he Jlan=ter oI
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Alchough it is also useful to distinguilsa betwzen stochasticaluy
deliveraed as opposzd tOo planned doses, this {s to avola confusioan and not a
substantlve raquiremeat. In other words, all else belnyg equal, an crranisn
has no physioloyical means of detarmiailng wiaether a glven aweat transt
llas occurred stochastically or by plan.

It {s only because of the above-outlined capianiiizies ot
microdosimatric methods that tle enornous advaatages of usta; the elo~ent
dose approach can e realiced. The instrumeat is "cumpletely blind™ to the
tvoe ocr enerzgy of tne radlatlon particle responsldle f{or the given eaecyzy
geposition. Thus the nuaber of hits and the hit sizes are completely
"objecc—ocieuiac" quantitles, on whici the extant and sevarity of effect
resulting fron radfation exposure depends airectly. In other wcrds, in
prianciple, 1t is unnecessary Cto Know anything about the nature of the Ifield
in which the 5Stlologtcal material is exposed. The large advancaye of this
li2s not oaly in that it usuvally {s quite difficult practically, even {o:s

the most “pure” of radlations, to determine che filels streagth in tarus o

rh

the fluences and erergles of the different tyces of particles. In =ixag
fields, it {s essenctially impossible to define adequataly these variables.
Even if defined, they are too remote froa the bilological effezt to rake
them useful for quantitative pradlction purposes. lilcrodosimetry in
prianciple obviates any requirement to measure taese quantities.

The companion advantage of uslnzg microdosinetric methods is th2:, (=
permicting measuremenls to be made 2L the tivie of stochastic eveuts, taey
in effect tura the abstract risk of being dosad and of cell dosas Into
concrate valuss for these quantities. Zven thouzh it i{s usually no:
rossicle to designate which liviag cell s hit, or to attribute any
particular hit size to any particular ceil, it i3 possible to stace
accurately the relative numbers that were hit at any given valus of 2z, for
any givuen exposure, Thus one has essentially alt che information tha: cae
hag in pharmacology and toxticology, In wiilch the aumber of indtividuals az
gnvy civen dose level 1is known precisaly, aad from which the (fractional)

nuss o~ of uancal respoaders can be datermined.
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tYith the above digression, we can now raturn to Fig, 3. It {s cleas
from the figure that it is not appropriate, and Ls misleadin;, Lo preseut

the data in termus of a "linear-no-threshold” reslatioaship. Facher, as

shown also in Fig. 3, the data should be presented as distributions of 11t
cells, the atea of the atstriduiton representing tie tal amount of

exposure.

As noted above, the distcibutions In Fizs, 2 1wl 3 sroviae
series of cell doses, exactly as Is done in Jet:rmlaing an organ
dose-rasponse curve, ia id (tae numbers of animals subjects to yrades
in Md are frequently of essentially the same slze). {t then Secones olz:r
that what is needed to evaluata the number of hit cells that will r2spunc
quantally is the cell equivalent of an organ-dose respoanse curve, {.,e., a
relatlonship that will provida the prcobability of a cell quantal respons=,

as a function of Increasing cell dose. Such a function, termeg a hii-size

'S

effectiveness fuactloa (HSEZF), nas been develuped (5=-9), Oae such curlve i3

shown schematically as the S=-shaped curve in Fig. 2. An actzal curve Zor
chromosome abnormalities, derived from the data in Fig. 1, {s shown {n
Fig. 7. The use of these curves s now discussed, follcwing which thzir

derivation is summarized.

'se of the HSLF

The use o»f the HSEF s snown schenatically in ¥ig. 2. For any oue,

or all of the cell Rt siz2 distribitions shown, one sinply nultiplies =

R
Sr3llLioutT.Lion 3 Caw

- sa g - & i PR B
y e e,y o2 HUTIED 20 1L

. P T - [N
R T L R av 2L Iwm L5

multiplied by the corresponding point on the HSEF. The resulting producsis,

5

the fraction of hit cells responding quantally at =ach cell point un Che
distribution, are shown as the nuch smaller distributions witiiln the largs=c
ones. The area under each of the smaller aistributions ylelds the total
fraction of exposed cells responding quantally, fof 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, {.e., the
excess lncidence, Iin that systenm, of che end point, for expusure E, of the
risk assessment. Thus such a value can be readily obtained for any amount

of exposure to a radlation of any LEV, or mixcure, without any requirement

11
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to utilize the"linear, non-tareshold” function required {a ths curzentl:
used approach.

However, {t may be useful, to show how the proposed approach can te
tled tato, but differs from the present system., This (s lllustrate: (n
FLgz. 5. The llaear curve la the left aana panel pecmits one to detszrina
the number of hit cells, or the fiss uf a cell belng hic, for a givan
exposurs X (the open ciccle on the curve idrkea Ry). This siagle cugve
is tor aay LET radiation, or nixture. The hit 3ize distributions fcr the
glven radiation are provided in the uppef right hand corner. This
Jdistriouticn, as oppasedl to thuse ia Figs. 2 and 3, is normalized te l.oC.
If this distribucion Is then multiplea by the HSEF, shown [an the center
tight panel, the product will represent the distribution of quantally
responding cells, shown in the right lower panel. The areas under tais
distrlbutloﬁ represent the number of hit cells in the upper nocmallzes
distribution tihat responds quaatally—nultiplying this value by the nunb=r
of exposed cells given by the open circle in linear curve PH in the leftg
panel yields the total rcisk for exposure E, shown as the open circle on

[ R .
curve q .

It 1; emphasized that the "normalized distributions” approach ceplicrted
in Flg. 5 {s for illustrative purposes only. Neither "linear, non-
threshold” relationship, nor distributtons tor different LET's need :ce
referred to or used in practice (it is superfluous to provide a curve for
tow risx of a nit versus exposurz2-—the distribution of hit sizes
sutfices). That is to say, for any given exposure, whatever the LET or
rmixtures of LET's, only a single distribution would be racorded by the
microdosimeter. Direct application of the HSEF would yleld the requiced
"risx coefficient”. Thus, 1n practice, the cell dose approach could
obviate the need for multiple “dose response” curves (Fig. 1), and iz couid
replace the concept of LET entirely. That is to say, the "T” in LET does
not mean the mean of the energy depositions in tissue. It means the anount

deposited in the cell TCV--the cell dose.
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Cerfvation cf ‘the HYNEF

The decivation of the HSEF ts Jescribed 1a detall elsewnhare <1 ) Tn=

e . Lo
basic tnput fafornation coasists of quite aceurately deterained c-ll
response data, for a series of radlatioas covering a wide span of

qualicies. In aduaiclon,

B

1t is Aecess:zy to have quite accurately
deteraiced alcrodostinetslic data, that i1l vrovidgs hotit the uunbzzs o cell
hits and the nit-slce distroibutions, These distelbutioas ov:rlaz, 4= 3an

be seen ia rfigure 5. [t is reisoaable to assume that, Lo 403 close . e
regions of overlap, lilts of a glvea size will have the same elfectivezass,
{udepeacent of tne hlet size Jdiscteibutlion of setizin, The effectlczaes: of
the different distributions can than te obtalned, and the regiocas of
overlap provide {independent Iaformation vn the effactiveness of e
individual hit sizes. [t is thean possible, by an itecative ceconvol:tion.
process, to arrive ulctinately at an HSEF that wmost accuratelvy flts tos
{nput cata.

This gerivation {3 purely emprcical, 'i.e., it is coupletely
ladependent of assumptious or theosrles In respect to mswolecular oT othar
subcellular mechaaisms of action of tne radlaticoas. In other words, =ost
if not all of available radtloblolozlcal action theories, bezin wicth

assumptions about mechaanlsms, e.g., that single ur double strand bred<s maw

be responsible for scme or all of the cell transformations obsesrwad, In

derivir. the H3LZ, on the other hand, only observed quantal cesponses ife

used.

Ancmalies in the Present Svstem

Sevaral anonalies 1n the set of typical cell “dose rcesponse”™ curiz,
shown {2 Filz. l, can be polnced out immediately. For instance, althz:gh
the response is of individual cells, the "dose”™ is o tihe eatire Org:a.
{s taken to bea axiomatic that the stiwulus to an ladividual, be 1t a zell
or an vrgan, must be measured at the same level as the initial bilolozical
response, Although the effective agent is purported to be en2rzgy, mi-iad
"dos. response” curves are drawn for that same agent. Also, as seen with '’
lithiun fons, the same partlcle but with different enerzies resuits ia
markeily di{fferent curve slopes. In fact, more and more curves can s2adily

be added to the set, siaply by using different particles of differen:

energles, until cthe roughly triaagulacr area represented by the curves 13

13
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filled in completely and constitutes an ares (Fig. 6). This
fallacy and futility of the present dose response curve=- PR5E

gae needs {n princlple a separate, emriricilly deterafned “cugve™, @

(4]

ageat cacrlers (particles) of every ccacszivasls type and enerzy so that iz

renerality of the RBE concept is 1llusoury.

-

Thus severa coanpromisas LSt e
made in order for tha system to Le workatle 3t all.
The fact that the curves can £{1l! an ar=2a also indicates that axz

additional variable 1s involved as well 25 an unexpressed coatinuous
function. That is to say, the three-dinmzansicnal plot ta Flz. 3 is
requicad. Ihis missing wviriable has been th.ught to be LET, expresse: as
keV pm~l 1qa tissues. Such 4 coantlauous functica, representec by a gJraup ot
<separated points on the curve representing the mean of a segnent of the
curve, is presented in Fig. 3a. The separated points represent the A
or, in radiatlion protection, assigned values of Q. However, Lt has icag
been well appreciactad that LET is nut adequate four the purposs. It i3
clear from the above discussion that tzis missing function ts not LEZ, in

the sense of transfer of energy to tissues, Rather, the transfer is suita

specific-—to the cell TCV, to constitute cell dose. Thus high- ang lsw~LZIT
radlacions are in fact lacrge- and small cell dose radiations.

High-Level Exposure

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

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

- :

fon snly, Flotizd on the ziscissa L3 We
N
L

exposure, expressad in units of Ny/N

in Figure 7, for a low-LIT radia

cr

gs» Of 2. On the left orcinate
is the mean hit size, corresponding to the heavy curved line shown ia the
figure. On the right ordinate is the number of discrete hits per cell,

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

—3

curve for the mean hit size.
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Where the curvas become cvagruent, at the upper high=—exsosurs parst

the curve, each cell has recelved a larze number of hits. If one calls the

sumnation of <nerygy censtties frow these meltiple hits tie "z2ll Zose”,

then it is clear that even though the fndiviaual alts conmstitutin: that

"dose” vary yreatly in size, the varlance of e rean 411l =cofie sTaller

and smaller. There {s then no reason to evalaate separatel:s the

-~

ciss fur
each discrete hit. It is adequate, for practical ceasoas, ziuply to .se

the summed energy density as the mean dose. Ia oth=zr words, lo tnese

high=exposurs reglons, the cell dose ang the organ dose are, ior 2.l

practical purposes, identical. Then, and most iaportantly, one caa
characterize and predict the probability of 2 biological response in he

cell population, or in the organ itself, in terms of a sinzle paraneter,

the absorbed dose D to the organ.

However, as one goes low2r In exgosure, ift is seen that the expcsure

splits {nto independent compoaents, Z and RH. hote that L2 expectation

value of Z, even though the variance is large, remalas cons:taat, so tizt
the ouly cellular parameter that can lancrease with increasizg exposurz is
the Ry or the number of hit sizes per exposed cell. Thus, sith ELE

dose to cells and organs alike can {incr2ase because of nultiple hits, and

the one varlable, D, Is adequate to predict a response {n the {ndivicial.

However, with LLE, neither the dose to the cells nor the reza dossz

increases; 41t 15 only the nuuber of osed that can lnizaas2

-

Note that while LLE has 1ts count2rpart in racro acciaezants, and hat

only a small fraction of the exposed pooulation is hit with increasizg

exposure, there is 10 analogue, with macro accidents, of HLI exposure., Ths

(3%

reasoas for this is that, for practical and ethical reasous, if the
accident rate in given populazion {ncreases above a very scall fractisa per

year, even drastic action is likely to be taken. With radiztion, on the

other hand, the accident rate can be iacreased at will, so znat aay ziven

&-

cell can readily be exposed to dozens or more severe accldeats, ia tre

course of minutes, seconds, or less. It {s only because of this Zact:,

which may permit interactions between the hits, that the "guadratic™ term,

seen only with high-level exposure of cells to ioaizing radiation, exists.
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The transition froa low- to high-level radiation exposuzz 15 depiziec
fa Flgure 3. This {s for cell lechality only. hote the lnitial linea:
increase in the quaatal response as a function of U, in the LLE rezxloa.
Recause of nultiple hits and {nteractive procusses, the curve rises raizar
steaply beginalng In the transiticn zone, so that a lacge fracticsm of :z3a
cells have been killed as one enters the HLE r2:2ion. At this poiag, sime
of the orgaans, and therefore, the organisas, At 4 glven value of =, wil.
fail and die, and the fraction will increase to unily as D increases. Tnts

plot demonstrates ciearly how a single agent, thr eneryy carcizd -y

fonizing radlfatioas, can span the eatire gamut, ranging fron the accldsat
statlstics of Ph in the LLE region, into the HLE reglioa in waich Il
methodology applies. Again, the largest diffecence between the two resions
i{s that with HLE the focus {5 on the individual, and the sinzle paramei=r
1s adequate to evaltate the probability of the quantal response at any
given dose D. SYith LLE, on the other hand, each poiat on the curwve shosa
represents an entire population of cells, and the lnterest focuses on W
many in that popuitation will be serfously injured or killed. Harz thr=2

variables, the number of cells hit, the di{stribution of hit sizes, andg an

HSEF, are required.
CISCUSSION
The above-preseated cell dose approach to radiation ris< evaliuatizt
differs drastically from that presently used. Cell populations sznd th2

energy depositad in each cell replace the organ and organ dose ccmceprs.

e

Ph and statisctical mechanics apprvach to evaluate cell-chargad particls
interactions, replaces thé Md approach currently used. fean values of

LET in tissues 1s abandoned {n favor of use of the HSEF to evaluaza riz t=
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 disctribution of
quantally responding cells replace “iinear, non-threshold” relationshi:cs.
The approach, in principle, appears to be far more coherent, internally
coansistent and logical than is the present system that must eaplcy varisus
factors and various versions of "dose equivélent" to permit ft to be

operable at all.

16
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The present system could in priaciple obviate the need ! czdiation

quality and LET; fleld quantitles; a "standara radiaticn”™, linear T“dose

.effect” and "dose respouse”™ relationship; risk coeflicients; RLE; Tose

equivalent and tem. The problem of outaiainz measurements that czpresaut
accurately the radlation field in tissues and cell populations i3 uf course
difficult, whether ons uses the current 3E or the propcsed ED apsroaches.
A rather far-reachlinz conclusioa {s nossible with the propose-
approach., Each relevant organ sSystem in the body contaias ¢normous aumbzrs
of cell alements. With the proposed approach embracinz tae H3EF, “t s
possible, with any exposure, to estiaate the {fractional) auaber of
transformed cells in the individual. Assuming all exposed normal
individuals have approximately the same number of relevant cells, we thea
caa have, in principle, for a givem exposure, a population of {ndfviduals
with known and equal numbecrs of transformea cells, With 3 zrided series of
=xposures, these numbers can thea be correlated witl cancer fucidznce,
which can be evaluated only long after the exposure, ir aninals cr in henan
beings. The result would be a function for cancer risk as a function of

the number of transformed c‘elié"-i;lxwghé"ui‘ﬁ"i»ivhidual, to replace the curreat

orgaa dose-cancer incideace functloa.

The siguificance of the abov2 1s perhaps substantfal. In the preseat
system, one can derive only a quite uncertain estimate of the risx of
cancer from a physical quantity, and one must use the collective Zose
equivalent in very large populations to evaluate the risk of cancer ia tie
individual. On the other hand, with the proposed system, one has a2 neasure
of acrtual efrfecc, L.e., the fraction of quantally responainz cells, in we
individual, from which the cancer risk tailored to that individual can te
obtained. In ocher words, the function for the probability of an ef:iact
vs. the amount of exposure may in principle be by-passed completely, Thus
one has in prianciple removed the evaluatioa of risk from the realm of Ph i

which the focus is officially limited to the health of thHe populazion or

"society, and placed it in the Md category, in which the focus 1s oa the

health of the individual person. This nmay have many impllications, not onlw
in radiatioan biology and protection, but in the mdiéal, soclal auz legzl

spheres as well. With respect to the probabiliry of causation ( ), tt
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could strenytien substuntially the value of this upproach in iasuriag
equizabl: resolution of legal clalams tavolving an allegativa that a
speciitc earlier exposure is5 causally related to a particular, exiant
c4ancer,

‘ote that HSEF's for macra sccidents, altioush obluened in experitanis
in which stochastic energy transf=r s sirmlated, are not uses or even
referred to operationally. The uobvious r2ason {5 because a4 juzntal
response that may result can be readily observed, so that neither a dose
CoNCept nor JlosSe=rfesponse relationsdips dare requlirz2e foc cisx evaluatisa.
Similarly, quantal responses of cells, can {n most laboracory exnerimeats
using "single cell systems”, be observed promptly. Thus it is only for
severely delayed responses, such as cancer or heritable defwcts, that early
observations are precluded. A complete approach to risk assessment at the
tirme of exposure must then involve the HSEF for cells. '

Since the HSEF raplaces LET conceptually, this may be ot signilicance
to those interestaed in the detailed siznificance of "track structure” with
radlations of different "qualicy”. Much of what has been ascribed to LET
and track structure differznces, mey well be simply due to a differencz in
dose to the cells. Wicth most, particularly stochastic arent twraasfers, it
has been more or less generally accepted that a larger dose will be mox=2
effective per unit dose than a smaller one, apparently wizi little or nu
necessarvy reauirenent heiﬁg perceived to iavestligate why.

The proposed approach has relevance i{a the "extrapolation” curreatly
used to estimate cancar risk from low-LET radiation at very low “cdoses~.
Clearly, one 1is not extrapolating high- to low doses of tlie ajent ener:y.
Rather, one {s extrapolating to the lower reaches of a curve r:preszenting
the probablility of an expressed cancer, as a function of the asumber of
malignantly transformed cells in the orgaa or organs of interest.

The interpretation of a "linear, moan-threshold™ curve (for exposur=z
and not dose) also changes. What is meant is that, with any amount of
exposure, there can be stochastic interaction with health con:e&uences. It

is .true that "any amount”, i.e., as little as a single encount2r, coulg -be

- lechal. However, the conditions are 1) one must first have experizncez

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

13




trans

farred 1s large enough to have sone tdngivle urobability ol causing i

qlantal response.

densi
be th
candi

parti

Finally, it must be recognizea that, with stochastic =ancuuaters, Ll
ty of energy transfer, a parameter 20 190 patr censicy, may w=l1l “ot
g2 wost r2levant quanctity in terms of causivy travsaric injury. -ther
late quantities Iaclude momentun trinster, rate of aeceleration,

culacly of cae part ot an oCgun Cziative T another part, ana fmpulie.
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Sadiation syadfonies ruduced LY lszce coses Sfofuniiing radlition

Aare diviges fnto thres Seaeral gro 3 Zzpenliing va $08e ol radiazl
tirz aftzr exposurz. a2 ChY synutine Tiiuirs: aoy Uedsa vl I2G.
Appeass o oalautes €0 Gours, and o olls eiZolol o duwrs €3 i sl The TLn
appedars zifar doses ot i tew fwadiszd o JuL. Tl It i3 ChlaZaci=Tiizl

nausea, vaniting, Jdiirrcchea, and aisturhances oL wat:r Axd elzctrilyie

MERE T Ve .
mezaboiisin. e 233 a4 nian

Survivors «wiil then exvzrience
pepeadiang oa dose, survival

theravy. The relution:zhip o

iescrivel anu oesed 13w Indicsiion
The thzrapy of radlatliic iz
insiusion therapy, and use =F

ztnzaed all

=nic
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Yrom gperusal of toe older literature an Teviey

experiencs2 at diroshinta atg Nagesasr L) 1t iupeal=C

o I |

some bruader asrects of radiatiocn injury in _=reral,

produced by rtaciation injury, the i{aflisence .1 .2 i

SuTesoilved fuestion of I=tnality oI Tacialio™ 1o “ail,
rate, aad repiir of iajury during chronic —i.sare o

fallout fields decaying with the -1.2 law. =:tudies on f.ce Taciatlioz
iniury .2nerall. invelws~ - 2iszl2 iGee 3 er e oy rarmTio T c:ozt LIl T EnT

considers the numbers ¢ aniTals

racdiation lethality curve Lecieen UL and 94U nowralitv., o

i
Y
f

w
lal
¥
N
I
§
()
13
"

studying animals extised o single dose of r:ziiation, ooz mest considsz o=
possizility trat lethalits ¢ifferences observsd nay rfefIf2Zenl Cralnls

variation, act related tu any therany used, In 4 Tebrisecilive .i1lerZIuls
eviluaticn, theze are gLa:ticns ial Canmet .2 eva.udaltsl eI DlIlivElio DT
rescect tdo , vast numan cllnicel experiencs o osc ol 2z

ranag2ment of treuma and thermal suros

aplasia produced by 4 jents othier thuin Tagiation, It cen

thuin cion, iz zoTzteririlao o
stated Todat antiblot: s increase the susvival .Tate of _=ilents =11

i
1
<.
b
{

in radiation injury is whetaer t
regenerate before the commensal cr invedin

rasistance t©o the antibiczics av

[
Vo
[
%
cr
sy
(

fadiation _ethality - T

-

1e Cles

i
n
e
]
Y
—
[€al
-3
he]
3
r
[o}
N
fc
1]
n
~
[¢]
0

3G IV _LLILTT

“nole-Zody Irraciaticn:

e
i

he tadiation syndromes pro<icad by expisure o

e

hizghly aependent on the energy ol the radiatlun and hentz to the lepts do

patterns wnich will e consider2c later, Three, scmewhz- ar>itrisy z- o
and overlapping syndromes are ill:strated in Figure 12.

The Central llervous 3Svstem Svndrome

After larze doses cf seversl thicusaad raz, the Cerirzal MNervsus . sten

(ae

VClH3) syndrome is producec,  Deain iy occur curin
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laboratery aninals whut {5 preceded Ly nhyper-excltabilis

respiratorny distress, and iatermitient stupor. Los=s €, ablie ol Trou—Ilus
this syndzome ate unifo.aly tatal., This svolrore has berd clserveu i a
few casualties <escribed by livbmer et ol. (2. If an ¢lils:cnal 72rsa=

ware to sur-ive the CLS svadrume, the in.ivi

Plual s yuD O =ijzIianc:s  1le

aaIcne

L&}
.

Tastrouintestinal

lahoratory uantmals that is preceded by hypac-evcitalilits, o

. Tespiratory distress, anc intermitteat stupor., woses cazdable of rrod._zin

L 5
this synarocme are uniformly ractal, Tnis synotome nas T-¥n coserv-o o inos
few casﬁalties descriteud ¥ tuoner et ai. (1), 1 an oclaszonal ferso:
ware to survive the CLS syrdrome, the indivicual "3z yel 0 eXpellznce <k

Gastrointestinal syndrcme (GIS).

The Castrointestinal Syndrome

Th

[{]

CIS. when procucaed by doses in excesss

=

within 2-% days in laborustory armimals anu protabiy

huiman beiags. The range in survival resulcs Zren spect

ra
i
)
=
.
;
i
w
i3
'
4
'

variations. It is named the GII synir:i~e bezslse of
vomiting, diwtrhea, and

and persistent 13 is a

danimals. 1t wdas observed
{1). and in seve accidan=s bv fiohrmar e : o -

{3), hav= proluaged life by intensive acuinistraticn of iatrave:n

R e

and plascae, It is of interest that

animals surviving doses up to 100 ruc will repenerate ze rucese i o=

small inteztine as described by Lrecher et al. (4). The survivezs ¢f zails

syndrome hawve then to cxuyeTrience the s:iguelae of bone

T J70w

which has been termed the hemopoietic syndrome (HS) aud was

observed in the Japanese exposed to nuclear radia

rt
b

el 12 LlT2salrs

‘I
V-
ol
N

hagasaki.

The hamopoietic Syncrorie

he HS 1is not necessarily fatal. It is a clinical

PCRINeN

c

seen in tne lethal range ror all ruzrmals dincluding man. The letralit:
levels reported represent tie LDié for the sesuelas of Line marzoiy
depressicn, namely, groiulocytepenia witn susceptitilicy o _zcterzzl

infection, thrombocytop=nia with suscestidility to Jiffu:e porpurz an

03
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pny

au

aneria and

Derorrhiase.

descer

[

sticns in v oand azuizals are descrifed (1,2,3-

-y ~

This picture ol the tiveye Taciation syndroses, which wverlaz to 4

cartain extent, 13 bas=c nrinarily upon aniral experidentation. -urtan

expericnce (1,2,14-20) {ndicites

that -an corresponds r=iaiunadly closel’ Lo
the zeneral tanmaliae respousa.  There are 50 ¢ Sillzrenges Lo r2spe2t U
the tie of uccurrence oL 30208 aald SYTLLIAS.  (ne caperizncs of the
Japanase at iiroshimu and lagasaxl exposed to gamma cadliation Iria a
Ni-n-alticiade auclear fewrice Lo which the ficebzll did oot touch the s-ouns
are gescriied in deta:l uy Luslitersea ane warrea (iYL hualwes ape Joy o 2
have gathered together the total humen experiznce in raciaticn {njury =m:
its ~management, with the exception of the Jagan2sz atonic Lonl casualtlias
anid the larzaallese Zallcut casualcies.
“adiatiyn Injury iu tne Japanese at Hirosh and haguszoic
I CrS was noc ubsarved by the Japaness at Hirosiiza or WNajasaani
(1,13,24:, nor would ona have expgecteZ LU o = ubserves since ssses =
srocuoe the syndrome ser: well witaln the aresz I total sestructizn anz o
survivil.  The GIs, with déaths in the first weex, are =eil Jdocureniec
clinic:lly and patholugically as are deaths frun thie nd (1,13,1%5,. o Ine
case of can, the se,uenfial ssquence of ceaths aad debr=ssion of >luwd
RIS Sfuranz Toom saloe i, Twonlvzs lIoocer ootz il TU
jevzlop o ran.  For examecle, geathis fron iqi:c:ion wer: wgst prevaruent i
e second to fourth weexs (naximum incidence during thirs week) and fron
hemorrhagic phenomena auriog tie thira to sixta Je=ks (~axinun ingigencze in
the fourth week}. Deaths frsw radiation injury Weve occurriny in tne
Jaganuese as late as tne seventn week. This i3 in ¢ontraszt oo oinar
animals, whzare deaths from the acute ghase are uncommon later &th=a ohe
thirtieth day albcer expirsure, The curralacisa of neutr:yhil-_ou:cs wizin
mortallcy, is shown in Flgure 2. The cata ia Fijure 2 zrez basec oa dozs
t~1t were exposed to 3 nuclear bormd in thz Pacific proviaz grounc.
~wmparable observations were made in the Japanese at Liroshiza and Nag=saxi
znd are illustrated In figures 3 and 4. Ia addition, it was shcwn tha:z
lowest leuxocyte couals in tre Japanese ware absarved in the fiith to zhe
sixth week after exposur2s Lo tie nuclear raniation (Z%.. A corzarabls
sequence in the depression of zranulocytes was also sewn in the Yarshalless

[14

xposen to fallout radiation (5).

Tetailiz

[$)

LN
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Probability or Survival following Exsoesure to Lhois-5zode ¥

WG id=DCUL aulAatiene

The urobability ot survival can e related tu syuptumatoao r in 1an.

The rfollowin, aralvsis is bHased on the ohservations rmade ob T2 Jupshese 1

Hiroshima and Nagasaki (LY. Incivicuals exposed in toe iethal range (.rerte
soze, brt rot all, ci=z in the first se2veral weels after onposore  cen L2

divided¢ accoraiag to ci,ns and svoptons, into
srtognosis. Thus, they may be dividad into three jroups in which survival

is, respectively, improbzble, possibic anc urctabdle,

originally made by Cronxite (7). It is appareut tiat
line of cdemaication arorn; the gruups.

Survival Improbable: If vomiting cccurs promptly or witnin a Iew

horrs and continues ana 1; followed in rapid succession oy prostration,

diarrhea, amorexia, and Iever, the prognosis is -rave. Teath will prulably

oceur. ia 194 of thnese incividuals within the

oy

itst ween, 1t 13 assuled

that extensive administration of fluics and pla

sma may eatend the liZe of

these incivicuals so they may

W

2Tvive te deveslul the heropolefic svnarone,

Survival Pessible: Vomiting nay cccur, but will be of r

short uuration folluwed Dy a period of weli-peiag. In this pericd of

well-ba2ing, rarked chaunges ars tawing picce ia the heucepiieti

It

Lympnocytes ara profcunaly depressed witiin hours ana renain 13954

montns. The neutrouhil count falls to low levels, the de-vie 2n0 1i-2 oF

tive of rnaxinunm denression devending upcn the duse as illustrz:

e Ly JLoous
et al. (25). Sigans oi bacterial infection may cevelop when the tuial
neutrophil count falls below 500/ul. Plateler count may reach wverw luw

levels after two weeks. Lvidence of bleeding may occur withis 2-4 weells.

This zroup rapresents a lethal dose range in the classical prnzrmecclugical

sense, In tha higher exposure jroups of this category, the

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

siight fatigue. At the termination ot the latent period, the paczient =ay
develog purpura, epilaticn, or cutenecus ulcerations, infections of wounds

or burns, diarrhea ana/or melena, The mortality will be signiiiczat. with
therayy, antibiotics and/or sulforanides the survival time can be exjectec

to be prolongad and if sufficient tima is provided for bene merrow

43

regeneration the survival racte will te increased subszanzially. In

o Jal ali,

09
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rany soltiers lbad nansea and veniting, rscovered, felt well, returned to

duty to l.ter develup purpura, epilaticn, c¢ral cutaneous lesions, .nd then
died of imfecrtiun. Tihis is well-cocurentad Ly Cuabtersen ars wWalTen (1.
hespite tha chaotic censitions that exisrza ian Licoshioa, the data: of

Vikuchil wn2 Vacisaxa (19, incicates that

sranulocytzs in dindividuals tnat coula e assiquec T tne Dorvival
Tmprobablz ond Survival Tessible as ccmpevad to tha trival Probalin
SIoup.

Survival Probable: 7 LrGu censists of ot tals =70 ma. cr ray

not have ~u¢ transient nsusea and veomiting on the day of exposure. In this

wroup, chardcterized by the larshallasze (»), theve is no further evicence

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

v serial stugies of the Zlood with particular rzier

nce 0 LTanu.LCytes,

]
lvaphoc~tes and platelets. The lymprocytes may teach low levels early,

within &7 Lours, and show little evidence of rzcovary for sany nmonins after

2xposure. Tne zranulecytes way 50w som2 depressicn durin the second and

“owever, consideradle variatisn 13 enlountl=rac A lete fall

Wegl allel @XpOIUTS may LIlut.

ime wnhen naxinum bleeding was observed in the J:
i‘iroshime anc lvagasawl. The icwest platelet couhts ere alis se

tea atmggaed ko S50

[

ividuals

1

completely asymptomatic. Likewise, incivicuals with ;latelet
75,000/ 11 or less may show no external sions ¢f b

o

cefenses zzainst infection are lowarec by this su

individuals with thesa savare degrees ol henmatolog
d=velop inisction, It is gen=rally believed that prermature admini
of antibiztics proghylactically may jeoparcdize the probabiliﬁy of
in Survivel rossible group by allowing bacteria to Zevelop resistinze to

antibictics.

Effe~zs of a Single Dose of Gamma Raciation

Aralysis of a Possible buman LI,

1., the first place, in all reality, the mortality responsze of man

to radiation is not Kouwn with eay cegree of precisicn., One shoult think

the LI:- in the classic pharracologic sense; that is, the mortality



re=sponse to Tadiation in the absencz of tlicatZeurn anc other coplizating
factors. The LL-., will be increased by the use o antidiotics to cuntrol
infeetione, by platelet truasiuvsicns to coatrol bleeding, ana the
hemonoietic molecular regulators ncow available to stimulate an earlier
recovery of hematopoiesis. In 1947 Lewell (21) surveved the oniniosn of

ragiologists of the 35C°% lethal cose of radiaticn in man, Thzir esii—ates

varied consideratly anu the average was close o 230 rad, the conninly

stated Ligq.
Hany socurces of cars Tear on the LD-, value zor 2an ane ecch has

several shortcomings. Tlose sources ifaciuue radiation mo

-

ri
ed

ality data un

large animals, the data from the Japanese exposed &zt Hirtoshima anc
tagasaki, the Marshallese cata anc cata f{rom patieznts Ziven tierapeutic
total body radiation. The effects of gecrmetry of CXpOsure anag enerzy &
raciation on the mortality response is crucial (22-24). 3Bond and Totertson
observea that the small anirals

aniear tou have a high LDSU, wrer24s

T e

It wecuald be legical from this to argud that

oy

larze animals

I
tt

(W1}

ave a low

w

e
man ray have a lew LLgg. in fact, ore dues nct really kuow how te

extrapolate from arirmals to man. In zrincizle, at least, cne migh: tnink

that in Hiroshima anc lagdsakl vhere Tany indiviguals were exposed

™
, wne

wvould have a rathar goold icea of the radiation LL_,4 for man. Thi. is uot

the case, howewver, tucause of the co ulicating §
inturies, poor nutriticn, ana, wost i=vortantly, the imabilier <o roolll-

asrsign racdlation doses to inuivicuals thavc

Cromkite and Zonc {25 have approached the problem of LDy in w=n by

aZa

locking at tre llarstallese response to 175 rac totat vody irradiation andg

P

te response ¢f animals in geweral. ZFijure S5 illustrates an appreoach to

117

stimating nhuran Lige. It is believ.s that the larshallese were evposed Tt
G :

a near meximal sublethal dose of radiation. It would appear that .0 T

o

a
eniform ter:l body irradianion would anchor the lower part of the -ortalirty
a

curve., Certainly, in dogs and swine, 1f the dose of radiaticn were
increased by 100 rad over thao receiwad by the Marshallese, cne weoulce

te
wall into the lethal dose rangze., 1f one adds 30 rad to the estimaczzc 17

’ 5
rad tha*t the larshallese received, one has a probable low lethality of
about 35-197, of approximately 227° ras. If one uses the sare slope for man

as for wogs, the 0% mortality iz zbout 500 raz, The nildpoint betwsen LD

o

5001881



1C% and S04 is approximately 300 rad., Thus, one can wake a first suess
that the LDge tor manis in the vicinity of 369 raf micline in the abseuce
of coriplicated ther..al Surns, traura, or any efrective therapy. Tials
estimate is bolsterea by the fact that patients given therapeutic total
gody irradiaticn nivs severe fematlipuictic depression occurriniy at dose
levels of about 207 rac.

Pruboble Lrfects of

Cn clinical grounds, one would thluk that the coabined use of

antiviotics, fresh whole bleoc and »

—

atel

W

t traasfusicns when neaz=u, woul=z

incraase the survivel rate. leavly shown by Miller e: al

0t
o
o
[G
o

een

[¢]

(26) that antibiotics incrsus:e the survival rate of irraciated mice. Furth
et al. (27) obtainez no markec benefit from antibiotic and transfusion

trerapy in their studies. SuZsequent

stucies by Soremsou et al. (I5) ane

Perman et al. (29) have clearly shown that ome can consistently reiuce

mortality from a near lOOL fatal cose to about 1G] mortality in dezs by the

combined use of high dosage of successive antitiotics anc whole bicod

transfusions supplenented by :clatelet-rich plasna when red cells azz not

"

-
2

needed. This enables one to

[N

i

It the signoidal aose mortality curtve ofF

uncomplicated whole body radiation injury to a rmuch steeper one shiftin

the LD5, from approximately 300 rac in the dog to a little over 40

The 5% mortality is shifted fvom toughly 250 rad to about 400 rad zesultin,

in A n>2arv 3Ly LiTve. ALUel wudEd anl BASILS VR ou

N A I PO s B,

b ~ Seeil o<

Tad licrle benefit is oLServed anc With grealer Couses nv animals survive,

althouzh the survival time is :oderatelv increased. Thus, one can

anticipate that antibiotics, L:uud transfusiuns ang platalet transiusioas

would benefit numan beings.

The relatiouship of rortality to aepressice in the granulocyte count

in dogs and man further soints up the impurtant role of infection znd value

cf artibiotics. 1In Figure 2 is shtown the jranulocyte cuunt in dogzs that

ware exposed to gam:a radiation from a nuclear bemb and the correlzticn
P &

«“ith percent mortality. The granulocyte curve at the far left is in dogs

that were exposed tc about 607 rad midline dose. llote that the blcod

counts cdeclined and all animals were cead by the seventh day cf exiosute.

At autopsy infection was clearly the major cause of death. In the next

curve the mortality was also 1205 witin a slower declire in granulocyte

count alomg wiin a loanzer survival tirte. At autupsy the major cuuce of

~J

5001489



50011

sath was ascridbecd tu infection and cemilicated by herorciage.

(4%

ne Lexkt

curve shows a slower decline in the granuloc,te count .ith a wmortalisy of

Lover

-2 . The unimals at sutopsy sucwesz infecticn und ilerorrhage a4s <AausSes of

line in trne gZranulocyte: ~oudt nao a

waaks, The lowor the whilte Lount Algltel Taw CWlle.al e D15

correlates the mortality at the end of nine weehs Wwith the lowes: wiize

count observed. The most clearcut correlation of the iuportance of

P

afection is in the work oI XNiller et al. {(Z»', shown in Fi

fizure, there is a clearzut correluatiou of mortality wich the rfriction of
animals having tositive “loo¢ ana splenic sacterial cultures, Eubsecuent

5%1GLes in Russia anc the U.3. extend andg confirm the role of infecticn.

Tiilman in and Lzwvakova (30) have s:tudiec a whole series of

treir use 12 the treatment oI Tauiatiun injury in uice, rats, ans rablicts.
Toav oalminizterad Kanasvain, erothromycin, Iztracycli o=, aempicilliin,
sxzeilling, ana cletsiriae, Tihe antibdicilcs vere adkialstered twice a cay

f:rs stariing 2. hours after irraclation «ith

a I LaTiid Tays. o~ I0%bination of autibiotics was LIz
2 Siligas 2RTLLL0TLCs. 138 Ccedblnation ol zancumycin With

tetracycline or erythromycin, or tetracycline with ampizillin wes most-

eifective. The antictictie combinations zhan

sed a nezr LCCY mor:zalizy, to

mere than 30, survival., Zhernov et al., {31l) anc Trushizna et al, 7230}
ministered nexamine prior to exposure of ¢ols and menaeys folluwed wy the

«cministration of antiviotics. In the case of dogys,

streptumvcin were used. The survivals increased fron in tieir

studies on ronikeys, a ccubinatici of kanauycin, oletetrine, strejtomyc:in,

ard penicillin was used. There was an increase in survival fro= 207 -

<V L

he Zffects of Ceometry of Lxoosure and kadiaticn Injury

o

Lepth-Tose Curves and Bioclogical Effectivencss

The inadequacies of using an air dose of radiation for pre.tosis will

be illustrsced by showing the Influence ol exposure geo.etry o =neris on

36
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Jepth-dose aw diolugical

Q6 Jle direltion tian

Tl

exnyosure s bLiiateral with

%G gaCn sigz {5..

ex,.ressed as petisnct oI ths LIl.ale whia. S The ldse o th enilLtlofas
exposure, the Jduse L2415 CID &3 1T 15 aZfaoalsd ¥ LDVETse sTuale oL
2130TTTLL0 50 Taat ne exit dese s ablnt -, o L BN la0CE JOSE LLUS

bone marrow of lar3zs animals Teing exrdses would nue a v

e TRID e LTOMTEIS VALY
SIITeae2l L2352 a8 T.z o€l .ozllzicalT o, wamUCI, WLUN lLlalila. thirzals

i+ wvery ecniform depositicn ¢f ensr.y thTougnoul the tis,ue < ulvaient
cancon,  The Siological conseiuences I the Ziffufent Cose ratieln 4Tz

zreat. i3 of conmadiceraidie irLoTtaice T3 Lear itnesze UIf
shen ev.liatling fheTary O radlatlon o UIv ane IITLLG 1% f@lle al. ihaTide
axerinelLtation a:i CCMpATAati? as $0b:Llie o 20 adsuned raal-lile turan

Tigure £ Lhows a Comparison of SIlaTsTal ENPO3ULe o 4 FI o exnIsUTe
i) Tois situaticn i3 i-ortan: TIvin, to osvaluoie tre faZizos
fzllows frvagisrion with L8s wice rTin, 2 Ln <DoT3y 200 In: aciaticn
2%p0zire apprcaciiag 4 PL osource., finmze Zal.oUt radistiun i: gelivzre
& - 4 -7 — - ~ . h P 1 ey s r 4 o= - - T .
TS 4 ZLanarT sourca, the ysual narTow /L5 0oL 2T illli-o.e. P &3
such a4 ciZfuzse 260 gezree Zlelc, Inme wsirzise 27 20sa wWith w2oin - =icaue

-2 L2333 L7uaounced Loan That Tesu.ilno

because rfaliout frozm imwver:z

[
[
Y
a1
i

Lestra.izea.
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geometTy. Cfigure 3 further illustrates zne Cepth-iose cotve “rem an

cxngerimental situation usiag spih=ricaily orlenied =ducli=ol s_oulcs. a
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clinic or laboratory. It woule anpesr uuder these circumstances ana in

most exverimental conaitioas that the miuliae dose, cather thal dose

measuteu ia air, would be the bettzr curmon pazdueter in terss of which =
nredict bLiolozical effsct. On this assumzrtion, air dose value should be
multiplied by approximately 1.5 in orcer o counpare their effects to these
of a given air dose from a "point source” Leam gecamtry delivere

seome try oi raciation from a fallout {iel:

-

bilateraily. Furthermore, the-

is not idantical either to the zeomatry of bilateral point sources cr the

spherically disctributed sources s

cz Jelivers 1 rzdiatiliz
largely at a grazing angle. GHow2ver, the total fic<ld situation is Z=rt=T
appraximated by solid than by plaane geometry.

Tivure 9 shows depth-dose curves for cifferent types of radiation ::

provide an idea of the airtfereace in aoscrption of enerzy throughout a

2
large aniral body thus injury (in the letnal raage) to the important tars2:

c2ll, the hemnartopoletic stem cell, wnicih cetzraines whetier the bone rars.<

will regenerate. These c¢2pth~dose curves are Jdetermined in uait density

material using small Sievert chaclerss implantea at o ¢m intervals i the

phantoas. The doses are expra23ses a5 percant of the entrance alir acse

¥
Curve A razpresents the depcth-dose curve from 250 XVp x ray. This is a

conmonly used energy of raalation in anizol studies. lote, the suriace

duse is about 40/ greatazr than the 20Ir3ncs olr dose aad this falls off
..e:_.. - Sl At . BICEE R -~ . -

voTn ol ol ZepTo L0 Tos Tissue Lo TOLL apUitallalely in the niclilo-
correspending to nan it would be Ul oI L& enlrance to the important

target ceil, the hemopoletic stem call

ich determines bone marrow

regen=raticn. Since becne marrow was cistributed throughout the boux in 2=

bones, the amcunt of energy depositzs in the henopgoietic stem cell varies

by a wvery larza factor. The cucve L shows a similar depth-dose curve ifu:

2000 «Vp x ray. (Curve C is the izitial bewh jamma radiatioa and curve L I3

cobalt-50 gamma radiation. It Is eviasznt that tor the same air dose,

,ury to heramtopoletiz stem cells scattared throughout the bone marrow

warie. onsi erably and thus would %= expected to result ian differen:t

lethal decs32 curves.
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survival. For nractical clianical manaz exert

The Effect of DLifferent Fadiation lepta-Lose Curves on nortality in

Mammals

Tullis et al. (35, 36} nas studiea this in the laboratory aad ia e
atamnic bomb field tests witih swine as the target animals. This i3
{1lustrated in Figure 10, showing the signoia Juse moftality curves {or
unilateral 2000 kVp x ray, bilateral 2040 kKVp x ray, and the moruallty Irmm
the highly energetic prompt gamira raciation Irom a fission bomb. The
from unilateral 2000 kVp x ray is 50C rad ir aiz. Bilateral 20(3 kVp
resuited in an Lbgp ©f 40U rad ia alr. Tihe initial buomb gamma redlation

with LDSO was about 230 rad in air. T1hese air doses can be convarted Zo

nidline tissue doses based on comparative studies on depth-dose curvas to
3CC¢, 220, and 184 rad. The cdifferences are explained In part by lack of

honogensity in distribuction of dose. 1In the case of the unilatazz2l 2000

kVp x ray, tissues distal from the midlise received much less than 300 ra:z

and tissues proximal to the midline receivec nore. In fhe case of

bilateral 2000 kVp x ray, tissues proximal to and distal from ths midliz:z

recziva a greater absorbed dose. In the case of the prompt gamrz

rasiatlon, tissues proximal to the midline rece2ive a jreater cos2 ang nuiz2

diszal a lesser dose, and heaces a hligher and lower sucvival of hzmopoieti:

stem c2lls on opposita siges of the midline.

A5 a resuln of tiz eirect of ener:

L

!

anc gecnelry ol ex

he)

uUsuUrz, L.ea

fo
"
[ 98
n
il

i

raciation doses in ai: are oI relativelyv little use in pred

a

‘cetin

)
iy

it is the opinion cf this
author that one should be gulded by the ciinical and hematologic course s12
not by estimates of radiatica doses in alr
dosinetry.

Fallout kaciation Lxposure of tne

The energy of a fallout field deternines, i{n addition to tle szecmets:
of osure, the depth-dose pattern. [rijure 1l shows tie energy siect

v .
of 4-day old fallout. Thre original source i; the energy of inherent

enlssions from the rnajor components of the 4-day fallourcr.

W
]
i1

(%)
The sulid biazce
histogram is calculated distribution of energy taking into accouzt Conp e

scitterfig. Thus the energy to winich an individual 13 exposed veries Sror

(2]

a few keV with licttle penetration te a jeak at 150y ULV, The

tals energy distribution in the g2omelry of eagosurz on depth-duie curves

is sheown in Figure 12. The depth-dnse curves ol a fallout field and

11



gamma radiation are showan. The coses of radiation to the surfuce anu the

. first few millineters of the Loay were subs:uncidlly nlgher than the
midline cose of gamma radiation. The curves presented are a perceat of tie
3 cio dose of radlatioa. In addition, the clinical observativas »t tha skin
lesions forcefully dgeronstrated toat the duse to tie skin varieu
considerably between inaivliduals anc over the surface of any yiven
{naividual becaussz of tie spotty nature oOf Gtie radiation burns ta the skisn.

Another feacure of fallout radiation is its decay. The fallout

arrivad aoout 4-3 hours after cetonation. Figure 13 shiows the accumuliatisa
of dose as a2 function of time after detonaticn. The dose rats decreased
continuously as thz fallout material decayed. The rnajor portioa of the
dose was received at a higher dos= rate. By the tine that 307 of the gose
had been raceivea, the dose rate nae fallen te less than 407 of initial
value and thus is much different Irom any anizal exposure cuvndition iz the
literature. The influence of a cose rate falling by a 1.2 power tunction
is not known.

Zepair of Radiation Injury

This has been considered in some detail in a report of the »CiP «37).

L VTYY
In the NCLP dissertation, it was stated that 150 rad gver one weax, 2.7 rai
over one mouth, or 300 rad over four mouths is believed to e suilethzl anu

that no medical care would be rz2quired. However, 230 rad over ciz2 we=i:,

330 rad over one month, or 500 rad over four months is estimated to t= in

the 5 nortality range and that scrne medlcal cace will be requirzd. ‘=hen

-l
450 rad 1s received over one weex, LUJ rad cr uore cver one mont: or
longsr, the mortality without trerapy is estinatzd to be SCI or

Lore .a

e

extensive medical care will be rejuired. These are duses of rad in air- and

a0t midline tissue dose in rad.

Wwhethar studies on mice are applicable to man is ot known. In cecent

cnpublished stucdies, we have investizated the influence ot varyiczs thes tize
interval from l-24 hours between 2.5 Gy, 250 kVp x ray to mice, for a total

of 10 Gy. This is shown in Figure l4. At intervals of 1 and 2 rours, no
mice survive 30 days. As the faterval between the 2.5 Jy Ilncrercats sre
tacreased, tiere 1s an apparent ¢ clic change in the fraction surviviaz.
when the in;ervdl 1s 22 or 24 nours between the 2.5 Uy lncrenent, 1007 of

toe nice survive. Figure 15 snows tie hematopoivtic stem cell (LFU=S} per

5007493
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leg in normal mice and mica receiving a single dose of 11U,

200, or 3Ciu

and the mice receiving 1C0C rad iz a siugle dose or 10UD rad in four 158

rad iucrements 24 hours apart. all iLUU rad auilcals dieag by the’ilin
after irradiation and the survivors hud 3 very low CFU-S conzent of abiiu

per leg. Animals receiving a 25i rad cose at 24 hour inter

equal depression of their CFU-3, I.llcwed by an expon=ntiz

[

near aormal levels by 30 days aftz=r exposurz.

Therapy of Yhole Bodvy Radiatiosn Injury

Bacterial infection has lcong teen estauvl

&

o
o
W
G
()
i

t
Y

vzls rad an

T=covely I

raz

=9

zay

¢eath in the irradiated aaimal in the LDSO range. The commensal organists

living primarily in the gastroiutestinal tract are tie isuval orgzaisms

kill the animal that is irradiats¢ in the LDy, range {11, 26, 33-<3}.

use of antibiotics as an effective treatment was Iirst shown Dy filler

al. (il) with the administratica of streptumycin in mice.

pes

zerm~free aaimals have been studiz: (42, 43) ang these animals 1live los

In s¢diz=

T

——il -

-~

iz

2L

dring fromn hemorrhage and anamia rather than infection in the absance of

bacteria. The effectiveness of entitiotics falls off as one nears tha 14
lethal dose level since osone marrow regeneratica is delayad so lizg tos:
bacteria cevelop resistance to thz antibiotics being usea belore Loune

rarrow regenzration ensues. Takeza {(s4) has intensively studied the -zla

of water-electrolytes ang autibioiic therapy agaiast tue ac

3

rzdiaticn deatnn i tne rac.

ki

T I72Se Studies L vas ciearl;

P

microorzanisms play a proninent riie Iln the geaesis of acute i fnsZ

death in the rat, and this was mezified by tha use of an:iin
intensive administratioa of water isnd electrolytes. It is
effect not limited to rodents. T:35 have been treated «with

antibiotics, fluid replaczwment,

Inprovement in mortality .as obtained by Coulter et al. (%3) ianmond

aad Allea et al. (47). In the lz:zier study, blous trausius

corbined with successive antiblotizs. In view of tha

fact
organisms of che intestine are frzyuently culcured from tae
fatally irradliated rouse, webster {45) tested the effect of
therapy upon the rortality from w:iole boudy x-irradiation of
c¢oses of vsadlation were used fror 700 rad through 2500 rac.

treatment sultea in siznifte:

[

nt prolengation of the rean

[
[we )

3

iotics and

Linod traasfusion. & dr-=gtris

ions u2re

tzat soomemsal

Uiz izdsstitai

5loo:s of =

oral zeomw

rats. OLrazzg

Lecrycin

survival ti

<

i

L=



irraatated ~aimals at exposures Letweesn 300 ane 1500 rac. After 1500 zad
and 2500 rad there was a Small,bbut consistent prolongation obf th2 meacz
survival time. TFor exposur=s hetwsea 70U ana L1OG rad, the 30-dar
lethality was consistently lewer for th2 neomy<in—ireatad rats. Joremson
et al. (23) and Perman et al. (29) giscussed earli=r nave clearly
established an etfective treatrent of tatally icraliatad adugs usilizicn
successive antibiotics, fluids, platelet truausiuslons, and whole looc as
needed. Shalnova (49) published an Lnglish-languagz review of all of zne
work doue in Russia before 1975 on antibictic therapy in raalation inifuzy.
The essence of the work is: 1) apply broad-spectrum antidiotics insuring
suppression of micruproliferationusing a purposeful alternation cf
antibiotic cycles with different preparations; 2) use antibiotics o cz=ate
bacterial static cocncentrations of antibiotics, aot only In the dluvod =zzd
tissues but also in places of naturaloccurcence of microaobes such 35 the
gastroiatestinal tract and respiratory tract; 3) utilize aatibiotiss as
early as possible, and before iafectious foci have develcped.

The Managezent of Whole Body Radiatiocn Infury ‘ith or Withou: Lorn=

Burns and Lounds

As discussed earlier, estimates of the air-exposur2 sose arz of
value for two reasons. First, one needs to know the cepti-cose

distribution and second, the dos

L

(1]

estinatss arez Jenerally inaccurate

ata,

bearing on the nigh sile initially and trnen dec

TAar 22
-3 =3

IS

4r

it

N 3 meyed S o
as RS SO

and analyses are made.

‘The first step is to determine tnz severity of the rad

-2

[
W
rt
e
C
&
o
=]

e
¢
"

'
S

the basis of signs a2nd symptonus. I

h

tners are no abaorzal sym
nausea, vomiting, or diarchea,; the dgoze of ragiation is in all
probabilityin the sublethail range. I therz is severe nzuseza, voriting

‘ and diarrhea as discussed earlier, the ind

b4

viduals will fall inte the

severe gastrointestinal syndrouwe. Iif the earl

¥ syr.ptoumetslogy sulsides anc
there is a feeling of well-being with rapidly developinz changes iz
hematologic picture with developing lymphopenia, reutrorezla, and
thrombocytopenia, the individuals would fall into the hezatopoieti:
syndrome. The following therapeutic regimen is pruposed:

1. If the exposure 1luvolves contamination with radicactive natericls,

the individuals should be monltored for radivzctivity zo€ cscontzrinizsa

as promptly as possible.

5007495
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2. If exposed to noutruus, 3 whuie body shoult be rmade

coual

castimate the arnount of radionuclices :roduceda.

3. liedical history, puysiczi exanination, 20nd laberitory studies

fncleding a complete hematolujic =valuation sheuld e doms as prompily =5

possiple. Cytogeaetic prepafations of alrzct tofe rarcowx and

phytohamagluiain stimulated paripharal blood sucevtes shouid be set up
for leter aunalysis of biological Lose zsiinate. 45 soon i3 pessidle, Ize

lyimphocytes should be obtainec while still

in, for human lymshocoy (¥Lay wroing 203 stoeage oo late

P EN-TH
leukocyte cuitures. Tlhe tvulng will be useful foz

1

ratching of granulocyte, platelet transfusioas

P
(U]

the iceatificatioz c
possible bone marrow doncr.

4,

In the early stazes, the *s, fluid zad electrol;yT=

balante nust be monitored closely anc aprropriate

intravenous or eral solution.

5. Reverse isoclation technigues to prevent ipzress .2

the irradiation Individuals

arz zZenerally Seli:veu to hav: ieen elfezil.=
in preventcing infections in patients uaa= inz treawnent ot l2uxetia m=nd

rzG
subsequent bone rarrow transplaatativn. This

procedure in the event of a yotemtially

pnssible, the incividuzl should pe acritiad to z —ocera l:ilrnar air-Iilc~

rTon WLIID A4 Coapllle regiozn oI sxin steriiizatiua, sterile cist, an:t
acn-absorbable antibiotics for sterilization of tie pastrziuntestinal
tract. If chis is not fe2sible, mzasurzs should e initiz:ied o prevenz
comniensal and pathogenic infectiors. Hecuctlion in the gesirointestizal

flora is desirable, and tiis can

road-spectrun azstibiotiz

o’

SUcl

0

e

lG.

t
6.

»

2

sta
Platelet transfusions, preferably fresn, should e giwven when

to maintaiz

platelzt count agproaches 25,050 and levelis above

this.,

I1f the patient should becoze refractcry to rancom donor piatelets, the =se

of tHLAa-matched platwlets frou unr2ldiles conors tay become 1ecassary. A

family-member transfuslon snould mot e

4 x ~
driinistered

Y

of Etone narrow transplautation

043 TEeT 2XCiuded

might sensitize the patient to the anzizens of 4 po

w
17
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o
—
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7. Granulocyte traasfusions would te des "
in patients with a sranulocyte count falling Selow 200, .1
these are oot practical on any larze scale.
5. Infection is the greatest threat to
sisniricant fever sreater tiuar 389C shiould arou

infection in tne Jraaulopenic patlent. F2v

bacterial infection, or fever sustained rore han 24 R

for initlating systamic antibactzrial therapr »vsn thougl eulturzs are
nezative. Since the most likely azent is an .r-2nism T30 norTel Isws
flora, Llnitial therapy should include aminoglrcosicze ant carbeniciilicz
adgicional antibioctics baing adced as inaicatec LY bactezrial culiure
sensitivities that are obtalmed. TIf cultures zre negative or fewvir

persists, therapy with a combination of triaep-ou

Iad

or with ampho
antibiotic therapy, it should »e continueg until the
rises aYove 5C0/.1l, fever subsides, and evideance of Inf:cticn gdi

. Washzg pacxed rad blooe c2lls shouls = given

iafusicn inwo the patient in srder to kiil 1.7 ,a0cvtes that niign

prulifarate auc impair the possiuility of a toune rarrow transgla

~

h T

FIPN I 1 PRI
it Tl oL So

1y x o oLnzico.
irrzdiation casuszltyr because uncertalnty abaut thz
raniation dosé, inromozeneity of tie aose, aind the requiren2
gose be within the limits of rescue of bone marruw tra
approximately 800U-2000 rad. Z2elouw 500 rac immunity {s ot st

cuppress=2a and traasplants Are rejected,  Above roughly 00U

nave bezen HLA-typea and donors will have Deen izentifiez :

icentical twin 1Is the ideazl <conor.

transfusion of bone marrcw trom his twia.

above as an iadicaticn for tone marrow transplzatatioa, It is to
from the earlier discussiun that doses ard the “depth-dose curvas

xoown with any <egrez of certal

a

aty ant the doges uled zlive wers
experimental ccnditions wnere radiastioa was delivered in a raagner

uniisrn whole Zody distribution of absurbec enzzyy.

1s
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ericin may e consldered. after iniziati:n c¢f Lozl

th2 lymphocy tes c¢ollected promptly, toe casualcn

AT <X - g0l

Tz ragnitude of e
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Hematopoistic ilolecular Resulaturs in the [anagement of the lLone

Marrow hypoplasia

In the last ten years several rolecular regulatours of hes poiesis
have been i{dentified, puritied, seguenced, and by recombinant L...
techniques arz beiag producad in large amounts. These are interleukin-_
and 3, granulocyta— maczrouphage c.lony-stinulating factor, macrophage
colony-stimulating factor, granulccyte colony=stizulating tactor, and
erythropoiein. Interleukin-1, a ;roduct primarily of activated ncrnocytz or
macrophages, sti-ulates T-cells, encotoalial cells, and Zidbroblusts o
produc2 granulocyte-macrophage colony- stinmmlating tactur:. The latter
accelerates the production of granulocytes and macrophages in vitro and
upon in'vivo administration produces a zranulocytosis with accelerateqg
productiocn of granulocyces. It also increases the effectiveness of the
functional granulocytas in phagocrtosis aand tactzrial killing. Granulowyte
colony-stinulating factor accelerates in virro the procuction oi

granulocytes 1o colonies and im vivo accelerates the procuction of

Luc
dranulocytes nd improves the phagsocytic and tacterial-zilling cavacitie
{53-53). IL-i1 has been used as a racdloprotector. When acdministereu 20
hours prioc to irraaiation, IL-1 turns a near 100% lethal dose of raziaciun
in the mousa to near 1007% survival., %When admiaistered four hours telfors oc
43 hours tefore, it is ineffective {(3L). GMN-C3F aud G-Ls

admian

a2reG Lo

177}
t
wr

vimatzs ang snown Lo produce a suidtaines graaulocytssis of
4-5 tizes the normal lavel as lougz as the materials are administerec. z
has been given to priviates and mice in which the marrow sas been suppressza
by raciation or chzumicals and the zranulocyte couunts ace increased

(51~54). Erythropoietin has been shown te te of najor benefit

stimulating tas proguction of rec ca2lls in individuals with severe

w
2]
w
bl
13

‘ ]

as a result of reanal failure (53). It is assumed that these a

¢
C)
(md

s or
conbinations will bz of potential %Tenetit in tne treatrent of iadividuals
with bone marrow supprassion as a result of whole bvay irradiation. Ca the

other hand, it is concelwvable that forciag cells into mitosls beforsz DNA is

adequately repaired may fix genetic injury and result In either an esrly

failure of the mitotic capacity of pluripotent stem e21l5 or an earlisr =na

increas2d incildence of leukemia. These are possibilities that aeed o b

explorac experimentally.

17
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Fizure 1, Schematic precentacion of radiation syndromes produced by total

body irradiation as a function of dose and time after irradiation
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Figure 2. Sequential neutrophil counts fin dogs exposed to nuciear tomb gamma

radiation in relatiom to mortalicy.
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cure 3. iiortality (died within 9 weeks) related to WLC level airoshira zad
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Figure 5. Schematic preseutation of likely and unliiely radiation lethal 3iise

curves for man frow Croukite aud Boud (23).
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Figure 7. Depth-dose curves for 207 YVp x ray expressed as rercent of surfase °

dose for unilateral and bilateral radiation exposure from Jomd e:
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Yigure 3.
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Figure 9. Comparison of depth-dose curves in [lasonita phinton expressed as

parcent of euntrance air dose for diverse sources of radiaiion Zrom

Bond et al, (34).
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Fizure 10, Radiition leothal dose curves for suine exposed to unmilateredd =t
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Figure 1l. Inhereat gamma emissions fruw fallout (mixed fission products, and
the histu,ram of dezraded enerzies producea by Compton scatteziag

at leval of infinite plane 3 teet in air above uniformly

distrituted fission products fron Tronkite et al, (4.,
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Figure 1Z. Nepth-dose czurves for fallout field and bomb gazma radiatiza. The

dose Is expressed as percent of the 3 cm dose because of tie ~izh

beta component at the surface from Croukite et al. (&),
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Figure 13. The accunulation of radiation dose in air as a function of tine

after commencesment of fallout on Pongelap fron Cronkite et al. (&),
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non-irradiated mice, mice exposed to 100,200,200 or 10CO rad ia
a single dose and mice exposed to 1000 rad given in increments of 2
5 rad at 24-hour intervals. ‘
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