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ACLTL RADIATION SYLURULES At ThLIK MANAGEMENT®

E.be Crounwkite

Hedical bepartuent Brookhaveu wativnal Laboratory

Upton, New York 11973

ABSTRACT

Radiatlion syadrowes produced by large doses of ionizing radiation
are divided into three general yroups depending on dose of radiation and
time after exposurz, The CNS syndruome requires wmany thousands of rad,
appears in minutes to hours, and kills within hours to days. The GIS
appears 4fter doses of a tew hundred to 2000 rad., 1t is characterized by
nausea, vomiting, diarrhea, and distuchances of water and electrolyte
metiabolism. It has a high wortality in the first week atter expusure.
Surviveurs will then experience the HS as a result of marrow aplasia.
Depending on dose, survival Is possible with antlbiotic and transfusion
therany. The relatlonship of graauluceyte depression to wortality In do, s
and husian beings i{s 1llustrated., The role of depth dose pattern on

wortality of radtitlon exposure is described and ased as an iadtcation of

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

is described based on antibiotics, transfuslon therapy, aad use of

molecular regulators. The limited role of matched allogenic hone rartow

transplants is discussed.

Tnis reseuarch was supported by the L,.S. Department ot kaerpy under Lontract
LE~ACUZ-76CHO00L 6. Accordingly, the H.S. Covernwent tetalns a nonexclusive,
royalty~free license to publish or reprocuce Tie publishea foric of tils
contribution, or allow others to do so, for U.S. Governntient purposes.
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INTRODUCTION

From perusal of the older literature and review of the Japanese
experience at Hiroshima and Nagasaki (1), it appeared necessary to consider

some broader aspects of radiation injuvy 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 repair of injury during chronic exposure to radiation as in
fallout fields decaying with the -1.2 law. Studies on pure rtadiation

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

tnfluence of depth dose patterns within the experimental subject,

When omne
considers the numbers of animals used, the steepness of the sigmoidal
3tiun,> : radiation lethality curve between 1U% and 90% mortality, the practice of
tioa and:A- S Y

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

possibility that lethality differences observed may represeat chance

&’ 2 variation, not related to any therapy used. 1In a retrospective literature
arized OFS .

evaluation, these are questions that cannot be evaluated definitively. In
olyte respect to therapy, vast human clinical experience on use of antibiotics in
Ji&?v. managerent of trauma and thermal burns in nan aud formanagement of marrow
1;2;10 aplasia produced by agents other than radiation, it can be categorically
T ; Y . ?tated that antibiotics increase tne survival rate of patients with

extensive burns, traums and individuals with temporary marrow hypoplasia.
A crucial problem in rvadiation injury is whether the boune marrow will

fegenerate before the commensal or invading pathogenic bacteria develop
of & ~7,;ﬂi.§gesistance to the antibiotics available,

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

The radiation syndromes produced by exposure to iénizing radlation are

Three, somewhat atrbitraty anag

The Central Nervous System Syndrome

After large doses of several thousand rad,

the Central liervous Systemn
§) syndrome is produced.

Death may occur during exposure in some
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laboratory animals that is preceded by hyper-excitability, ataxia, By .

respiratory distress, and intermittent stupor. Doses capable of producing o ¢

This syndrome has been observed in a

this syndrome¢ are uniformly fatal.

few casualtfes described by Hubner et al, (2), If an occasional person ¢
were to survive the CNS syndrome, the individual has yet to experience the P
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 hi;
few casuvalties described by Hubner et al, (2), If an occssional person are
were to survive the CNS syndrome, the individual has yet to experience the hav
Castrointestinal syndrome (G1S), its
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
human beings. The range in survival results from apeciés 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 seve;g;. sury{
and persistent GIS is a uniformly fatal syndrome in most laboratory cling
animals, It was observed in Japan and described by Oughtersen sand Warren case
(1), and in some accidents by Hubner et al. (2). In dogs, Conard et a; 5 count
(3), have prolonged life by intensive administration of intravenous flui develc
and plasma. 1t is of interest that ‘ the se
animals surviving doses up to 1200 rad will regenerate the mucosa of theX; bemorr
small intestine as described by Brecher et al. (4). The survivors of thij the fo
syndrome have then to experience the sequelae of bone marrow de,p\:estsicfn‘:;,'r Japane.
which has been termed the hemopoietic syndrome (HS) and was commonly animaj.

observed in the Japanese exposed to nuclear radiation in Hiroshima and

Nagasaki. .ihrtﬂli
The Hemopoietic Syndrome ‘-;.. éﬂt we
The HS is not necessarily fatal. It is a clinical picture that 1% e iﬁhqmtat

seen in the lethal range for all mammals including man. The lethality
levels reported represent the LD50 for the sequelae of bone marrow . | 3 nﬁésc 1

depression, namely, granulocytopenia with susceptibility to bacterial 3 & xth ve.
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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).

This picture of the three radiation syndromes, which overlap to a

;IEZnB certain extent, is based primarily upon animal experimentation. Human

.oce the experienee (1,2,14-20) indicates that man corresponds reasonably closely to
the general mammalian response. There are some differences in respect to
the time of occurrence of signs and symptoms. The experience of the

?toducinz”‘§§§¢‘ Japanese at Hiroshima and Nagasaki exposed to gamma radiation from a

ed in @ 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 35 : have gathered together the total human experience in radiation injury and
jence et .

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

b fat&l- ;% Radiation Injury in the Japanese at Hiroshima and Nagasaki:
1 be 3

Lies to The CNS was not observed by the Japanese at Hiroshimas or Nagasaki
P [
in ‘(1,15,24), nor would one have expected {t to be observed since doses to
tra
us:;‘ . produce the syndrome were well within the area of total destruction and no
na 3

urvival. The GIS, with deaths ia the first week, are well documented
clinically and pathologically as are deaths from the HS (1,15,18). In the

1toTy
4 ;ar ‘case of man, tlie sequential sequence of deaths and depression of blood
an
« al Bt “counts 1s different from that in animals. It takes longer for the HS to
atd et}_?-'&. - v :

For example, deaths from lafection were most prevalent in
second to fourth weeks (maximum incidence during third week) and from

osa of ~,§orrh§g1c phenomena during the thira to sixth weeks (maximum incidence in
vors © | Deaths from radiation injury were occurring in the

anese as late as the seventh week. This {s in eontrast to other
f:;;; y imals, where deaths from the acute phase are uncommon later than the

lity, 1s shown in Figure 2. The data in Figure 2 are based on dogs

re illustrated in Figures 3 and 4.

y In addition, {t was shown that
cow : Bt leukocyte counts in the Japanese were observed in the fifth to the
nat R ,
rerialiy I week after exposures to the nuclear radiation (20). A comparable
bac . o

ura il & ttnce in the depression of granulocytes was also seen in the Marshallese
urp . B
73 : 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 symptomatology in man,

I
K
some, but not all, die in the first several weeks after exposure) can be &
divided according to signs and symptoms, into groups having agitferent . L
prognosis. Thus, they may be divided into three groups in which surviva : er
is, respectively, improbable, possible and probable, This grouping was’;
originally made by Cronkite (7). It is apparent that there is no sharp no
line of demaication among the groups, 2% ETC
Survival Improbable: If vomiting occurs promptly or within a few : of
hours and continues ano is followed in rapid succession by prdsttation; by
aiarrhea, anorexia, and fever, the prognosis is gréve. Death will prqb lyn
wit
e XL«
these individuals so they may survive to develop the hemopoietic syn_f@i thir
in ¢
Plag
time
liiro,
uonths. The neutrophil count falls to low levels, the degree audftgﬁi Marst
time of maximuw depression depending uvpon the dose as iliustrated b this
et al. (20}, Signs of bacterial infectionAmay develup when the tggg
R 75,00¢
fen:

or burns, diarrhea and/or welena. The mortality will be signiff{cé

therapy, antibiotics and/or sulfunamides the survival time can:bgﬁ
to be prolonged and if sufficient time is providec for bone marrow
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many soldiers had nausea and vomiting, recovered, felt well, returned to
duty to later develop purpura, epilatiom, oral cutaneous lesions, and then
died of infection. This is well-docuriented by Cughtersen and Warren (1),
Despite the chaotic conditions that existed in liiroshima, 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 Probable
g£TOUp.

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

not have had transient nausea and vomiting on the day of exposure, In this
group, characterized by the Marshallese (6), there is no further evidéﬁce
of effects of exposure except the hematologic changes that can be detééteq
by serial studies of the blood with particular reference to granulocytes,
lynphocytes and platelets. The lymphocytes may reach low levels eafly,
within 4& hours, and show little evidence of recovery for many months after
exposure. The granulucytes may show some depression duriug 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 oééur.
‘ Platelet counts reach the lowest levels at approxmately the 30th dqi(at the
‘,time when maximum bleeding was observed in the Japanese who were eXSASed at
. Hiroshima and Nagasaki. The lowest platelet counts were also seen iﬁ the
. Marshallese exposed to fallout radiation around 30 days after exposure., In
this group individuals with peutrophil counts beluw 1000/u4l may be v
Sompletely asymptomatic. Likewise, individuals with platelet counts of

75,000/ul o1 less may show no external signs of bleeding., Lven though the

ndividuals with these severe degrees of hematologic depression may not

‘develop infection, It is generally believed that preﬁature administration

Effects of a Single Dose of Gamma Radiatiou
Analysis of a Possible Human LDc, '

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

>

Tadiation is not known with any degree of precision. One should think

L WA

he LD50 in the classic pharmacologic seuse; that is, the mortality

-97-
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of treatment aud other couplicatiog

te raviation in the absence

Tesponse
factors. The LDgy will be Increased by the use of antiblotics to control‘ That ¢
infections, by platelet transfusions to coutroel bleeding, ana the af com,
hemopoietic molecular regulators now available to stimulate an earlier eStina:
recovery of hematopolesis. In 1947 hewell (21) surveyea the opinion of noay g,
radiologists of the 50% lethal dose of radistion in ran. Jevels
stated LDgq,
llany sources of cata bear on the LD50 valye for man and each has ANTibig:
Iucrease
large animals, the data from the Japanese exposed at Hiroshima anc 26) the
Rapasaki, the Marshallese data ana cdata from patients given therapeutii - a1,
Thetapy
E?rman et
A mdut)v
: large animals have 2 low LLgy. It would be logical from this to arg ot neg
- ERmnstugg,

wan ray have a low LUgg. In fact, one does not really kmow how to

extrapolate from animals to man., In principle, at least, omne mighi

O
ey,

ey

a4 near maximal sublethal dose rt'radiation. It would appear th

uniform total budy irradiation/ would anchor the lower part of the,

o)
o

i
Tate that the Harshallese received, one has a probable low lethali

about 5-107, of approximately 225 1ad,
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10% and 45, is approximately 30U rad.

Thus,

one can nmake a first guess
that the LUL for manis in the vicinity of 360 rad midline in
50 Y

of coumplicated thermal burus,

he abLseLce

trautia, or any effective ftherapy. This

estimate ls bolstered by the fact that patients given therapeutic total
toay irtaaiation have severe hematopoietfc depression occulriug at dose

levels of about 200 rad.

Irobable Etfects of Therapy

On clinical grounds, one would think that the cumbinec use of

antibiotics, fresh whole blcod end platelet transfusions when neeceu, woula

increase the survival rate, It has been clearl, shown by Miller et al.

(26) that antibiotics iucrease the survival rate of i{rraciatec nice. lturth
et al. (27) obtaineod no marked benefit from antibictic anc tiransfusion

therapy in their studies. Subseguent stucvies by Soreusovl et al, (2¢) and

Perman et al. (29) have clearly shown that vue can consistently reduce

rortality from a near 10U fatal aose to about 1U% nortalily in duys by

combined use uf high dosage of successive antitictics anc whole blood

the

transfusions supplenentea by platelet-trich plasna when red culls are not

peeded, This

enables one to shift the sigrnoidal aouse mortality curve of

uncotplicated whole budy radiatioun injury to a nwch steeper one shiftiung

approximately 300 rad in the aoug to a little cver 40U 1ac.

The 5% mortality is shifted froum roughly 200 1Tad te aboul 4UU rau tesulting

in a nearly vertical sigmoid mortality curve, After doses in excess of 500

;rad little benetit is observed and wiliy yreater doses nu animals survive,

"although the survival time is moderately increasea., Thus, one can

saticipate that antibliotics, bluco traustusiovns anc platelet transfusions
would benefit hunan beings.

The relatiouship of mortality to uepression in the granulocyte count

In dogs and man further points up the importaut role of ip[ehtiun anc value
_#f antibiotics.

In Figuvre 2 1s shown the grautlocyte count in aogs that

Vere exposed to gumma radiation from & nucleatr bomb aud the correlation

The granulocyte curve at the far lerft 1s in ougs
t were exposed to about 600 rad midline dose. UNote that the blood

»%kpnts Geclined and all animals were ceaa by the seveuth day o exposure.

dutopsy infection was clearly the wajor cause of death., in the next

At autupsy Lthe wmajcr cause cf




0t St 5 IO

Geath was ascribed to intection and cumplicated by henovrrhage. The next

curve shows a slower decline in the jranulocyte count with a mortality of

aln The animals at autopsy showed infection and hemorthage as causes of

ceath. -The curve showing the least declipe in the zranulocyte count had a
L]
moTtality of 10% with hemorrhage and infection the causes of death.

In Figures 3 auc 4, the critical role of the prgnulocyte count in the

Japanese as a determinant of nortality is illustrated. Figure 3 plots the

mottality against the blood counts observed in the third, fourth, and fifth

weeks. The lower the white count the higher the mortality. Figure 4 <
correlates the mortality at the end of nine weeks with the lowest white t
count observed. The most cleatcut cotrelation of the 1mportance of p:
infecticn is in the work of Miller et al. (26), shown in Figure 0. In thisg 4 g1
figure, there is a clearcut correlation of mortality with the fraction of wh
animals having positive blood and splenic bacterial cultures. Subsequent ex
studies in Kussia and the U.S5. extena and confirm the role of infection, ex,
Lilwanian and Izvekova (30) have studied a whole series of antibiotics and

the1r use in the treatuent of radiation injury io uice, rats, auc rabbits, {33
They administered kanamycin, erythromycin, tetracycline, ampiciltin, : fal

oxacillin, auna vleterrine, 7ne antibictics were administered twice a day exp.
by mouth for a total of 20-25 days starting 24 hours after irradiation wi frog
a lethal dose of gamnma rays. A cowbination of antibivtics was nmote such

effective than single antibiotics. The combination of kanamycin with is 1

tettacycline ot erythromycin, or tetracycline with ampicillin was most;% X-14.

effective., The antibiotic combinations changed a near 100% mortality,al\ For ;

more than 50X survival, ICheruov et al. (31) and Trushina et al. (32) % 502 p

administered nexamine pfior to exposure of dogs and monkeys followed by geom;

adrinistration of antibiotics. In the case of dogs, penicillin and

streptomycin were used. The survivals increased from l1% to 69%.

50%.

The tffects of Geometiy of Exposure and kadiation Injury on

Lepth-Lose Curves and Biolugical Lffectiveness

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

a Masonite phantom to 2000 kVp x ray from a single direction than when the

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

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

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

expoere, the dose falls off as it is attenuated by inverse square and
absorption so that the exit dose is about 45% of the entrance dose, Thus
the bone marrow of large animals being exposed would have a progressively

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 consequences 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 trying to make an animal

experimentation as comparable as possible to an assured real-life hunan
exposure.

Figure B shows a comparison of bilateral exposure to 4 Pi exposure
(33). This situation is important when trying tc¢ evaluate the hazards of
fallout irradiation with its wide range in energy and the radiation

exposure approaching 4 Pi source. Since fallout radiation is delivered

from a planar source, the usual narrow beasm geometry is not applicable,

In
such a diffuse 360 degree fielda,

the decrease of duse with deptih in tissue
is less pronounced than that resulting from a bilateral exp.sure to an

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

o mortalitY{
et al. (32)
ys gollowed

For the same euergy, the dose at the center of the body is approximately

-;502 higher thau would result from a given air Jose with narrow beam

‘geometry. Figure 8 further illustrates the depth-dose curve from an
Cilliﬁ_a“d‘

xperimental situation using spherically oriented cobalt-60 sources with a
to 69%. 1o

phantom placed at thelr center, compared with a conventional bilateral
“depth-dose curve obtained with a single Cobalt source (34). 1In the 14tter

gée, the air dose is usually neasured at the point subseguently occupied

¢, streptomys

a1 from 20%

the center of the proximal surface of the patient or animal with respect

the source, For the field case, all surfaces are "proximal" in the

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

individual is the same. 1t 1is this air dose which is measured by field

Struments; 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

-101-
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clinic or laboratory, It would appear uuder these circumstances and in

most experimental conditions that the midline dose, rather than dose
measured in air, would be the better cummon parameter in terms of which to
predict biologicgl effect. On this assumption, air dose value should be
multiplied by approximately 1.5 in order to compare their efiects tw tivse

of a given air dose from a "point source” bteam geometry delivered

bilaterally. Furthermore, the geometry of radiation from a fallout field th
is not identical either to the geometry of bilateral point sources or the ' fr
spherically distributed sources since the plane source delivers a radiation res
largely at a grazing angle. However, the total field situation is better wit
approximated by solid than by plane geometry. mid]
Figure 9 shows depth-dose curves for different types of radiation to B 300,
provide an ldea of the difference in absorption of energy throughout a &?z home
large animal body thus injury (in the lethal range) to the important target 1} kvp »
cell, the hematopoletic stem cell, which determines whether the bone marrow ; : and

will regenerate. These depth-dose curves are determined in unit deasity

material using small Sievert chambers implanted at & cm intervals in the
phantoms. The doses.are expressed as percent of the entrance alr 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 air dose and this falls off

very rapidly with depth in the tissue so that approximately in the midline radia:
corresponding to man {t would be 60U% of the entrauce to the important Survi
target cell, the hemopoietic stem cell, which determines bone marrow 1 autho;,
regeneration. Since bone marrow was distributed throughouyt the boay in tﬂé fot by
bones, the amount of energy deposited in the hemopoletic ftem cell varie WA_” dosige
by a very large factor. The curve B shows a similar depth-dose curve totft.' l?~
éOOU kVp x ray. Curve C is the initial bomb gamma radiation and curve D’f!%‘ T
cobalt-60 gamma radiation. 1t is evident that for the same air dose, f;#ﬁ“ of expc
injury to hematopoletic stem cells scattered throughout the bone marrow of 4-q,

varfe: consicderably and thus would be expected wo result in different

lethal dose curves.
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The Effect of Different Kadiation 'Depth-Dose Curves on Mortality in

Mammals

Tullis et al. (35, 36) has studiea this in the laboratory and in the
atomic bomb field tests with swine as the target qnimals. This 1is
{llustrated in Figure 10, showing the sigmold dose mortality curves for
unilateral 2000 kVp x ray, billateral 2900 kVp x ray, and the mortality from
the highly energetic prompt gamma radiation from a fission bomb. The LDgq
from unilateral 2000 kVp x ray is 500 rad in air. Bilateral 2000 kVp
resulted in an LUsy of 400 rad in air. The initial bomb gamma radlation
with LDg, was about 230 rad in air. These air doses can be converted to
midline tissue doses based on comparative studies on depth-dose curves to
300, 220, and 184 rad.

homogeneity in distribution of dose. _In the case of the pnilateral 2000

The differences are explained in part by lack of

kVp x ray, tlssues distal from the midline received much less than 300 rad
and tissues proximal to the midline received more. In the case of
pilateral 2000 kVp x ray, tissues proximal to and distal from the midline
recelve a greater absorbed dose. In the case of the prompt gamma
radiation, tissues proximal to the midline receive a greater dose and those

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

ster. cells on opposite sides of the midline.

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

V?radiation doses in air are of relatively little use in predicting

survival. For practical clinical management, it is the opinion of this
yuthor that one should be guided by the .clinical and hematologlc cource a--
hot by estimates of radiation doses in air or doses estimated by biclogical
ddsimetry.

Fallout Kaaiation Exposure of the Marshallese

The energy of a fallout field determines, in addition to the geometry
exposure, the depth-~dose pattern.
4~day old fallout.

Rissions frow the major components of the 4~day fallout. The solid hblack

Figure 11 shows the. energy spectrui

The original source is the energy of inhzrent picoma

<

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

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