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tim after exposure. The OJS syndrome requires IMny thousdnds of rad, :J

api}earS in winutes to hours, ~nd kills ~ithin hours to days. The (;1S j

appears after doses of a taw hundred to 2000 rad.
‘i.,

It i~ ch~r~ctectzed hy ....

will then experience the !iSas a result of mdrrau aplasia.

on dose, survtval 1s possible ‘wit}~ntli)focic and tr+!lsfus

The rel.atfonship of .+rHtCIUlIJC,yte[iel}res.siunto mortaift;z III

lJt?~Il~sis illustc~ted. The r,>leof depth dose :ldtt~rnm

why air expasurz doses Wy be misleadfn~. The thempy uf rdd13~L0(] injury

1s described Ewisedon antibiotics, trarlsfusion therapy, and use of

:noleculqlrregulators. The limited r(Jl~of matched allogetILc hone mrcuw

transpl~nts is discussed.

● ● ● ● ● ●
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IXTRODUCTIOIJ

From perusal of the older literature and review of the Japanese

experience at Hiroshima and Nagasaki (l), it appeared necessary to consider

some bsoader aspects of radiation injury in general, such as the syndromes

produced by radiation injury, the influence of depth dose of radiation, the

unresolved question of lethality of radiation in man, the role of dose

rate, and repair of injury during chronic expvsure to radiation as in

fallout fields decaying with the -1.2 law. Studies “on pure radiation

injury generally involve a single dose of x-ray or gamma rays at different

dose rates, and it is rare to find sufficient data to evaluate the

influence of aepth dose patterns within the experimental subject. When one

considers the numbers of animals used, the steepness of the sigmoidal

radiation lethality curve between lb% and 907;a,ortality, the practice of

studying animals exposed to single dose of radiation, one must consider the

possibility that lethality differences observed may represent chance

variation, not related to any therapy used. In a retrospective literature

evaluation, these are questions thdt,canr,ot be eva~uattd definitively. In

respect to therapy, vast human clinical experience on use of antibiotics in

management of trauma and thermal burns in nianatld formanagement of marrow

aplasia produced by agents other than radiation, it can be categorically

stated that antibiotics increase the survival rate of patients with
~L#ii-li-extensive burns, trauma and individuals with teupotary marrow hypoplasi
“’’:43
~~A crucial problem in radiation injury is whether

P

the bone wrrow will

~~~~generate before the commensal or invading pathogenic bacteria develop

“resistance to the antibiotics available. ,-

x’
k, Radiation Lethality - The Classical Syndromes Ptoduced by Uniform

Whole-Body Irradiation:~..
\

.~x The radiation syndromes produced by exposure to ionizinb radiation

~$~ghly aependent on the energy of the radiation and hence
>

to the depth

Mtterns which will be considered later.....* Three, somewhat arbitrary and

3 overlapping syndromes are illustrated in Figure 12.

, The Central Nervous System Syndrome

? After hir~e do$es of several thous~nd r~d, the central ~iervou~ SYs

!$) syndrome is produced. Death may occur during exposure In some

b
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laboratory animals that is preceded by hyper-excitability, ataxia,

respiratory distress, and intermittent stupor. Doses capable of producing

this syndrom~ are uniformly fatal. This syndrome has been observed in a

few casualties described by Hubner et al. (2)3 If an occasional Person

were to survive the CNS syndrome, the individual has yet to experience the

Gastrointestinal syndrome (GIS).

laboratory animals that is preceded by hyper-excitability, ataxia,

respiratory distress, and intermittent stupOr. Doses capable of producing

this syndrome are uniformly fatal. This syndrome has been observed in a

few casualties described by liubner et al. (2). If an occasional person

were to survive the CNS syndrome, the individual has yet to experience the

Gastrointestinal syndrome (GIS).

The Gastrointestinal Syndrome

observed in the Japanese exposed to nuclear

Nagasaki.

The Hemopoietic Syndrome

The HS is not necessarily fatal. It Is

seen in the lethal range for all rmmmals ~nc

levels reported represent

depression, namely, granu

infection, thrombocytopen:

a clinical picture that i~

uding man. The lethalit~~
,

the LD50 for the sequelae of bone marrow ,,

ocytopenia with susceptibility to bacterial ‘-
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The GIS, when produced by doses in excess of 1500 rad, will be fatal ‘“.$

within 3-9 days in laboratory animals and probably this also applies to :$

human beings. ‘$The range in survival ~esults from species and strain .~~-

variations. It is named the GIS syndrome because of the marked nausea, ~
s,

vomiting, diarrhea, and denudation of the small bowel Inucosa.
-,J

The severe’.:
,::

and persistent GIS is a uniformly fatal syndrome in most laboratory ;
..

animals. It was observed in Japan and described by Oughtersen and Warrenl..$

(l), and in some accidenti by Hubner et al. (2). In dogs, Conard et al. };

i(3), have prolonged life by intensive administration of intravenous flii?;
‘.?$

and plasma. It is of interest that .,

3
.?.,

animals surviving doses up to 1200 rad will regenerate the mucosa of th~ ~,S*S

small intestine as described by Brecher et al. (4). The s’brvivors of “$
.,.

syndrome have then to experience the sequelae of bone marrow depreasion$:“.?
, ,<.Ap

which has been termed the hemopoietic syndrome (HS) and was commonly 4,.~-~

-’+
adiation in Hiroshima and’-a

a with susceptibility to diffuse purpura andj–,

bed ]
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anemia from suppression of red cell production and hemorrhage. Detailed

descriptions of this syndrome in man and animals are described (1,2,5-13).

‘1’hispicture of the ~ree radiation syndromes, which overlap to a

certiin extent, is based primarily upon animal experimentation. Hums n

experieme (1,2,14-20) indicates that man.corresponcfs reasonably closely to

the general mammalian response. There are some differences in respect to

the the of occurrence of signs and symptoms. The experience of the

Japanese at Hiroshima and Nagasaki exposed to gamma’ radiation from a

high-altitude nuclear device in which the fireball did not touch the ground

are described in detail by Oughtersen and Warren (1). Hubner and Fry (2)

have gathered together the total human experience in radiation injury and

its management, with the exception of the Japanese atomic bomb casualties

and the Marshallese fallout casualties.

Radiation Injury In the Japanese at Hiroshima and Nagasaki:

The CM was not observed by the Japanese at Hiroshira or Nagasaki

~~(1,15,24), nor would one tnve expected it to be observed since doses to
&
~ produce the syndrome were well within the area of total destruction and no

@Survi~als The GIS, with deaths in the first week, are well documented

P
‘“.,.
clini-lly and pathologically aa are deaths from the M (1,15,18). In the

%
~?~s~ of -n, the sequential 8eqUenCe of deaths and depression of blood

F
d!
&Ycounts is different from that in animals. It takes longer for the tiS to

Ewelop ia man. For example, deaths from infection were most prevalent in
&
~ aecoad to fourth weeks (maximum Incidence during third week) and from

mrrhaglc phenomena during the thiro to sixth weeks (maximum inctdence in

foukth week). Deaths from radiation injury were occurring in the
,.
laneseas late as the seventh week. This is in contrast to other
i.
.mals,where deaths from the acute phase are uncommon later than the
/.
rtieth day after exposure.
$,

1

The correlation of neutrophil c unta with

&lfty, is shown in Figure 2.
k.,

The data in Figure 2 are based on dogs

& were exposed to a nuclear bomb in the Pacific proving ground.

1

arable observations were made in the Japanese at Hiroshima and

& illustrated in Figures 3 and 4.

k

In addition, it vaa shown

t leukocyte counts in the Japanese were observed in the fifth

week after exposurea to the nuclear radiation (20). A comparable

50s in the depression of granulocytes was also seen in the Marshallese

Ed to fallout radiation (5).
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Probability of Survival

The probability of

The following’ analysis

Hiroshima and”l:agasaki

some, but t~ot all, die”

divided according to si

;$
following Exposure to #hole-Body Radiation:

$
,,,.,-

survival can be related to symptomatology in man.
;;-#+

is based on the observations made ON che Japanese i<
..l,..

(l). Individuals exposed in the lethal ran&e (wher~~
9

,.+%$

in the first several weeks after exposure) can be-~!$~e@

Ens and sv’mptoms, into groups having aifferellt -:~$~d

prognosis. Thus, they may be divided into
.,*7

three groups in which surviva,s~~

is, respectively, improbable, possible ~nd ~robable. dThis &roUping was’’~.~
‘$*

originally made by Cronkite (7). It iS apparent that there is I1O shar@&5
.1

lir,e of demarcation among the Groups.
.7..?w>...

Survival Improbable: If vomiting occurs promptly or within a few-$
“d

hours arrd continues ana is foliowed in rapid succession by prostration~~.-.

diarrhea, anorexia, and fever, the prognosis is grave. Death will prob~

occur in 100i:of these individuals within the first week. It is assd
3

that extensive administration of fluids and plasmi may extend the lif$~

these individuals so they may survive to develop the her.lopoieticsyn~

Survival Possible: Vomiting msy occur, but will be of relative~
-....@

short duration followed by a period of well-being. in this period ’o$
i$

well-being, rarked changes are taking place in the hemopoietic tiSs’&

+
..>’,

LyE,phocytes are profoundly depressed within hours and renain so for +i.~
., ,

.,@

noritns.
1

The neutrophil count falls to low levels, the degree and C&’
:**

time of rltiximuf.]depression depending upon the dose as illustrated ~%~
-,.,:.-,

et ai. (20). Si&ns of bacterial infection nay develop when the tb~
( -:@&

neutrophil count falls below 500/Jl. Platelet count may reach[veE’~
-K&

levels after two weeks. Evidence of bleedinb pay occur within 2-%:$.
‘“ -7&

2’his QIOUD represents a lethal dose range ir, the classical pharmaco~

sense. In the hi~her exposure Groups of this category; the latent-h
3!.*? :er

lasts iror. 1-3 weeks with little clinical evidence of injuries otbf$
,%@

slight fatigue. At the termination of the latent period, the p$~$$$

uevelop purpurat epilation, or cutdneous ulcerations Infectiori$<$
,.?>;

ur burns, diarrhea and/or melena. The mortality will be signific~.=.,,..
3

therapy, antibiotics and/or sulfonamides Lhe survival til~eUn.%”a
-.%

to be prolonged and if sufficient tiroe is provideti for bone marrc&
~~L:

regeneration the survival rate will be increased substantially..;.$~

+
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many soldiers had nausea and vomiting, recovered, felt well, returned to

duty to later develop purpura, epilation, oral cutaneous lesions, and then

died of infectiou. This is well-docur.,enteoby Gughtersen aridWarren (l).

D=spite the chaotic conditions that existed in }firoshima, the data of

Kikuchi and ~akisaka (19) indicates that there was moIe r~pid decrease of

granulocytes in individuals that could be ass~~ued to the Survival
.,.

Improbable and Survival Possible as compared to the Survival Probable’

group.

Survival Probable: This group consists of individuals who may or may

not have had transient nausea and vomiting on the day of exposure. Sn this

group, characterized by the Marshallese (6), there is no further evidence

of effects of exposure except the hematologic changes that can be detected

by serial studies of the blood with particular reference to granulocytes,

lymphocytes and platelets. The lymphocytes may reach low levels ●arly,

within 4C hours, and show little evidence of recovery foz nany months after

●xposure. The granulocytes may show some depression during the second and

third week. However, considerable variation is encountered. A late fall

in the granulocytes during the 6th or 7th week after exposure may occur.

Plstelet counts reach the lowest levels at approximately the 30th day at the

b time when maximum bleeding was observed in the Japanese who were exposed at

~“”Iiiroshima and N&gasaki. The lowest platelet counts we~e also seen in the;?;*,

~~<,Marshalleseexposed to fallout radiation around 30 days after exposure. In
$,.!
&this group individuals with neutrophil counts beluw 1000/~1 MSY h

‘completely asymptomatic.;, Likewise, individuals with platelet counts of

~75,000/Bl 01 less my show no external signs of bleeding. Lven though the

lefenses against infection are lowered by this sublethal hose of radiation,,,,
~dividuals with these severe degrees of hematologlc depression may not

ltvelop infection. It is generally believed that prern~ture administration~.

~~ antibiotics prophylactically may jeopardize the proliability’of recovery

~“ Survival Possible group by allowing bacteria to develoIJ resistance to

Libiotics.

, Effects of a Single Dose of Gamma Radiation

\i Analysis of a Possible Human LL150

@
In the first place, in all reality,., the mortality response of cian

:
,Zadiatitm is not known with any degree of precision.
P

One should thinh

~,theLD50 in the classic pharmacologic sense; that is, the mortality

%

,:
..-:
u. -97-
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respocse to raaiatian in the absence cJf tr~atment aciuother c6cK1icating :2

factors. The LD50 will be increased by the use of antibiotics ‘o col~tKOi’\

infccticms, b$ platelet transfusions to control bleeding, ar,a tht
“f
.5
2

hefiopoietic trolecular re&ulators now available *to stimulate An earlier
..:.7#
.~~

s. In 1947 hewell (21) surveyeo the opinion of :;*

lethal dose of radiation in man. Their estimate’1
‘$

the avera~e was close to 45b rad, the com~~cn~y .*,.%-;!&?

recovery of hematopoies.

radiologists of the 567;

varied considerably &na

stated LD50.

!lany sources of aa

total body radiation. The effects of gecne<

xadiation on the mortality response is Cruc:

(23) obselved that the small animals appear

lar~e animals have a low L~50. It would be

![,811may have a low L.IJ50* In fact, one does

‘,jt
a &az 011 the LD50 value fuz ~n a[loeach ~s &

severaI s~lortcomings. These sources include radiacio= moztalit)’ d~~ ‘ori

lar~e animals, the data from the Japanese exposed at iiiroshima and

..
-:A
;:e,*

l~a~asaki, the Marshallese data ano data from patients given t},erapeut~~~,
.2$$5$

ry-of exptisure and energy;~;.
,,

al (22-24). Lend and l?o~e~

$

,,,.Y—.,J
to have a high LD50S whey~~~.

logical from this to ar&~~~

@not really kuo~ how to ‘:,,.

extrapolate from animals to man. In principle, at least, one migh$?

that in kiixoshina awl }.~~dSaki wher= rxiuy

%

# ‘“individuals were expose , .
..?*.

would have a rather good idea of the radiation LL50 for marl. ThisX& .
*..:“s$

the tise, howe~er, because of the cOmplic&tln& factors *f tzauc~$.t %%‘%”’
.,.:+

injuries, poor nutrition, and, r;ost icrportafltly,tt,einability ta-”~~

as~ign Iaciiation duses to ioaividuals that survived or OieO. “:;%

Crmkite and Bond (25) have approached the problem of LD50”~4

looking at the lkarshallese restionst to 175 rad total boay irrad}~,$
,.-.j~

\ustrateb an &p~~
-~~~

“ar:h”lle:e ‘er:@j
would appear th+,$~i

the response of animals in general. Fi&ure 5 i

estir.iatin&humdn LL5~. It 1s bclievea that the

a near msxitral sublethal dose

f

t radiation. It

ul~iform total body irradiation IJouldaTIChOT the lower part of,t

cuzve. Certainly, in rio~sand swine, if the dose of radiationz~~
‘M

inct~aseu by 100 rad over that reccivea by tl)eMarshallese, O’neel

well into the lethal dose racge. If one scids 59 :ad to the esk!
.$

ra’~ that the Marshallese received, one has a probable low lethaLK
-;.y~

~bout 5-10;,, of appzoxinately 225 lad. If one uses the shineslo~a

as fcr uogs, the 9(J% r!ottalitj is about 5GfJ rau.

..*4.:
The midpoint ~~
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10% arLdflo:.is approximately 36U rad. Thus, one can nake a first ~ue5s

that the LIJ5G for rnanis in the vicinity of 3b0 rad n,idi~ne ifi the abse IIcI

of complicated thermal burns, trauma> or any effective rhcrapy. Trls

estiu:ate i$ bolstered by the fact that patients given therape~tlc t~tcii

Loay lrf~alation have severe heri~topoietkc depress lo!.occurrim~ at uose

leve~s’of about 200 rad.

antibiot.

inczease

(2LI)this

Probable Etfects of Therapy

On clinical grounds, one would think tt]at che cuir]l,lnecuse of

CS1 fresh whole blcod and platelet t[dKISfUSiOfiSwheIL nceGeu, KOUIQ

the surv~val rate. It has been clear~j shcwn by ‘:llleret 51.

antibiotics iucreflse the surviv4il rdte of irrd~lated ~:ice. furth

et al. (27) obtainea no marked benefit from antibiGtlc ~nG tzarl.sfus~or,

the~ap} in thtil studies. Subsequ6nC stuules by ~ore~:sul,et al, (2L) and

Pcrman et al. (29) have clearly shown that OIIeCaIIcc)r,sistel]tl}redtict

mortdlity fxom a neat 10U7.fatal aose to hbout lb”.rI(OILdlIt)ii,drJ&Sb) the

Cmbimd use uf high dosage of successive ant:biutlc$ d!_iG h’bolt IJ1OOLI

transiuslous sbpple~tenteu by plate]et-r~ch pl.isrl.iwhti, red culls ate riot

needeca This enables one to shift the si~r)oidal oose murtality curve uf

.’ the LD50 from approximately 3UtJrad in the 006 to a

in a nearly vertical sigmoid mortality curve. .After,j

1’rad little ber:efit La observed and WILJ) ~reattx doses nu anicl~ls survivt,

although the survival time is moderately increaseu. Thus, one cdn...
~~;nticlj3ate that .ancibiot~cs, bluGQ trduafuOxur,s .5rjti pidtelet tldl,SfUSICJnS

.,wouldbenefit hunan beings..:.
“g
i

The relatiol,ship of mortality to oepressioj: 11-1tnt &ranulocyte count

“$~fidobs and cIan further points up the ic,port~llt
- +.. role of fnfectiur,aricvalue
p,..$.
4.’$f antibiotics. In Figure, 2 is shown the gra~it,locycecount in sobs

4

tllu t
* ..,$.

W?re exposed to ~timma r diation from a nucled~ bomb atid the correl~tlol)
1‘;%
%ith percent nottdlity. The &rdrlUIUCytt curve tit tt:efar
#

left is 1{:Oobs

;=~t were exposed to about 600 rad midline dose. Kote Lhdt the blood

bunts cjeclitied ana all animals were dead by tht seveuth day c1 e>j~usurc.

r $utopsy i~.fectionwas cieariy the wajor cause of death,h il~tht next

the mor

along W,

dlity Wds ~ho ico~ w~tn d SIOW~T d~CllnC in &ldl.JIOC)[t

th a lon~er survival tire. At autupsy the r.,aj~r CaUSe UI

,.
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ae~th was ascribed to lniect~o?l arid cor,rpli ca ted by her.iurrimge. Ihe next

curve shGws a slower decline in the :ranulocyte count with a mortality of

~~==. The animals at autopsy st!owedlniectlon and iwrnorrha~e as causes Of

aeath. “The curve showing the le~st decli[w in the granulocyte count hau a
.

mortdlity of 107.with hemorrl)age ano irifection the causes of death.

In Fi~ures 3 au~ 4, the critical role”of the ~rqnulucyte count In the

JaFanese as a aeterminarlt of mortdllty is illustrated. Figure 3 plots the

I?,OItd}lt~against tht blood counts observed in the third, fourth, arid fifth

h,eeks. The lower the white count t~lehlbher the cmrtality. Figure 4

cor~elates the mortality at the end of nine weeks with the lowest white

count observed. The most clearcut cor~elation of the Importance of

lnfecticn is in the work uf ?Iilleret al. (26), shown In Fi&ure ~. In this

fibure, there is a cle~rcut corlelatioT~ of mOItdlity With the fIaCLJOn of ..+

animals having positive b~oocldnd sp~enic bacterial CLrltUrS!S. Subsequent ,: ~
F

stua~es in kussia and the L,.b. eXLCnQ and co!tfirm the role of infection. i.,!*..:,

Lill,tanianand Izvekova (30) have studied a whole series of
J,$

antibiotics anrj,,#’

r-beITust in the trCdtlleI1t of rddldtlCJn lojury in [Jice, rdts, a~id rabbits.”.:~~l

They administered kanamycln, erythromycln, tetracycline, ampicillin, ,<;.~
,,

:~-’.,“#T*
oxacillih, and uletetrine. lhe antibiotics were =imirrlstered tWICe a day~~~

by mouth for a total of 2Q-25 days starting 24 hours after irradiation wrg

a Ieth.aldose of Ldml:lardys. A cohb~ndtion of autibiutlcs was n,ole ‘&‘+;=

effective than single antibiotics. The combination of Kanar:,yclnwith .,::$
.-...

tetrdcyc~int 6X er~thr~~~cinj or tetracycline with ampicillin was most LhI~
,2:*

effective. The antibiotic combinations changed a xiear 100% mortality,~@

more than 5QZ survival. Cherllov et al. (31) and ‘1’rusttinaet al. (32).f’$~
.

.,$1
administered l~examine prior to exposure of dogs and ri,onheysfollowed ~.~~

fadnii,istration of antibiotics. In the case of doss, pen~cilliri and .-y
‘t

streptomycin were used. The survivals iTLcrea6kd from Ii% to 69%. In .*

studies on monkeys, a combination, of kanamycin, olete~~ine~ Strept.nry$

and penicillin i{as used, There was am increase in ‘survival frora20%:~

I4.
JUA . .,

1

., .,.

i; The Effects of Geometxy o
..

on Injury on +
,.>

Lepth-Lose curves and iiio
i

!,*W
*

The intidequdcies of USil)b
~

Lt
ion for prognosi~’%

be illustrated by stlowinE the
....
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depth+ose and biological ●ffect, Figure 7

a Masonite phantom to 2000 kVp x ray from a

exposure is bilateral with half of the dose

dose in the phantom was measured by Sievert

shows the influence of exposing

single direction than when the

&iven to e.+ch side (33). The

ionization chambers and 15

expressed as percent of the surface dose. In the case of the unilateral

exposu’re, the dose falls off as it is attenuated by inverse square and

absorption so Lhat the exit dose is about 45% of the entrance dose. Thus
.4; .

:2’??t,=... the bone marrow of large animals being exposed would have a progressively

: ,..;,,>.
~-~gure4 ;,’:<.:’.;*,$i

,.,....*
.Owest white .;,,...-

?.’?+?.t

antibiotics a?

. .- —.:,,
p ; :::;.,”
&.”.-J/

s ‘.+...,
.:x,.,

F
“A. :.. :,. .*. . .

,..:f.
..-.

.

,

,

i

decreased dose as the beam is attenuated. However, with bilateral exposure

there is very uniform deposition of energy throughout the tissue equivalent

phantom. The biological COI15eqUeT1CeS of the different dose pattern are

great. It is of considerable Importance to bear these differences In mind

when evaluating therapy of radiation injury and tryins to ntike an animal

experimentation as comparable as possible to an assur.md real-life hunan

exposure.

Figure 8 shows a comparison of bilateral exposure to 4 Pi e~posure

(33). This situation is important wtlen trying to evaluate the hazaras of

fallout irradiation with its wide range in energy and the radiation

exposure approaching 4 Pi source. Since fallout rddldt~Ot7 is delivereo

from a planar source, the usual ndrTOW beacl geometry is not applicable. In

: such a diffuse 360 degree field, the decrease of duse wlt}l deptf] in tissue

, is Iess pronounced than that resultin~ from a bilateral exp. sure to an ,

-r’,
fallout from inverse square is In eflect $!eutra~ized. \

j’ ‘-ray beam becduse
For the same euergy$ the dose dt the ceuter of the body is approximately ?

&
?
$

,.+50%higher th~llwould result from a given air dose with narrow beam

&

I
a

Figurt 8 further illustrates

&geOmetry*

l!
the depth-dose curve fror, an

..exper~mentai situation using spherically oriented cobalt-60 sources with a

‘$
i
rt-. hantom placed at their center}

&
compared with a conventional bilateral

.. , ,’
~t,depth-dose curve obtained with a single Cobalt source (34).

%
4

In the 1 tter
,.

‘,.
,’1
,Y~ase,

%

the air dose is usually ueasured at the point subsequently occupied
,.

$

,,,,~ the center of the proximal surface of the patient or ~nimal with respect
:*

k

the source. For the field case, all surfaces are “proximal” in the 1.
/;

ense that air duse measured anywhere in the space subsequently occupied by
-.

, 1-

$%

individual is the same. It is this air dose which is measured by field
~
,,
i.,

.? strumentS; it does not bear the same relationships as L]le surface dose
b’

$&d
i;

k

the depth dose as air dose measured in a “point source” beam in the
‘fL.....,~? .: 1;

>. -1o1-.S, /~,+..:,:.. ?
*
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clinic or laboratory. It woula appear ulder these circumstances and In

most experimental conditions that the midline dose, rather than dose

measured in air, would ix [he better cvnmon pardmecer in terms of which to

predict biological effect. On this assumption, air dose value should be

multiplied by approximately 1.5 in order to cotq,~re clieireffects t~.Liluse

of a given air dose fro~ a “point source” beam &?ometry delivered

bilaterally. Furthermore, che geometry of radiation from a fallout field

is not identical either co the geometry of bilateral point sources vr the

,“., ,.
*..>.,, ~

%-”:’ : :

, .-,7’

E@’-’ j#

‘.%,2

3
,j?g:-.”2

.. “,,. ,,, .,.,

.. .,; ..
. ...&

I

spherically distributed sources since the plane source delivers a radiation :

largely at a grazing angle. However, the total field situation is better
1
P

approximated by solid than by plane geometry.

Figure 9 shows depth-dose curves for different types of radiation to .~

provide an idea of the difference in absorption of energy Lhrougkout a
,,:,.;
‘Ji

large animal body thus injury (in the lethal range) to the important target ~

cell, the hematopoietic stem cell, which determines whether the bone n=rrow , ,;
j

wfll regenerate. These depth-dose curves are determined in unit density .~~
“:..,lA

material using small Sievert chambers implanted at 6 cm intervals in the ‘:,9
:4:

phantoms. The doses are expresse(i as percent of the entrance air dose.
;,%;

3
3,\X

Curve A represents the depth-dose curve from 250 kVp x ray.
.s

This is a ,,~++

commonly used energy of radiation in animal stu~ies,

t

.-
Note, the surface -i ‘

,,.!
dose fs about 402 greater than the et,trance air dose and this falls off

?4
:~~p

a to

Ill

Urlf.

the

frOJ

res~

vi t~

midl

300,

homo,

kVp >

and I

bilat

recei

radfa

dfs~

Stem ,

(

very rapidly with depth in the tissue so that approximately in the midline ,.,?.%
:~?.;?

radfa I

corresponding to man it would be 6G% of the entrauce to the Important .$gg ~

target cell, the hemopoietic stem cell, which determines bone marrow
3

iJ;*
:.!

regeneration. Since bone marrow was distributed throughout the body in ti$~~

bones, the amount of energy deposited in the hemopoietic $tem cell varle$$$

by a very large factor. The curve B shows a sfntflar depLh-dose curve for#!

2000 kVp x ray. Curve C is the initial bomb gamma radiation and curve D~#,

cobalt-60 gamma radiation. It is evident that for the same air dose,
=:;~g

injury to hematopoietic stem cells scattered throu~hout the bone n,arrow[~~

varies considerably and th(!swould IX expected to result in different
t:*
g

lethal dose curves.
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The Effect of Different Fisdiation ‘&pth-Dose Curves on hortality in

rlammls

Tunis et al. (35, 36) has studied this in the laboratory and in the

aLomic bomb field tests with swine as the target animals. This iS

illustrated in Figure 10, showing the sigmoid dose mortality curves for

unilateral 2000 kVp x ray, bilateral 2000 kVp x ray, and the mortality from

the highly energetic prompt gamma ractfation from a fission bomb. The LD<n
~lout iield

~

w
..> -

-w

..>. from unilateral 2000 kVp x ray is 500 rad In air. Bilateral 2000 kVp‘,
~ces or the ;.1,.-,-”,.i

,:.~j~ resulted in an LD50 of 400 rad in air. The initial bomb gamma radiation

s a radiation ‘‘~+’4 ●

<f%
with LD50 was about 230 rad in air. These air doses can k converted to

,n iS bet~er
.! midline tissue doses based on comparative studies on depth-dose curves to

~;-,.,..-!
,....*,..X 300P 220, and 184 rad. The differences are explained In part by lack ofr.,%

homogeneity in distribution of dose. In the case of the unilateral 2000

i

kvp x ray, tissues distal from the midline received much less than 300 rad

and tissues proximal to the midline received more. In the case of

bilateral 2000 kVp x ray, tissues proximal to and distal from the midline

receive a greater absorbed dose. In the case of the prompt gamma

radiation, tissues proximal to the midline receive a greater dose and those

disul a lesser dose, and hence a higher and lower survival of hefliopoietic

stem CellS on opposite sides of the midline.
~.,
-.> AS a result of the effect of energy and -geometry ot exposure, measured.,
J
:-;”radiation doses in air are of relatively little use in predicting

I

..<
; survival. For practical clinical management, it is the opinion of this
:$.,
:author that one should be guided by the clinical and hematologic cour:~ a-.,..%

#Iot by estimates of radiation doses In air or doses estimated by biological

~simetry.

1

Fallout Itaaiation kxposure of the Marshallese

The energy of a fallout field determines, in addftjon co tilegeometry,.

$

:
, exposure, the depth-dose pattern. Figure 11 shows the enercy spect.ru~,

.3 . .. 4-day old fallout. The original source is the ener~ of inksrer,c ~:~,.na.,4.
?
$- ssions from the major components of the 4-day fallout.

The solid I,lack

ftogram is calculated distribution of energy taking into accuu;lt Comptotl

ttering. Thus the energy to which an individual is exposed varies from

~w kev with little penetration to a peak at 1600 I(EV. The effect of
~ energy distribution in the geometry of exposure on depth-dose curves

}hown in Figure 12. The depth-dose curves of a fallout field and

ill‘ .,
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gamma radiation are shoun. The doses of r~diation to the surface and the

first few nlilllmeters of the body were substantially higher than the

midline dose of gamma radiation. The curves presented are a percent of the

3 cm dose o? radiation. In addition, the clinical observations of the skin

lesions forcefully demonstrated that the dose to the skin Wried

considerably between individuals and vver the surface of any given

inoiviaual because of the s~o Lty nature of the radiation burns to the skin.

Another feature of fallOUL radiation is its decay. The fallout

arrived about 4-5 hours after detonation. Figure 13 shows ~he accumulation

IL frq of dose as a function of time after detonation. The dose rate decre~sed

Form continuously as the fallout material decayed. The mjor portion of the

.,.

dose was received at a hi~her dose rate. By the tinle that 90?;of the dose

had been received, the dose rate had fallen to less than 4b% of initial

value and thus is rr,uchdifferent from any animal exposure conaition in the

literature. The influence of a aose rate falling by a 1.2 power i-unction

is not known.

I&pair of kadiation injury

T1-,ishas been consfderea in sunle detail in a report of the PJCRP (37),

In the T,ChP dissertation, iL was stated chat 150 rad over one week, 200 rad

over one month, or 300 rad over four months is believed to h sublethal an;

that no {iedical cfire would be required. Ilowever, 25LJ rad over one week,

35(-Irad over one month, or 50!) rad over four months is estimced to be in

the 5% mortality ran~e and that sunie medical care will be required. khen- .
..

6

L

.5

g

d

b.

11

ba

ma

45G rad IS received over one week, 600 racior more over one month or ~ +? ,,c

a’ :$ eff:longer, the mort.dllty witnout tner~py is estimated co be 507;or more alldi>

extensive meflical care w

not midline tissue dose

tihe~her studies on

unpublished stuaies, we

il~terval from 1-24 hours

of 10 Gy. This is shown

mice survive 30 days. A

increased, there is an a

khen the interval IS 22

the n,ice survive. Fi~ur

soj:j~~~
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leg in nurrrialmice and mice receiving a slilgie aose of lUL’, ~~bt ar 3G(~ raa

and the mice receiving 1000 rad in a sinzle aose or lCJOCrad in four 250

raa irlcrerrlenLs24 nours apart. .A1l10CO rad ar]imals dleo by -’e iith ~~

after irradiation and the survivors had a very low CFL-S coTILerltof aLudc I

per leg. Animals receiving a 25u rad dose at 24 hour intervals iladat!

~qtialdepression of their CFC-S, folloked by aq exponential reccvery to

near nor~ial levels by 30 days after expcsure.

Therapy of Nhole Body Radiation Injury

bacterial infection has long been established as L;Ie !ksjor cause ot

death in the irradiated animal in the L~5[2ranbe. The cort,c,ensalJr.ganisPls

living pril~iarilyin the gastrointestinal tract are the usual organisms c}jat

kill the animal that is irradiated in the ~D50 ra[lge (117 ~~~ 3~-40). The

use of arltibiotics as an effective treatruerrtwas firsL shown by Yiller et

al. (41) with the administration of streptomycin in mice. In addition,

germ-free animals have been studied (42, 43) ana Lnese anirJals live lon~er,

dying fron, F,emorrhage and anemia rather than infection in the absence of
,.‘.%3;

‘,-.!. bacteria. The effectiveness of antibiotics falls oft as one nears the 1!Ju7.*..W ,,
,&!J?

lethal dose level since bone marrow regeneration iS delayed so low thaL
....jg<&
,,::i$y?,~p (37)9’’””4 bacteria develop resistance to the antibiotics bein~ used before bone

%
,<big.

,, z~()rad$;$ marrotiregeneration ensues. Taketa (44) has intensively studied the roles
“w
*S

.’a,,$.
,= of ~atcr-electrolytes and alitibiotic th~rapy against the acute intestinal
~m~~thal an TGB ~

.,~.,.>radiation death in the rat. In these studies it was clearly shown that
~ weekl .

‘+;: -E
~ ~icroorganfsms play a prominent role in che genesis of acute intestinalLo & in ‘$+

@ ~ death in ~~ rat, and this was modified by Lhe use af antibiotics and
,km*...E$:;>p

i;~ ~ntenslve adm~n~scratfon ofwater and electrolytes. ILiS a beneficial
-.%~

~= effect not limited to rodents. Dogs have been treated with success with

~ Antibiotics, fluid replacement, and blood transfusion. A drdf!kiti C

& improvement in mortality was obtained by Coulter et al. -<45), [{amrr,ond(46),
h*;.*-

~~&’;_.~=aridAllen et al. (47). In the latter study, blooc transfusion.shere

combinedwith successive antibiotics.
~. In view of the fact that commensal

\!arganismsof che incestiue arc frequen ly cultured fron] the blood of the

I

fBMlly irradiated mouse, kebster (48) tested the eftect of orai neomycin

&rapy upon che mortality from whole body x-irradiation of rdcs. Graded

bes Ot radiation were usea from 700 raa through ~50b rad.
. ‘.eomycin

~eatrnentresul tea in significant prulun~aticn of t~jercac >urvival tl~ltcOf.%

f
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The essence of the work is: 1) ap:,lybroad-spectrum af]tibiotics iilsuring

Suppression of l~,icruproliieratiol~L$ainLa pur[~oseful alterndtio[! of

antibiotic cycles witli different prep.lra~ions; 2) use antlbioLics to create

bacterial static cor,ci,ntr-itlonsof antibiotics, not ofIly in C~C OIIJO~ and

.
tlSSJf_!S bllt iilSO ill ~l~C~S of n:ituraloccucrence of n[icrubes Sucli-is. the

~,a>trvil)testinalLraCt and r+2s\,ic~LocytrdCt; 3) uLiliZe antibiotics 8S

e~riy as pussih~e, and hefure Ir,ftictiousfoci have d.tivelcped.

Tne M[la{:erirentof khole fkmy Pacfiaticm Injury Litli or kiL!.out timbineti

.
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2. If exposed to neutrous, s ~,~jo~eboay count S}lCJuldbe raae LO

?stimate the amount of radionuclidw~ produced,

3. hedlcdl history, physicai ~x~mirlati!]n,and lab~ratory sturfies

lncludlns a complete hemat~l~gic ew’’.luacionshmld k done as prompzly aS

j0s5i Die. l,ytogenetic preparatiot:~ 01 direct bone Ilxirrow slid

:]hyLoherr~aglutininstimulated peripht-~al blood 1

for hcec a[lalysis of biological U’SL estit,,~te

lymphocytes should be obtafned whi :< still ava

sets in, for hurlafi ly!TlpilOCyte (tiLA} typing ana

leukocyte cultures. l’he results o~ the tissue

q;atchingof &ranulocyte, plate]et t:<nsfusions

possible bone marrow donor.

mp}~ucytes should & set up

As SVCJ!Ias possible, the

lable, bef~re lymphopenia

stora~e for later J!ixed

typins will be usetul fur

and the identification of a

~,~cS as
5. Reverse isolation techniq~<~ tu prevent in}!ressof pdthogens to

the irraolation individuals are gene;ally lXIIe Ved to I)ave been effective

in preventing infections in patients unuergoint; trefitlllentfor leukemia and

subsequent bone marrow tr~[]splantatl..i,. ‘l’hiswoula probabl} be a useful

procedure in the event Of a POtk’riCf.iLl~ fii~i irradiation acci~ent. If

possible, the ilIdiViOIJiJ~ShOUld be ti..- itt~d LO a PIOUC?ril l.aninar air-flow

rOOflI ~’i th a cor.lplete regijl~en of skin .<teri~fz~ti~n, sterile diet, and

non-absorbable dnt~~i~tics for ster ii !zattun 0! the .,GscKoilltesLilJal

tract. If this is not feasible, r]e+~..:tesshould be initiated to prevent

I commensal and piitho6enic il,feC Lions.

1

l~ecuctlon irlLlle~~astrointestinal

flora is desirable, and this can be a,.cofl,plishtd with oral, non-absorbable

I broad-spectrurlantibiotics SUCI,as k..~q~cin and alltf’fultgal d~erlts Such as
:*
‘~? Bystatin.,-%,
;:~ . Platelet trar.sfusions, prefe:~bly fresh, shOtJ]d k given wher, the

~~ ~late::t count approaches 25,0[)0ancf rc[~eated tc maintain levels abow....

tits.

IFthe patfent sholJld become refract,):, co ran/fordonor ~~ac,:let~, ~he use

OfMI.A-matchedplacelees fro!.uflrel+c~,lOuRor S E=}
becol!)e “iecess<iry. ,4

fUily-r,, en, oer transfusion shoul~ not !-

1

adr[infstered until [!{epossthili [:.
#&II-Iearrow tr~nsrlat;tati,>rlhaS ‘bed:,

e.xclI.Jr!cdLccaLJ>e sdct trsnsf~:iluns

tightSen; ltize the patient to tk .int\~,,:nsof ~ ;ossibie

I

z-,
,..

do{lj?.
~ -,
:.. ,$,$%’. +

.,.. _.1(~-_

!
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7. Lrr-inulocytecransfusiuns wrJulu be desirable to prevent intection !~

in patients with a :ranulocyte count f~llinfi ~CIOk 200/21-
.4amittedly,

‘$

+
LheSe are not practical otiany kKg,s SQdle. P

s, ~nft?ctionjs the ~reatest Lllredtto life. The onset CJE
;‘“*

signiticdnc fever greater than Yd”L Siloulqarvuse sccong SuSPiLiun ot
,:
‘-i!V
.’:<.:.~

infection in che graaulopenic patient. Fever with c~inical si~ns of .%.-,.,$:

bacterial infection, or fever sustained rfloreLhan 24 hours is an inQlcdtlOQ
“3

F
;::;;:

for initiating, systemic antibacterial ch~rapy even tnough cultu’reSare ‘-+:,,,,:

Sirlce the most likely a~ent is an Organism fror.normal bowel
“s:;”;

ne~ative. y<<~$-.

flora, initial therapy should include amino~lycoside and carbenicillin with $$$yk

additional antibiotics being added as indicaced b) txaccerial culture
‘%? G
“{g~ +

sensitivities that are obtained. If cultures are negative or fever ~:--,+

persists, ~herapy wittla combination ot

...
Lrir,,epboperimanu sulfanechoxazole;~<..-,,

.::i.:~.r;;

or with arr,photericir?may be considered. After initiation of broad-spectrum~+j
-$-.-S.:!:,

ant~biotic th,erapy, it should be continues until the granulocj’te count
,Z.-,+wk+.,
,_.?..--,..*
‘<,~~~~~

rises above 500/Ll, fever subsides> and eviaence Of infeccion ‘isaPpear8e*
%

9. hashed lacked red blood cells sl~ould be givetlas indicated to ~,~
%<;

the hemoglobin above 8.5 ~. +$

10. All blooa products skould be irradiated with 2000 rad befOre

infusim into che patient in order to kill lymphocytes that might
;’%

proliferate and li:]pair~he
‘=:~<~

l,ossibilit> of a bone marrow tKarlSPlant. ,,:.~..>-.>.:*

11. hone marrow trar,splantation Iuillouly rarely be indicated h &&

irradiation casualty because
:.>.

uncertair(ty about tl]emagnitude of the *U%;-‘,*

radiation dose, inhomo~eneity of the dose, and the requirement that U

dose be within tl-,elimits of rescue of bone marrow transPlantation~ ,’g

appruximat~ly 330-213GU rad. below 800 rad immunity Is not sufiicieni,.-+
..

suppresses ana tr~nsplants are rejecced. Above roughly 2M.N rad the,~
.$

no Lk.erzpy. From the lyrrphocytes collectcu promptly, ‘the-casualty UN
:4

have ke~H_!.A-typecr and clo~lors ~ill have been i~enti~iea. A geneti~..3

identical twirl is the ideal donor. In one irradiation casualty expo,,~
~.“h

approximately ~u~ rad showeu a rapid henacopolecic recovery followi~~
-~~

LranSfUSiOfl of bone marro~ Iror.his twin. AIKhough radiaLion dose ~.,..+
%

above as ,ln iliiiC.+LiOR for bone marrou Kr?i~Spl~[ltJtiOn,it iS [U ~r’~
.,.,

ftrJR Lk,eearlier discussion tl~atdoses and Lhe dePLn-JoSe curves ac$,:.q..

krioKn WiL!lany ce~ret ot cercalnty ar~~~Li,eiuses lUSeai,’Jovewere b~.~....,.<

I’ksrrrat

Narro

In th,

have been

t~chnique~

and 3f grar

Colorry-stin

er~thropoie

MaCrophage~

Produce gra,

accelerates

upon in VivC

production ~

functional ~

colony-stimu

granulocyte~

KranulocYteS

(50-55). ~~.

huatay rep:,.,\

creased Incidv

‘~ored~xperi%
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Hematopoietic Molecular Regulators in the t=nagement of Cllebone

Marrow tiypoplasia

In the last ten years several molecular re~ulators of he[itatopoiesis

have been identified, purified, sequences, and by recombinant IJNA

techniques aregtx?ing pr~duced in large amounts.. These are lnterleukin-l

and 3, granulocyte- macrophage colony-stimulating factor, microphage

colony-stimulating factor, granulocyte colony-stimulating factor, and

erythropoiein. Interleukin-1, a product primarily of activated rr,onocyteor

macrophages, stimulates T-cells, endothelial cells, and fibrublasts to

produce granulocyte-microphage colony- stimulating factor. ‘Thelatter

accelerates the prurluccion of granulocytes and macropha~es in vitro and

upon in VIVO administration produces a granulucytosis with accelerated

production of granulocytes. It also increases the effective[less of the

functional zranulocytes in phagocytosis and bacterial killinE. Granulocyte

colony-stirnul atintfactor accelerates in vitro tileproduction of

~ranulocytes in colonies and in vivo accelerates the production of

grarlulocytes and improves the phagocytic and bacterial-killln~ capacities

(50-55). IL-1 has been used as a radloprotector. Li,eniiamlniscereU 20

hours prior to irradiation, IL.-1turns a near 1002 lethal aose of radiation

in the mouse to near 100% survival. When administered four hours before or

43 hours before, it is ineffective (5(J). GN-CSF and G-CSi have been

administered to primates and shown to produce a sustainea granulocytosis ot

4-5 times the normal level as loug as the materials are adn,lnistered. It

has been given to primates and mice in which the marrow has been suppressed

by radiation or chemicals and the granulocyte counts are increased

(51-54). Erythropoietin has been shown to he of major benefit in

stimulating the proauctfon of red cells in individuals with severe anemia

as a result of renal failure (55). IK is assumed that these a~ents or

corr]binationswill be of potential beneiit in the treatment of individuals

with bone marrow suppression as a result of whole boay irradiation. on the

other hand, it is conceivabl~ that forcing cells into ri,itosfs&fore D!*A is

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

failure of che mftotic capacity of plurfpotenL sterrcells or an earlier ana

increased incidence of leukemia. These are possibilities that need to be
.
explored experimentally.
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