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time after exposurz. The CNS syndrome requires wmany thousaads of rad,

appears in minutes to hours, and kills withia hours to days. The GIS

ACUTL RADIATION SYLURULES Al ThLIK fiabvaGbMEN =

L., Ctouneite

Hdedical Departwent Broohtisveu wational Laboratory

Upton, lew York 11973

ABSTKACT

ion syadrowes produced by large doses of ionizing radiation

futo three general jgroups depending oa dose of radiation and

appears after doses of a tew hundred to 2000 rad. It is characterized by

nausea, vomiting, didrrhea, 4and disturhances of water and electrolyte

metabolis.

It has a high wortality in the first week atter expusure.

Survivors will then experience the HS as a result of marrow aplasia,

Dependiag on dose, survival Is possible with aatlbiotic ind transfusion

theranpy. The relationsatp of zraauluceyte depression to wortality In do,s

and hu aa beings is 1llustrated. The role of depth duse pattern un

wortality of radiatfon exposure 1s described and used as an iandication of

why alr exposure doses way be nmisleading. The therapy of radlation injury

its desceibed based on antiblotics, transfuston therany, aad use of

molecular regulators, The limited role of matched allogenlc bone marcow

transplants

is discussed.

1nis research was supported by the L.S. Deparwumeat ot baergy under lontract

LE~ACUZ-76CHO0016. Accordingly, the U.S. Covernwent retalns 4 nonexclusive,

royalty~{ree
contribution,

license to publilish or reprocuce The publishea fore of tils
or dallow othiers to do so, for U.S. Governrent purpouses.
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INTRODUCTION

From perusal of the older literature and review of the Japanese
experience at Hiroshima and Nagasaki (1), 1t appeared necessary to consider
some bnoader aspects of radiation injuey in general, such as the syndroues
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 repalr of inmjury during chronic expusure to radiation as in
fallout flelds decaying with the -1.2 law. Studies on pure radiation
injury generally involve a single dose of x-ray or gamma rtays at different
dose rates, and it is rare to find sufficient data to evaluvate the
influence of depth dose patterns within the experimental subject, When one
considers the numbers of animals used, the steepness of the sigmoidal
radiation lethality curve between 10U% and 90% mortality, 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 trelated to any therapy used. In a retrospective literature

Htti:? u evaluation, these are questions that canuot be evaluated definitively, 1In
i . respect to therapy, vast human clinical experience on use of antibiotics in
{1:fv managenent of trauma and thermal burns in nan and formanagement of marrow
ifu;io \aplasia produced by agents other than radiation, it can be categorically
, 1a :§Lated that antibiotics increase the survival rate of patients with
uﬂi ~‘_;extensive burns, traume and individuals with temporary marrow hypoplasia.

catton = “ A crucial problem in radiation injury is whether the bone marrow will
ergenerate before the commensal or invading pathogenic bacteria develop

_égesistance to the antibiotics available, 7
b X

kadiation Lethality - The Classical Syndromes Produced by Uniform
Whole-Body Irradietion:

5 The radiation syndromes produced by exposure to 16n1zing radlation are
i$§ghly aependent on the energy of the radiastion and hence to the depth dose
l?&terns which will be considered later. Three, somewhat arbitrary and

88 overlapping syndromes are illustrated in Figure 12,

The Central Nervous System Syndrome

After large doses of several thousand rtad, the Central Mervous System

:5) syndrowe is produced. Death may occur during exposure in some
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.;{ laboratory animals that 1s preceded by hyper-excitability, ataxia, s a
-i; respiratory distress, and intermittent stupoXx. Doses capable of producing ; ; d
s this syndrome are uniformly fatal. This syndrome has been observed in a
few casualties described by Hubner et al, (2), If an occasional person e
were to survive the CNS syndrome, the individual has yet to experience the e
Gastrointestinal syndrome (GIS). th
laboratory animals that is preceded by hyper-excitability, ataxia, th
respiratory distress, and intermittent stupor. Doses capable of producing Ja;
this syndrome are uniformly fatal. This syndrome has been observed in a AR hi;
few casualties described by Hubner et al, (2), If am occasional persomn 'Eif are
were to survive the CNS syndrome, the individual has yet to experience the 3 hav
Gastrointestinal syndrome (GIS). fts
and
The Gastrointestinal Syndrome
The GIS, when produced by doses in excess of 1500 rad, will be fatal Radi
within 3-9 days in laboratory animals and probably this also applies to T
human beings. The range in survival results from species and strain (1,1
variations., It is named the GIS syndrome because of the marked nausea, prod.
vomiting, diarrhea, and denudation of the small bowel mucosa. The severe survy
and persistent GIS is a uniformly fatal syndrome in most laboratory cling
animals, It was observed in Japan and described by Oughtersen and Hatreﬂc, case
(1), and in some accidents by Hubner et al. (2). In dogs, Conaxd et al. - count:
(3), have prolonged life by intensive administration of intravenous f}ﬁi deve],
and plasma. It is of interest that ‘ - the ge
animals surviving doses up to 1200 rad will regenerate the mucosa of th%¢ 5 }' bemorz
small intestine as described by Brecher et al. {4)., The survivors of }iik" : the fo
syndrome have then to experience the sequelae of bone marTow depressioi& : ¥ Japape.
which has been termed the hemopoietic syndrome {(HS) and was commonly animg] ¢

observed in the Japanese exposed to nuclear radiation in Hiroshima and

Nagasaki.
The Hemopoietic Syndrome
The HS is not necessarily fatal, It is a clinical picture that 3}
seen in the lethal range for all mammals including man. The lethality
levels reported represent the LDgy for the sequelae of bone marrow
depression, namely, granulocytopenia with susceptibility to bacterial

infection, thrombocytopenia with susceptibility to diffuse purpura an
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descriptions of this syndrome in man and animals are described (1,2,5-13).
?IOGUCing This picture of the three radiation syndromes, which overlap to a
ed in certain extent, 18 based primarily upon animal experimentation., Human
ieiiinthz‘ experienee (1,2,14-20) indicates that man corresponds reasonably closely to
€

anemia from suppression of red cell production and hemorrhage.

Detalled

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

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

5 e Japanese at Hiroshima and Nagasaki exposed to gamma radiation from a
producing Ham
% X 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)

the 58 1 have gathered together the total human experlence in radiation injury and
.rience E g,

its management, with the exception of the Japanese atomic bomb casualtles
and the Marshallese fallout casualties.

ve fata ; Radiation Injury in the Japanese at Hiroshima and Nagasaki:
1 be g

The CNS was not observed by the Japanese at Hiroshim or Nagasaki

crain (1,15,24), nor would one have expected it to be observed since doses to
nauseg; Lk ‘produce the syndrome were well within the area of total destruction and no
The S;QQ ks survival. The GIS, with deaths in the first week, are well documented
,;oty“ clinically and pathologically as are deaths from the HS (1,15,18). 1In the
and ;airef “case of man, the sequential sequence of deaths and depression of blood

" counts 1s different from that in animals. It takes longer for the HS to

¥
P develop ia man. For example, deaths from iafection were most prevalent in
o

the foutth week). Deaths from radiation injury were occurring i{n the

7~anese as late as the seventh week. This 1s in eontrast to other

The correlation of neutrophil cdqunts with

: lity, is shown in Figure 2. The data in Figure 2 are based on dogs

are {llustrated in Figures 3 and 4. In addition, it was shown that

t leukocyte counts in the Japanese were observed in the fifth to the

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

ice in the depression of granulocytes was also seen in the Marshallese
ed to fallout radiation (5).
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Probability of Survival following Exposure to whole-Body kadiation:

The probability of survival can be related to syuptomatology in man. f
The following‘analysis is based on the cbservations made on the Japanese {q& ;
Hiroshima and Nagasaki (1), Individuals exposed in the lethal range (whetpf X
some, but not all, die in the first several weeks after exposure) can be: &
divided according to signs and symptoms, into groups having atfferent I
prognosis. Thus, they may be divided into three groups in which survival er
is, respectively, improbable, possible and probable. This grouping was;
originally made by Cronkite (7). 1t is apparent that there is no sharpiy no
line of demaication among the groups. 2% £Tc
Survival Improbable: If vomiting occurs promptly or within a few of
hours and continues ana is followed in rapid succession by prostration,ﬂ
aiarrhea, anorexia, and fever, the prognusis is grave, Death will prob;_%H lyr
occur in 100% of these individuals within the first week. 1t is ass wit.
that extensive administration of fluids and plasma may extend the life exp
thi

these individuals so they may survive to develop the henopoietic syni

Survival Possible: Vomiting may occur, but will be of relative

uwontns,
time of maxinuu depression depending upon the duse as fllustrated

it dE

et al. (20). Signs of bacterial infection may develoup when thT iéﬁg
Platelet count may Teach; very

neutrophil zount falls below 500/4l.

e
levels after two weeks. Lvidence of hleeding nay occur within 2-&@3
A "1&, Y

This group represents a lethal dose range in the classical pharmaco
] PR

. S R
sense, In the higher exposure ,roups of this category, the latenur il
et ey e N AG

> il

At 5

to be prolonged and if sufficient time is providec for bone marrol

P
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many soldiers had nauses and vomiting, recovered, felt well, returned to
duty to later develop purpura, epilatiom, oral cutaneous lesions, and then
mal. died of infection, This is well-docurented by Cughtersen and Warrem (1),
iese ineiail Despite the chaotic conditions that existed in hiroshima, the data of

Kikuchi and Yakisaka (19) indicates that there was more rapid decrease of
granulocytes in individuals that could be assigned to the Survival

Improbable and Survival Possible as compared to the Survival Probabié>
group,

Survival Probable: This group consists of individuals who may or may
not have had transient nausea and vomiting on the day of exposure, 1In 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,
lynphocytes and platelets. The lymphocytes may rteach low levels early,
within 4€ hours, and show little evidence of recovery for many months after
exposure. The granulucytes may show some depression during the second and
third week. However, considerable variation is encountered, A laté fall
in the granulocytes during the 6th or 7th week after exposure may oééut.
Platelet counts reach the lowest levels at approxmately the 30th daj at the
time when maximum bleeding was observed in the Japanese who were e#bosed at
“)Hiroshima and Nagasaki., The lowest platelet counts were also secen iﬁ the
“mHarshallese exposed to fallout radiation around 30 days after exposure., 1In
g this group individuals with neutrophil counts beluw 1000/ul may be
~7$omp1etely asymptomatic, Likewise, individuals with platelet counts of
.75,000/ul o1 less may show no external signs of bleeding., Lven though the
;jgfenses against infection are lowered by this sublethal dose of radiation,
?vaelop infection. It is generally believed that prea;ture sdministration

f antibiotics prophylactically may jeopardize the prolability of tecovery

tibiotics.

Effects of a Single Dose of Gamma Radiatioun
Analysis of & Possible Human LDg, '

In the first place, in all reality, the mortality response of nan

-97-




resporse to radiation in the absence of treatmeut and other couplicatiaog 105 ay,
factors. The LDgg will be increased by the use of antibiotics to control That ¢
infecticns, by platelet traunsfusions to control bleeding, ana the of com,
hemopoietic molecular regulators now available to stimulate an earlier esting:
recovery of hematopoiesis. In 1947 hewell (21) surveyea the opinion of noay gy
radiclogists of the 50% lethal dose of radiatior in man. Their estimate develg
varied considerably and the average was close to 450 rad, the commonly
stated LDgq.

ttany sources of aata bear on the LDy, value fur man aud each has antibig,
several shortcomings. These sources include radiation mortality data “ong Xacreage
large animals, the data from the Japanese exposed at Hiroshima anc i 24) the

® al, (

total body radiation. The effects of gecmetry of expoesure and cnergf L Emerapy

radiation on the mortality vesponse is crucial (22-24). Eond and Pobe PETran et

(23) obsetved that the snall animals appear to have a high Llgg, wheteg =gy,
fxntined
msi usf.

l-.‘:nec_ i

man ray have a low LbLgge Inm fact, one does not treally kuow how to

extrapolate from animals to man, In principle, at least, one mighé&t,

that in Hiroshima and tagasaki where mauy individuals were exposefgL ®mEmunp ] § e,
& <

would have a rather good idea of the radiation LL50 for man. Thiséfa

the cuse, however, because of the complicating factors of trauma,. {3 .‘ Ehe The 57 por

,‘¥

injuries, poor nutrition, and, most importantly, the inability wo if-'< g ima neary

assign radiation duses to inaividuals that survived or oieaq, : Tag diitle

the response of animals in general. Figure 5 illustrates an apg‘ ;; el benef

estiuating human LLgg. It 1s believea that the harshqllese wer AT T The re;

a4 neay maximal sublethal dose rt'radiation. It woula appeat tha?& VAT ™5 ang

uniform total buéy irradiastion! would anchor the lower part of thay BT Lioe;
. .

- 2l
cutve., Certainly, in dogs and swine, if the dose of radiation w

» B
incteaseu by 100 rad over that receivea by the larshallese, onét * ‘i§*!Cent
T et A - .
well into the lethal dose range. If one adds 50 rad to the est{%f et Were ox

A

ta¢ that the Marshallese received, one has a provable low lethalid

about 5-107, of approximately 225 1ad. 1f one uses the same le_

as for oogs, the 90% nportality is about 5G9 rad. The nldpoint bé : f the po;

~-58~
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l1cating 10% and 607 is approximately 30U rad. Thus,
cotb 1ca

one can nake & frrst guess

that the Lbgy tor manis in the vicinity of 380 rad midline in

of complicated thermal burns, trauma,

he ablsewnce
cs v Qunlt01

or any effective therapy. Tris
g the

i estimate 1s bolstered by the fact that patients given therapeutic total
ah earliex

boay irfadiation have severe henatopoietic depression occurriug at dose
[

inior: of .
¥ levels of about 200 rad.

heil estimates

1y Irobable Etfects of Therapy
he commGn

On clinical grounds, one would think that the cumbinec use of
i antibiotics, fresh whole blcod and platelet transfusions when needeu, woula
. each had

jncrease the survival rate.

It has been clearl, shown by “iller et al.
~qlity data om

(20) that antibiotics iucrease the survival rate of irraciated nice. lturth
ara anc

et al. (27) obtainec no marked benefit from antibictic ana transfusion

therapy in their studies,

therapeutic

. Subsequent stuules Uy Soreuson et al, (2&) aud
anc energy of

bert Perman et al. (2%) have clearly shown that oue cau consistently reduce
p T.oberts
s6c dnd

portality from a near 1002 fatal cose to about
Llegs whereas
‘, .

1L nortalavy in dogs by the

th combined use uf high dosage of successive antitiotics and whole bleod
nig to aTgue

w how 1O

transfusions supplenentea by platelet~rich plastia when red cuells are not

needed, This enables one to shift the signoidal ocose mourtality curve of

uncofiplicated whole budy radiatiou injury te o fwuch Steeper one shirtiug

the LDg from approximately 300 rad in the dog to a little cver 40U rac.
e i

The 5% mortality is shifted frum roupghly 200 tad te about 40l raa tesulting

in a nearly vertical sigmoid mortslity curve. After doses in excess of 500

_rad little benetit i> observed and witn greater doses nu anirals survive,

" although the survival time is modersately increasea, Thus, one can
Csoticipate that antibiotics, bluca transtusivus anc platelet trausfusions
“would benefit huran beings.

1Y

o

&

The relatiouship of mortality to uepression In the granulocyte count
‘én dogs and wman further points up the fuportasut role of fnfection anc value
f&ﬁ antibiotics. 1Imn Figure 2 is shown the grauulocyte count in aogs thet
con vee ,ggre exposed to pumma rddiation from a nucleatr bomb and the correlation
=t . ;;&& ggth percent riottality. The granulucyte curve at the far left is 1t QUL S

2
dﬂmt were exposed to about 600 rad midline dose., 1lote Lthat the blood

unts declined ana all animals were cead by the seveuth day i expusure,
. . 191 Ay dutopsy infection was clearly the wajor cause of death, in the next
me s1op&,

@unt along with a longer survival tire. At autupsy the najor cause ot
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complicated by hemorrhage. Tlhe next

ceath was ascribed to infection and
curve shows a slower decline in the jranulocyte count with a mortality of

infection and hemorthage as causes of

aC%. The animals at autopsy snowed
geath. 'The curve showing the least decline in the zranulocyte count had a

nurtality of 10% with hemorrhage ana infection the causes of death.

In Figures 3 anc 4, the critical role’of the prynulocyte count 1in the

-

Figure 3 plots the

Japanese as a ceterminant of mortalaty is illustrated.

mrortality against the blocd counts observed in the third, fourth, and fifth i !

weeks. The lower the white count the higher the mortality. Tigure 4 ~§ g

ﬁhn correlates the mortality at the end of nine weeks with the lowest white f t
Form 1 count ohserved, The most cleatcut covielation of the importance of ; P
infection is in the work of Miller et al. (26), shown 1n Figure 6. In this ° ' g1

fiure, there is a cleatrcut cortelation of mortality with the fraction of j?é wh

Ty
-3 animals having positive blood and splenic bacterial cultures. Subsequent | * i ex
: ‘ﬁ studies in hussia and the L.S5. extena and confirm the role of infection,  2§ ex,
ﬁ; Lilwanian and Izvekova (30) have studied a whole series of anrtibiotics andifg;

!F' the1Tr use in the treatueut of radtation 1njury in uice, rats, auc rabbits.,w (33
§§§ They adwninistered kanamycin, erythromycin, tetracycline, ampicillin, , fal
-l exp.
i by mouth for a total of 20-25 days starting 24 hours after irradiation wi frog
gif a lethal dose of gamma rays. A cowbination of antibiovtics was mote suchk
?3:‘ effective than single antitiotics. The combination of kanamycin with o, is 1
;§ tetracycline ot erythromycin, or tetracycline with ampicillin was nwst;j X~1a
effective. The antibiotic combinations changed a near 100% mortality, 1 For »

nore than 50% survival. Chernov et al. (31) and Trushina et al. (32) 3 50% 5

: geonme
aduinistration of antibiotics, In the case of dogs, penicillin and €§§ tXperk
streptomycin were used. The survivals increased from 11% to 69%. In tiM "

: Phantc

depth.

50%.

The Lffects of Geometiy of Exposure and kadiation Injury on

Lepth-Lose Curves and Giolugical Lftectiveness

-100-
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depth—dose and blological effect, Figure 7 shows the influence of exposing

1he next & Masonite phantom to 2000 kVp x ray from a single direction than when the

nortality of exposure is bilateral with half of the dose given to each side (33). The

a5 causes of dose in the phantom was measured by Sievert ionization chambers and is

ount hag a

te © expressed as percent of the surface dose. 1In the case of the unilateral

deatihe expoere, the dose falls off as it is attenuated by inverse square and

e count 1n the absorption so that the exit dose is about 45% of the entrance dose. Thus

re 3 plots the the bone marrow of large animals being exposed would have a progressively

Lrth, aund fifch

decreased dose as the beam is attenuated. However, with bilateral exposure
Figure & there is very uniform deposition of energy throughout the tissue equivalent
_owest white phantom. The biological consequences of the different dose patteru are
tance ©of great., 1t is of considerable i1mportance to bear these differences in mind
Lute Lo

= when evaluating therapy of radiation injury and trying to make an animal
ne tractiom of

& experimentation as comparable as possible to an assured real-life human
bsequent -
s. Subsed exposure.

%’ Figure 8 shows a comparison of bilateral exposure to & Pi expousure

(33). This situation is important when trying tc evaluate the hazargs of

Sy

. fallout irradiation with {ts wide range in energy and the radiation
pxci\ll"\v bz

dav exposure approaching 4 Pi source. Since fallout radiation is delivered
ced twice 2 OAY oI

diation iQ" from a planar source, the usual narrow besm geovmetry is not applicable. 1In
irradls B

ore such a diffuse 360 degree field, the decrease of duse with deptn in tissue
vas W

with is less pronounced than that resulting from a bilateral exp.sure to an 5
altly c1in

x-ray beam because fallout from inverse square is 1n effect neutralized.

mot t,ality',.éﬂ' é,: !%

For the same euergy, the dose at the center of the body is approximately
(32)1??: % 50% higher than would result from a given air dose with narrow beam

Jre

PR

iggeometry. Figure 8 further fllustrates the depth-dose curve from an

experimental situation using spherically orientad cobalt-60 sources with a

5
t

‘giphantom placed at thelr center, compared with a conventional bilateral

depth dose curve obtained with a single Cobalt source (34). In the 14tter

éﬁtse’ the air dose is usually measured at the point subsequently occupied

- ESi the center of the proximal surface of the patient or animal with respect
.

x,

r
_}.

the source. For the field case, all surfaces are “proximal™ in the
ense that alr duse measured anywhere in the space subsegquently occupied by

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

8truments; it does not bear the same relationships as the surface dose

the depth dose as air dose measured in a "point source” beam in the
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clinic or laboratory. It woulc appear under these circumstances and in

most experimental conditlons that the midline dose, rather than dose

measured in air, would be the better cummoun parameter iu terms of which to
predict blologicgl effect. On this assumption, air dose value should be
multiplied by approximately 1.5 in order to compare their efiects e tiuse
of a given air dose from a “point source” beam geometry delivered
bilaterally., Furthermore, the geometry of radiation from a fallout field
is not identical eifther to the geometry of bilateral point sources or the
spherically distributed sources since the plane source delivers a radiation
largely at a grazing angle. However, the total field situation is better ;
approximated by solid than by plane geometry. ‘1
Figure 9 shows depth~dose curves for different types of radiation to oo
provide an 1dea of the difference in absorption of energy throughout a “1;
large animal body thus injury {(in the lethal range) to the important target

i
cell, the hematopoietic stem cell, which determines whether the bone narrow |
A

will regenerate, These depth~dose curves are determined in unit density
materlal using small Sievert chambers implanted at &§ cm intervals in the
phantums. The doses are expressed as percent of the entrance air dose,
Curve A represents the depth-dose curve from 250 kVp x ray. This is a
commonly used energy of radiation in animal studies, Note, the surface
dose is about 40% greater than the entrance alr dose and this falls off
very rapidly with depth in the tissue so that approximately in the midline :*
corresponding to wman it would be 60% of the entrance to the important :

target cell, the hemopoietic stem cell, which determines bone marrow 1

by a very large factor. The curve B shows a similar depth~dose curve forfij

, 2000 kVp x ray. Curve C is the inftial bomb gamma radiation and curve D ‘}

" cobalt-60 gamma radiation. It is evident that for the same air dose, 'é%?” of exp
tnjury to hematopoietic stem cells scattered throughout the bone marrow’uf: of 4~g,
varies considerably and thus would be expected to result In different § €®issic
lethal dose curves, ¥Msto,

Scatre,

. ey
13 ep,

I shou
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The Effect of Different Radiation ‘Depth~Dose Curves on hortality in

s and 1o Mammals

dose Tullis et al, (35, 36) has studlea this in the laboratory and in the

of which W atomic bomb field tests with swine as the target animals.

This 1is
ghould Dbe 1llustrated in Figure 10, showing the sigmold dose mortality curves for
Ly Tu LIUEE unflateral 2000 kVp x ray, bilateral 2000 kVp x ray, and the mortality from
red

the highly energetic prompt gamma radiation from a fission bomb.
from unilateral 2000 kVp x ray 1is 500 rad in air.
resulted in an Lbgg of 400 rad in air.

\iout tield

Bilateral 2000 kVp
rces Or the

The initial bomb gamma radiation
s a rad ia tion

with LDSO was about 230 rad in air.

These air doses can be converted to
n is better

midline tissue doses based on comparative studies on depth-dose curves to

300, 220, and 184 rad. The differences are explained in part by lack of

homogeneity in distribution of dose.
kVp x ray,

radiation to In the case of the unilateral 2000
sughout 2 tissues distal from the midline received much less than 300 rad

%?g;? and tissues proximal to the midline received more. In the case of
A

bilateral 2000 kVp x ray, tissues proximal to and distal from the midline
recelve a greater absorbed dose.

ne bone MALLOW

t
it density In the case of the prompt gamma

vals in the (3
radiation, tissues proximal to the midline receive a greater dose and those

R
air dose. distal a lesser dose, and hence a higher and lower survival of hemopoletic

This 1s 2 ster. cells on oppousite sides of the midline.

e
the surfac As a result of the effect of energy and geometry ot exposure, measured

"radiation doses in air are of relatively little use in predicting
& survival.

s falls off 3,

For practical clinical management, it is the opinion of this
1mpottaﬁl

W .
e marro F- ot by estimates of radiation doses in air or doses estimated by biological
i dosimetry.

Fallout kadiation Ekxposure of the Marshallese

The energy of a fallout field determines, in addition to the geometry
-39, €Xposure, the depth~dose pattern.

Figure 11 shows the energy spectrui
air rose’ ; S 4~day old fallout.
hone marIO“

The original source is the energy of inhk:rent

LRema
u_ssions from the major components of the 4-day fallout.

The solia hlack
stogram is calculated distribution of energy taking into accouuint Compton
tering.

i

different

Thus the energy to which an individual is exposed varles from

A KeV with little penetration to a peak at 1600 KEV. The effect of

'l energy distribution in the geometry of exposure on depth-douse curves

$ shown 1in Figure 12. The depth-dose curves of a fallout field and
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The doses of radiation to the surface and the

gamma radlation are shown.
first few millimeters of the body were substantially higher than the

The curves presented are a perceat of the

midline dose of gamma radiation.
the clinical observations ot the skin

3 cn dose of radiation., In addition,

lesions forcefully dermonstrated tunat the dose to the skin varled
considerably between individuals and over the surface of any given

inaividual because of the spotty nature of the radiation burns to the skin,
The fallout

Another feature of fallout radiation is its decay.
Figure 13 shows the accumulation

arrived about 4-~5 hours after detonation.
of dose as a function of time after detonation. The dose rate decreased
The rajor portion of the

continuously as the fallout material decayed.

By the time that 90% of the dose
i L

[«}]

dose was received at 8 higher dose rate.
the dose rate had fallen to less than 40% of initial

m

had been received,
value and thus is nuch different from any animal exposure congition in the

literature. The influence of a agose rate falling by a 1.2 power function f )
is not known. ; :
Repair of Radiation 1njury j l;

This has been considerea in some detail in a report of the NCRP (37), 5, bs

In the MNCRP dissertation, it was stated that 150 rad over one week, 200 té? é 8a
over one month, or 300 rad over four months is believed to be sublethal and § ot
that no medical care would be required. However, 250 rad vver one week, g ra.
350 rad over one month, or 500 rad over four months is estimated to be in ? 8i
the 5% mortality range and that some medical care will be required. kheni\,w? dez
450G rad is received over one week, 600 rad or more over one month or - é; ine
longer, the mortality witnout therapy is estimated to be 5U% or more and.:’ 1%! eff,
extensive meaical care will be reguired. These are doses of rad in aifﬁﬁd;d‘ snp
not midline tissue dose 1in rad. f’ iij sy
Whether studies on mice are applicable to man is not known. In rmiﬁl}i g
unpublished stucies, we have investiga}cd the influence ot varying tneuﬁﬁf’f‘ qa!
interval trom 1-24 hours between 2.5 Gy, 25U kVp x ray to awice, for afég‘%&; Stga
At intervals ot 1 and 2 hoursz:;{ﬁ*if‘* ;l:a

'3

of 10 Gy. This is shown in Figure 14.
mice survive 30 days. As the interval between the 2.5 Oy {ncrenents 3?%:3
4 : i3 ﬁgﬁ
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the § leg in normal mice and mice receiving a single aqose of 1uL, 200, or 300 raa
’ _‘g and the mice receiving 1000 rad in a sinzle aose or 1OUC rad i~ four 25(
5 rac lucrements 24 nours apart., All 1000 rad animals diec by -.e llth aay
of the 2 after irradiation and the survivors had a very low CFL-S content 2f abgur 1
ne skin ‘ 1; per leg. Animals recelving a 25v rad dose at 24 hour latervals hac an
,- equal depresslon of their CFU-S, followed by an exponentlal recovery to
vg near normal levels by 30 days after expcsure.
e skin. ;t Therapy of Whole Body Radiation Injury
L A Bacterial infection has long been established as the rajor cause ot
qulation _!: death in the 1rradiated animal in the LDSO range. The comnensal organisms
eased ‘i‘i‘ living primarily in the gastrointestinal tract are the usual organisms that
the 35- kill the animal that is irradiated in the LDg, range (11, 26, 38-40). The
;he dose use of antibiotics as an eifective treatment was first shown by Miller et
yrial ’= al. (41) with the administration of streptomycin in mice. 1In addition,
L in the . m germ—free animals have been studied (42, 43) ana tnese aninals live longer,
gpction . E dying from hemorrhage and anemia rather than infection in the absence of
J i bacteria. The effectiveness of antibiotics falls oft as one nears the 1lUuk
ji lethal dose level since bone marrow regeneration is delayed so long that
kP (37). Gals

bacteria develop resistance to the antibiotics being used before boue
<. 200 r;"fw,vf marrow regeneration ensues. Taketa (44) has intensively studied the roles
1:)_thal a&é@g of water—electrolytes and antibiotic therapy against the acute {ntestinal
& radiation death in the rat,

&2

In these studies 1t was clearly shown that
wicroorganisms play a prominent role in the geunesis of acute intestinal

death in the rat, and this was modified by the use of antibiotics and
intensive administration of water and electrolytes. It is a beneficial

Dogs have been treated with success with
fluid replacement, and blood transfusion.

effect not limited to rodents,
& antibiotics,

A dramatic
lgprovement in mortality was obtained by Coulter et al. (45), Hammond {(46),
. and Allen et al. (47).

In the latter study, blood transtusions were
tombined with successive antibiotics.

In view of the fact that commensal

dganisms of the intestine are frequently cultuted from the blood of the
f!tally irradlated mouse, Webster (48) tested the eftect of oral neomvcin
therapy upon the rmortality trom whole budy x-irracdiation of rats. Graded

akteamiuyty

®tes of radiation were used from 700 raa througsh <500 rad.

heomycin
tfeatment resultea in significant prolungaticn of the rean survival time

o R v At e o 0

N
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irraitated aufmals at exposdres betacen Sul ang 15¢0 raa. Atcer 15uu rad

aac 250 rag tuere was a shall, btut comsistent prolompation of the mean

sarvival ewime. Tor exposdres betwsea 70U ana 110U rad, the 3L-day

lower tor the neouycin-treated rats. corenson )

lethality was consistently
et al. {23) and Perman et al. (29) discussed earlier nave cleasrly
establisned an etfective treatrent of tatally frradiated dougs utiliziug
successive antibiotics, fluias, platclet trausfusious, ana wnhule blooa as

Shalnova (49) published an Lapglish-language review of all of the

needed.
work done in Russia before 1975 on antibiotic therapy in radiation lnjuey. ; R
The essence of the work is: 1) arly broad-spectrum antibiotics iusurlng 1 3
suppression of wicroproliferatioiusing a purposeful alternation of 1
antibiotic cycles with different preparations; 2) use antibiotics to create ; p
hacterial static concentrations of asatibiotics, not only in the olund and :
tissues but also in places of natural:occurrence ot microbes such 2s the ba
sastruintestinal tract and respiratory tract; 3) utilize antibiotics as i in
early as possible, and befure fafectious foci have developed.
Tae Management of whole Boay tadiation Injury With or without Combined ‘ the
Lorns and YWounds ‘ in
a3 discussed earlier, eslinastes ol the alr-exjosure cose are of little” 1 sub:
value for twu reasons. First, oae needs to know the depth-dose i ; Proc
viostrivttion 4ng second, the cuse estiaates are zenerilly inaccurate, *’: poss
bearing on the high side inftlally and then declininy as furthetr studies ‘ :’ roog,
ant malyises Are ade. K fon-;
The first step is to deterndne the severity of the radiatioen injury of\ trace
the basis of signs ard sywptows. 11 tnere are no abnorual syrptoms such & Compe
nausea, vowiting, or aiarchea, the dose of radiation is in all R flora
{rubcbility;in thie sublethal ringe, 11 there 18 severe niusea, vowlting, g) brogg-
and diarrhea as discussed earlier, the individuals will f:.xll tato the ';-' —‘c Oystay
3w
severe gastrointestinal synarowe. It the early syrnptomatolugy subsides ié& - I3
there is a feeling of well=-beiny with rapidly developing chanres in the"‘*g%y Plate;,
aemalotogic pictare witl™ deveroping lyuphoyenia, neutropenia, ana ¥ thig,
tnrovhoey topenia, tae indivitadls would fall 1nto the henatouofatic 5 u‘the
s¥narore.  lhe following tuerapeutic regimen is prouposed: 4 Z.{’ : MHLA-
I. I the exposure {.volves contamination with racivactive materi zhuy,‘.l
tre Indivigtais shoula be weniiosred lor radioactivity anc qectdeminatéd; ﬂbne
ns promptly as possille. Hehe se
o
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2. 1If exposed to neutrous, s whole boay count should be raae 1o

Sov Tad estimate the amount of radionuclides produced.
meat 3. hedical history, pnysical examination, and labcratury studies
including a complete hematolvgic ew:]Juation should be done as prompily as
soren=on o possible. Lytogenctic preparatious ¢f direct bone marrow and
phytohemagluﬁnin stimulated periphe T3l blood lymphocytes should be set up
rizius for later analysis of biological (iese estimate. As soun as possible, the
L-‘LOU.O ds_ ' ‘; lymphocytes should be obtained whils still available, before lymphopenia
b .U"C sets in, for huran lymphocyte (HLA' typing ana storage for later wmixed
1 . a0 s
" J‘),U[_y leukocyte cultures. The results ot the tissue typlng will be usetul for :
snsucing \ matching of granulocyte, platelet t:znsfusions and the identification of a P
of . possible bone marrow donor.
e e uieadle Lo 4. In the early stages, the tirgt flve days, fluid auy electrolyrte {
elond &0 3 ; balarnce must be monltored closely a:: restored by the apLropLriate 2
2 e ) {ntravenous or oral solution. 3
sries 88 ,’ 4 5. Reverse isolation techniques to prevent ingress of pathogens to k.
bined‘é;i*;:“,-? the irraciation individuals are gencially belicved to have been effective :
W% & preventing Infections in patients ungergoing treatwent for leukemia and ;

subsequent bone marrow transplantatisi, This woula probably be a usetul

. an,
s

procedure in the event of a potentia(ly fatal irradlation accident. If

T

possible, the ingivicual should be ar-irtted to a mouern laminar air-flow
room with a couplete reglmen of skin stertlization, sterile aietr, ang
non-absorbable antibiotics for sterili{zarion of the Jastrointestinal
tract, If this is not feasible, meas.res should be inftiated to prevent
commensal and pathogenic infections. ‘Veguction in the Jastrointestinal
flora i{s desirable, and this can be avcomplished with oral, non-absorlable
broad-spectrur antiblotics sucl as nevayein and antifuugal agents such as

gystatin. .

b. Plateler transfusions, prefeiabLly fresh, should be given when the
Platelet count approaches 25,000 and repeated te maintain levels above
tis,

I the patient should become refractory ro tandur donor rlatelets, the use

“ULA-matcned platelecs frow uncteliteds gonors may becoue necrssary., A

"B ‘aily-uenver transfusion shouls not 1« adninisterad until the possthility

€ bone narrow transplantation has bee:, excluded because such transtfucions

the anttyens of « possible dousrt.
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7. Granulocyte transfusions woulo be desirable to prevent intection
in patients with a sranulocyte count falling below 200/ul. Aamlittedly, iy
. . ~that
these Aare not practical on any larpe scale,
Barro
5. Infection is the zreatest threat to life. The onset ot I
n thl
signiticant fever greater than 389C should arvuse stroug suspiciun of 5
) ave been
infection in the zranulopealc patient. Fever with clinical signs of
techniques

bacterial infection, or fever sustained more than 24 hours is an inoication
and 3! grar

for initlating systemic antibacterial therapy even tnough cultures are
colony-stiyp

negative, Since the most likely agent is au organism from normal bowel
erythropote

flora, initial therapy
om macrOphages
aaditional antibiotics being added as indicated by bacterial culture
my, ) produce zrg.
sensitivities that are obtained. If cultures are negaltive or lfever .
- S accelerates
persists, therapy with a combination ot trimephoperim and sulfanethoxazole. %
pY upon in viyc
or with amphotericin may be considered. After initiation of broad-spectrug % prod “‘;“-—
uction ¢
antibiotic therapy, it should be continued until the granuvlocyte count p
; unctional] -
rises above 500/.l, fever subsides, and evidence of infection disappears.dgﬁg . £
T colony-sty
4, washed packed red blood cells should be given as indicated to ke§§ au
= granulocyy
the hemoglobin above 8.5 g. ytes
8ranulocytesg
10. All blooa products should be irradiated with 2000 rad before (50-5
=35). .
infusion into the patient in order to kill lymphocytes that might . IL
) ) hours prior |
proliterate and 1mpair the possibility of a bone marrow traasplant, N
o ’ % 10 the mouse
11, DLone warrow transplantation will ouly rarely be indicated in an, 4 A8
¥ i hours
irradiation casualty because uncertainty about the magnitude of the ﬁgi befo
' Co ) - 8dministered
radfation dose, inhomogeneity of the dose, and the requirement that
dose be within the limits of rescue of bone marrow transplantation, e
N ;Yo 5 be
approximately 300-2000 rad. below 800 rad immunity 1s not sufticient gf. -@ggz €t glver
] RS- Z_V9¥ radf
suppresseg ana transplants are rejected. Above roughly 2000 rad tnege? ‘yéisl atioa
. - g \91-54)
no trerapy. Frowm the lymphocytes collectes prumptly, the casualty wi TN ) Eryt
have bee* HLA-typed and doaors will have been icentifiea. A genetl A,
1dentical twin is the ideal donor. In ome irradiation casualty expos
approximately €ul rad showed a rapid henatopoletic recovery followlq&‘
transfusion of bone marrow tror. his twin. Although radiation dose W
By
above as an iniication for bone marrow transplantation, it 1s to bq;;;
from the earlier discussiun that doses and the depin-Jose curves atﬁﬁ%%
o
! nown with any degree of certainty and the Josus used above were ba;@? i
R . T 2 Qreased {
experimental condltions waere radlation was dellvered in a _«’g ncid
:31plo
N uniforr wnole %ody distribuction of ahsornec enerpy. By feq eXperi
< -108- :
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%é Hematopoletic Molecular Regulators in the lhanagement of the bLone
>'Ef Marrow Hypoplasia
;!; In the last ten years several molecular regulators of hematopoiesis
s have been identified, purified, sequenced, and by recombinant LNA
:: techniques are being produced in large amounts., These are interleukin=-l
.tion ;E and 3, granulocyte- macrophage colony-stimulating factor, macrophage
:} colony-stimulating factor, granulocyte colony-stimulating factor, and
it J} erythropoiein. Interleukin-l, a product primarily of activated monocyte or
with :;3 : macrophages, stimulates T-cells, endothelial cells, and fibroblasts to

produce granulocyte-macrophage colony~ stimulating factor. The latter

8
-

accelerates the production of granulocytes and macrophages in vitro and

upon in vivo administration produces a granulocytosis with accelerated
production of granulocytes. 1t alsc increases the effectiveness of the
functiunal granulocytes In phagocytosis and bacterial killing. Granulocyte
colony-stimulating factor accelerates in vitro the procuction of
granulocytes In colonies and in vivo accelerates the production of

granulocytes and Iimproves the phagocytic and bacterial-killing capacities

(50-55). 1IL-1 has been used as a radloprotector. when aaministered 20

hours prior to {irradifation, IL-1 turns a near 100% lethal aose of radiation

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

48 hours before, 1t is ineftective (50). GM~CSF and G-CSF have been
administered to primates and shown to produce a sustainea granulocytosis ot
4-5 times the normal level as long as the materials are administered. It
has been given to primates and mice in which the marrow has been suppressed
by radiation or chemicals and the granulocyte counts dre increased

(51~54). Erythropoietin has been shown to be of major benefit in

stimulating the proauction of red cells in individuals with severe anemia

as a result of renal faflure (55). It i1s assumed that these ajents or

combinations will be of potential henetit in the treatment of individuals

with bone marrow suppression as a result of whole bodv itrradiation, Un the

other hand, it i{s conceivable that forcing cells into nitosis before DMNA 1is
adequately repalred may fix genetic injury and result in either an early
failure of the mitotic capacity of pluripotent stem cells or an earlier andg
increased incidence of leukemia. These are possibilities that need to be
& explored experimentally.
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