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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™

2 - - . 3
V. P. Bonal,_(,'. A. Sondhaus®, ana L. E. “=in=mzez=a”

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

e

re
-
[al
'
fi

environnental agent of concern, to being an « lve tharare

the coatrol of cancer., Tnese chardcteristics pluce the former {3 the T>al=s
of public health including epidemlology (Ph); the latter in zhe discirl!
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 effects cn an organ or a tumor: clearly in the ‘@ realn.

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

be comfortably accommocat=4 by those acantities ana urnits 2:20pte? ear

-

during this period. These consisted mainly of organ or tumir excosura,

"

proportional to absorted duse, on whic.s cepencs :ne frzctizn of

UTg3Ti OC

|

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 amount of radlation in the ambieat filela s
regarded as {rrelevant: what mat.terevc' <as considered to be hat <hict vas
actually absorbed in tissue. In fact, the "skin erythema ccse™ unit

fo1 i
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 two views were eventually resoivad, but only arter the secocg

meeting of the ICRU in 1923 (1 ). At thils pathering the "caantizy” 3t

<-radiation was deflnec¢ as the Hoentgen, ejual, wizn .agitiznal Jetailes
specifications, to one electrostatic unit of chaagr in one ¢ of ai-.

It seens evigent that the word “cuantity” was o fe iatertrzted in o

paysical seanse, i.e., 2s a @2asure of INe eneszy Ilueuce. -Jwever,

part to ambigulty among the woris “arcount”™, "juaatity™, danc "duse”,

h
[3%
.
A

part to the fact that 1ir inl tissue Dave 2loo

-

(%]

Ty Lhe edwg 2lec it
censity, the physicist's "quaatics” of radiation vas c¢jual-, orc
proportional to the physiciau's "amount”, i.e., dose. Thus almost
immediately the Roentgen was widely describeg as tne unit of x-ray "zase”
The ICRLU in time endorsed thils preemptive move, as evidances by zne later
adoptlon of the "rep™ and then the rac as the unit of absoried dese. iz
{mproved Instrumentatlon and the use of phantoms fur ~easur=:zent ia :
this systea has contiauesd to wore ~ell for HLZI, even whea high-LiT
radiations. necessitating the use of the concept of relative dlclozl

effectivenass (RBE), were intrcduced i{nto the radluthezipy zf tumors

The baslc principle {nvolved in the above problem can be stated zs t

For a physician (or anycne) to estinate the probadility of 3z serious =t

labeled consequence of stochastic agent transfer, preferrad s a:z

aevaluation of the s2wvarity o iaf.rw zi:-alnan S

this, an astinate of the dose {5 the nex: fall-baz< positicn. EZxpoz.r2 s

of little or no help in this regard.

I

i

That is to say, needei for pro:zc
evaluatlion in an object-oriented quantity, measured In or f:r the

individual of concera.

Low-Level Radiation Exposure

It was observed quite early that cancer could resuit fzom HL I,
owever, only much later was it widely appreciated that the “siagle

cell-orizinating” effects, cancer and herftable effects, musz alsa be wacem

seriously, even at very loi doses, of larger doses at very low dcse rzies
g »

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

involved fell intc the category of Fh, particularly its subziscizlin=s of

epldeniology and acclideat statistics. However, no effort was race tw

adjust the basic quaniitles and units as denmanded by this ciifereat

51



disciplinz. 1t appacently was tacicly assumez, since the oxpgression o
tunor is observed in an orygan or orguns, that the relevant paramedzr I

cancer inftiativn should also Le the atsucd=2< Cse O Iue oCsd4u. Ihls
sractice was adopted. Absorbed dose ALI0 Con
using ' {z=: fopulation conla e
"

‘simple cell systems” or whic: a
em”

regarded as a "syst 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 ounjective is sicmoly to incicate e oesic

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

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

on

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

X}

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

followin, which the nmethod of applilcatica is gescrlibed. Tuis is then
followed Ly a nore cetailed acd technical Zescription of the undeTlyin:

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 polnct simpl- be stated, ang then later deronstrated. Thi:
Tnil Che absorled COSwe o to 15 orzan i3 concegtially toz quenticy
of that organ exprussible ia terms of the physical quantity fluence. Tha:z
s, "t {s concentually the nuadber of prizmary anéd secondary rarticles
unlt arza, ~hich {s a parameter of the radiazica svurce, aud flelc of 1:=
radiation ian which the c¢=ll gpopulation 2r an organ or cther <ll _opu_=zicn

of interest is exposed. Thus, in the typical urzan dose-culi resgonss

curves shown in Fig. 1, the absorbed douse shown on the abscissa shoulz we

regarded conceptually alziough not numerically, as the exposure in

(AN

terss o

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

whu
wished’ to know the dose tu the organ. The raaiobiologist concerced wizn
tae study of single cell-inftifated eftects must %e faterested in the w--unz

ot eneryy deposited in the c¢ells-~not tTial whi

L4 gy Se 1o the eavirun =1t

of the ceils.
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physycians, who had no dir;ct udy of detzrminlng 03t the tumor or neraal
tissues were recelving from a given exposure. That is to say, one must use
a "cell phaantom” Lif one wishzs to estimate the dose to a living cell. Thus
we must outline the requirements ana n2cessary characteristics of suca a
cell phantom. However, in so dolag we wu3t be ever mindful that, unlike

tire early (ana present) physlclans who oparated ia aa “d rode and regitced

Py

-

only the dose to the fadlvidual ourpgan or tumor of tnterest, <=2 must
avproaclh rthe problea from the oh, 1l.<., evidemilologlcal and acciczat
statistlics standpoints., This is, of course, because any traasfer of
radiation enersy to Tissues awes pliac2 snly 435 a f2sult of 3-ocenzs ti:z
(L.2., due to random processes) encounters or collisions Yei-:zen 2
particle and a target-containiny volume (TCV) within the cell. Thus <e
first need, with LLE, the (fractional) number of cells hit. Also, bezause
encrzy 1is depositad in the TCY in separate, discrefe amounts, we need also
the amount of energy deposited, 1l.e., the "iit slze” or “cell <ose™. The
ragnitude of the cell cose varies greatlvy from cell to cell, and rangss
from zero to the maximum amount of kiuetic energy carried by tne parcticle.
Thus the dose, to be relevant, must be reglstered {n Individeuals 3t the
level of bfological organization at which the initativa of the response cf
incterest occurs. The 1importunt conclusicn is that, while with KLE oniy the
one physical quanctity organ dose {3 required for risk evaluation, witx LLE
at least two {adependent quantlties arz required,

The first requirenment, o >

1)

Ele)

e

e L ra

and dosed during any given ex_osur2 geriod rejuirzss that the
electronic. It can then have the shurt recovery tiie needed in o

many hits per cell can be recorded (l.e., Lf a aunier of phantoun

rzglister a total of x hits during an exposure tiwe T, then a single ranidly

cz2covering cell will also register x ntts during a time xt). Tnris prarerty

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

with the first of at least two probabill:ies1 needed in principle for

eplidemiological evaluation, ranely, thz nunber of hits per cell, equa.l

numerically to the probabiltity that a cell will bte hit, dosed, ana {n-ured.

e eaE— ) :
The number in a group expected to respond quantally atter a ziven exjosare

provides the numerical probability that such a response will occur. Trus,
the term probability will be used interchangeably with the terns “rraczion™
or "proportion” of equalily dosed quantal responders aad the term “risu”
will be used laterchanz=ably with the pruporticr or incicence ot
stuochastically, and thus unequally-dosed quantal respounders.

50071453
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Laxt, the phantom must recurd separately for every giscrete [it

e Qi

‘-
Aw

. phantom cell, the magnitude of the energy deposited. That {s to say,
nmust provide tae adistribution of the ragnitudes of the enecsy deposits in

the cell TCV's, or the cell doses. This distrihuction of cell dose3s nust be

obtainable for aay giveu exposure to a4 S5inzle type of radiatioa, or any
nixture.

Tie electronic phantom can he made 0o arfinze the stochastis co=ll
2] 3

dosas neatly in order oI increasing magnitud2. Thus we have the exact

analogue of what is commonly used in phar-macolopv ana

) toxicolosy==a graded
series of cell doses, walch ino principle peraits us to develop a funciion

for the (fractional) number of hit cells thac will resuond quaantally, at

each value of cell dose. This {s the cell analogue of the “organ
dose-organ responsa” curve. This fraction i{s equal to the condittonal

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

respond quantally. Such curves are now available, for several cellular anc

polnts, we thus have three probabilities to bSe evaluatea, 1) the

nrobability that an exposed cell will be hit, 2) that the arz cell will Gse

of a givea range with a given 3fze, and 3} will respond quantally.

Iz is
these protabilities that permit us to determine, for a given exposure, the

fraction of those exposed that will respond quantally.

An example will help to clarifiy the above swuitements. In Fig. 2 ire

shown schematically three distributions of c=ll Jdoses from stocnastic

- ~

Ces33203, 0z 130 =40l sl lale=

[§3

JoRs [P

CAJUBEIES, 20U ta. .0 4
radiaction of a single quality. lote that as the exposure iacreases,
neither the mean nor the maximum of the distrtbutlons chzages--it is acaly

the area under the distrihutions, {.e., the number of exposed cells that

are nit, that lncreases. Note that these distribytions represent a graced

series of doses. Also shown Is the S-shaped curve, an HSEF (hit-size
effectiveness function), a velationship that providas the probability of a
quantal response as a functlon of the cell dose. I the cell dose
distribution f{s multiplied by the HSEF, the result will ce the
cofrespondingly-ma:ked smaller distribution, under the larger one. The

area under the smalier distribution provides the siagle and ceternining eag

point in quantitative epldemiology or risk assessment, {.2 the

2., fraction

of those expoused during a glven exposure, that will respond quantally,

As will be expanded on ldater, what has hbeen ternea above a “cell

phantom™, 1s ~uch more than the analogue of an orjgan 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 “ill he dused 103 that duse will be of a glven ‘
size, but also, with the HSEF, the probibility that that Jose will cesult
{a a2 quantal response. Thus the nhantun siould be called a4 "cell riss
metar”™, vather than just a zell ghnantons.

Low that the baslc ouzlioes of the apgroacn have beea lald oul, the
necessiry more datalled {nformactivn an eacn elonent of the ovarall aprroacn

caa be providad. ]

Orzan Dose: Concepzzal ESxposure

In order to explaln ard extend the abtove statements, it Ls useful
first to demonstrate thz2 relationsuip Setween the absordbed dose to the
organ and that to rhe czllular elenents of the system. This cau he lone as

follows:

in which Z {5 a single energy depositica in the target~containing volune
i

(TCY) of the cell,

.e., the "cell gose™; %, ann Ng are tie nundaec of

hit ana exposed cz2lls, respectively, ana ¥ {3 the siagle probabiliny ot

a Cell TCV receiving an energy <eposict Surlig eaposurfe £, equal numericallry
. .

o JH/AE.

However, 1t {s «ell <nown “cyu puysics thart,

in which 9 is cthi. field strength ueasured as fluence rare (unfts of
patticles cm'z t‘l), which express the rate of exposure {(of cells) to the
energy~conveyliang charged particles; tp is the exposure Ulae; is the
fluence wo which the total exposure s numerically equal; and — is the
"cross sectlon”™, or coanstant of proportionality. Thus, subscituting In

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

-

D = Eqa\— = k«f - k'é

5007459



in which 2z = X Lecause, with stochastlc energy depousition, and LLE, tie

expectation value of the mean cell dose {5 invarfant with expusure.
Eq. (1) coufirns that D to the orjin system {s not a dose at all, when

tts equivalent {s provided for e level of biolozlcal orzanization

appropriate > the "late single-cell inlciated effects” of LLE, muta_21est

5
and carclnozenesis. Rather, it s the exposure of the cell population,
2Xpra2sseq aslf. This s provortional to the risx of a c¢ell being uused,
equal numerl&illy to the expectation value of HpfNp. This
"object-oriented quantity™ is proportiocnal to the psima:y independent
“fleld—-orientea” variable exposure E, expressed as P (see Lg. 3).

with D becumiang E, a ratliconal basis for the "linear-noa-threshols”
relationship 1is provided, f.e., although a pucported l.near telationsnip
between dose and the probability of a quantal cesponse tends to defy
credulicy, such a relationship between exposure E and the number of
(stuchasticaliy) dosed fndividuals, or of thuse snowlny a Jquantal c2s.onse
{s Juite plausible. The fact that U {s exposure and not dose also pravizes

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

is done in Fiz.-1, to express the bilolopgical respouse in terms of a singie

variabie, Ll.e., as I, or the proportiornal parameter U. This 1Is deplczed in

Fiz., 3, the liver panel of which shows conceptually any oae of the curves
ShuWwd WD flg. 1. ln La2 udper pan2i ls a Loree-ain2asiondi scasnatic, oo
the expcsufe~’. ./l axes which is ceplcted the same curve and labeledg

poiants shown in the lower parel. Ou the Ny/hp-cell dose¢ axes are the

cell 4dose distributions, i.e., the relative uunbzrs of cells dosed, as a
fuauction of the cell douse, z.

It then Secomes addirionally clear that each point in the linear cucve
does not represent a single value of cell dose, with 3ll doswd indivicuals
haviang receivad nominally the same value, as is implied 1a the tera
“dosa-response” curve. PRather, each point equates to an entire
distribution r:preseatliag groups of cells with differert doses. Surh
aistributions ace implied itn Eq. (1) showing that U = E?“, in chat
obviously, to have a Z, there rust exist a corresponding distribution. 7Tne
nusber of dosed cells at each value of f—represents a graded series of cn:l
doses, 1dentlical in concept to such a sceries used In M4 w deteralone zhe

pcobability »f an vrgan response curve as a functica of aouse.
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A Cell Risk Meter:. Microdosimetry

"Microdosimetry”, although ori{zinally applied only 1n zhe context ot

i

the techniques devisad by Rwssi et al. (2-%4) o weasure the number of huts

per ce2ll and thelr naunitude, has Qow Deen exiznced to include both

-

asctrumental and caleulatisazl angroachss oo
quantities.* [t i3 jeruass most {liundnating to gescrile fhe insirument

approach.

A mlcrodnsinmet2r i3 siwply a froportionil counter contaliing
equivaleat sas. Although the counter may be ceatinmeters in ilameter,
partial ewvacuatlon :na suitable scaling permits ready sizclazlon of
subcellular volumes of several microns in dlameter. Zach ULine a particl=z
impinges on or traverses the i{nstrument, a sfagle "hig” is':eaisco:ed. ana
the size of the resulzing “event”™, measur=d {n termus of oz 3lz2 of the ion
cascade, 1is taken as the magaituuse of the hit, the "hit s5iz="
Thus the instrurent can be rezardz2 as a “cell phantun™, ia the sease

that

-

t ra2gisters the size of the "cell dose” delivered., Hoamver, it

diffe

2]

s ia several qui-2 siznificant respects from the usual racro-phantons
used ia the dosimetry of organs or other tissue volumes. The recovery rine
cf the instrument is exiremnely rapid, so.chac, with low=-Io-7odesSt exposure
rates, =2ach hit 1s registered separately. Thus, one obtains not oaly the

scectrum of zne stochastic:lly aelivered hit sizes, but als: the =utal

he idea of discrete, stuchastlc hijh-density energy deposizisas seseltiag
frem radiation exposure :>robably oripginated early ~ith Dessacer’'s "jpola:
heat™ tneory and was certalinly weil appreciateq by Lea (5). hLowever, thzse
iceas were not formally leveloped until the "alcrodosimetzr” was iaventen
by Rossi (2-4). Tts use nas Leen rmore in the context of a substitute foc
ché quéntity LET, to describe energy definitlion within a aon—-anatomically
defined "“gross sensitive volume”™ within the cell., The i{dea of a “cell
dose” was probably applied first by Bond ana Feinendegen (1C), and
developed 1in NCRP Rzport No. 63 (1ll). The i{dea of a microdosimeter being
coanceptualily a cell phantom with which cell dose could e datermined with
stochastic duse del:ivery &s relatively cecent (Bena et al., Feinendegen ot

4

al., Refs. 6 andg 12}.

¢



number of discr=te hits Inr tne glvan amouat of expasure.

Instrument represents a slagle cell, th2 reacout is In ta-ms

hits/exposed. The nicrodosimeter reyisters -ssantially

SN e

Ce

B34

-
Jae

charzeq partlil=s,  hHwWoever, with scaliag Z:i2tors ton
exzrzmely small zxposures, LU provi: . olzs, . alos .
tne fraction of exposed calls Wit 15 (wast sagce.
"interpersparsedTpartial hody radiazion, in Which ik
vmoand sghars iTte cnt.

An additicnal Lumgortant characteristice of cell na-rirle
en . .cntars {3 tim» rate, This can be varieg 20 wili. Thus 1 si-;le oot
TCV za. te subjecrted to Ircm none wuwp Tu 31 v=oy larze ausbaro of ecccuatercs,
in an arbitrarily snort perlod of time. Thus the ilasnrumea (s ~uch ore
thar a dosimezzizr or a "microdosimzter”. Paizer, ii provides The -wWe 22312
{angra2dlents rnacessary for detewmination of the overall risc of axcaosuyre F
a pezzlarioa ¢l cells, or any oth=r urganizad systen S0 =2leeiifs.  hat -
to 1t detzrmalnes the numter 3f {agivicuals hiz and aff=ctes 3t all,
anuy the olt size which per~its pradiction of the fraction »f nic :ell: =racz
will respond quantaliy. Thus, {t provides both ihe probablliity <iat ~ c=
w{1l. be hit and iosed, anc the means cf dezz2r-ining, thrsugh tis 10 5.2+,
tne condizional prababilizy =hat a hit cell winn a given iz sizz il
T2soond suantallv, (In the tacrs aceldent :ralery, thess two faziors 1oz

refecrad to as the “probast, . ty” uand the “szvecitv™.)

migat twtter be tecmea Tcell risk methodolozy” an

fwamples ol mlcrodosinetric distribution

2]
"

are snhown in Flgure 4, The amount of enerzy depo

the “specific =naerzy” (2,4}, «izh dimencions the

dosz, namely, energy/mass. However, bscause of =i

d tha

or radiztions «I
sit2d has besna z
sane as those I
e need T use

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

2z-~only been called a "aft". Also, with ile Jilan=ter oI

as 3 nuclevs of 3 microas in diarmeter, the feru ”
often sizply "cell dose”™ have bezn employed. "H{

»*»

doze” will be used h=re interchangzably.

E ¢l

5001458
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Alchough ft is also useful to distinguilsa between stochasticaluiy
deliverad as opposz2d to planned doses, this I{s to avola confusioa and aot a
substantlve raquiremeat. In other words, all else belny equal, an crranisn
has no physloloytcal means of detarmining wiether a gliven avent traost
llas occurred stochastically or by plaa.

[t Ls only bDecause of the above-vutliney capanilizies ot
microgosimatric methods that tie enornous advaatages of ustn; the els-ent
dose approach can be realiced. The ilastrumeat {s "cumpletely blind™ o zhe

tyne ocr enersy of tne radfation particle responslible {or the glven eaers

.

deposition. Thus the nuaber of hits and the hit sizes are completely
"objecc-o:ieuﬁec" quantitles, om whicu the extaut and sevarity of effect
resulting from radfation exposure depends airectly. Ian other wcrds, in
priaciple, 1t is unnecessary to Xnow anythinz about the nature of the Iield
in which the blological material i{s exposed. The large advantayge of this

lite2s not only in that it usually {s quite difficult practically, even for

rh

the most “pure” of radlations, to determine che flela streagth fn tazrus o
the fluences and energles of the different tyces of particles. In =ixeg
fields, it is essentially impossible to define adequately these variables.
Even 1f defined, they are too remote from the blological effezt to rake
them useful for quantitative pradlctlon purposes. lilcrodosimetry in
priaciple obviates any requlirement to measure these quantities.

The companion advantage of uslng microdosinetric methods 1s th2:, (=
permitting measuretenls to be made 2t the tirie of stochastic evauts, taer
in effect tura the abstract risk of being dosed and of cell doses into
concrate valuzs for these quantities. Even thouzh Lt {s usually nou:
rossiile to designate which liviag cell {s hit, or to attribute any
particular hit size to any particular ceil, it 15 possible to stace
accurately the relative numbers that were hit at any given value of z, tor
any given exposure. Thus one has essentlally alt the information tha: cce
has in pharmacology and toxicology, in witlch the number of iadividuals a:t
env civen dose level is known precisaly, aad from which the (fractlonal)

nu~s - of uzancal respoaders can be datermined.

10
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tith the above digression, we can now raturn to Fig. 3. It

from the figure that it is not appropriate, and is misleadin;, Lo preseut

tile data in termus of a "linear-no-threshold” relaticaship. Fracher, as

shown also 1a Fig. 3, the dita should be presented as distribations of 11z

cells, the arwa of the dailstridution representing lie total amount of
exposure,
As noted above, the distctbutions In Fizs. 2 2wl § srovide a4 rades

serties of cell doses, exactly as is done {n Jetzrmlalng an organ
dose-rasponse curve, ia !!d (tne numbers of animals subjects to yragea

in Md are frequently of essentially the same size). {t then Secomes <lz:c

that what is needed to evaluat2 the number of hit cells that will rzspounc
quantally is the cell equivalent of an organ-dose response curve, {,,2., a

reilationship that will provida the probability of a cull quantal responss=

as a function of Increasiang cell dose. Such a function, termeag a hizi-size

effectiveness fuactlon (HSEF), nas been developed (5-9). Oae such curve is
shown schematically as the S-shaped curve in Fig. 2. An actzal curve Iog

chromosome abnormalities, derived from the data in Fig. 1, {s shown {n
Fig. 7. The use of these curves {s now discussed, follcwing which tr2ir

derivation is summarized.

Use of the HSEF

The use of the HSEF i1s snown schematically {n Fig. 2. For any oue,

or all of the cell nft siz2 distribitions shown, one sinply nultiplies ==
stributica Sy he nlni, Loe., e numbes ,f nit o:lls ozt 2ol

P

H
-

FRC R, L oEilw L3

mulctiplied by the correspoading polnt oa the HSEF. The resulting producsis,
the fraction of hit cells respondiag quantally at =2ach cell point on tne
distribution, are shown as the nuch smaller distributions witiin the largec
ones. The area under each of the snaller 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 glven amount of expusure, that is the eand product of tha
risk evaluation. It is the total risk to the cellular system, {.e., the
excess incidence, In that system, of che end point, for exposure &, of the
risk assessment. Thus such a value can be readily obtained for any amouat

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

11
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to utilize the"linear, non-tareshold™ fuaction required ta ths curzeatl:
used approach.

However, tr mav be useful, tn show how the prouposea approach can te
tled tato, but differs from the present system, This (s lllustrates (n
Fig. 5. The liaear curve ta the left nanad panel pecmits one to deteznlaz
the nunmber of hit cells, or the fiss of a cell belng hit, for a givau -
exposure X (the open ciccle on the curve zdrkea Ry). This siagle curve
is tor any LET radiation, or nixture. The hit 3tze distributioas fcr the
glven radiation are provided in the uppef riyht hand corner. This
distriputicn, as oppasedl to thuse fa Figs. 2 aud 3, is normalized tc l.c.
If this distribution Is then multiplea by the HSEF, shown I(a the center
tight panel, the product will represent the distribution of quantally
responding cells, shown in the right lower panel. The areas under tais
disttlbutioﬁ represent the number of hit cells in the upper nocmailzes
distribution tihat responds quaatally—nultiplying this value by the nusbez
of exposed cells given by the open circle in linear curve PH in the lefc
panel yields the total rcisk for exposure E, shown as the open circle on

curve Rq. '

It 1; emphasized that the "normalized distributioas” approach cepicted
in Flg. 5 is for illustrative purposes only. Neithetv"linear, non-
threshold” relationship, nor distriduttons tor different LET's need :ze
referred to or used in practice (it Is superfluous to provide a curve foo
ioe risx of a nlt versus exposurz2-—the distribution of hit sizes
sutfices). That is to say, for any gliven exposure, whatever the LET or
nixtures of LET's, only a single distribution would be recorded by the
microdosimeter. Direct application of the HSEF would yield the requiced
"risx coefficlent”. Thus, 1o practice, the cell dose appnroach coulc
obviate the need for multiple “"dose response” curves (Fig. 1), and iz couid
replace the concept of LET entirely. That {s to say, the "T” in LET does
not nean the mean of the energy depositions in tissue. It méans the anount

deposited in the cell TCV--the cell dose.

bl
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Cerfvation cf ‘the HNLE

The decivation of the HSEF Ls Jescribed la detall elsewnere <1 ). Th=

basic tnput fafornation coasists of quite aceurately deternined c-ll
respoase data, for a series of radtatloas covering é wige span of

qualicies. In adatction, 1t is necessizy to have quite accurately
deteraiced alcrodosinetrsic data, that i1l orovide hotit the uumbzrs 1 cell

hits ans the nii-slce distributions., These distelbutloas ovz:rlaz, 1= 23n

LY

.otz

fid

be seen ia rfilzgure 5. [t is reisoaable to assume that, Lu 403 <los
regions of overlap, lilts of a glvea size will have the same eifectivezsss,
fugepeacent of zne hilt size Jdisteibution of eiztin, The effacticzaes: of
the different distributions can than te obtained, and the regioas of
overlap provide 1independent Information ova the e¢ffactiveness of tie
individual hit sizes. It {s thea possible, by an fterative ceconvol.iion.
process, to arrive ulcirnately at an HSEF that wost accurately flets tos
{nput cata.

This gerivation s purely emprrical, 't.e., it is coupletely
iadepeadent of assumptions or theories in resnect to mwolecular or othsr
subcellular mechaanisms of action of tne radlatioans. In other words, =ost
if not all of available radtcblolozlcal action theories, bezin with
assumptions about mechaanlsms, e.g., that single ur double strand bdres<s rmaw
be responsible for scme or all of the cell transforumations obserwad. In
derivirn; the H3UZ, on the other hand, only observed quantal cesponses afe
used.

Ancmalies in the Present System

Sevaeral anomalies 1n the set of typical cell "dose cesponse™ cury

“

'
shown {a Fiz. 1, can be polnced out immediately. For instance, althcigh
the respoase is of indlvidual cells, the "dose™ 1is to the eatire Org:a. 1T
{s taken to be axiomatic that the stiwulus to an iadividual, be 1t a zell
or an ovrgan, must be measured at the same level as the initt{al blological
response. Although the effective agent i{s purported to be en2rzy, 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 different curve slopes. In fact, more and motre curves can s23dily

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

energles, until the roughly triaagulac area represented by the curves i3

13

5001402




filled tn completely 1ad constitutes an area {(Fig. 6). This
fallacy and futility of the present dose response curve~ R5E systenm,
gae needs in princlple a separate, emriricilly deteriined “cutve™, oo
agent carrlers (particles) of every ccacszivisls type and energy so that az:s

-

senerality of the RBE concept is {llusurr. 7Thus severa consraomisas wsi =
< 5 A 4

made in order for tha system to bLe workatle st all,

The fact that the curves can £{1ll an ar2a also indicates that ax
addictional variable 1s involved as well 25 an unexpressed continuous
function. That s to say, the three-dimensional plot {n Fila. 3 s
requicad. This missing wviariable has been th.ught to be LET, 2xpresse: as
keV pm~l 1qa tissues. Such 4 coantiauous functica, representec by a Jraup =z
<separated points on the curve representing the mean of a segnent of the
curve, 1is presented in Fig. 3a. The separated points represent the i
or, in radtation protection, assigned values of Q. However, {t has lcag
been well appreciated that LET is nut adequate four the purposs. It is
clear from the above discussion that this missing function 1s not LEZ, in
the sense of transfer of energy to tissues. Rather, the transfer is juita
specific-—to the cell TCV, to constitute cell dose. Thus high- ang lzw~-LZIT
radiactions are in fact large- 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 saow=

in Figure 7, for a low-LET radfatiorn saly. Flotizd on the z-3cissa -3 thc
exposure, expressad in units of NH/NE, or %p. On the left ordinate

is the mean hit size, corresponding to the heavy curved line shown 1a the
figure. On the right ordinats is the number of discrete hits per cell,
corresponding to the straight dfagonal 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 separatels the -

-~

fsx 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 nunber of hit sizes per exposed cell. Thus, <ith ELE

tLE, tne

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

a . - . Y LY - [ . I .
increas=3; 1t is only the aunber 2l ca2lls Zosed Tt con lniraasz.

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 210 analogue, with macro accidents, of HLI exposure. 1k

=

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

e

energy depositad in each cell replace the organ and organ dose ccmceprs.
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.
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.effect” and “"dose respoase”™ relatinnship; risk coefficients; REL;

The present system could in priaciple obviate the need 1 cadiation
quality and LET; fleld quantitles; a “"standara radiaticn”™, linear T“dose
10se
equivalent and rem. The problem of outatainy meusursments thatl czpreseu:
Accurately cthe radlation field in tissues and cell populations {3 uf course
difficult, whether one uses the current 5L or the proposed ED apsToaches.

A rather far-reachlng conclusioa {s nossibdble with the yroposei
approach. Each relevant organ s3ystem in the body contaias enormous aunbzars
of cell elemeats. With the prorosed approach embracing tiae =3Er, <t s
possible, with any exposure, to estiamate the {fractional) auaber cof
traasformed 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 given exposurs, a population of {ndfviduals
with known and equal numbers of traansformea cells., With 3 zraded szries of
=xposures, these numbers can then be correlated with cancer fucidence,
which can be evaluated only long after the exposure, in aninals cr in hcnar
beings. The result would be a function for cancer risk as a function of

the number of transformed célié'i;"Ehé'!ﬁdivldual;-zb replace the curreat

organ dose-cancer incideace functloan.

The siguificance of the abov2 1is perhaps substantial. Ia the preseat

system, one can derive oanly a quite uncertain estimate of the risx of
cancer from a physical quantity, and one must use the collective Zose
equivalent in very large populativns to evaluate tile risk of cancer ia tie

individual. On the other haund, with the proposed system, one has a2 =measuyre

of actual efrect, L.e., the fraction of quantally responainz celis, in e
individual, from which the cancer risk tatlored to that individual can be
obtained. In other words, the function for the probability of an ef:iect
vs. the amount of exposure may in principle be by-passed completely, Thus
one has in principle removed the evaluatioan of risk from the realm of Ph iz

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

"society, and placed it in the Md category, ian which the focus is oa the

health of the individual person. This nmay have many impllcations, not onlw
in radiatioa bilology and protection, but in the nedléal, soclal ana legal

spheres as well. With respect to the probabilirty of causation ( ), tt
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could strenytiaen substuntially the value of this approach ian insuriag
equitable resolution of legal claims tavolving an allegatiuan that a
speciitc earlier exposure is5 causally related to a particular, extant
c4ncer.,

“ote that HSEF's for macra sccidents, altivush obluened in experizants
in which stochastic energy traasf=r s sirnlated, ace not uses or even
referred to operationally. The ooviogs raason is because 4 juzntal
response that may result can be readily observed, so that neither a dose
CoNCedt nOr lusSe=rCe3ponsSe relationsiips are requirz2a foc cis<x evaluatisn.
Similarly, quantal respoases of cells, can {n most laboracory experimeats
using “single cell systewms”, be observed promptly. Thus it Is oanly for
severely delayed responses, such as cancer or heritable defucts, that early
observations are precluded. A complete approach to risk assessment at cthe
time of exposure must then 1iavolve the HSEF for cells.

Since the HSCEF raplaces LET conceptually, this may be of signiftcance
to those interestaed in the detailed siznificance of “track structure” witnh
radlations of different "qualicty™. Much of what has been ascrited to LET
and track structure differznces, me7 well be simply due to a differencz in
dose to the cells. With most, particularly stochastic agent traasfers, it
has been more or less generally accepted that a larger dose w{ll be mor=
effective per unit dose than a smaller one, apparently witi little or no
necessary reauirenent heiﬁg perceived to iavestigate whe,

The proposed approach has relevance i{a the "extrapelatioca™ currea:ly
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:presenting
the probabllity of an expressed cancer, as a function of the aumber of
malignantly transformed cells in the orgaan or organs of interest.

The interpretation of a "linear, noan-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 consequences. It
is .true that "any amount”, i.e., as little as a single encount2r, couls -be
lethal. However, the conditions are 1) one must first have experiznce<z

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

13
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transfercred 1s large enough to have sone tungisle orobability of causing i

quantal response.

Finally, {t must be recognized that, with sischastic wncuuaters, e

density of eaergy transfer, a parameter oI 1on patr geansity, may w=ll ot

be the wost r2levant quantlty in ter=s of causla, travaatic ilajury. -ther

candilate quantities Iaclude momeumtun transter, rate of aeceleration,

articularly of one part of 40 0CZun Tziative Tu anoutler »art, and Imsuloe.
2 i ’ r
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Saddiation syadoovies ruduced lacce

Aare diviage s fnto thres eneral gro 5

tira aftzr exposurz. U

2 ChE synuTine rijuirs
Avpeads Lo oalantes ©o o gours, and Lolls wlIoloon

appears

Suses oL

Zzpenliing va S0se It
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Tloud

nausea, voniting, diarchea, and aiszturdhances ol wala:r axd el=zclrolvie
wrtahoiisin. Tt oas a0 nilon rorzality L0 The TUTaT LeeN 2TUsT eXTlrlTo.
Survivors «will then expz2cience the <D 2s a1 cestl of mafvow z2plasii.
PDepending on dose, survival 15 possizle <ith sutiziocls ind transiasio
therapy. The relutionzhip of soancslocrzz Jdepressioa > woresiis ia -
and hurman beings Is ifilustrated. Thz Tole ol 2=2pih Jdese patizra a
wortality »f radiatlon expesure is descrlbel and esed 313 10 Indicsiion
uhy alr exposurs doses may be mislzazi- . The therapy . raldlatl:i: iz
{5 describad based on antinhlotics, trinsiusion therapy, and use oI
malecular regulators. The limite: -olez of ztzaed alici=ull bome "2cT
transplants Is Jdiscussed.



Yrom gerusal of tie older literature an Teviay

experiencs2 at diroshinta atg Nagasasr (L) 1t iupeal=C

o I |

some bruader asrects of rtadiatiocn injury in _=reral,

producey by rtaclation injury, the {aflisence .1 .= Id

SuTesoilved fuestion of l=tnality LI Taoialio™ 1o “air,
rate, aad repiir of iajury during chronic =ii.sare o

fallout fields decaying with the -1.2 law. :studies on ;.ce Taciatlzoz
inivry .2nerall. invelws~ - 2iszl2 iGee 3 er v r arTioTe oc: o3t LIl T EnT

considers the numbers ¢ aniTals

racdiation lethality curve Lecieen lUN and 90 novralitvy., o
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studying animals exctised 0 single dose of r:ziiation, ooz mest considsz o=
possizility trat lethalits ¢ifferences observsd nay rfefIf2sent Cranls

variation, act related tu any therany usecd. 10 4 Tebtrisecilve .llersIuls
eviluaticn, theze are gLa:ticns ial Cannet e eva.ualtsl eI nlIiiveliy. DT
rescect oo , vast numan cllnmicel experiencs o st ol T

nanagement of treuma and thermal sutos

aplasia produced by 4 jenls otlier thuin Tagsiation, It cen

thin cionm, Iz SzoTzteririlao o
stated Todat antiblot: s increase the sutvival .Tate of _=Ilents =11
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in radiation injury is whetaer t
regenerate before the commensal cr invedin

rasistance to the antibieczics av
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“nole-Zody Irraciaticn:

Lol
i

he tadiation syndromes pro<uicad by expisure o

e

hizhly aependent on the enerzgy ol the radiatlun and hentz to the leptsz do

gatterns wnich will be considersc later, Three, scmewhz- ar>itrisy a- o
and overlapping syndromes are ill:strated in Figure 112,

The Central llervous Svstem Svndrome

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

(ae

VCH3) syndrome is producec.  Teain n.ay occur curin



laboratery animuals thut {5 preceded Ly

1
respiratosy distress, and iatermitient stupor. Lus=s Ca. able ol jTO0U
this syndzome ate uvnifo.zly total., This syvnorure has bezd clservsu
few casualties described by lubner et ol. (2:, 1f an cliasicnal
ware to sur-ive the CLS svndrume, the inLividual DRas y=I T
Tastrointestinal (300,
lahoratory inimals that is preceded by Oypareevoitacility ataxie.

. Tespiratory distress, anc intermittent stupor. woses cazable of :rod._zin

this synarone are uniformly racwal., Tnis svooer

LiLS SVLLTLTe oo

few casualties descrihed u¥ tuuner et ai. (1), 1Ioan

ware to survive the CLS syrdrome, the ingiviae:

!
“aL prepe

Gastrointestinal syndrceme (GIS).

The Castrointestinal Svndrome

The CI13. when procuced by doses i

N

withia 3-% days in laboratory acimals

huiman veiags. The range in survival resules

variations. It is named the I8

v

symiTiTe becsuse of
vomiting, diawtrhea, and cencdation ¢ Tie smail towel
and persistent GIS is a unilZor-ly fatai syncdrese in most

animals., It was observed in Japan anc dz2sctised Ly Jug:
(1), and in scwe accidenss b 2= L, Tl Tnodog

{(3), havz prolunged life¢ by intensiw
and plasce. It is of interest that
animals serviving doses up to 100 rav will ¢
1.

small intesz*ine as described bv Trecher et al. (4).

syndrome hawve then to cxuerience the s:guelae of bone

wihich has been termed the hemopoietic syndrone

observed in the Japanese exposed to nuclear ragiaticn

b

hagasaki.

The tamopcietic Syncrore

he HS is not necessarily fatal., It

seen in tne lethial range rfor all rucx

Tcpenerate

T J70w

pey

armals including man.

levels reuorted represent tue LD

wn
<

depressicn, namely, groiulocytupenin witn susceptitil
infection, thrombocyte;=nia with suscertidility to d

e

ic:

= (HS) aud was comr

t is a clinical zicture

The survivoers

Ll1TZsalrs

for the sequelae of Line marriy

>




anenia frum suppression red cell nroducticn and

Jetai

desceriptions svadraze in aa and z2uizals are described (1,2,5-0

This pilcture ol the titee taciation syndrones, whicn wierla; w4

cartain extent, 15 bas=c nrinarily upon aniral exp-erinentazion.

e an

9]

L
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expericnce (1,2,14-20) {ndicites thal -an corrvesponls T=ia,unadly closel’ Lo
the zeneral marmalian respousz.  There are 500 o o I raspelt tu
the tiwe of occurrence oL 500035 4al SYTLTIIS.  (ne caperiznces of Uie
Japanz2se at iiroshimu and lagasaxi exposed to gamma cadiation Iris a
Hisn-aloividde aucliear devicsz o Which the ficeitzll dld not tmouch th2 srouncs
Are Jescriited in detail oy Lushitersea ano warrtea 1. Alues ang Toy <)
have Zathered together the total human experience in raciaticn injury zo
its ~management, with the exception of the Jagan2ss atonis Lonl casualtlizs
ant the narinallese fallcut cuasualcies.
Tadiatiyn Injury iu tne Japanese at diroshi 2l tageszalc

The CiS was not observed by the Japaness at Hirostniza or Najasasi
(1,13,24:, nor would ona have expsctes it to = ubserves since sses =
seocuoe the syndrome serz welill witaln the aresz I tcotal sestructisn anz oo
survivile The GIS, with déaths in the first weex, are =ell Zocurented
clinic:lly z2nd patholugically as are deaths frus the hd (1,13,1%,, In Ine
caze of can, the se  wencial sequence of geaths and debr=ssion of »lund
Sr.toin i Sfiranz from fhac saloel. TTonlves lzncar Iooo otz il T

ievalop 1o ran.

(@

For ewxamcle, qeaths from Inisciion wer: west prevalen

the second to fourth weexs (maximum incidence during thirs week) and f=

hemorrhaglic phenomena auriog the thira to {-aximun

S1XTO Jde=l3s

the fourth week). Deaths Ircsw radiation injury

Y
P4

anese A3 late a3 the seventn week. ThHi in contraszt

Jap
i

animals, whare deaths {rom the uncommon later

thirtieth day atcer exposure, of neutrsuyhil count

mortality, iIs shown in Filgure 2. The data in 3T Dasec oa do

4
"1t were exposed to 2 nuclear bomd in thz Pacific proviaz grounc.

umparable observations were made in tne Japanese at Liroshiza aad Nagz

and are 1llustrated in rfigures 3 and 4, 1Ia addition, it was shcun

w
)
<3
[
t

lowest leuxgceyte counts in tre Japanese ware absarved
P

b
Yy
-
ey
cl
4}
t
C

in th

sixth week after exposur2s Lo thie nuclear raagiation (2%,. A corzarabls

sequence in the depression of granulocytes was also sews in the Narsha

expose:s to fallout radiztion (5).
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Probability or Survival followins Extoesure to Lholis-5zode

The wrobability ot survival can fe related tu Syuptumalosw

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

Hiroshima and lNagasaki {1). Ingividuals exposed 1 tae iethal range (.rete
some, bt ot cen L2
divided accourd ent

srtognosis. Thus, they may be dividad into three jroups in which survival

is, respectively, improbazoble,

ance uretable, Tnis srourin

otiginally made by Cronxite (7). It is appsi
line of cdemaication arorn; the gruups.

Survival Improbable: If vomiting cccurs promptly or witnin a Iew

horrs and continues ana 1; followed in rapid s

o4
(gl

cession ¥y prostration,

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

oceur. ia 104N of these incividuals within the ricst ween. L is assunmed

t
b

that extensiv

W

administraction of fluics and plasma may extend the life oI
these incivicuals so they mey survive te develou the henopolefic svngrone.

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, rarkec chatges ars tawing pioce ia the heucpiletic
Lympnocytes ara profcuncely depraessed witiin hours awa recmain so Zur

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

tive of rnaxinun denression devending upen the duse as illustirzcsecz

SwoJizools
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 withi-

3

This zroup rapresents a lethal dose tang

L

sense, In th

v

higher exposure jroups of this category, the latant perioc
lasts fron 1=-3 weekts with little clinical evidence of 1. uries ciler
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 prolonged and if sufficient tima is provided for bene wetrcw

regeneration the survival rate will

43

e increasced substantiaslly. In Ja;au,

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

ragaiologists of the S5C% lethal cesze o

(X3

aticn in man., Tlhzir esiiates

[N

rad

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

stated LDSO'

any sourc=s of carts tear on the LT:, wvalue zor man anc ecch Ras

several shortcomings. Tlose sources ifacluue ra

'
[l
re
f
(a4
[N
(o]
&1
a
o
ri
ed

i ty Gald ON

r—

a
large animals, the data from the Japanese exposed &zt Hirtoshima anc
.agasaki, the 'larshallese cata anc data f{rom patients ziven therapeutic

total body radiation. The effects of gecmetry o

th

CNPOSUre ANG enerzy oI

raciation on the mortality response is crucial

ta

Z-24). Zond and Tozertscn

~~

observea that the small anirals avear to have & high LDSU, wrer24s

larze animals have a low L It

g+ -t weuld be legical from this to arjuc tha

(t

wy

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 individuals wele exposed, one

wvould have a rathar good icea of the radiation LU

g for man. Thi. i3 uot

the case, however, tuocause of the coulicarn:

inlures, poor nutriticn, ana, 10sSt imahiliesr o r2lll
assign racdlation doses to inuivicuals Oor ciead.

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

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

B
cuv T

o

a
eniform ter:l body irradianion would anchor the lower part of the -ortalirty
curve., Certainly, in dogs and swine, 1f the dose of radiaticn were

increased by 100 rad over thao receiwad by the Marshallese, cne woulcd te

wall into the lethal dose ranzas. 1f one aidds 30 rad to the estimaczae 175
rad tha*t the larshallese received, one has a probable low lethality of
about 5-107, of approximately 22°% ras. If one uses the sare slope fo:x

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

W

5o ieg



 is approiximately 3.0 rad. Thus, one can wake a first juess

that the LDSC tor manis 1ia the vicinity ot 360 rad micline in the alsence

of coriplicated ther..al Surns, traura, or any efrective therapy. Tials

estimate is bolsterea by the {zct that patients given therapeutic tctal

gody irradiaticn nivs severe fematlipuictic depression occurriniy at dose

levels of about 270 1

Gl

Prubable Zrfects of Therary

P

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. It een cleavly shown by Miller e: al

o
[£]

has
(26) that antibiotics increu:e the sturvival rate of irraciated mice. Furth
et al, (27) obtainez nc rarkec benefit from antibiotic and transfusion
trerapy in their studlies. S$u>sequent stucies by Soremsoun et al. (I5) are
Perman et al, (29) have clearl;y shown that ome can consistently reiuce
mortality from a near lOOL fatal cose to about 1G] mortality in dezs by the
combinad use of high dosage of successive antitiotics ang whole blscod

transfusions supplenented by

"
'
w
ol

elet-rich plasna when red cells azz not

needed. This enables one to snift the signoidal aose mertality curtve oI

uncomplicated whole body radiation injury to a rmuch steeper one shiftin

the LDs5 from approximately 300 rac in the dog to a little over 4CL rac.

The 3% mortality is snifted fvoum Touynly 200 tad to about 400 rad resulrtic
P . = b &
in a n2avly varticzcal sizmoid ~—orotaloity cotve. Alter Juses o exizis wi IO

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 rtelatiouship uf mort=lity to cgeziessice 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

were exposed to

a radiation from a nuclear bemb aud the correlztion

«“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

co

5001748
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2ath ascribec tu iafection

(48

was and cuniplicated by herorciage. The ekt
curve shows a slower Jecline in the granuloc,te count .ith a wmortalisy of
2. The unimals at sutopsy sncwez infection and iersrrhage as causes of
ceath., The curve siiciing the leust decline Inm tne granulocyte ~ouat nac 4
=grtality of 1lU7% wiin bemorrhase ann infection the Zatses 00 ceata.

In Tigures 3 and -, the Critivcal Tule ol tihe . ranuivcyte c-unt in tne
Jivanese as a aetervivant of toTealit s iliustrated. Jigure Ioplotc the
mortality against the bloca counts observed in the third, fourth, anc fiftn
waaks, The et coLaUnT e ol c:>:¢c ARV ST P S B
correlates the mortality at the end of nine weels Wwith the lowes: witize
count observed. The most clearcut correlation of the iuportance of
iafection is in the work of Miller et al. {2Zs}, shoun in Figure .. 7o tais
fizure, there is a clearz.it correluticu of mortality wich the rfriction of
animals having tositive “loo¢ ana splenic sacterial cultures, fubsecuent
5%1GLes in Russia anc the U.3. extend and confirm the role of infecticn.
Siiman in and Lzvakowva (30) have s:tudiec a whole series uf anctiziotizs und

tiva injury in nice, rats, aui rablits.

2082 laE LNAN JLangas 2DTLLIOTICE.
tetracycline or erythromycin, or te

eifective., The antitictic combinat
mere than U, survival, CThernov et

atninistered nexamine

«oministration of antiviotics. In

streptumvcin were used. The

Surve

vals

zetracycli =, ampicilliin,

were adliialstered thwice a ca

9

~ hours after irraciaticn <«

934

TLTe

auticiori

(€ Cuablnation oI sanauycln ~ith
Y

tracycline with ampizillin wes most -
ions zhanged a neztr (LO0% morzaligy, ¢t
al. {31) anc Trushina et al, 730}
sure of c¢oLs and men.ers folluwed oy

the case of dogs, penicili

-

increased from 1l to L. In

v
¥
s

el

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

ard penicillin was used. There was

"
[t

Zffects of Ceometry oI Txposure and kacdiaticn

. er
d -
<Vnm 0

an increase in survival froo

“niury on

[

eoth-Dose Curves and Biological Effectiverncss

the inudequacies o:

be illustrzred by showing the

IR

using an air dose of

influence ol

radiation ior pre,nosis wi

EXpOSuUTe

11



Zepth-dose aw biological efrect. Tigure 7 snuws the liilaenze o1 expusing
& Mlasonit: pranrom to l0GU W oray Tz osingle direction tlan .ren hie

v biliateral with malf of the dose2 ,iven to ratd sice {52,.

. vert finizoezion fnaabelss aie s
2n.Tes5s5eC as perlant ol tha surlsle woie. oo The lase of thn gnilotloras
exposure, rhe Cuse 2415 CII &s 1T 13 aftieocatad .nVeTse stuare oG8
2130TTTLL0 50 Taat ne exit dese s ablnt -, o L BN la0CE JOSE LLuS
the bone marrow of larzs aninals Seing =xrsset would nuve a progressivaly

D L4232 45 Toz I€al .ozxllzlleaiz o s CD, WLUN llLiallT&. il szaio
tner i+ wvery uniform depositicn ¢f ensr.y througnuut the tissus

- 5 M . F=re - - - - - -
Soanceon,  The ziological consejuences oI the Cifferent Cose ratteln 4Tz
zTeat. 1T i3 of consicaralie 1r.0Itaiile % Cedl fnese IUIf i onina

thevarty Of radiation I 4TC IIViLg 1T f@lle sl :haTEa
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2XPC3UTz To & i exnoisute

wowno IIVLT, to osvalusie tre o

2t PR ‘i, 3 e o - Y- e e - P
TRILLUun LTTadisoion w1l LUs Wlde Tonr o Ln ol oT3y and Inz o savlaticn
2¥20zire apercachins 4 PL osoursce.
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i-ray bean becesuse rfaliout frox inwver:s :-uar= 13 in efrect nestrz.ized.

F:r the same energy, the dose at the
;

22 highsr then would result fros a given 217 Jose with narro. =zoz
g2ometTy. Ifijzure 3 further illustrates zne depth-dose cotve ITom an
situation usiang sphericaliy 2rlenlee 20uLalt=30 Z_ou12s. =iin a
z.2atem placed ar thelr canter, cc-pavec with a ceaventiznal cilat-iel
brained with 2 siangle lcbalt scource (24, In the _at-zr

Lwotne csater of che prouximal surface of tne patisnt or wnimal wit. -usoect
tz the source., For the field case, all suria !

ces zre '"'pruxinal' in :he
f=nse that air dose ~=asSured anywhere In tn: 5:ac: subsequently octuzied by

tne individral i1s the same,

[
"
v
9
fad
iy
P
tn
i
’
[q3
o

se wnich iz mewuzirec -v ¢

inztrunments; 1t cues

0L Zesl the Same Ie.a710nsh.lS as tle sorfacz Zusse
and tihe cepth cose as air dose —szasure. i a "puint soursa' team
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clinic or labogatory. It woula anedr uuder these circunstances ana in
most exverimental conaitioas that the miuliae dose, rather thadl dose
measuteu ia air, would be the bettzr curmon pazdueter in terss of which =
nredict bviolozical effect. On this assumyrtion, air dose value should be
multiplied py approximately 1.5 in orcer o counpare their effects to these
of a given air dose from a "point source” Lean gecnztry delivered

bilaterally. Furchernore, tne-seometry i raciatioan from a fallout {iel:

-

is not ida2ntical either to the zeometry of bilateral point sources cor ths

spherically distributed sources sin

largely at a grazing angle. GHowaver, the total fiecld sitvation is TettsT

appraoximated by solid than by plane geometry.

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

-~

provide an 1dea of tha airtereace in aoscrption of enerzy throughout a

05
large ani~al body thus injury (in the lethal raanze) to the important tar

c2ll, the hermntopoletic stem cell, wnicn cetzrmines whetiier the bone rarz.<

will regenerate. These d¢2pth-dose curves are determined in uait density

material using small Sievert chacZers imglantea a

¢ 9 ¢m intervals in fhe

phantonas. The doses are exuyr=2s3seS as perca2nt of i@ antrance air asse.

W
Curve A razpresents the depth-dose curve {rom 250 kVp

conmonly used energy of raaiation in anizcl studies. lote, the suriace

dose is about 40/ greatazr than the 207r3ncs alr dose aad this falls off

S kT AR S e SRS

: N PO LN Tas Ilsswe Lo TOLU apiruallaleldly in o the iclilco-

correspending to nan it would be Ul oI to& enlrance to tihe important

target ceil, the hemopoiletic stem calil

, WO

o
o
«
122
(o8
w
Ind

ermines bhone marrow

regen=raticn. Since bcne marrow was cistributed throughout the bouxr in 2=
bones, the amcunt of energy depositzu in the henopgonietic stem cell varies
by a wzry largzae {actor. The cucve 1 shows a similar cepth-dos

.

2000 «Vp x ray. (Curve C is the iznitial bewh pamma radlation and curve

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

,ury to heramtopoletiz stem cells scattared throughout the bone marrow

warie. sonsi erably and thus would %= expected to result in different

lethal decs32 curves.
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survival. For nractical cliaical manaz exert

The Effect of DLifferent fadiation Lepta-bose (urves on Hoctality fn

Mammals

Tullis et al. (35, 36} nas studiea this in the laboratory aad in zhe
atsmic boab field tests with suilae as the tarzet animals. This is
Illustrated in Figure 10, showing the signoia ause moftality curves {o
unilateral 2000 kVp x ray, bdilateral 2040 XVp X ray, and the morallty I{rm
the highly energetic prompt samima raciation frum a fission bomb. The
from unilateral 2000 kVp x ray is 50C rad ic aic. Bilateral 2005 KVp
resulted in an Lbgp oL 4Uu rad in air. The initial DOMD gammé edlation
with LDSO was about 230 rad in air. These air doses can be convarted zo
nidline tissue doses based on comparative studies on depth-dose curves to
3CC, 220, and 184 rad. The differences are explained in part by lack of
honogensity in distribuction of dose. 1In the case of the uanilateral 2000
kVp x ray, tissues distal from the midlina received much less thzu 304 ra-z
and tissues proximal to the midline receivec nore. In fhe case of
bilateral 2000 xVp x ray, tissues proxizmal to and distal from ths midlinz:z
receive a greater absorbed dose. In the case of the srompt ganr:
raciatlon, tissues proximal to the midline receive a jreatar ¢
distal a lesser dose, and heace a higher and lower sucvival of h2mopoieti:

stem c2lls on opposita siges of the midline.

45 a result of tiz efrfect of ener:

L

!

anc gecnelrv ol exDusurz, .easur=:

raciation doses in ai: are oI relatively

little use in predictinrs

it is the opinion cf this

author that one should be guided by the ciinical and hematologic couucse 222

not by estilimates of radiaticn doses in alr sr coses estimated Ly oviolozi

{1

dosinetry.

Fallout hkaciation Lxposure of trne arshnalliase:

The energy of a fallout field deteranines, in addition to tic seomets:

of u

w
"

e, tne depth-dose pattern. Fijure 1l shows the energy spectcs

v Cto Ui
of 4-day old rfallout. Tre original source 15 the energy of inher
enlssions from the rajor cemponents of the 4-day fallout. Thnz sulid blzox

histogram is calculated distribution of energy taking into accouzt Conp ez

sciatteriag., Thus the energy to winich an individual 13 exposed wver

(2]

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

this energy distribution in the g2ometlry of eafosurz on cepth-d

is sheown fn Filgure 12, The pth-dose curves of a fallout field and

11



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

. first few millineters of the Lbay were substaatially higher than the
midline cose of gamwa radiation. The curves presented are a perceat of tie
3 cio dose of radlatiou. In addition, the clinical observativas ot tha skin
lesions forcefully dgeronstrated toat the duse to tite skin varieg
considerably between inuividuals anc uver the surface of any yiven
tngividual because of tie spotly nature of Cie radiation burns to the ski=n.

Another feacure of fallout radiation is its decay. The fallout

arcived coout 4-3 hours after Getonation. Figure 15 sbows the accumuiatisn
of dose as a2 function of time after detonaticn. The dose ratsz decreased
continuously as thz fallout material decayed. The najor portioa of txe
dose was received at a higher dosz rate. By the time that 30% of the zose
had been racelvea, the dose rate nacd fallen to less than 407 of iaitial
value and thus is much different Irom any anizmal exposure cundition iz the
literature. The influence of a cose rate falling, by a 1.2 rower tunction
is not known.

Zepair of Radiation Injury

This has been coasidered in some detail in a report of the »ClP 37).
In the NCiP dissertation, it was statsd that 150 rad over one weik, 273 rad
over one nounth, or 300 rad over four mouths is believed to ve stilethzl anu
that no redical care would be rzquired. However, 230 rad over cz2 we-:

EEREON

550 rad over one month, or 500 rad over four months is esti-ated to &

[y

in
the 5% nortality range and that scrne medical care will be requirsd., ‘=hen
450 rad 1s received over one weexk, (UJ rad cr uore cver one mont: or

longer, the mortality without trerapy is estimatzg to be 5SCI or .ore zwa

i

extensive medical care will be rejuired. These are duses of rad in ai- ani

not midline tissue dose in rad.
Wwhethar studies on mice are applicable to man is not known. In recent

cnpublished studies, we have iInveztizated the influence ot varyicg the tire

interval from 1-24 hours between 2.5 Gy, 250 xVp 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 Gy lncrercats are
lacreased, tiiere 1s an apparent ¢ clic change in the fraction survivicz.

kwhen the interval 1is 22 or 24 nours between the 2.5 Gy lncrement, 1007 of

toe rnilce survive. Figure 15 snows tie hematoroivtic stem cell (LFU~S} per

5007493



leg in normal mice and micz receiving a sinzle dose of 1ov, 200, or 3G ra:z
and the mice receiving 1C0C rad moa single duse or 10UD rad in Iour 139
rad iucrements 24 hours apart. All 14U rad auicals dieag by the ilih zay
after irradiation and the surviverss had a very low CFU=-S conzent 3f abiout o
per leg. Animals receiving a 23i rud cose at 24 hour intervals *ad an

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

[

T=coirly Lo
near aormal levels by 30 days aftz=r exposurz.

Therapy of Yhole Bodvy Radiatiosn Injury

Bacterial infection has lcong teen estauvl

&

n
W
G
()
i

t
Y

Geath in the irradiated aaimal in the LDSO range. The commemsal orgamzsis
living primarily in the gastroiutestinal tract are the istal orgzaisms the
kill the animal that is irradiats¢ in the LDy, range (li, 26, 33-<3}. Th=

use of antibiotics as an effective treutment was Iirst shown Dy liller =t

al. (4il) with the administratica of szraptumyein in mice. In a¢dizzon,
zerm~free aaimals have been studiz: (42, 43) ang these animals 1live loezger.

dying from hemorrhage and anamia cather than infection in the absance of

2

(¢}
p

<

eria. The effectiveness of estibiotics fails off as wne
lethal dose level since oone mnarrow regeneratica is delayed so l.oag
bacteria cevelop resistance to tnz antibiotics being usea t

rarrow regenzration ensues. Take:ia {(s4) has intensively studied

of water—-electrolytes ang autiblozic therapy agaiast the acu

3

rzdiaticn deatnn i tne rac.

ki

1 t-esg2 stuales L was ciearly snean tilzz
microorzanisms play a proninent riie in the geaesis of a2cute intzstinz’
death in the rat, and this was mezified by tha use of anziniustics and

intensive administration of water ind electrolytes. It is a benelicin’

effect not limited to rodents. T:35 have been treated with succsss wizn
antibiotics, fluid replacewment, zn7 Liood tracsfusion. A dr--matic
iaprovement in mortality .as obtained by Coulter et al. (

and allen et al. (47).

23), Hazmond 4.
In the lz:zier study, blous trausiusicons usre

corbined with successive antiblotizs. In view of tha

fact tzat zsomemsal

organisms of the intestivce are frzquently cultured from the 3Sloc

fatally irradlated nouse, wabster (4S) tested the effect of oral zeonw:zin

therapy upon the rortality from w-ole budy x-irradiation of rats. Graze

c¢oses ot sadlatlon were used fror 76D rad through 2500 rac. eornrycin

treatment resultea in sizniftce:

w

0t rolengation of the resn survival Ll e ol

[
[we )
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irraatated ~aimals at exposures Letweesn 300 ane 1500 rac. After 1500 zad
and 2500 raa there was a Small,bbut consistent prolongation obf th: meacz
survival time. TFor exposur=s hetwsea 70U ana L1OG rad, the 3Z0-dar
lethality was consistently lecwer for th2 neomy<in—ireatad rats. Joremson
et al. (23) and Perman et al. (29) giscussed earli=r nave clearly
established an etfective treatvent of tatally icraliatad dugs usilizio
successive antibiotics, fluids, platelet truusiuslons, 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 w0 cz=ate
bacterial static cocncentrations of antibtiotics, aot only In the dluvod zzd
tissues but also in places of naturaloccurcence of microbes such 5 the
gastroiatestinal tract and respiratory tract; 3) utilize aatibiotiss as
early as possible, and before iafectious foci have develcped.

The Managezent of Whole Body Radiation Infury ‘ith or Withou: Lor=

Burns and Lounds

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

distribution and second, the dos

L

(1]

estinatss arez Jenerally inaccurate

ata,

bearing on the nigh sile initially and trnen dec

TAar a2
bele A

“r

4r

tr

TN P I -
as BRI S ORI

and analyses are made.

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

-2

[
W
r
b
[
&
o
=]

i
¢
"

'
S

the basis of signs and symptonus. I

(o)

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

‘ and diarrhea as discussed earlier, the ind

b

viduals will fall inte the

severe gastrolantestinal syndrowe. If the earl

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

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

the individuals shoula be monltored for radivzsctivity zo€ cscontarinizsa

as promptly as possible.

5007495
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‘astimate the

2. If exposed to nsutruns, 3 whulie body cyunt shoult be macde W

anount of radiornuclices

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

paytohemagluinin stimulates paripharal puceytes should be set

“p
for leter aualysis of biolopical ose
lyimphocytes should be obtainec while still

in, st2 (MLay ivoing ans stoeage I later

Tixed

leukocyte cuitures. Tlhe tvulng will be useful foz

ratching of granulocyte,

1

platelet transfusioas

P

anl the izeacificatioz c
possible bone marrow doncr.

4, In the early srtages, the *s, Zluid zad electrolyt=

balante nust be monitored closely anc aprropriate

intravenous or eral solution.

5. Reverse isolation techniques to prevent inzress .I pathiogens

ant T
the irradiation Individuals are zZenerzlly eli:veu to hav: been elifecii.=
in preventing infections in patients unazrzoinz treatnent IoT lzuxketia mud
subsequent bone rarrow transplaatation. This would probzzly e a us=iczl
procedﬁce ia the event of a yotentially fatal irracdiaticn zccigent. I

possible, the incividual should pe acrmitrad to = air=-Iilc~

ron WiInoa conrlate regiocen oI sxin sterilizacion, sterile cilat, ani
acn-absorbable antibiotics for sterilization of tie pastrziuntestinal
tract. If chis is not feasible, massurzs should te initi:zied o prevenz

commensal and pathogenic infections. Recuction in
flora is desirable, and tiis can ts

road-spectrun azstibiotiz

o’

0

SYIa =S

e

sucl, 4s nestycin

lG.

»

2

stat
6. Platelet transfusions, preferably fresnh, stould e zZiven whe:

r I ievels above

platelzt count agproaches 25,050 and repeatasd to maintain
this.,

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

of HLA-matched platelets f{row unr2ldates

Jonors &y become zecassary. A
family-nember transfuslion snoulc 'mot e

of bune narrow transplautation has zen

might sensitize the patient to the anzizens of 4 po

w
17
[oN
o
—
[t

e
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7. Granulocyte transfusions would bte desirable te
in patients with a sranulocyte count falling Selow 200, .1
Chese aAre ot practical on any larze scale,

5. Infection is the greatest threat to lite. The vaset of
signiticant fever sreatezr tuar 389C should ar.use stron: suspici
infection in tne Jraaulopenic patlent. F2v

bacterial infection, or fever sustained rore han 24 R

for inictiating systamic antibactzrial therapy =vzn thougn eculitur

nezactive. Since the most likely agent is an .r-ani T3 nooT

I-2n .30

flora, Llnitial therapy should include aminoglrcosicze ant carbeniciilicz

adaicional antibiotics baing adced as inaicatec LY bactzrial
sansitivities that are obtalmed. Tf cultures zre negartive
persists, therapy with a combination of triaep-ouerim

or with amphotericin may he considered. after iniziati:n cI 1

antibliotic therapy, it should e coantinueg until the grzaulocyte Sout

e e Al = -
ver sion o clinical si

[
C
.

rises aYove 5C0/Ll, fever subsides, and evideance of Inf:ction diszzpiz2=zs.
%, ‘Washzga pacxed r=d blooa c=2lls shouls = given =3 inuicusz:Z o
the henuvgzlobia above 3.3 5.

15. All biogog 2raducts shoule he irradiat=d with I 20 rag rescce
tafusicn into the patlent in order to kill 1y, uocytes that mign:
pruliferate anc inpair the possibiility of & tonme marrow transplac:s.

1. Doaz nz2cooe transplannatior wiil ool rooely o inzico .z 1o
casuzlty because uncertalnty abaut the ragnitude of t.e
raniation dosé, inromozeneity of tie aose, aind the requirema2t That oo

gose be within the limits of rescue of bone marruw transzlantacicn:a

o

pproximataly £00-2000 rad. Below 360 rac iwruznity 1s zot su

cuppressa2g and traasplants are rejected,  Above

no therapy. From th2 lymphocytes c¢ollected promptly, toe casuvalmy <L
nave been HLA=-iypec and donors will nave been izentifiez. A& genetica

icentical twin 1Is the ideal <oenor,
approximately £90 rad showea a rapid bemacopoiziic recovery £
trzasfusien of bSone marrcw from his twia.
above as an iladicaticn for btosne rarrow transplz.utation, It is to
from'the earlier discussiun tiat doses ard the Zepth-dos: curves

ct
e |

<aown with any <egrez of certalaty anu the dose3 used zlL.ve wers

experimental cconditions wnere radiatioa was delivered in a na
unifisrn whole Zocy 4distribution ot absurbec

enzsLy.

1s

5001441

nlthouzh radiztion Jdose wa

L.20Nerl %

3



g 0 Q T q g

Hematopoi=tic llolecular Reuvulaturs in the l[anagement of the lLone

Marrow hypoplasia

In the last ten years several rolecular regulators of hei poiesis

have been identified, puritied, seguenced, and by recombinant ...
techniques arz being pruducad in large amounts. These are interlevkin-l
and 3, granulocyte- macruphage c.lony-stinmulating factor, macrophage
colony=-stimulating factor, zgranulocyte colony=stizulating tactour, and
erythropolein. Interleukin-1, a _roduct primarily of activated acrocytz or
macrophages, sti-ulates T-cells, endotizalial cells, and fibroblusts o

produca2 granulocyte-macrophage colony- stinmlating tacturs. The latter
accelerates the prouduction of granulocytes and macrophages in vitro ana
upon in' vivo administzzation produces a jranulocytosis with accelerateg
production of granulocyces. It also increases the effectiveness of the
functioaal granulocvtas in phagocrtosis aad tactzrial killing. Granuloizrte
colony-stimulating factor accelerates in virro tie procuction oi

granulocytes in colonies and im vivo accelerates the procuction of

[ogosas

granulocytes nud improves the phagscytic and tacterial-xilling cavacfitie

IS

ia
{53=-55). IL-i nas been used as a radioprotector. Wwhen acdministeceu 20
le

hours prior to lrraaiation, IL-1 turans a near 1007 thal dose of raziatiun

in the mouse to near 1007 survival. When administered four hours tefors oc

45 hours bLefore, it is ineffective {(3L). GMN-C3F and G-0>

*:
-
B
“
(1
o
o)

nlalstered Lo zuilmatzs ang snown to produce a sustaines graaulocyizsis of

4-5 tises the normal lavel as louz as the raterials are administerec. Iz

has been given to priuates and mice in which the marrow 1as been suppress=za
by raciation or ch=iiczls and the zranulocyte cuunts are increased
(51-54). Erythropoietin has been shown to te of major benefit in
stimuelating taz proauction of rec ca2lls in individuals with
as a result of renal failure (55). It is assumed that these

comblaoations will be of potential %Zenetit in tne treatrent of iadividuals

with bone marrow suppression as a result of whole body irradiation. Ca the

other hand, it is concelvable that forciag cells Into mitosis before DNA 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 b=

explorac experimentally.
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Schenatic prerentation of radiation syndromes produced by total
body irradiation as a function of dose aud time after irradiation
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Figure 2. Sequential neutrophil counts in dogzs exposed to nuciear tomb gamma

radiation in relatiom to mortality.
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Figure 5. Schematic preseuntation of likely and unlikely radiation lethal 3i:se

curves for man frow Cronkite aand Boud (23).
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Figure 7. Depth-dose curves for 207 “Vp x ray express

<d as gzrcent of surface °

dose for unilateral and bilateral radiation exposure from Jomd e:
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Figure 9. Comparison of depth-dose curves in !lasonit2 phiunton expressed aus

parcent of entrance air dose for diverse sources of zadiaiion Zrom

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

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

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

dose is expressed as parcent of the 3 cm dose because of tie =:ix

-

beta component at the surface froin Croukite et al. (4)
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Figure 13. The accunulation of radiation dose in air as a function of tine

after commencement of fallout on Rongelap from Croukite et al. (47,
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Figure 15. The sequential changes in the 1C-dav CFU-3 in control

non-i{rradiated mice, mice exposed to 100,200,300 or 10CO rad
a single dose and mice exposed to 1000 rad gi
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