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ACUTL RApIATION SYLURULES ALl ThLIK MANAGLEMENT™

Eob's Ctouniwite

Hedical Department Brookhaveu watiovnal Laboratory

Uoton, hew York 11973

ABSTRACT

Radiation syadrowes produced by larue doses of ionizing radiation A
4re divided into three general groups depending oa dose of radiation and
time after exposurz. The CNS syandrome requlres wmany thousaands of rad, %

appears in minutes to hours, and kills within hours to days. The GIS 3

appears #After doses of a tew huandred to 2000 rad., It is characterized by

nausea, voniting, dldarrhea, and distuchances of water and electrolyte

wmetiabolisw. It has a high wortality in the first week after exposure.

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

Dependiag on dose, survival 1s possible with aatibiotic and teansfaston

DR i G2

theranpy. The relatlonship of graaulveyte deprassion to mortiality In dogs 8
and huian beings i{s {llustrated., The role of depth dose pattern on

wortality of radtitlon exposure is described and used as an iadtcation of
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why alr exposure doses uay be nisleading. The therapy of radlation injury

+4

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

Naen et S

molecular regulators. The limited role of matched allogenic bhone rartow

transplants is discussed.

Tnis research was supported by the L.S, Deparwumeat ot baergy under lontract
LE~ACUZ-76CHO00L6. Accordingly, the U.5. Covernment retains a nonexclusive, 3

royalty~{ree license to publish or reprocuce Cie publishea foru of tils
contribution, or allow others to do so, for U.S. Governtient purposes. b ¢
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INTRODUCTION

From perusal of the older literature and review of the Japanese
experience at Hiroshima and Nagasaki (1), it appeated 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 decayling 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
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 1U% and 90% mortality, the practice of
studying animals exposed to single dose of radiation, one must consider the
possibility that lethality differences observed may represeat chance
variation, not related to any therapy used. In a retrospective literature
evaluation, these are questions that cannot be evaluated definitively. In
respect to therapy, vast human clinical experience on use of antibiotics in
management of trauma and thermal burns in nan aud formanagement of marrow
aplasia produced by agents other than radiation, it can be categorically

stated that antibiotics increase the survival rate of patients with

. ¢ B N 3,
guif g {ﬁlxtensive burns, traume and individuals with temporary marrow hypoplasia.
c;{ion 8 A crucial problem in radiation injury is whether the bone marrow will

105 g fegenerate before the commensal or invading pathogenic bacteria develop
of TASE AL 'igsistance to the antibiotics available, o

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

The radiation syndromes produced by exposure to iénizing radlation are

ﬁg&terns which will be considered later, Three, somewhat arbitrary and
ﬁﬁ overlapping syndromes are illustrated in Figure 12,

The Central Nervous System Syndrome

After large doses of several thousand rad, the Central lervous Systemn
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laboratory animals that 1is preceded by hyper-excitability, ataxia, ];; |

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

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

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 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 hi;
few casualties described by Hubner et al, (2)., If an occasional person are
were to survive the CNS syndrome, the individual has yet to experience the hav
Castrointestinal syndrome (GIS), fts
and
The Gastrointestinal Syndrome
The GIS, when produced by doses in excess of 1500 rad, will be fatal 5521
within 3-9 dasys 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
vomi ting, diarrhea, and denudation of the small bowel wmucosa. The severe sury{
and persistent GIS is a uniformly fatal syndrome in most laboratory . cling
animals, It was observed imn Japan and described by Oughtersen and Warren case
(1), and in some accidents by Hubner et al. (2). In dogs, Conard et ai.' count:
deve].
the se
. hEmorr
small intestine as described by Brecher et al. (4). The survivors of the fo
syndrome have then to experience the sequelae of bone marrow depression Japane:
which has been termed the hemopoietic syndrome (HS) and was commonly “nimals
observed in the Japanese exposed to nuclear radiation in Hiroshima ahd thireye
Nagasaki. ®ortaly
The Hemopoietic Syndrome § thar

The HS is not necessarily fatal. It is a clinical picture that 1 ’ A%Gtat

levels reported represent the LD50 for the sequelae of bone marrow - ¥ n"ﬁst 1
depression, namely, granulocytopenia with susceptibility to bacterial

infection, thrombocytopenia with susceptibility to diffuse purpura and
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anemia from suppression of red cell production and hemorrhage.

Detailed

ducing descriptions of this syndrome in man and animals are described (1,2,5-13).
in & This picture of the three radiation syndromes, which overlap to a

rson certain extent, is based primarily upon animal experimentation. Human

ce 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

;d in a. high-altitude nuclear device in which the fireball did not touch the ground

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

Lence the _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.

| ve fata g Radiation Injury in the Japanese at Hiroshima and Nagasaki:
e .

Lies to : The CNS was not observed by the Japanese at Hiroshimas or Nagasaki
p A - Y ‘ .
x {1,15,24), nor would one have expected it to be observed since doses to

produce the syndrome were well within the area of total destruction and no
h s;ve Yo : survival, The GIS, with deaths in the first week, are well documented
e R B
- clinically and pathologically as are deaths from the HS (1,15,18). 1In the

4 ga* £ case of man, the sequential sequence of deaths and depression of blood
an

s et s 1 counts is different from that in animals. It takes longer for the HS to
ar . ; . ’

s fluEd ) a;velop ia man. For example, deaths from ilafectifon were most prevalent in
enou 2 5%
: second to fourth weeks (maximum incidence during third week) and from

Dbenorrhagic phenomena during the thira to sixth weeks (maximum incidence in
"l fourth week).

vorsuaé; Deaths from radiation injury were occurring in the
5epreS' FATE ?nese as late as the seventh week. This {s in eontrast to other
,mmonl} £ AL fals, where deaths from the acute phase are uncommon léter thaé the
chima 8% n}- X ? Irtieth day after exposure. The correlation of neuttophi; cdqunts with

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

re 1llustrated in Figures 3 and 4. In addition, {t was shown that

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

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

nce in the depression of granulocytes was also seen in the Marshallese
d to fallout radiation (5).




Probability of Survival following Exposure to whole-Body kadiation:

The probability of survival can be related to symptomatology io man,

Hiroshima and Kagasaki (1), Individuals exposed in the lethal range (wheﬁ&%-

K
some, but not all, die in the first several weeks after exposure) can be: ¢
divided according to signs and symptoms, into groups having aitferent . I
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, ETC

Survival Improbable: 1If vomiting occurs promptly or within a few of
hours and continues ane is followed in rapid succession by prdstration by
aiarrhea, anorexia, and fever, the prognosis is gréve. Death will pro'a' lyn
occur in 100% of these individuals within the first week., It is ass wit

» eXpc
j thir
Survival Possible: Vomiting may occur, but will be of telativg:* io ¢
short Juration followed by & period of well-being. 1In this period of Plat
s time
liiro,
2Hars}
ﬂithis
et al. (20}, Signs of bacterial infection may develop when the gggg 25,00

neutrophil count falls below 500/4l, Platelet count may reach;very

levels after two weeks. Lvidence of bleeding nay occur within 2 &

slight fatigue. At the termination of the latent period,

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

therapy, antibiotics and/or sulfunamides the survival time can»hgg;

to be prolonged and if sufficient time is provided [or bone marr0

regeneration the survival rate will be increased substantxally.v'

501790,
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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
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 assfguned to the Survival
Improbable and Survival Possible as compared to the Survival Probabié>
g£TOUp.

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

not have had transient nausea and vomiting on the day of exposure, Im this
group, characterized by the Marshallese (6), there is no further evidéﬁce ;o
of effects of exposure except the hematologic changes that can be deiééteq _}:__
by serial studies of the blood with particular reference to granulocytes,

lymphocytes and platelets. The lymphocytes may reach low levels early,

within 4& hours, and show little evidence of recovery for many months after

exposure. The granuloucytes may show some depression duriug the second and :

third week. However, considerable variation is encountered, A late fall Sl
in the granulocytes during the 6th or 7th week after exposure mnay occur.
Platelet counts reach the lowest levels at approxmately the 30th dai(at the _gﬂ

time when maximum bleeding was observed in the Japanese who were eXﬁosed at Ff:

Hiroshima and Nagasaki. The lowest platelet counts were also scen in the
&)

arshallese exposed to fallout radiation around 30 days after exposure. In

this group individuals with neutrophil counts beluw 1000/ul may be

:edAbiﬁ ompletely asymptomatic. Likewise, individuals with platelet counts of

515,000/ul o1 less may show no external signs of bleeding. Lven though the

efenses against infection are lowered by this sublethal ﬁose of radiation,

Effects of a Single Dose of Gamma Radiatiou

Analysis of a Possible Human LDc,

In the first place, in all rteality, the mortality response of man
radiation is not known with any degree of precision. One should think

the LDgg in the classic pharmacologic seuse; that is, the mortality

-97-




response to taviation in the absence of treatment and other cowplicating 203 ay,
factors. The LDgy will bLe increased by the use of antidblotics to control that ¢
infections, by platelet transfusions to coutrol bleeding, and the aof com,
hemopoietic molecular regulators now available to stimulate an earlier tSting:
recovery of hematopoiesis. In 1947 hewell (21) surveyes the opinion of noay 1,
radiclogists of the 50% lethal dose of radiatiorn in man. Their estimategine: ' devels
varied considerably sna the average was close to 450 rad, the commonly et
stated LDgq,

llany sources of cata bear on the LD50 value fur man and each has SNTibie,
several shortcomings. These sources include radiation mortality data 0 Xacrease
large animals, the data from the Japanese exposed at Hirbshima anc 26} the
Ragasakil, the Marshallese data ano data from patients glven therapeut? ® a1,
total body radiation. The effects of geonmetry of exposure aund energy Therapy

radiation on the mortality response is crucial (22-24), Eond and Tobe

E?.‘.rman et

(23) observed that the suall animals appear to have a high Lblg,, wheTe

: !lz—zgut)v
large animals have a low LLg,. It would be logical frem this to atgﬁéi ot neg
man ray have a low LUgg. In fact, one does not really kuow how to - TEenstygg,
extrapolate from animals to man., In principle, at least, one migh . epeq, ;-
that in Hivoshima anu ltagasaki where many individuals were exposééﬁﬁ‘*' mImunp ] e,
would have a rather good idea of the radiation Lbggy for mam, Thi} tﬁg;LDSO f

the cease, however, because of the complicating factors of txauma;,

the response of animals in general., Figure = tllustrates an ap

cstimating'hﬁman LDgy. It 1s believeo that the harshsllese wefe~§

a near maximal sublethal dose ft'radiation. It would appéar that

uniform total bocy irradiation

curve. Certainly, in dugs and swine, if the dose of radiation

3

ok !
increased by 100 rad over that receivea by the larshallese, one

well inte the lethal dose rarge., 1If one adds 59 rad to the estx {\ 3 R were ;x-

tas that the jlarshallese received, one has a probable low lethali

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

as for wogs, the 90% nortslity is abeut 5060 rad. The midpoiot : the pop
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. 10% and 0% is approximately 30U rad. Thus, one can make & first suess
:}&1C6L1:i1 that the Llg, for manis in the vicinity of 360 rad midline in the alsewuce
to cont of cumplicated thermal burnus, traufia, or any effective fherapy. This
the . estimate ls bolstered by the fact that patients given therapeutic total
eaflltrf toay irtaaiation have severe hematopoietfc depression occulriug at dose
prnen Ztes Jevels of about 200 rad.
ir estT I’robable Ltfects of Therapy

 commonly ) '
| On clinical grounds, one would think that the cumbinec use of

antibiotics, fresh whole blcod end platelet transfusions when neeceu, woula
ach has N
€ increase the survival rate, It has been clearl, shown by Miller et al.

ity data oOn ) . ) ) ) ‘
1o (26) that antibiotics iucrease the survival rate of i{rraciatec nice. lturth
 ra auc

. et al. (27) obtained no marked benefit from antibictic anc transfusion
‘ctdl:eutlc ] . '
v £ therapy in their studies. Subseguent stucvies by Soreusovl et al, (2¢) and
(¢ enetrgy & .

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

;¢ and T.obertsaf T
o nortality from a near 1UG.L fatal cose to about IU% mortality in doys by the

combined use uf high dosage of successive antitictics anc whole blood
transfusions supplenentea by platelet-trich plasna when red culls are not
needed, This enables one to shift the sigrioidal aose mourtality curve of
uncotplicated whole budy radiatioun injury to a nwch steeper one shiftiung
- the LDg(, from approximately 300 rad in the oug to a little cver 40U rac.
T1e

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

snticipate that antibiotics, bLluocs traustusivas anc platelet transfusicos

would benefit hurian beings.

The relatiouship of mortality to uepression in the granulocyte count
_#f antibiotics. In Figure 2 is shown the grautlocyte count in gogs thet

Mth percent rottality. The granulocyte curve at the far left 1s in QU s
that were exposed to about 600 rad midline dose, Note that the btlood

11&7“ ' %kpnts Geclined and all animals were ceaa by the seveuth day o exposure.
letha s .
er?- dutopsy infection was clearly the wajor cause of death., in the next
lop
same S T
spoint bet¥ o . . .
; unt along with a longer survival time. At autupsy the majer cause of

TR s e



death was ascribead to intection and cumplicated by henovrrhage. The next

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

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

L.oe

ceath. -The curve showing the least declipe in the zranulocyte count had a

moTtality of 10% with hemorrhage and infection the causes of death.

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

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

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

weeks. The lower the white count the higher the wmortality. Figure 4 d
ﬁbu correlates the mortality at the end of nine weeks with the lowest white t
&Mh’ count observed, The most cleatrcut cotrelation of the 1mportance of - p:
infecticn is in the work of Miller et al. (26), shown in Figure . In this 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 hussia and the U.S5. exteng and confirm the role of infection, ex,
Tilwanian and Izvekova {(30) have studied a whole series of antibiotics and:

theit use in the treatpent of radiation injury in uice, rats, aud rabbits {33

They administered kamamycin, erythromycin, tetracycline, ampiciltin, fal

oxacilliu, ana cvleterrine, 7The antihbictics wvere administered twice a day;‘ exp-

: frog
3 a lethal dose of gamnma Tays. A cowbination of antibivtics was nmote such
effective than single antibiotics. The combination of kanamycin with is 1

X-r4

effective. The antibiotic combinations changea a near 100% mortality, For »

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

Eeome

adrninistration of antibiotics, In the case of dogs, penicillin and ex ;

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

studies on monkeys, a combination of kanamycin, oletettine, streptomy Phantc

and penicillin was used, There was an increase iun survival from 20%

50%.

The Lffects of Geometry of Exposure and kadiation Injury on

Lepth-Lose Curves and biolugical Lffectiveness
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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 douse falls off as it is attenuated by inverse sguare 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 patteru 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 hazargs 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 beam geometry is not applicable, In
such a diffuse 360 degree field, the decrease of duse with deptin in tissuve
is less pronounced than that resulting from a bilateral exp.sure to an :

x-ray beam because fallout from inverse squaTte is 1n efrect neutralized.

For the same eunergy, the dose at the center of the body is approximately
50% higher thau would result from a given air dJose with narrow beam

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

éiexperimental situation using spherically oriented cobalt-60 scurces with a

phantom placed at thelr center, compared with a conventional bilateral

depth-dose curve obtained with a single Cobalt source (34). 1In the IJtter
fgée, the air dose is usually neasured at the point subseguently occubied
the center of the proximal surface of the patient or animal with respect
For the field case, all surfaces are "proximal” in the
individual is the same. It 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-



clinic or laboratory. It would appear uuder these circumstances and in

most experimental conditions that the midline dose, rather than dose

neasured in air, would be the better cummon parameter in terms of which to

predict biclogicgl effect. On this assumption, air dose value should be a
multiplied by approximately 1.5 in order to compare their efiects w tivse 1
of a given air dose from a "point source” bteanm geometry delivered ur
bilaterally. Furthermore, the geometry of radiation from a fallout field th
i1s not identical either to the gecmetry of bilateral point sources or the fri
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. miq.
Figure 9 shows depth~dose curves for different types of radiation to B 300,
provide an idea of the difference in absorption of energy throughout a { ! home
large animal body thus injury (in the lethal range) to the important target 1} kvp >
cell, the hematopoietic stem cell, which determines whether the bone marrow : : and
will regenerate. These depth-dose curves are determined in unit deasity ;x . bilay
material using small Sievert chambers implanted at 6 cm intervals in the p recei
phantoms. The doses.are expressed as percent of the entrance air dose, radia
Curve A represents the depth-dose curve from 250 kVp x ray. This is a dista
commonly used energy of radiation in animal studies., Note, the surface Stem .
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 Tadiat
corresponding to man it would be 60% of the entrance to the important Surviy
target cell, the hemopoietic stem cell, which determines bone marrow authO;,
regeneration. Since bone marrow was distributed throughout the boay in the ot by
bones, the amount of energy deposited in the hemopoletic $tem cell variegs dosime
by a very large factor. The curve B shows a similar depth-dose curve fo fﬁ
QOOU kVp x ray. Curve C is the inftial bomb gamma radiation and curve D’is: TI:
cobalt-60 gamma radiation. It is evident that for the same air dose, f&g of exXpe

3
injury to hematopoletic stem cells scattered throughout the bone marrow 28 of 4ug,

varies consicderably and thus would be expected wo result in different

lethal dose curves.



The Effect of Different Radiation ‘Depth-Dose Curves on Mortality in

and 10 Mammals

ose Tullis et al. (35, 36) has studiea this in the laboratory and in the
which 0 atomic bomb field tests with swine as the target animals. This is

would be {1lustrated in Figure 10, showing the sigmold dosé mortality curves for

s T LHUSE unilateral 2000 kVp x ray, bilateral 2000 kVp x ray, and the mortality from

2d the highly energetic prompt gamma radiation from a fission bomb. The LD50

jout tield from unilateral 2000 kVp x ray is 500 rad in air. Bilateral 2000 kVp

ces or the resulted in an LUsy of 400 rad in air. The initial bomb gamma radlation

- radiation with LDSO was about 230 rad in air. These air doses can be converted to

h is bettel 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

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

)Ughou Lt a

g kVp x ray, tissues distal from the midline received much less than 300 rad
sortant target:

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

-
. YLow
ne bone fa e

.ait density

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

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

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

This 1is & . gter cells on oppousite sides of the midline.

the surface

falls of f “i
i the midlind

v survival. For practical clinical management, it is the opinion of this

t ¢
{mportan author that one should be gulded by the clinical and hematologlc cource a--

1@ Mmarrow

& not by estimates of radiation doses in air or doses estimated by biological
the boay 18 '

Fallout Kaaiation Exposure of the Marshallese

rve fo
jose ¢t The energy of a fallout field determines, in addition to the geometry

exposure, the depth-dose pattern., Figure 1l shows the energy spectrui
4-day old fallout. The original source is the energy of inhzrent giwma

sstons frowm the major components of the 4~day fallout. The solid hlack

3

: ot
glifere . Stogram is calculated distribution of energy taking into account Compton

ttering. Thus the energy to which an individual is exposed varies from
A keV with little penetration to a peak at 1600 KEV. The effect of
‘ 8 energy distribution in the geometry of exposure on depth-duse curves

§ shown {n Figure 12. The depth-dose curves of a fallout field and

-103-
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gamma radiation are shown. The doses of radiatlion to the surface and the
first few millimeters of the body were substantially higher than the
midline dose of gamma radiation. The curves presented are a perceant of the
3 cm dose of radiation. 1n addition, the clinical observations ot the skin
lesions forcefully demonstrated tnat the dose to the skin varied
considerably between individuals and over the surface of any given
inaividual because of the spotty nature of the radiation buras to the skin.
Ancther feature of fallout radiation is its decay., The fallout
arrived about 4-5 hours after detonation. Figure 13 showg the accumulation
of dose as a fuuction of time after detonation. The dose rate decreased
continuously as the fallout raterfal decayed. Tlhe rajor portion of the
dose was received at a higher dose rate. by the time that 90% of the dose
had been received, the dose rate had fallen to less than 40% of initial
value and thus 1is much different from any animal exposure condition in the

literature, The influence of a dose rate falling by a 1. power function

m

is not known. :
Repair of kadiation Injury lg
This has been conslderea in suvae detail in a report of the NCRP (37), bs
In the NCKP dissertation, it was stated that 150 rad over one week, 200 réf 02
over one month, or 300 rad over four months is believed to be sublethal and of
that no wedical care would be reguired. However, 250 rad over one week, f: ra.
350 rad over one month, or 500 rad over four months is estimated to be in - X i
the 5% murtality range and that some medical care will be required., khen; -9 des
450 rad is received over one week, 600 rad or more over one nmonth or S tar
longer, the mortality witnout therapy 1is estimated to be SU% or more and. eff,
extenslve medical care will be required. These are doses of rad in aifﬁgd Aot
not midline tissue dose in rad. ) 31 fnp:
Whether studies on mice are applicable to man is not knouwn. 1ln recédt;} g

unpublished studles, we have investiga}cd'the influence of varying Lne”lﬁ?

interval from 1-24 hours between 2.5 Gy, 250 kVp x ray to mice, for &:gg 4

of 10 Gy, This is shown in Figure 14. At intervals of 1 and 2 houréj“

mice survive 30 days. As the interval between the 2.5 Gy increnents P

o

%5
increased, there is an apparent cyclic change in the fraction supviviogs

when the fnterval is 22 or 24 nours between the 2.5 Gy increment, 1002 of




: leg in normal mice and mice receiving a siagle adose of Lul, 200, or 300 raa
e &
1

- and the mice receiving 1000 rad in a single dose or 10UC rad i~ four 25¢
rad lucrements 24 hours apart. All 1000 rad animals diea by e ilth gay
£oche after irradiation and the survivors had & very low CFL=S content of abgur |
- skin per leg. Animals recelving a 25U rad dose at 24 hour Llatervals fad an
equal depression of their CFU-S, followed by an exponential reccvery to
near normal levels by 30 days after exposure.
> skin. Therapy of Whole Body Radiation Injury
Bacterial infection has long been established as tie najor cause ot
wulation Geath in the irradiated animal in the LDg, range., The comnensal organisms
cased living primarily in the gastrointestinal tract are the usual organisms that
the kill the animal that {s irradiated 1in the LDg, range (11, 26, 38-40). The
-he dose use of antibiotics as an effective treatment was first shown by Miller et
irial al. (41) with the admianistration of streptuomycin in mice. In addition,
. in the germ—free animals have been studied (42, 43) ana tnese animals live longer,
unction dying from hemorrhage and anemia rather than infection in the absence of
pacteria. The effectiveness of antibiotics falls oft as one nears the 1CU%
lethal dose level since bone marrow regeneration is delayed so leong that
kp (37). bacteria develop resistance to the antiblotics belng used before bone

marrow regeneration ensues. Taketa (44) has intensively studied the roles
of water-electrolytes and antiblotic therapy against the acute intestinal
radiation death in the rat. In these studies 1t was clearly shown that
microorganisms play a prominent role in the genesis of acute intestinal
_death In the rat, and this was modified by the use of antibiotics and
lotensive administration of water and electrolytes. It is a beneficial
;ffect not limited to rodents. Dogs have been tréated with success with
;ntibiotics, tluid replacement, and blood transfusion. A dranatic
{eprovement in mortality was obtained by Coulter et al. {45}, Hammond (46),
and Allen et al. (47). In the latter stuady, bluoc transtusions were
@mbined with successi{ve antibiotics. 1In view of the fact that commensal

fganisms of the intestine are frequently cultured from the blood of the

Ylmlly irradiated mouse, Webster (48) tested the eftect of oral neomvcin

i3
g

. rs
. bou ’: therapy upon the nortality from whole body x—-irracdiation of rats. Graded

aty s
2pents g -kaes ot radiation were usea from 700 rac through 2500 rad. |heomycin
surviviiyy Qntment resultea in significant prolungaticn of the rean survival time of
at, 100% ¢ v
(CFU-S)
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irrqatated auimals at exposdres between Sul aog 1500 raa., Arter 150U rad
ang 2505 raa there Wwis a small, but consistent prolonmgpation of the mean
sarvival eiwme. Tor exposures betwszen 700 and 1100 rad, the 3U-day
lethality was consistently lcwer tor the neuvmnycin-treated rats. corenson
et al. {(23) and Perman et al. (29) discussed earlier nave clearly
established an etfective treatsent of tatally irradiated dougs utiliziug
successive antibiotics, fluias, plat-let trausfusions, ana whule blooa as
needed. Shaluova (49) published an fnglish-language review of all of the
wore done in Russia before 1975 on antibiotic therapy in radiation injury.
The essence of the work is: 1) ap;ly broad-spectrum aantibiotics insurlng
suppression of wmicroproliferatiovusing a purposeful alternation of f
antibiotic cycles with different preparations; 2) use antibiotics to create r
hacterial static councentrations of sutibiotics, not only in the bluod and

v

tissues but also in places of naturaloccurrence of microbes such as the ba

sastrointestinal tract and respiratory tract; 3) utilize antibiotics as ; in

early as possibhle, ancd befure fnfectious foci have developed.

Thne Management of whole Body Ladiation Injury Wwith or without Combined : the
bFurns and Wounds ) ; in
as discussed earlier, estinates ol the alr-exposure dose are ot 1ittlef'u; sub:
value for twou reasons. First, one necds to know the depth-dose - ; Proc
gistritution and second, the cuse estiaates are generilly inaeccurate, : pPoss
bearing on the high side inttially and then declinlny as turther studies : é roog,
and analyses are aade. G non-;
The tirst step is to deternine the écverity of the radiation injury trace
the basis of signs and sywptows. 11 tnere are no abnorual synptoms such Compe
nausea, vouiting, or diarchea, the dose of radiation is in all flora
yrubabilitzﬁn the sublethal range. It there is severe niusea, vomiting,j:' broag-
and diarrhea as discussed earlier, the individunls will f%ll futo the B Oystay

e
severe gastrointestinal syndrowme. If the early synptomatology subsides 35#

el

there is a feeling of well-beiny with rapialy developing chazaypes in the™

nenatolngic picture wit™ develiovping lyvuphopenia, neutropenta, anc

tiruvshocy topenia, the indivitunls would fall into the henatovoiotic

synarome.  The following therapeutic rtepimen is proposed:

1.




2. 1f exposed to neutrous, s whole body count should be rade to

G rad estimate the amount of radionuclides produced.

weat 3. tMedlcal history, physical examination, and labcratory studies
including a complete hematologic ew:luation should be done as prompily as

rensen possible. L’ytogenetic preparatious of direct bone marrow and
phycohemagluﬁnin stimulated periphetal blood lymphocytes should be set up

jziug

for later avalysis of biological ucse estimate., As soun as possible, the

lymphocytes should be obtained while sti]ll available,

_;1000 as

bufore lymphopenia
1 of the

o rur sets in, for huran lymphocyte (HLA' iyping ana storage for later mixed
" mj'n‘Y leukocyte cultures. The results of the tissue typing will be usetul for
eariee matching of granulocyte, platelet t:znsfusions and the identification of a
of ¢ possible bone marrow donor.
o create

b=t

4. In the early stages, the Iirst five days, fluid and electrolyte

clu\’)d and
balance must be monitcred closely av: restored by the appropriate

{ntravenous or oral solution.

5. Reverse isolation techniques tu prevent ingress of pathogens to

the irraaiation individuals are gencrally believed to have been effective
in preventing {nfections in patlents ynuergoling treaticent for leukemia and

subsequent bone marrow transplantativn, This would probably be a useful

procedure in the event of a potentially fatal irradlation accigent. If

possible, the inulvicual should be uac-{tted to a mouern laminar air-flow

roon with a complete reglamen of skin sterilf{zation, sterile diet, and

non-absorbable antibiotics for stertitzation ot the .astroiutestinal

tract, If this is not feasible, measures should be inftiated to prevent

commensal and pathogenic infectious. TNeouction in the Jastrointestinal

flora is desirable, and this can be accomplished with oral, non-absorbable
brogd-spectrur: antiblotics such as nvoayetn and antifunpal agents such as

aystatin.

.

b. Platelet transfusions, prefevalLly fresh, should be ziven when the
platelet count approdaches 25,00G and tepeated te maintain levels above
this,

If the patient should become retractory to randor donor platelets, the use

“HLA‘ma[CHCd platelecs frowu uncelatea gonors may becoue necessary. A

€ faafly-nenver transfusion shoula not ‘< adrinisterad until the possibility

}‘»hone sarrow transilantation has bee: excluded because such transfusions

: ‘{!ht sensitize the patient to the anti,ens of a possible donsr.

-10 -
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7. Granulocyte transfusions would be desirable to prevent intection ;;@

in patients with a sranulocyte count falling dbelow 200/ul. Agmlittedly,

Hem:
these are not practical on any large scale. L N
4 a
“ . . o5 ~arr
3. Infection jis the greatest threat to life. The onset ot " I
L oot
signiticant fever greater than 389C should arvuse stroug suspicion of .
. ave been
infection in the granulopenic patient. Fever with clinical signs of
teChHIQUeE
bacterial infection, or fever sustained more than 24 hours is 4an indicatioq and 3
y Bra

for initiating systemic antibacterial therapy even though cultures are
colony-ggy,

negative., Since the most likely agent is an organism trom normal bowel
erythropoye

flora, initial therapy should include aminoglycoside and carbenicillin with nac b
Tophages

additional antibiotics being adged as indicated by bacterial culture
broduce gra

sensitivities that are obtained. 1If cultures are negative or fever
accelerateg

fersists, therapy with a combination of trimephoperim ana sulfanethoxazole.
uron in vive
e ———

or with amphotericin may be considered. After initiation of broad-spectr
production

antibiotic therapy, it should be continued until the granvlocyte count
it func;ional 2

[

rises above 500/ul, fever subsides, and eviaence of infection disappears.ﬂkﬁf
; colony-stip,

9.
the hemoglobin above 3.5 g.

granulocyteg
granulocyteg
{50-55), IL-

chours prigr

10. All blood products should be irradiated with 2000 rad before

infusion into the patient in order to kill lymphocytes that might

proliterate and impair the possibility of a bone marrow transplant.
o ; in the mouge
11, bBone warrow transplantation will ouly rarely be indicated in an, > 43
et - hours

irradiation casualty because uncertainty about the magnitude of the y befo
. . . adninistereqg
radiation dose, inhomogeneity of the dose, and the requirement that

dose be within the 1limits of rescue of bone marrow transplantation,

approximataly 300-2000 rad. bBelow 800 rad immunity 1s not suftlcienf
Suppressed ana transplants are rejected. Abouve roughly 2000 rad theré

no therapy. From the lymphocytes collectea promptly,‘ihe_casualty W

transfusion of bone marros tron his twin.
above as an {uiication for bone marrow transplauntation, it 1s to bcf
from the earlier discussiun that doses and the depth-dose curves areg

wnown with any gegpree ot certainty ana

experimental condltions where radiation was dJelivered in & manner ¢
uniiorn wnole %ody distributiou of abtsorbec enerpy.
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Hema topoietic Molecular Regulators in the hanagement of the bLoae

Marrow hHypoplasia

In the last ten years several molecular regulators of hematopolesis
have been identified, purified, sequenced, and by recombinant DNA
techniques are’ being produced in large amounts. These are interleukin-1

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

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

erythropoiein. Interleukin-l, a product primarily of activated monocyte or

r—

macrophages, stimulates T-cells, endothelial cells, and fibroblasts to
produce granulocyte-macrophage colony~ stimulating factor. The latter .
accelerates the production of granulocytes and macrophages in vitro and h
upon in vivo administration produces a granulocytosis with accelerated -
production of granulocytes. 1t alsc increases the effectiveness of the ‘
functiovnal granulocytes In phagocytosis and bacterfal killing. Granulocyte

colony-stimulating factor accelerates in vitro the procuction of

granulocytes in colonies and in vivo accelerates the production of i
granulocytes and improves the phagocytic and bacterial-killing capacities i
(50-55). IL-1 has been used as a radloprotector. when administered 20
hours prior to irradiation, IL-1 turns a near 100% lethal dose of radiation
in the mouse to near 100% survival. When administered four hours before or
43 hours before, it 1s ineftective (50). GM-=CSF and G-CSPt have been
administered to primates and shown to produce a sustainea granulocytosis of
4-5 times the normal level as long as the materials are administereda. It
has been given to primates aud 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 be of najor benefit in
stimulating the proauction of red cells in individuals with severe anemia
as a result of renal faflure (55). It Is assumed that these agents or
gombinations will be of potential henetit in the treatment of individuals
with bone marrow suppression as a result of whole body irradiation. On the
other hand, it is conceivable that forcing cells Into mitosis before DNA 1s
adequately repalred may fix genetic Injury and result in either an early
failure of the mitotic capacity of pluripotent stem cells'or an earlier ang
Increased incidence of leukemia. These are possibilities that need to be

e

. explored experimentally.
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Figure 7. Depth-dose curves for 200 kVp x ray expressed as percent of surface

dose for unilateral and bilaterul radiation exposure from Boud et

al, (34),
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Figure 10, Radiation lethal dose curves for swine exposed to unilateral or 4
3
bilateral 2000 kVp x ray and prompt atomic bomb gamma radiation, %
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Figure 12, Depth-dose curves for fallout field and bomb gamma radiationm,

dose is expressed as percent of the 3 cm dose because of the hig’é Figure 14,
beta component at the surface from Cronkite et al. (4).
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