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Acute \\'hol{' Bod~ Hadiation lnjur): Pathot!f·ne~i:>;. 

Pre- and Postradialion Pr·oteetion 

Y1cTon P. Bo:\D, :\I.D., P11.D., Ena::o: P. ( 'H<>:\KITE, :\l.D., 
A'.'\D RoBEHT .\. ( 'o'.\AJW, :\I.D. 

"FalsP facts rirP highl,· injurious t<i tlw pr"grpss of sciPnce for thp,· oflpn endure 
long; but fa]sp Yit-1Ys. if supportt•d hy sonw p\·idf'JH'<', do lit ti<' h"rrn for l'\'Pr,l'OllP t:ikps 

a salutnr.'· plpasurp in proYing tlwir falsenPss-" 

9.1 General Notes 

Exposun· of the body to penPtrati11g radiation:-; prodw·r:-; ionization in 
the tis:mPs. There is a disagrPenw11t as to tlw initial bioloµj<'al pffed thNe
from and the sequenf'e of :;ub:-:eqllPllt effet"t:< is not adPqllately knmrn .. -\t 
tlw prPsent time it is not possible to bridge i'ati,-faetorily thP gaps Lr\\H'Pll 
thP effects of radiation 011 pure d1Prnirnl s~·,-tern>', tlw single ('di, and the 
intrgratPd mammal. A<·(·ordi11gl~-, it <'Un h(' :-:tated that little is known 
about the pr('<'isr me('hani:-:ms of the al'!ion of io11izi11g radiation at the 

mammalia11 leYel. On the otltPr lta11d, Pff<'ds at tlw \"al'ious le\·rl:- ltaY<' 1H·<·11 
;;tudiPd rxte11;;in.J.v and t·r·rtai11ly t!tP r·nd n·;;ult:- i11 t!tr mammal an· wC'll 
t·ltaral'tc·rizPcl today. 

Hacliation illnf';;s in itl' broad seJN' rn11 hP produ('ed hy all type,.; of 
ionizing; radiation. Hmw\·er, the dose required varies \\·ith the kind, the 
rate of admi11i:0traticrn and the pe11Ptrahility of the ra~·s. Furt!termorf'. 
t.l1Ne may be ;;it.uations in \\·hid1 the injuriP;; are produced by a eombi11a
tio11 of diffen•nt radiation:-, l"ome of \1·hid1 arr highly pe11Plrnti11g; and some 
of \Yhich ma~· be ah,,;orbrd ('Ompletr·ly by tlw surfa('e layer.-. of the body. 

~I\l(·h eonfu,;ion ha,.; ari,.;c•11 lw<"all:-P of thr· inadr·quate mPa11,.; of nwa,.;uring; 

tlw re,.;po11,_;c• to racliatio11 am! the l'ta11dardizati011 of a phy;.;ieal u11it that 
i;.; adaptable· for all l'ize,.; of a11imab and all typ('>' of radi:1tio11. The roPntg;Pn, 
or ''r," a mea>'llr<' of the· ionizatio11 i11 air, doe,.; not 11ec·r>.~,;arily nwa,.;11rP tlll' 
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dose absorbed by the tissue .. \t relatively recent meetings (lfl;iG-lDG2) 
of the International Commission on Hadiologieal l'nits (ICHl·i, while it 
was stated that the roentgen (symbol r) be retained as the unit of measure
ment of gamma and x-racliat ion, it was recommended that wlwn ever 
feasible ·•the do:oe be expn'ssPd in terms of the quantity of energy absorbed 
pct· unit mass ( prgs pN gram) of irradiated material at the pla<'e of in
terest." The unit is the "rad," JOO ergs per gram, whid1 replal'ed the older 
"rep" whi<'h <'Ollld be assigned values ranging from approximatPly 80 to 
JOO ergs per gram. The rad is not rPadily determi1wd for gamma or x-radia
tion; however, tables for its c;;timation from exposure close in tissue are 
prm·idf'd in reports of the C'nnunis:::ion. The conditions under whil'h the ex
posure do:o;e is measun•d shol"tld be designated as free in air, at ;-;kin ~urface, 
or at x-centimeters depth, and thr data mch as scatter, half-\·alue layer, 
target-to-skin distanre, and I\YP ~hould bl' includl'd. In comnwnting on 
the CommisO'ion',; rl'commendation:-:, Failla ~tated that "no phy,:;ical unit 
can fulfill the ideal requirements of making all biological effects of ionizing 
radiation appear independent of \\-a\-e length or more generally, indl'pend
ent of specific ionization," ;md that "in the prese11t state of our kno\\-ll'dge 
no chemical or biological unit can fulfill the ideal rl'quirl'ment either." For 
the purpo:oes of correlating dosl' with effects on the whole body, depth do:-;e 
and distribution of the ab:-;orhed energy becomes of great importance, as 
:-hmvn by Tullis el al. and Bond et al. Further, no single physical unit can 
satisfactorily characterize the total dose because of differences in relative 
ab:o;orption by different tissues. 

It is es;;:ential to attempt quantification of the biological re;;ponse, as 
well as the physically measured do:"e, when trying to correlate effect with 
dose. The biological measurl' may include the LD;o and the slope of the 
dose mortality curYl', ao; in all toxicological :-;tudies. Other biological measure
ments of dose are ,;plenic-thymic weight decrease (Carter el al.), body 
weight (Chapman and Jerome), gut weight (Conard), the hematological 
response, survival time, iron uptake by erythrocytes (Hennessey et al.) 
and histologieal ehanges. Quantitative measures of biological effect useful 
in mammalian radiology ha \'C been revie\\·ed by Storer et al. 

9.2 Classification of Radiation Injuries 

Radiation injnril's !'an hl' diYidl'd into two general categories, early and 
late injuries. Thl' early typf' rf'sults from brid intl'nsl' exposurl'; the latl' 
type either from Pxposurl' to large singlP dosf's, or from prolonged PxposurPs 
of lower intensity. The following is an outline of the two t·atrgorirs, only 
thl' first of whil·h is tkalt with extf'nsi\·rly in thi_,:; chapter: 

9.2.1. The Early Inj1irie8 PriJdllcl'd by Brirf E.rpo.mre to Largr Doses 11f 
Radiation. 
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9.2.1.1 I njurfr.< from pcnrtrali11(/ m.!iot 1',111. 

1. Total body expu~ure: Thc a1·uH· illiw-" pr11d1w1·d l1y tl!t:d liod,1· r:1t!i:1-
tion may oceur in mall from expo,:\IJT to g::1111111:1 :rnd or 111·11t1'<111 r:1di:1ti .. 11, 
from a detonatiHg atomie bumli. µ::1111m:1 ('Xj11>cun· f1»1111 clu,1·-ill f:illout 
from atorni(' bomb~, from '1lTidc11\- \1·ith rc1di11acti1-c n1:lt"ri:i\,o a- 11ul'll':1r 
power so11rePs, or in rndiotlwrnp,1· either for 111alig11a1l(',1· or a.' a rll(·a11' of 
depressing antibody re:::pon"e prC'paratory !CJ ti";:1w tr:rn;:pla11tatio11. Fx
posure of animals to sul'h \\·hole body radiation u11<.\o•r ('XJH·ri11l1·ntal ('011di
tions result::: in this typP of illne:::;:. 

2. Partial bod~· expo:,:ure: Acute ill11e.'" may re;-;ult from partial \)l1dy 
expornre to penetrating radiation,: a' i" commonly ><een i11 th1·rapl·utic 
radiation as for cancer. 

9.2.1.2 Injuries from poorly pcnclrali11g radiatiiJllS. Acute injury of the 
skin or other body integument." may n .. ~ult from be-ta rny expo,.,Hn's of the 
skin as is seen with fallout radiation or from aecirknt" inn1h·i11g h:rndling 
of radioactive materiab. This typP of injur~· i" di,;cu,.;:-;c-d in tlw chapter 011 

skin. 
9.2.1.3 Injuries from absorphon of radiuaclfrc ma/Prials. Absorption of 

radioacti\·c materials may occur from inhalation, ingestion or entrance 
into the body from open wound>' of fallout from atomi(' bombs or of radio
acti\·e materials in laboratory accidC'nt:". Ruch a hazard is much more 
likely to result in chronic long-term effect;: than in early effects. Thi,: type 
of hazard is discussed in the rhaptrr on i!lternal effect><. 

9.2.2 Chronic Radiation Injury 
9.2.2.1 Injuries frum pcnctraling radiation. Total body or partial body 

exposure may re.-ult in late effects, somp of \\·hich arc listed below. 
1. Blood dysrrasias such as m1emia, purpura, leukemia. 
2. Increase in degenerative di;;eases. 
:3. Shol'tening of life-span; perhaps accelerntPd aging. 
4. Increasp in incidence of cancer. 
5. Retardation of growth and development in ehildren. 
G. Increased incidence of cat:trart><. 
i. Impairrd fertility. 
8. Genet ie effects. 
All such la tr PIT!'cts are not disrnssed in detail in this book but arP ('O\'

rred rlsewh0rP (:\ational Acackm~· of ~l'ienl'rs rrport on Pathologil'al and 
GenPti<· Eff('ds of Hadiation; lfrport of t hP l 'nitE·d :\at ion~ 8<'ie!lt ific 
Co1111nitlPP on tlw effel'l,; of atomiC' radiation I. HowC'\·er, hasi<' considPra
tion,; an· pre:-;entPd i11 Chapter F1, µ:P11Pli<·~ in ChaptN 1-1, and results of 
damag<' in 111<-ro iu ChaptPr 1:l. 

9.2.2.2 !11j11ril's from poorly po11trali11g rarlia/ion. Bi'ta, radjati()n injury 
may re:>ult in continuing effrcts on the skin in the form of dironi<' radiation 
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dermatitis and c·aw·cr of the skin. Sueh cffcets on the skin arc dist:ussed 
in Chapter 12. 

9.2.2.3 Injuries from absorption of radioactfre materials . . \bsorption of 
radioactive materials include long-term effects rnrh as leukemia and cancer 
of the bone. Such effects arc discussed in Chapter 11. 

9.3 Acute Illness from Total Body Exposure to Penetrating Radia
tions. 

Thi:'l illness may he produced by exposure to a single type or a combina
tion of different types of radiation (x-ray, gamma rays, or fa:<t neutrons). 
It will be a rare occurrence in ci\·il life and for practical purposes will not be 
seen short of industrial accidents and atomic 1rnrfare. The syndrome in 
fulminating form was obserwd in the .Japanese (appropriately termed 
"atombombcndi.~ea,.;e" by them) following the atomic bombings of Hiro
,;;hima and ~aga:::aki in August l\H;), and was seen abo, in mild form, in the 
:\farshallese exposed to fallout radiations in 19.54. In Japan, accurate 
clinical obsPIYation::: and laboratory s_tudics Wf're scanty during the first 
3 weeks after the bombings. In the fallout accident involving the :\Iar
shallcse, extensive clinical and laboratory obse1Tations were made, pro
viding exten . .,;ive data in the sublethal range. A number of industrial and 
laboratory ac·cidcnts han· O<'<'lllTed in ~vhieh human brings have re('eived 
relati\·ely large doses of x-ray, gamma, or neutron irradiation, and these 
in<"idents ha\'e been rcvic\\-ed and summarized (Hayes, 1\).)6, and 19.57). 
Some of the more serious aeeidents have provided extensive data on 
human beings exposed to both whole body and partial body radiation in 
the near-lethal to lethal dose ranges [Andrews et al.; ~fathe et al.; Hemple
mann; Howland, et al., 1961). In addition, patients have been exposed 
extensively to whole body radiation, either for radiotherapy of malig
nancies or to depress the immune response in eonneetion with bone marrow
or other tissue transplantation (:'diller, Fletcher and Gerstner; Gerstner; 
Thomas, Loehtc, and Fer{·ebee, Haurani, Repplinger, and Toeantius; 
:\lcrrill, ~Imray, Harrison, Friedman, Dealy and Damin). Although ron
sidcrablc data on human beings has thus been provided, the information is 
far from complete. One or more of the following difficulties has obtained in 
ca('h instanl'e: irwomplete dosimetrie information; range of doses inade
quate; number of patients small; exposed individuals have serious under
lying disease; observations, for varying reasons, were not made in sufficient 
detail. or with suftir·icnt frcquc1wy; ('Oursc of the disease was alll•rrd by 
ncrrssary trcatnwnt. Thus many inferences for man with rc·spP<·t to dose
rc:::ponsc relationships, survi\·al timr, mortality rate and symptomatology 
still arc ba,..l.'d on animal experimeutation. Iuitially, therdon', tlw rr~ponse 
of different spf'!'ies of animals to wholr body irradiation will he tont<idf'rcd. 



:\louse 
Rat. 
Guinea pig 
Rabbit_ 
:\lonkey ._ 
Dog 
Swine 
Sheep. 
Goat 
Burro .. 

SPE· ff~ 

T.\BI.l: I 

250 [~\'l' x-ra.,-
200 h\'I' x-ray 
2()(1 l\\T x-ra~· 

2.'i!l K\T x-r:i~-
2.50 K\'I' x-ra.\· 
2.50 !\\'I' x-rnY 
]()()() K\'P x-ray 

1 Uanuna apprux. 0.1 Ille\'. 

200 1\.\'I' x-ray 
Gamma 3]Jprox. 1.1 Ille\'. 

A.ir 
eqKl"-'J~l 

d,1:.e in r 

-ll:l 

!HO 
3:i1 

Sll5 

7611 
2:'-1 

510 

ii:!-! 
3.'iO 
651 

.\f,",,t,.-.: 
(b"t in ra·I, 

al 
mid,._,nier 

Representative LD,o per :30 day rnlues for a numlwr of spet:ies an' gin·n 
in Table I (Bond and Hobertson). The absorbed do:o:e in rads is the sigHifi
eant parameter that determines th(' degreP of biologieal response. All 
mortality data in the tablC' refer to conditions of exposure such that dosL• 
distribution throughout thC' body is essentially uniform. Th(' dos(' at mid
center has no particular signifieance exeept that it is convenient and repre
sents the approximate dose that all tissues rel'Pi\'('d (no single paranwtn is 
adequate to <"haradffize an exposure under l'Onditions of nonuniform clofe 
di,;tribution through the tissues I. It l'an Le se(·n at once from the table 
that the LD;o Yalues sho,,- no eo11,;jstent pattem as air clo,;r. Expres:,;ed a.~ 
absorb(•d dose, howr,-er, the LD,0 Yalw·s for largP animals are eonsiderahly 
smaller than for small spec•ies, and thr dC'grPC' of \'ariation an:ong spr('ies 
is IC'ss with large animals. Thr LD 5o' of man i;.; not known with any degrPe 
of aernra('y; ho\\-PYrr, it is expected that for uniform who](' body exposure 
the Yalue is approximatrly 300 to -l-00 r, exprC'ss"ecl as rnicll'enter tiss1w clo8e. 

The distribution of deaths as a funC'tion of time after irradiation rnries 
with the dose of radintion nnd with sprcief'. For example, with the dog in 
the lethal range, the menn sun·iyaJ time is approximately 12 clays, with 
deaths occurring fl to 2G day>= after pxposure. With do::;e,; of 1000 to 1.)00 r, 
,;ome death" occm earlier (3rd and -!th cla~·,.;) am] th(' toxic "ymptoms of 
Yomiting, annrC'xia, and diarrhea become more prominent. \\'ith do"e" of 
U>OO to GOOO r, all dogs die on the :3rd and -!th day. Se,·ere cliarrhC'a i" prl'"cnt. 
\\'ith tlw mou,.,P, th<' distribution of dPaths after irradiation \Yith dose,; less 
than an LI>," is Pssentially unimodal with peak of dPath,.; uecurring 11 da~-s 
after exposurp (Cronkite, Bond, Chapman and Lee). In the Lf\0 rang(' the 
deaths become bimodal with a peak at -! to (i days and a110ther at l I day" 
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As the dose is increased above the LD100 the first peak of deaths becomes 
progrcssin~ly more prominent and the second peak fades out so that with 
doses of 1500 to 10,000 r the mean survival time is approximatdy-! days. A 
similar phenomenon is seen with rats; howeYer, the first peak is more 
prominent at lesser doses of radiation. The first peak of deaths has been 
eorrdated with se\"ere gastrointestinal injury and dysfunction (Bond et al.; 
Quastler el al.; Breehrr and Cronkitr; Cronkite and others). The rdative 
sensiti\·ities of the spe('ies differ, the rat GI tract bring relatively more 
srnsitiYe. The ser·ond peak of deaths is corrc>latrd with the sc>quelac of 
pancytopcnia (infection, hemorrhage, and anemia).' If the LD50 of the 
spreies is low so that amounts of radiation are less than that needed to 
produce the severe GI injmy and dysfunction, the species has e~srntially a 
unimodal distribution of draths in the lethal range, with a mean survival 
time of approximately lO to Li days, e.g., the dog. If LDso is high, a 
modal di:::tribution of cleat hs may apprar, e.g., mouse, rat and rabbit. 
Where man fits into the above relative ;;ensitivities of tissue is not yet 
known; however the evidence indicate;; that man rrsponds in a manner 
similar to t.he dog. 

The early diarrhea (first -! days) is correlated with direct radiation 
injury of the gastrointestinal tract; however, late diarrhea (7 to 24 days) 
oceurs as a result of nkrrations and hemorrhage due to the paneytopenia. 
Studirs strongly indicate that complete histologirnl rrl'OYery of the bowel 
ocrnrs by 4 to;) days, hen<'e if the animals smvive to the stage of late diar
rhea, the bowel has been re<·on8t ituted. Histologil·al studies show typical. 
hrmorrhagic and agranuloeytie lesions in a bowel that is otherwise approxi
mately normal in appearanee (Conard el al. a11d Bree her et al.). 

With the preceding in mind, the following is formulated with regard to 
the probable response of man to penetrating radiation expo:::ure at different 
dose lewb. With small amounts of total-body radiation (under 100 to l.iO 
r), there may he no symptoms or at most a transient nausea. Leukopenia, 
partieularly the lymphol'ytopcnia, will be mild and of short duration. 
With larger amounts of radiation, };)0 to 1000 r, the characteristic clinieal 
piet ure may drwlop. Within a few hours, pronounced nausea, \·olniting, 
malaise, weakness, beadaehe, dizzine;;s, anorexia, taehyeardia, irritability 
and insomnia will generally appear. Leukopenia, anemia and thrombocy
topenia will develop at diffrrent rates (Cronkite; Lawrence, Dowdy and 
\'alentine; .Jacobson ct al.; LeHoy). ThP symptoms will rn<ually subside 
within 24 to 48 hnul's to apprar again aftrr a few day;;. Thf' intPrrnl be
tween thP initial and the :;11h,.;pqu<·nt ,,;ymptoms has hc<>n tPl'med "'the 
laknt period." Thi,: lat Put p<'l'iod will \i('C'fmH' "hortPr \rit h larger elm<<·~ and 
may bP ab,;c11t if thP do,;agP i:; ,:11tfkiPntl:-.· high. \Yith !Prmination of thP la-
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tent pPriod, infPt'\ir>11c and 1H·111u1Tliaµ:r·-; 11·ill l1Pf'loJ11r· 111<•n· prr1111i111·11t. [11 tlir· 
.fapa1wsP, i11fel'\ir>Iic \\('J'C partil'ltlar]~· appan 111 >;to:, 1\·\'1 k,; :iftr·r r·:-.pocill'l' 
and he111urrhagi" pl 11·11nmr·1ta fo111· tr> i", \\'f'l'k' aftr·r c:-.po-;t1n· I l.r· Hoy" 
Detaib of tlw -;prial hlo"d <'lia11.L'e-; k11·<· Lf'cll 1·01·l'n'd in a pn·1·i1111>' d1aptr·r. 
\\'ith larg•· iu1101.rnt, of rackttion (:?()fl() tli :;o,OOll r•, tLf' .'i.L'IL' a11d syn1p\(11tt.< 
appmr in an inte11.,~fir·d iorrn with mran -;un·irnl timf' of al•out :) to .i days. 
\Yith do~r-; in rx"('-;s of :m,ooo r sud1kn drath-; u"r·ur in mi<'P pn·( rdPd hy 
ronnilsio11-;, \'Cntral 11Pn-ous -;y-;tPrn sy11Jptom,, or n·-;piratury diflwnlty 
(Langham !'! rd. L 

9.4 Acute Illness from Partial Exposure to Penetrating Radiations 

The arute illne:'.~ that is produced by expo~urc of part of th<' body to 
penetratir1g radiation~ is >'<'ell eharacteristirally iu patients undergoing high 
voltage x-ray thC'rap~· for ranrC'r. \\'ith rC':c;peet to th<' initial so-called 
"toxic symptoms," thl'y are ~imilar to the syndrome prndtH'Pd by a :'ingle 
inten:<e exposure of the whok body to penetrating radiation. Ibdi:ition of 
certain areas of the body will produce tlw illn<'~" \l·ith greatN frequcIH'y, or 
with lC'ss radiation than for C'Xposure of other parts of the body. Exposure 
of a rC'latiwly small area of the body does not prodU('<' th<' se\'C'n' pancyto
penia that msults from exposure of the whole body to the samr amount 
and typ<' of radiation. Irradiation of the thorax and ahdonwn, partirnlarly 
the upper abdomen, produ(·c,; a high incidPnC'C of nausea, \'omiting, and 
anorexia. In contra:<t to this, irradiation of thC' hC'ad and <'xtremities rarrly 
produ('C'S thc'sl' symptoms. Sinf'<' the clinical f'our,;e and ha11dling of this 
type of rraction to penC'trating irradiation ha\'C' heC'n amply co1·prf'd in 
recent tC'xt hooks and rC'\·iews of elini1·al radiology, further disl·ussion is 
not necessary. 

ThC's(· initial "toxi(· symptoms" should he distinguishC'd shal'ply from 
the sPt'ious syndromes that l'an de\'elop in days or werb if sizeable' regions 
of the body arC' rxposed to high doses of radiation. For in::<tanc·C' in the 
Lockport al'rid('llt (Howland ct al.) a rnriety of signs and symptoms in
duding se1·C're pancytoprnia de\'eloped aft<"r exposure' of the head, thorax, 
and abdonwn to larg(• doses of x-radiation. In g<'neral, following partial or 
surface' exposure', th<' organism is ahk to rC'ad loC'ally and grneral\y to 
injury, in a('eorda1H'<' with tlw concrpt of adaptation (SelyP). Bond rt al. 
ha \'P dC'mon;;trated that loC'al irradiation of t hC' abdonwn and elsC'\\·lwre 
in tlw body produr·ps th<' alarm reaction as dC'snibC'd by Selye. In contrast 
to this, exposure of thP wholC' body to largp amounts of p<'netrating radia
tion produf·p,; diffuse injury of \'arying degn'<'S to all tis;;ups and tlw or
ganism may be lPss able or unahl<' to read with tlw usual prntPdivP and 
adaptin' lltl'('hal!isms. 
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9.5 Pathogenesis of Radiation Injury 

:\umerous theories ha Ye been advanced to explain the biological effects of 
[onizing radiations. Only those theories which may help to understand the 
pathogenrsis of total body radiation and which may indicate a possible 
therapeutic approach will be considered in this chapter. 

It is probable that the primary interaction between radiation and tiESue 
may involve either direet "hits" on biochemical molrculrs, or "indired 
effects" on such moleeulrs mrdiatrd through radieals produl·ed by inter
action of thr radiation with watrr and other chemical substancf's in the 
tissue. Thrsr primary pllf'nomrna 11·ill not hr rnnsidrrrd in detail hrrr. For 
pmposrs of dis("ussion, only thosr meehanisms at t hr biochrmical or higher 
level that have been con,;idrrf'd to play a role in initiating and l'Ontinuing 
thr arnte radiation syndrome will be <'Onsidered. Sen'ral possible mech
anism::; that have hePn con~idered to hr contributory arr li:-trd and dis
rns~ed below, evrn though some of these are currently believed to play a 
minor, if any, role int he de1·rlopme11t of the signs and symptoms obserYed. 

1. Enzyme inhibition; activated radicals, 
2. Alterations in cell membrane permeability, 
3. Generalized protein denaturation, 
-!. Inhibition of mitosis; chromosome changes, 
.,. Production and cireulation of toxins 
6. Adrenal cortil·al insulfo·ieney, 
7. Paneytopenia and its sequelae. 

The syndrome i» obviously the result ·of disturbances in the homeostasis of 
the animal produced by cellular injmy of varying degrees in different organ 
systems. The fifth to seventh mechani::;rns are attempts to explain the 
clinical syndrome at a mammalian le1·el. The seventh mechanism probably 
the result of the fomth, will explain most of the gross clinical and path
ological observations seen in animals dying in the lethal range. 

9.5.1 Enzyme lnhibiti"on. The coneept of enzyme inhibition has been 
rnrefully and extPnsiwly studied by Barron and assoeiatrs. Initially it was 
thought that enzyme inhibition was not considered important bemuse the 
doses necPssary to inactivate (·oncentrated enzyme solutions were 10 to 
1000 times greater than those that seriously injure Ji,·ing ti:-sues. The 
present status of the enzyme inhibition concept may be summarized as 
follows: 

.\s a result of the work of Fricke, 193-1, and of Dale, 19-13, and others, 
it has been shown that in dilute solution:; the numhPr of molecules brought 
into reaction i,.; proportional to the numlwr of ions produced in the solution, 
~rnd i>' indl'pt>ndcnt of tlw concrntration of the solution. This led to the 
eoncept that the aetion of the radiation it' not primarily 011 the dis,uh·ed 



substarwr, but on the soln•nt. Th" a,·ti1·ati"11<Jf11atn •·on:-;i.'t.-' <Jf th<· pr()
duetioll of highly rea(·tin· oxidizing :-;u\,"ta1w«:.: 1( >ll. II"(>, a11d otht·r 
complexes) as the result of io11izi11g radiati<J11. The al'lin· pr"d\ll't~ pn·
sumably oxidize the sulfhydryl grunp:.: i~J], of ma11y p111,~·111•·:.: to th•· P11-
zymatieally inaeti\·e disulfidP fon11. Thi:.: it1al'\i1:1ti<Jlt i:.: gPJH·rally 1T1·<•r:-;il>k 
in the lower dos<• rangt'. \\'ith lar;rt·r amo\l11t:.: of radiatio1t, th<· c·mym<· 
inhibition is also produ<'Pd by prot Pin P11zym(· dr·na t urnt iou by din_·d 
rupturt' of elwmi<'al bond". This typr of d(·nat 11rnt irn1 j,.; irn·1·<·r.,ihlC'. 
Rewrsible enzyme inhibition may play a pan i11 the initiatin11 of the ,.;yn
drome of radiation illurss, parti .. ularly in tl1e ldhal rang<', hut i:-; pruliahly 
not thf' only and may not be thP mo"t important initiating 11w .. ha11i,.;n1. 

Recently Pajewski and Pauly haYe studied the pffr('h of radiation on 
enzymes iu impure solution, and finds the dose:-- requin·d for inadiYation to 
be quite high. This may be exp1ai11rd on tlw basis that while rnzynws in 
pure dilutp solution may iuterad with essrutizally all radieab prodlH'E·d in 
the water, in the prpsence of relatiYely inNt "ompPtinµ; substa11,..Ps, \'Pl)' 
high doses may be required for signifieant inactiYation. Thus while rnzymr 
inhibition may play a role in produring damage, there is at pre><eut no 
conelusiYe proof that this mechanism is of major importarn·e in prodncing 
the ac·ute radiation syndrome. 

9.5.2 Alterations in the Permcaui/ity of Cell .lfrmhranr'S han~ been pu,.;tu
lated. Absorption of water and vacuole formation can be ohsern·cl ll'it hi11 
nuclei. This may result in alterations in the pernlC'ability of cell membrane,; 
or an increa::;ecl intranuclear Of'motic pressure (Failla). 

9.5.3 Dcnaturation of Proteins. In genrral, in addition to the protein 
enzymes already eonsidered, denaturation ha~ been po~tulated a,: l~ei1112: 

responsible for some of the phenomena that are oh::;en·ed. DPnaturation is 
known to oeeur at higher dose rangrs; ho\YP\'N, it appmrs unlikely that it 
plays a significant role at do:>r leYels of most intem;t hiolop:ically. 

9.5.4 lnhiliition of J!l:tosis; Chromosome Changes. }litotie inhibition oec,urs 
at relati\·ely low dose JeyeJs. Apparent reco\'cry may rrsult, and the mitotic· 
inc!Px may return to normal within a short time CFlirdner ct al.). Howen·r, 
ewn at dose:- as low as 100 or 200 r, a largp number of mitotic figmcs may 
show ob Yi OU>' ahnormalitirs (Puck; Rendrr; Flil'clnPr, Bond, Cronkite 1. 

These ah11ormalities may range in se\'erity from gros~ di:-m1ption of the 
C'hromo,.:omP pattprn with fragmrntation of indi\'iclual r·hromosomes to 
ehromosome "st i<·k inPss," and undouht Pdly to damagP too subt 1P for 
detPdion by cyt ologil'al nwans. ThP ('<•11 so atfrC't <·cl may d iP p,.:;-;c•nt ial ly 
immediat!'ly, it may fail to diYidP and hP<·ome a "giant" <·Pll, or it may he 
abk to go through a limitPd numh<·r of suhsecp1<>nt di1·i;-;ions bdon• all 
progeny diP. Thr nPt result is that tlw prolifrratin· potrntial of organs 
composed of rapidlydiYiding eells is redut·ed, and thus cellularity is n•dueed. 

50\ZB. 
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In normally noudiYiding cell systems as in the liver, ehromosome damage 
<'an be "tmmasked" by indw·ing cell division as a result of partial organ 
rxtirpation. It is still an assumption that the ehromosome damage known 
to O<'l'llf is responsihle for dr('reasrd proliferatiw capacity--- su('h damage 
('()U\d be prrsent con('omita11tly with other ksions responsiblt' for the 
ddel't. 

9. 5.5 Circuloting To.rins. The production andior absorption and cireu
btion of toxic substance;; from irrndiated tissues or ab,.:orption from the 
bowel who.-<e seleeti\-e permeability has been changed, have been con:<idered 
by some as contributing to the de\'Cloprnent of radiation illness. Othern 
doubt ib importance. Bacterial pyrogenic sub,.;tances, digestiw enzyme,.;, 
and "enterotoxins" from the bowel and histamine-like substance" fro111 
ti.~sue in general have been considered by nu·ious investigator.' a;; playing 
some role in the pathogenesis of radiation illnc~"· To date, the a\·~iilable 

evidence in fan>r of indirect effects upon the blood-forming organs by 
circulating toxic sub,.:tanccs has not been condusive (Lawrence; Valentine 
and Dowdy; Campo, Bond and Cronkite). 

The histamine theory of radiation illness has been advocated by Ellinger, 
who considers that many of the effects of radiation are due to the produc
tion of histamine-like substances. Other investigators have failed to demon
strate significantly increased amounts of histamine in the blood and in tis
sues. Weber and Steggerda have obtained C'onvincing information ,;howing 
that there is a <'orrclation between the increase in histamine levels of rat 
pla,.;ma and dqircs:<ion in the blood pressure following x-irradin tion. Tech
niques for detl'cting hi,.;tamine arc difficult and failure of some im·e,;tigators 
may have been due to technical difficulties. In addition, the pre:<ence of in
creased levels of histamine docs not necessarily nwan that histamine i,; the 
cause of the variou,- phenomena that are ,;een after irradiation but may 
simply be a re:>ult of the fundamental defect produced by the effects of 
ionizing radiation on tissue. Conard has shown in a study of the motility, 
tonus, and contracticn of the bowel immediately after irradiation locally 
that the behavior of the bowel is not identical to that produced by hista
mine baths or injertion,,:. Other evidence \Yhich suggests that histamine 
may play an important part in the pathogenesis of radiation illness is the 
fact that condition;; that increase the histamine conte11t of fo;sues may al,.;o 
increase the lethality rate from x-rnys. For example, induced hyperthyroid
i~m increases the hi"taminc contl'nt of ti~;;;ues (Parrot) and increases the 
kt hality of total body x-ray,.; in mice ( Blotmt and Smith). .\drcnaleetomy 
:1bo im·rea,.:e;; the hi,:t~unine content of ti,-,.;ue;; of the mt \Ho"c and Brown) 
and cldinitely i1H·rca,:f's t ht> lethality of x-ray» \Cronkite and Chapman; 
1\:aplan; Edelm:tn and Campo). 

9.5.6 The Role of the .ldrcnals in the .IC11/I' Radiatiun Sundromc. The 



adr('11ab han• \i(·t·11 ~h1i11·11 t11 ph:-· :troll- i11 tlw ac\l\l' r:1di:ttinn ~yndr"nw, 
howen·r, th(' im1)(•rta11c·1· 1tf thi' rolu h:\> r1·1·<'in·d \Yid1·ly diffl'1·1·11t p\·:tlu:t

tion~. ('('rt ain ,imibrit i<'" l 1rt \H'l'l\ :1dn·11:1 l t·ort ii·:d in"uflici .. 1wy :t11d :1t'l!tt· 
radial iu11 injury, "ud1 :1' l'h1111g1·~ iu hl<>< ,,[ chlori.\"", \\ 11 lt'r met: di•.] i-m. 
blood chok,tnul, fat d<'pu:'it i11 tht· lin•r and bluud "ugar. h:n-e h•t·n 
claimed. There i" no douht th:1t pol_\·dipc:i:1 nml polyuri:1 foll11\1· lwa\·y e:-.
posure, and that there m:iy br a rrdi,otrihutiqn of fluid,: a,.: indicatt·d hy 
blood n1lumr, pb,:m:1 and hemntnrrit ch:rngt·". and ""nw cdi·ma. The 
changr,.: in l1lood rlwmi:-:try arc "Hin ll and ap1xm·Ht 1:-· it1(·n11,:i"tt•11t. The fluid 
balance change~ not!'d fol\011·ing acute total\H)dy t•xpo,urp c-:111 ht• t·xphi1JPd 
on thP ha~i;; of Yorniting and 'or diarrlH':t, \l'ith the l'i'"lllting fluid and dcr
trolyte los;-;e,;, a;-; \\·ell a;; th(' P\'l'ntual failure· to eat nml dri11k. ).!any of thr 
changes may be explained a;-; re:sulti11g from the stress accomp:inyi11g the 
disease. Patt and associatP;-: ha1·e desl•ribcd a ,;criPs of chc1ra<·teri.'tic ch:lllge,: 
in the adrenals of thP rnt exposed to Yario11s clos:1g<'s of x-mdiation, which 
were pren·ntPd by hypophy,;eetomy. Evidence has si11<·P been pre:-<ented 
that indicates radiation is not an exrepfom to the general rulC' that ndrenal
ectomy sensitizes to all stre,;ses (Cronkite and Chapman; I\:aplnn). :\im~ 
and Sutton prei'C'nted data on thC' rat which indicated that thr polydipsia 
and decrPa:"e in adrenal chok;;tnol lPYel following Vd~H werP the result of 
increased ncti\·ity of thP pituitary-adrenal "Y"tem, and that the initial fall 
in liYer glycogC'n \\·as principally thP rpsult of lowpred food intake. La:-<ser 
and Stenstrom, in a clinical ~tudy of patients following peh-ir area irradia
tion, found thP degree and time coun;e of "radiation sickues"" to correlate 
with changeE- in th(' ab:-olutP pPripheral Posinophik count, but not with thP 
Thorn ACTH-eo,.;inophilP, 4-hours rpsponsP test. Tll('y conrludl'd that thP 
adrenal cortex u11dnwent definitP rh:mgP:-; in thP rour><e of irradiation, hut 
that the changPs probably were not relatPd to elinieal "rndiation sieknP:'s." 
Santi~teban et al. :-;ho\\·ed that rortisonp replacPrnPnt tLerapy progre,:si,·c\y 
restored thP re:"i;;t:mce of irraclinted-adrPnaketomized mieP. Howen'r, 
ewnts cau~ing death in the irradiated-intact animab differed from th<JS<' in 
lhe x-irradiat('d aclrrnnkrtomizPll group de,.;pitP cortisom· tren1HlE'nt, indi
cating that cortisonP may only partinlly restorP resistance. Bond et al. ob
tained highly sPlectiYe irradiation of Yarious small portions of the rat \Yith 
a "pencil" bPam of 190 m('\' dPutProns, and found that the thymus, splePn, 
and adrenal weights characteristic of pituitary-adrenal stimulation resulted 
only if and wl]('n tlw irradiation gin•n imposed seycre stress on the animal, 
w indicated by the gross symptoms of illne:-;s and body-weight los,:. Such 
change8 could not he rlicited by irradiation of the adrenals alone, nor were 
they prPYeniPd by adrenal irradiation if additional radiation damage to 
other tissue>< sufliciPnt to put the animal undPr ":::trpss" were present. ThP 
isolated, perfused calf':; adrenal gland was used to ~tudy the dfrct::: of 
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gummu radiation on the secretion of adrenal ('Orticnl hormones (Rosenfeld 
et al.). Se('retion was markedly reduced; however, it .~hould be noted that 
the doses used were in excess of 2000 r (;;ome five times the LD5o and always 
suprnlethal), and that the isolated organ was removed frQm secretory 
stimuli that may be prf'sent. in the intact animal following acute total hody 
irradiation. Thus, the author's conclu,-ion that the adrenal cortex must be 
considered a radio-re::;ponsi \'C t i;;sue cannot be considered to characterize 
the role of the adrenal in acut<' total body irradiation. French et al. hm·e 
dcmon;;trated early changes in plasma hydroxycorticosteroid len•ls, a;; wdl 
as chang<'s in th<' pcriph<'ral ll<'Utrophile, lymphocyte, and eosinophile 
counts of monkeys given from 50 to -WO r total body radiation. The changes 
\Yere maximal at -! to 8 hour:", and values were again normal by 12 hours. 
Shielding of the head or adrenal:' did not modify th<'sc early change;;, im
plying that they W<'re not the re;;ult of a direct effect on the pituitary
adrenal axis. Brayer el al. found, after a suprnl<'thal dose of WBH. (1000 r) 
in ;;wi1w, that a mnrkf'd increase in urinary excretion of total adrenal 
cortical ::;teroids occurred, which was most pronounced in the first:?-! hours. 
In the cas<' of the irradiated animal in the lethal dose range whpre pancyto
p<'nia is followed by its common ,.;cquelae of infrction and hemorrhage, there 
is a depletion of the adrenal lipid and by infrrence one might say that this 
reprcsPnts the ,.;tage of exh~tu:<tion in the adaptation syndrome. The pre>e:1t 
writers are inclined to interpret this terminal state as being simply the 
reaction of the orgnnism to an owrwhelming infection and not primarily 
to the initial radiation injury. 

In view of our present knowledge, it appears quite certain that the role of 
the adrenal cortex is secondary to the ,;tress of radiation in the development 
of the acute radiation syndrome. The previously quoted biochemical 
changes, the complications of hemorrhage, anemia and infections, the bio
logical complexities ofn1rious mammab, nnd the simultaneous operation of 
factors which may change electrolytP and water metabolism in opposite 
directions nt the same time point out the hazards that are contingent upon 
drawing conclusions that adrenal insufficiency exists becau:Se i'Ome of these 
change;; arc obsen·ed. The recent reYiew of Sayers on the adrenal cortex 
and homeostasis points out this problem in great clarity. The problem is 
also discussed by :'l.Iole. 

9.5.7 Pancytvpcnic 8cque/ae, Infection. The sef1uclae of pancytopenia 
are infection, hemorrhage and anemia. The latter two are discus;;ed in 
Chapter 8. Infection here will be discus.~ed a:-; it. relates to the lethal rnnge 
of exposure, i.e., the range where some, but not nil, of those exposed will die 
\\'ithin a period of ;-;enral week-; and to the sub lethal range. 

E\·idcnce that infection i,; of importance in the acute radiation syndrome 
falls into scYeral categories: (aj Clinical ob;;en«ltions on human beings ex-

I 
: ! 



Rlf>J\TJ<l'> l'>Jf-HY: JT.- P.ITH<l<';L'.\F:-1:' _\'.\-!> Tlli.hll'Y :.!].-, 

po:-cd to brg<· d"-T" of r;1di11ti<1L i11 the .J:1p:111P:-;(• 1Hn11hi11g- :rn·l 111 J'(':l"t11r 

aceidl'Iit> arid ,-;irnil:tr ulh·n·:iti<>J:- 011 Liq.rt· a1ti111:il'- dyi11g fr11:1i r:.di:1ti,n: 
expu:-ure. (b'1 C'orn·htiH· ,.:tudil'- <>ll rnnrt:tlity rat(', tinw of d1·:itlt. a11d i11-
cide1H'l' of jJ<l>itin· bluod eultur1,,.: in a11ir11:1k (cl Ch:1lle11gr· uf irradi:1tcd 
animab with Yirul('11t :rnd uor!llall.\· 11u11,-irnknt urg:u1i,.:rn,.:. id ~tudi•·'- ult 

germ-frl'e :rnimal:-. (e) :-;tudie,._ of thr· effectin•m·,;,; of antibiotic,; in rnlur-ing 
radiation mortality mte. (f) Studi<·,; on the effcctiw•ur·,;:- of agent.'-' that \I-ill 
augment or rEAor(· 11at11ral antirni('robi:il cl('fen.-:c"" 011 mortality ra(P in ir
radiatt•cl a11imab. A brief \Hlrd 011 P:1d1 of thf',.:c Jim•,; of p1·idence i,; giw·n 
bel0\1-. 

The Jap:lllf'H' dying of ''atomliomlit>ncli,.;c·a,-e" and human beings he:n-ily 
exposed at the Los Alarnos a('l'idcut (Hemplernan ii al.! and \'uµ:o,.:Jay 
(Mathe cl al.I shm1-ed unmistakable cYidPnt·e of infection. ~igns and 
symptom;,; included high feYC·r, Ludwig's angina and other rnuco:";d and 
cutaneous infedions, cellulitis, prwmnonia and septii·emia. ~.\ntop,.;y 

findings bore out the elinical pi('ture. Similarly \1-it h large animal:<, par
ticularly dogs, the temperatme begin:; to rise :) to .i days before death, 
and is usually quite high prior to death. Oroeutaneous lesions are common. 
At autopsy, pneumonia is the rule, as \\-ell as other e\·idc11ce of infection. 

At doses of total body radiation e\'ell in the high sublethal range, holl'
ever, (.'.\Iarshallesc expo:<ed to fallout gamma radiation, Cronkite et al.) no 
evidence of inerea:-:ed suseeptihility to infection may be rnanife,.;t. The 
Marshallese, in some of 11-hom the neutrophile eotmb fpl\ belo\\' 1000 per 
mm.3, sho\\'ed no incrca:'e in the incidence of infE'etious di.-.;eascs oyer control 
groups. Epidemics of upper respiratory infection, measle,- and chicken pox, 
that occurred were no more pronounced in extent or se1-nity in the exposed 
population compared to unexpo,.,ed .'.\lar,;haJlp;;e in whom similar epidemics 
occurn·d at the same time. Similarly, tlw heaYily-exposed indi,-iduals in 
the Y-12 aC'eicknt (..\ndrews et al. I showed no in feet io!ls that c·ould he 
attributed definitely to radiatioll Pxposure. 

The time of peak ineid('ncc of baderemia in irradiated animal:' ha.~ bePn 
correlated with the time of peak inridrnet' of mortality in the extensi\'e 
studies of C. P. ::\Iilkr and hi,; group. The organi,;m,; are chiefly cnterie ill 
origin, and apparently gain access to the blood i'tream through the bowel 
wall. A positi\·e correlatioH, of course, does not pron' cau,;e and effect, and 
it has been stated that such organisms repre,;ent agonal i1ffa,;ion and thus 
may be "incidental." A caui'e and effect relatioHship ,.;erm" highly probable, 
particularly in the light of e\·iderwe from antibiotic· therapy studies out
lined below. Total body irradiation has been shown to actirntP infections 
that otherwise remained '·latent" (Bond el al.). 

ChalleHge of irradiated :mirnab 1\-ith virulent, or normally non,·irnle11t 
bacilli re,;ults in death at infecti\·c lt'Yels that produre no mortality in non-
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irradiated control animab. With virulent organisms, an appreciable increase 
. in mortality rate is sPrn at x-radiation dose lrvels below those producing 
mortality in the absence of challenge (Shechmeister et al.). \Yith normally 
nonviruk,nt organisms, the mortality rate following exposure in the lethal 
range is appreciably enha1H'ed. InereasC'd suscrptability to \·irn,;cs, Rickett
sia, parasitc:o. such as Trichinclla spirahs, and bacterial toxins in the ir
radiated animal havebeen reported .. \ synrrgistic effect of x-radiation and 
('orti"o11e in increasing susceptibility to administered bacteria and viruse:
has heen reported (Friedman et al.). 

It is of importance to point out, hmve\·er, that there is con:"iderable varia
tion in the degree of increased sensitivity to different microorgani,;ms or 
toxins, and in the degree of effects depending on the route of administration 
(sec under mcchani,;rns of increased ,.:u,;ceptibility below). Specifically, Hale 
and StonC'I' have ,.;huwn that although a markrd increase in ."U.'-'ccptibility to 
pncurnococci is evi(knt in the irradiated mou:"c, no sueh increase i,.; found 
for mice challenged ,,·it h a \·indent influenza virus. Wi1 h the \·irns innocu
laticm, the animals \H'rc protectPd again.-<t secondary bacterial invasion with 
antibiotics. The degree to which the rPportcd increas.cd susceptibility to 
,·iruses in irradiated individual,- is due to secondary bacterial invasion is 
not known. Xeutrophiles play a brgc role in resi,;tance again"t bacterial, 
hut not ,-iral di,;ea,;cs (\Y ood). The peripheral ueutrophile count is pro
foundly affected by irrndiation, and thus a greater degree of altered im
munity to bacterial, rather than viral infections might be expected. At any 
rate, blanket :-;tatcnwnts relating to susceptibility of the irradiated host are 
not warranted, and .-:pecific con:,;ideration in each instance mu:,;t be given to 
the infecting agent, the host, the physiological state of the host and the 
degree of expol'ure to both radiation and the infectious agent. 

Germ-free animals die follo\\'ing total body expo:-;ure to x-radiation (Rey
niers). The do:-e required to kill, hO\n~ver, is somewhat higher than for 
"normal" animals, and the survin1l time is increased. These results can be 
taken as indic:ating that infection may be responsible for death in the ir
radiated animals in eertain dose ranges. At higher doses, animals die evrn 
in the ab:"ence of infection. Exten,-i\·e hemorrhage probably is a major cause 
of death in such animals; hO\H'ver, undoubtedly other poorly understood 
biochemical change:,; contribute. 

Antibiotics admini,;tcred following radiation exposure h:we been "h0\n1 
definitely to enhanee ,-un·iyal under ,;omc eirrnmstances. The incidence of 
spontaneous mortality has bet•n "hown to be reduced, and mortality in 
x-irradiated mice sub:,;cquently chnlle11gcd with \·irulent organi:<ms ha,- been 
decreased . 

. .\.ntihiotics, hm,·e\·er, ,-hould not be considered to be llf'{'rs,.:arily life
savi11g following sc\·erc t•xposurc in the human being. Two human !wing~ 
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cxp<>:-<'d i11 tlie l.r1.- .\b11:<1" !'•':«·tor ar-.-idt·11t:' a1"! rnw <'\.l'<>'(·d i11 tlw Yu~11-
sla\· a1Tid1'11t di•:d d1•,;piti· ,·igor.111.- a11tiliir>ti1· tl1<'i'!ll'.\·. !1 i.' po,.,,._i\.h· tkit 
impl'<1\ 1·d rc:-ult.; \\·mild lie ohtai11r·d 11 itl1 a :'r-]1Pd1tl1· of ad111i1,i:-tratio11 
drsig:1wd to an1id th(· dPn·lop11w1:t of n·;;i"ta11t had(·ri11 1 C'ollltt·r a11d 
..\lilkri. Of ,.;ignifif'ancr i11 thi:-c n·ganl i,.; t]:(· !'('('('lit rf'port 1lLt1t1mn11d ii a!.1 

;,;ho1Ying that micr Pxpo,.,ed to ll('lltron radiatiun an· proted('d fn1m dr·ath 
by antibiotil';:; durillg the tir,;t 10 da>·,;, hut not in tlir 11- to :m-da~· pcri•1d 
\dwn mo~t mi1·r diP follrn,·ing gamma nr x-radiati011. Thi,.; mrnld indif'alf' 
that u11der somf' c·ondition,.;, at lea,.,t, infrdion alo11r· doc,.; not tH·r·ount for 

the mortality ohsrnwi. 
Thu~, there j,., no douht that infection contribute,; grl'atl» to the di,-ca,.;c 

procc.-<.', and mortality full owing expo,;un· to t utal body radi:t t ion. Hown l'r, 
it is equally e\C'ar that acute radiation illm·s" j,; not an infectious disf':t:'e in 
the u,.;ual f'ensc; rathN infC'rtion is a complie~ltion of a ,.;eriou,; dC'bilitating 
underlyiug disPase which specifically intrrforps with defense mPehanism,; 
against bacterial im·asion. Death may occur in some indiYidual,; \\·het lwr 
infection i:' pre,;ent or not, at high do:-<c lc\·pk Thuc< antibiotic,; cannot be 
expC'cted to he curatiw a,; with primarily infectious di:-<eases, and dramatic 
cures cannot be expected from thieo type of therapy. Howe\·C'r, as with any 
debilitating clieocasC', antibiotics definitely \Yill pre\-ellt cleat h in a certain 
nurnher \\·ho might othcnYi,;e diP pre,·ent death until regenernt ion and 
restoration of function,; allows normal defen,;r mechanisms to again protect 
thP expo,.;ed indiYidual. . 

9.5. 7 .1 JI cchanisms of incrca:·:cd snsccplibi/ity lo infection. :\'early all 
knmn1 body defenses again·,;t bacterial im·a,;ion haYe been reportedly im
paired by largC' doses of total body radiation. Thus the skin nncl mucous 
membranes may sho,,- small Prodecl areas, frequently secondary to lwmor
rhage, that prcwide portah- of entry for bacteria. It has been shown that 
the number of bacteria able to ero,.;>' the inte,;tinal barrier doe,; not inerea"e 
following irradiation; however, tho:'c that cros:' are able to multiply and 
produce a fatal barteremia in tlw host who;;l' drf('n,;e" in gpneral arc lowered 
(Gordon el al.). The leukopenia and impaired antibody procluetion con
tribute greatly to the increa,;pd "uscept ibility to infection, and n failure to 
adequately dear the blood stream of bactnia indicates functional impair
ment of the phagoeytic rPlls. Hadiation mortality correlates \Ydl with the 
degrPe of granuloC'ytic leukopPnia (Smith fl al.). Antibody product ion i;,; 
sc>riously impaired (Stoner). 

9.6 Resume of Acute Radiation Effects 

To recapitulate and summarize, it is apparent that diffuse cellular injury 
of different degrees is su,;taincd hy all tis;:;ueeo at the time of e\po;:;me to 
radiation. The Pxaet mechanism by \rhieh this injury is produeed remains 
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poorly understood. The degree of injury of \·arious organs is the function 
of the amount of ionization produced within the organ and it is apparent, 
without exten:-:i,·e discussion, that elinicnl pictures will vnry with the rela
tive degree of injury to varimrn organ;; and thr importanee of thr organ in 
the owr-all e<'onomy of the animal. For examplr, Ppilation may be wry 
prominent, if l'Onditions arr sul'h that the skin absorbs more radiation than 
deeper structun's. This may occur if a combination of penetrating and 
slightly penetrating radiations are ~imultancously recei\'Cd. The protoplas
mie injury itself, \Yherewr the cells may be located, is probably produced 
by a eomhination of enzyme inhibition, alteration in eellular permeability, 
mitoti(" inhibition and C'hromosome damage. C'onl'omitant with or shortly 
after the diffuse cellular Injury, "toxil''' symptoms (nausea, vomiting, 
perhaps diarrhea, malaise, headal"he, anorexia, ctr.) develop. Tlwse ··toxie 
symptoms" subside \Yithin :?4 to 48 homs, and during; a variable latent 
period, dt>pending on the dosage, only the hematologieal signs ai:e easily 
found. With higher doses of radiation following ,,-hi!'h there is a very short · 
survirnl time, there is no latent period, no subsidern·e of the initial toxie 
reartion. The vomiting continues, diarrhea develops, prostration OC('Urs 
and is followed by death within a few days. In this high dose range, in 
exeess of the minimal amount that will kill 100 per ('ent of the animals, the 
death is well eonelated symptomatically and bistologieally with severe 
ga;;trointestinal injury whi('h is not reversed during the survirnl period. 
At lower closes, complete histologieal re<·overy takes place within 4 to .S 
days (Bre<'her and Cronkite; Tullis). During the latent period, a series of 
C"ellular and histological phenomena are oecurring. In the opinion of the 
authors, the main reason for recmTenre of symptoms and ultimate death 
in the lethal range is the failure of adequate regeneration of hemopoiesis. 
There may be an adrenal component or other as yet unknown factors 
rontributing to the lethality but all evidence to date points towards the 
importance of hemopoiesis and its regeneration in survival from poten
tially lethal radiation injury. At any rate, the latent perio<l is terminated 
with the recrudescence of i'ymptoms and signs. The latter are well known, 
and in the mechani:;m of de\·elopment can be fairly well explained as fol
lows.• 

The panleukopenia is senre and progressive. In the granuloperric state, 
necrotizing, nonpurulent reactions dewlop at the site of infeetions. Ht>mor
rhagic manifestations appear and may progress. The hemorrhage is most 
likely due to a combination of many factors, however, thromboeytopenia 
,,-ith a eoneomitant poor clot retraction. poor hemosta:3is, impaired pro
thromhin utilization, and the prolonged dotting time, probably can adr
quatdy explain all the phenomena. It i.s not m'l·es~ary to introtlul'e the 
concept of relea~e of antif·oagulants by irradiation in order to explain the 
prolongation of the whole-blood clotting time. 
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The am·mi;: df'n·k>p:' :'lo11·ly, fl'.-11lt- fn11r• a !'t:rti:.l <>r :·1•ll1pJ..tl' 'l''·"ati .. 11 
of \,]ood furnutiu11. frum liPnH>rrlt:tgr· a11d p<·: lt:q1:0 frum innt·a""d \i]111>d 
c!Pstrudir111 1L1wren:·e, llcrndy and \'a!Pllti11r·: C'ni11kit1'. l\l.tS, Yo1rng. 

In the anirnab tliat ultimat('ly die, a ~r·\ere ('ad1exia i." u:-;u:dly :1ppa1r·11t 
before deatli. The exten.;iye nc:To"i", ul:·uatiu11, :ind edr:ma of tlw ho11p\ 
whid1 i~ app:irr·ntly "pr·o1Ldary to the pancytopenin arnl cxten,;in· hunur
rhagc into the bm1·el, may eontriliutP ~ig11ifir·antly to rnalnutritiu11. .\,; a 
genpra] rule, animals that cea:"e lo eat, partil'l1larly the mou:<C', dir· \Yithin 
48 hour~. The food intake and \\·eight of all animal.' dccn·a"c> in the lir,;t 
few cby,- after irradi:1tion, the ."lln·inJI'." reg:1i11 >f>mc of their 1n•ight and 
may nut ha1·e a :'econdary drop. Tho.-"e a11im;d,; 11hil'h fail to start Pati11g; 
again or 1Yho ha\'e a >c•condary occurrPl\C'l' of anun,xia lo"c 11·cight rapidly 
and die l('bapmall and Cronkite; Smith!'/ al.I. Hadiation c!Path is not the 
result of simple starrntion, ho\\'eYcr, as p1·iden('ed by the fad that obese 
mice die at the expected time (Smith, Chapman, and Alclenna11 l. 

9.7 Factors Modifying the Response to Whole Body Irradiation 

Yarious foetors may f~wornbly or unfayorahly influence the lethality of 
total-bcdy exposure to ionizing radintimi or the sensiti1·ity of various struc
tures to ionizing; radiation (see abo Chapter 12). These factors may eon
Yenie11tly be grouped into preirradiation and po::'tirrndintion factors. 

Before taking up thosr factors \\'hirh are ;.;pecifirally prm·ed to modify 
or not to modify the response, the following generalities ha Ye been ns:::ume<l 
true by most, though not necrssarily proYed. 

9.7.l Age and 8c:r. The Yery young appear to be more sensitiYe to radia
tion (Abrams, Kohn and Kallman). Some c·\·idenrP for i11creased o<en,-itivity 
of children was seen in the expo>ed :'.\farshallese (Cronkite et al.). There 
srrms to he little dependrnec of sen,-itiYity on ngP in the mature animal 
(l\ohn and Kallman); hO\H'\'er, the rat sho,1·s in('reasing Sf'nsitil'ity with 
increasing age. There is e\·idenl·e that t hP fcn.1alC' may be mor(' resistant 
than tlw male' (Cronkite cl al.; Carter ct al.); hmn•vff, thr diffr·n'rn·e is 
small and i:o. not found C'onsistently, parti(·ularly with small populations. 

9.7.2 J•:nrfronmcnt. There is some rYidence that eold, trnum:i, hunger, 
muscular exertio11, nnd noise will increase the lethality of a giwn close of 
radiation. Sine(' a major cause of death follo\\'ing potentially lethal irrndia
tion i:< infertion, it is not unrcasonablr to expeet that anything that \1·ould 
increa,.;e th<' suseeptibility to inff'etion 1nmld inr·rea:.:e the mortality. 

9.7.3 Allffy!J, lnun1111ity, Mctabulir /Jisnrdas, and /)friary Drjicicncic.s. 
ThPrf' i~ littlP knmrn about tlw influf'nce of tlwsC' fartor:.: on thP :-;un·il'al of 
man. lloweH'r, miel' with indll<'Pd hyperthyroidism an• morp ,;pnsitiw' 
(Blou11t and ~mit h). Dietary defieieneie,.; of vitamin:< and proteino< ge1wrally 
seem to increase the inci<lenre of radiation illness after x-ray therapy, par-
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tieularly over the abdomen. However, the data that have been presented 
are not statistically conclusive. 

9 .7.4 !'rcradiation Factors that I ncrcase the Siirvfral Rate. In this see ti on 
is inr\udf'd a clis<·ussion of a numher of prol'C'dUrf's and agents that must be 

· <·arrif'd out or be prrsent prior to and. or during a«tual rxposure to radiation 
in orckr to afford proirdion. PNhaps thr most widrly known proerdure is 
a lowrring of oxygrn trnsion, or hypoxia, first shown by Lacassagne in l!)-12. 
This finding has hf'f'll <'onfirmf'd extf'nsivdy, and proteetion is afforded 
not only against early effects ( Limperos; Dowdy et al.) but late rffeets as 
wf'll (Lamson, Billings cl al.). Although hypoxia during irradiation is 
Pasily a<·<·omplishPd by mean;; of Pxposme in an atmosphl're rnntaining 
littlr or no oxygen, a 1mmber" of other prrn·edures or agents that produ<'r a 
lowering of oxygen trnsion in tl:e tis;;ues appear to protect cia this nweha
nism. Thus hypothermia proter·ts presumably by virtue of the fad that it 
rrsults in hypoxia. Carbon monoxide (KoneC'ci, Taylor and Wilks) and 
C"yanide \ Bac<t and Hrr\'C) are capable of increasing the sun·i,·al rate . 
. \gt'nts that produce rnethemoglobinernia such as p-arninopropiophenane 
or P~\PP (Storer and Coon) and nitrate (Colr, Bond and Fishier! are ac
tive .. \ rnriety of suhstancrs afford protection if injected prior to exposure, 
and Hektoen appart'ntly was the first to report sueh protedion in HHS by 
the injeetion of forPign protein 10 days prior to irradiation. Estrndiol was 
shown to deerease mortality if injedrd 10 days before irradiation of mice 
(l'rradwell, Gardner, and Lawrpnee; Patt el al.). Interest in ('ht'mical 
preproteetion was hrightened in 19-19 by the finding that SH-eontaining 
<·ompounds sul'h as eysteine (Patt) and glutathiOnc (Cronkite ct a/.) yield 
eonsiclrrable protection. The list of compounds that afford some degrre 
of protretion has grown steadily, and the subject has been revie\Yed ex
trnsively (Alexander and Bacq; Bond and Cronkite; Bond and Robertson; 
Report of the l'nited :\ations Scientific Committee). Some dozrn N-alkyl, 
.V-aryl or N-aeyl dt'rivatives of eystl'inr have been reported to bt' protec
tive, as well as othrr sulfur-containing c-ompounds, e.g., thiourea. Certain 
compounds \Yith hranelwd or prolonged l'arbon <·hains suC'h as :3-mrn·apto
propylguanidine are effrdiw, as are a numbt'r of compounds with pro
nouneed pharmarnlogical and toxieologieal activity such as histamine, 
serotonin, DOPA., rpinrphrine, oxytocin, rrserpine and aprrsolint', anes
thetie agents, and e>thyl alcohol. Other substances i1wlude salieylic acid, 
zinc, cobalt, magnesium, sulfate, chlorpromazine, ehdating agents, mor
phine, linoleate, oxypolygrlatin, and certain Yac·c·illt'S. Rrportrd protrdion 
by fla,·anonrs (Hr kt' rs and Fit>ld; Clark ct al. I was not found hy ot hrrs 
(C'ronkitP I'! nl.: Bw·hanan 1/ al.). To date no prPproti>eti\'f' a,gPnt ha" prowd 
:-Hitahlf' for prat'lil'al pn·prutP!'lion in thr hrnnall being, and any ,.;n<·h 
aµ;Pnt of <·onrs<· would han' in hp gin·n prior to expo,_;un• to he f'ffr<·ti,·r. 
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011f' ('(1n1p1>1t11d, :--;:!, J-a1:1it1<H'1L.\'li:-:<>tlii,,111"11i•L111· I·\;· ll I\:, .\FT, l1a' 
sl1rnn1 :-:111111· prq111i,,c ill thi,, n-,c:anl li1•1'alH' 11t' jt,, hi,c:li dec:t'I·(· of 1·f11·»ti\1·
!lt>:;:-: alld 101\' t11'\i1·ity wli<·11 gi11·11 orally to r,,.J,•tlt". Tl1•','I' i«n·11ral1k qtt:1li
ti1·:; La\"t· IH·1·11 !f's:< pn>!H1tt!1<'ed i11 l1igl:1•r ,_;p1·«i1·,: h11\\l'\Tr, tlH· !n('d1alli:-:1l!" 
by whi('h prq1rot1·..tin· ag1·nts al't an· Hot 1·1Par a11d are 1·011t ro1Tr:--ial. 
Hypu'\ia and hypo'\ia-inducillg ag,·nb an: cffe<"tin· prc;-;u111ahly liy a 
redw·tion in the fonnntirn1 of frp1· radical:-:, and it j,.: not dear ht!\\- many 
of the protedi1·e aguit::- Jllay al't at lea,;t in part n'rz thi:< 11wchani,;m .. \ 
mtm\)('r of 1·ompo1m1b an' pre,;uined to ad through a free radi1·al O'l'U 1"1·11g
ing nwchanism, i.e., by 1·01HpPti11g for intra"ellnlar frt'P radir·ab produ1·1·d 
by tlw radiation. Thiol c·oHqiound" an· k11011·n to han' a great afti11it:v for 
free radiL·al,.;. Thrsr meelicrni,.:m,.: would not explain prot!'dion agai11st tlie 
dirP1·t effects of radiation, although it is not Pstablisl]('d what proportion 
of t hr total effrd is dirrd or indirect under \·arious ('ireumsta ncrs. ~omr 
agrnts apparently protect by indu<'tion of rnPtabolil· change,;; ot lwrs 
presumably by restoration of injmy in tlw primary targf•t. 

9. 7 .5 Shielding l:ff ccfs (al"o "ee section \J.8.2 J. The prototype of shielding 
experiments was initiated by Chiari who in 1912 demonstrated that bone 
marrow of the rabbit \\·h1'11 transplanted to the splC'en would grow only if 
thr c;p!C'en wrre shielded and the rPst of the animal were irradiated. Fahri
cius-::\[i:iller clearly demon,.:tratrd that shielding of portion,.: of the skeleton 
preYented tlw fall in blood platelcb am! hrmorrhage from dosrs which 
uniformly kil!Pc! his un:<hieldPcl animals. Chrorn (Hn.)) reported a seri€',.; of 
experiments on shielding portion" of the abdomen and its influence on 
phagocytosi,.; of bacteria. The technique of shielding ha,.: been elaborated 
and exploited by Jacobson el al. in a large O'eries of article,; in the past fe\\' 
year:<. Jacob,.:011 and hi,; grnup haYe shown a yery striking protection of 
miee to an approximate 100 per cent lethal dose of radiation whe11 the 
mouse spl€'en* and the other organs are shif'lded with lead. ShiPlding of 
these organ:; resulted in a Yery marked iurn•ase in rate of hemopuietic re-
generation. , 

Other shi€'ldi11g €'xperiments h~\\'e drn10nstratecl protl'etion; for example, 
shieldi11g of the adrenal,.: (Edelmann) a!LCI the head (Allen el al.). Bond et al. 
han' shO\rn that the time :-equPnee, sun·i,·nl time and nature of death is 
different wlwn the abdomen j,.; shielded than when thP sk!'leton is shielded. 
It require:-; a largPr clo,.;p in r to kill when the abdomen i:< shielded a!ld le,.:s 
whell only the abdonwn is e'\po:<Pd, and thus a good part of the skeleton is 
shieldPd. Abdomen-exposed animals die more quickly. Protection is con
ferred if one-half of the body only is exposed, followed in a matter of min-

*The mouse splet'n ;;how~ extensiYe myelopoiesi" under normal conditions; henee 
the protecti\·e effect of splcnic shielding in the mouse is not nel'essarily something 
that is unique to the splcnic tissue pa sc. 

881 
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utps by Pxposure of the n'niaining half with shielding of tlw prp,·io11sly ex
po:-;pc} port ion (8wift et al.). 

9.7 .6 l'aral1iosis. Parabiosis accompli,-lwd some 1 ime prior to irradia
tion (Huff et al.; Breehe>r and Cronkite; Finerty et al.) mark!-dly decreased 
mortality of animals exposed to an otherwise fatal do"e of rndiation. 

9.8 Postradiation Factors 

The factors that modify the radiation response after irradiation can be 
divided into those that increa:;e the mortality rate, and those that favorably 
influence the mortality rnte and sun·ival time. The former will be consid
ered first. 

9.8.1 L:nfavurab/e Po8tirradiatiun Factors. Smith and Smith showed 
that moderate exercise only ,-lightly decreased the survival rate of mice. 
Strenuous exPrcise in the form of forced s\rirnming after irradiation in
crea,,ed the mortality rate strikingly in rats (Kimmeldorf; :\ewry). Smith 
and. Smith presented evidence showing that induction and maintenance of 
a hypermetabolic state by the administration of dinitroµhenol after irradia
tion for the full obsen·at ion period increased mortality .. \nti-t hyroid ther
apy with thiouracil and propyl-thiouracil did not influence the mortality 
rnte. Ellinger reports that te:-;tosterone proprionate ndmini:"tered in daily 
doses of 0.2;) and O . .'i mg. to miee after irradiation with an LDoo increases 
the mortality rate. Smith et al. concluded that ACTH and eortisone do 
not iner('ase the sur\·ival rate and that .\CTH after irradiation may be 
harmful. It apprars that synka\'it and other related compounds of the 
vitamin K group will increase the mortality of irradiated animals. The 
matPrial trnds to conc·rntrate in some tumors following intravenous injec
tion (:\Iitehcll el al.). 

9.8.2 Po::,lradiation Factors that Increase the Survival Rate. In general, 
one can divide postrndiation modification of radiation injury into three 
general categories: (a) the strikirtg and rapid restoration of se,·erely dam
aged, hemopoic·tic tissues by shielding of bone marrow or spleen, parabiosis, 
injection of bone marrow, or splenic homogenate, etc., which <lre effective 
following usually lethal do;:;e,- of irradiation from which spontaneous re
covery is rare; (b) the less striking effect of postradiation stimulation of 
myelopoie:'is and erythropoirsi~. :\Iyelopoicsis can be stimulated by sterile 
inflammation (Cronkite and Hm·her) in the micllethal or suhlethnl, but 
not in the absolute lethal zone. Erythropoiesis is stimulated by anoxic 
stimuli or by normal anemic pb:-ma in the sublethal range only; (c) modi
.ti.ration of the histologieal and dinic·al picture by substitution (red C'ell, 
white cell, and platrlet transfusion with or without use of antibiotics) 
with moderately in('reased :-;utTi\·al rate or indu('ed restoratiori of hemo
poieti(· tissues (Sorrnsen d al. I. The last rntegot:y simply repre,o:pnts sub-
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stitutioH of dl'ulf'11t:' tl1at an· 1111 1011;.•;r·:· lil'i11µ: Jm>dtw('d. !11 thf• ·"'1"·1111d 
catq1:ory, 011(· \'Ult i111a,!.'i111· tlw 111l'1·liani,.;111 a" !H·ii::: d11" 111 tlw :::ti1111t!ari1111 
of pn·1·ur,;or 1·1·11~ tl1at al'I' i11j1in·d. J.11t ,;till ('apaLlc of l'l'"]H<11di11µ: to pl::•,.;i() 
logi1·al sti111uli lf'r,\·tftrop11ietin, l<'uko('y\o:'i:' pro111uti11g far·tor, c11·.: that 
are known to cxi;-;t, alt hough not yd ad1·qua t Ply dia1-a:·t (·rizPd. I 11t 1·1·e~t 
has ecHtercd rnainly aro1u1d the 11H·<·lia11i:-;111 of thP n·:-;torat in· cffed iu tlw 
first eatf'gory, and this 1Yill hr pm>'ttC'd i11 :'Ol\H' df'tail hNe lfor 1n·ie11::: (Jf 
this subject, ;.;pc Cronkit1· a1td Bond; Bolld and C'rotlkit(': .fa<'ohson: Hc

port of C "."\. :-::('if'Htifi(' Cornn1ittr·P; Ti,.;:::uc· Ilomotrn1tspla11tatio1t Confl'r
ence). 

Studies on measun•,; to induce ll('l'rkratf'd rc:::toration of tisWP:' had 
tlwir g(•ne~i::; ia shicldi 11g exp1·rirnen h. lfr:-t oral ion or n·gPnl'l'at ion of 
most t i:::sues o<:curs in tlw absent·(· of spel'ial mrasure::: if the radiation 
dose is low enough to allow spontaneous siu·,-i,·al (it is po,.;~ihle to han 
permanent atrophy of some tissues that are not essential to life, e.g., 
reproducti,·e eclb, or of portions of ti:::sue::: that are essential to life1. 
Of most importan('e for immediate survirnl at radiation dose::: in the lethal 
range is restoration of the hernatopoietie tissues, and the degree to whi('h 
shielding or allied procedures accelerates restoration of other tissues, or 
influences ultimate longevity, genrtie damage or tumor induction, is not 
well defined. Shielding or parabiosis apparmtly doe~ not protect against 
most types of radiation-indmed neoplasms C:\laisin; Brr<'her el al.; C'ourt
Brmrn; Finerty), but does against lymphoma induction (Kaplan) or 
rnyelocytic leukemia (l"pton el al.) in mice. 

Early studies on shielding and restoration of irradiated ti~surs go baC'k 
to Chiari (l!:ll2) and Fahricius-:\!Olkr (HJ21) (seP Cronkite and Breeher). 
The later studies of .Jacobson and hi;; assoeiatrs led to tlte eoncept that 
"humoral factors" were present in the shielded spleen of the irradiated 
mouse whieh indu('ed rapid restoration of the· irradiated hemopoietie tis
sues elsewhere in the body. Thrir work and rnneept::; are summarized in 
revie\\'s by .Jac·obson el al. 

Studies on the meehani"m of the protel'tion afforded by parabio5is ha Ye 
been pursued by Finerty el al., Selrneider el al., Binhammer ct al., and 
:\Ietz el al., and it was c·onduded that the effed was not mediatrd through 
spleen, adrenals, or hypoplty5i::; (Finerty et al., Sf'hneider rt al.). Swift ct al. 
sueeessiYely irradia!Pd portions of thP body, followed after rnrying tirnr 
interrnls with irradiation of t hr en tin• rPmaining portion of the bocly. 
This procedure signifieantly in('reasc·d the survi\·al rate. These studies incli
cated strongly that the protedi\"e factor eirrnlates and can be quil'kly 
picked up by tissues that ha\'e been irradiated. 

Cole and assoeiates have inYestigated the possible existrIH'(' and suh
cellular loeation of Uw prott-eti\'e "spleen fador." Early in tlwir work, 
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it be('amr rvicknt that aµ:r, ,;train and sprl'i<'s wPre factors that influrn<'ed 
tlw re~mlts. Tlw pffpd in•nrss of srvrral sllll<'C'llular Jradionl' of spleen 
lwB1oµ;rrn1tes prq)[lrrd by the SdrnPi<kr-IIoµ;('\Joorn tPchnil[lll'S was thrn 
ll':sted. The rxpPrinwnb ('OJH·Jm;in•ly ,,;howPd that there was no rPstorative 
effect eunnrcted with the mitod1ondria, mil'ro:son1es or soluble superna
tant fradion:s. The n'storatiw effrd \\'U:S follnd only with the <·«II nucleus 
fradion. Si1we relatively few intad eelb wPI"e found 011 stained ;-;111r·ars of 
the nll(·leus fraction, it was believed that tlwir experiments strongly sup
ported the eoncept that the restorati\·r dfol't was noneellular and asso
eiatrd with the ml<'lroprotrins. Further ~tudirs on the ;;plenie hor11ow·nates 
have shown that D:\.\ase and trypsin inadinite the material, a:-; dors 
distillrd water Pxtral'tion unckr nuious eon<litions. Sinl'e emylllrs are 
heliewd not to atta('k living inta<·t cdls, these experimrnts wr·ff• inter
preted as indicating that the adive principle is assoeiatrd with D:\A 
and not 11e('essarily with \iying erlls. Tlwse ('Ontentions argued strongly 
for the noncellular eonl'ept. 

It was thought early that studies \\·ith heterologous marrow niight pro
vide the definitive answer to the question of whether eell transfer is in
Yolved in these proter·tive phenomena. Lorenz and Congdon, and Congdon 
and Lorenz reported that homologous and heterologous ground hone favor
ably modify lethal radiation injury in the mouse. Transplanted ho111ologous 
bone develop<'d bone marrow, l?ut heterologous bone transplants did not 
show bone marrow formation. The same im·estigators reported pn1tf'<·tion of 
some strains of mice by intravrnous injef'tions of rat bone marrow emulsion 
from certain strains of rats. They interpreted the bone and hollf~ !Harrow 
transplant studies as e\·idence in favor of the existence of a hunwral faetor. 
Cole et al. protected mice with rat bone marrow. Late deaths after:? weeks 
wne eornmon. 

A British group (Banies and Loutit) have made a series of contributions 
on the nature of the restorative action of splenic implants and homr1genates. 
Initially, they confirmed the effecti\·eness of splenic homogenate;.. :\ext, 
they showed that immunization of one strain of mouse (CB.\) by ;;train A 
material pre\·ents protection; whereas, ~hort-li\·ed protection of CB.\ mice 
eo11ld be obtained by use of strain A material in nonimrnune r11ir·e. In 
general, their expC'rie1we was the :::arne as Cole ct al. in that frrezi11g, thaw
ing, irradiation, and formalin-treatment inadirnted the pri1wiple. Their 
:::tudies, extensiwly c:onfirmed for bone niarrow, :;hO\Yed that the rl'~tora
tive prin('iple of i11tad CB.\. mil'e splems l'ould be pre::ocrved when the 
:0pleens are r<tuilibrated with g;lyl'erol :0erum and ,.;tored at - IO:C. for as 
long as 8:3 days. 

Recently very :-ignificant :-:tudie:-, incontrO\·ertihle when enn . ..:idr·n<l to
gether. have been reported indepPndently by :-:eYeral different br,.,ratories 

' 
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conclu"iH·ly prn1·ing that cdlubr t1·:111,pl:i11t:ilit111 C':l11 :rnd d"''"' t.1hi· p\:w ... 
Linclc-ky d n/. n1·ail1•d tli1·n1>t'h«'> 11f tlH· lilood typ1· 11f 1·t·1t:1i11,.;t1-.1i11-11f r:1t> 
awl pro\'ed th:it fll1lf'ti11J1:d !·r,1·tlm1JJ1•i1·ti1· ti>"llf' of tlw t],,1;11r tt11i111:il 11:1, 
implankcl in the irr:1di:it<·d ho"t :t11d \\':t-' prl)(l1wi11g r·dl" ch:1rttd1·ri,-1 i(' of 
the dm1or. A>< poilltnl uut ]1y Ford cl of., thi." might he r·1,n1p:u·:dJlc t1i 
tran:::cluction in bactl'ria. );011ell el al. toiik ml1·:rntag1, of ti](' f:l('\ th:1t rat 
leukocytes gin• a "tro11g po"itiH· :ilkali11c pliu.-ph:1ta:<c and m1n1,;r· leuko
cytes gi1·e a negative n•action. Irradiated rni1·c 1n·n· i11jel'ted 1rith rat horn· 
manow. Thi::; increa;-;ed the sun i1·al rate. l'l10,;ph:1l:t:<('-PU"itin· 1rhitl· bluod 
cells were found in tlw pcriplwrnl blood and the hone marro11· :<h1111ing th:1t 
tran,,;pbntation lwd in nll prubahility occurrPd. Ilo11·e1·er, the,;(• authur:' d(l 
not nile out that the phenonw11011 may ha\'P br•t•n iudueed i11 the ho,.:t crll,.:; 
a rather unlikely explanation. Furd et al. ha\'(', without dnubt, pru\'l·d that 
transplantation of donor hemop()ietic cell:' has occurred. Th<'y u:-;ccl a dis
tincti1·e "marker chromosome" that had been inclueed by a radiation rP
ciprocal translocation of chromosomes yielding a small distincti1·e ea,;ily 
detected chromosome. "'hen spleen homogenates \Yere prepared from the 
spleens of mice possessing thi" distinetin.> chromosome, the proliferati\'I' 
hemopoirtic tis:'<ue of recipient mice consi"tecl predominantly of tlw marked 
cells. Brocades ct al. have demonstrated continued proliferation of rat 
lymphoC'ytie cells in irradiated mice . .'.\lakinodan by quantitati1·e irnnrnno
logi('al tests on red ('ells proYed that irradiatc·d mi('(' lwterologously prn
teded by rat bone marrnw eYentually developed 100 per ('ent mt red 
cells and abo eonfirmed :\o\\'ell ct al. on the prrsC'nce of rat granulo<'ytes 
by the distindi\·e phosphatase rear·tion. It would appPar that tlwse four 
studies would ha Ye <lriw·1r the last "eoffin nail" into the "hurnoral tlwor~· 
of Jaeobson"; howp\·er, proof of transplantation doPs not exdude a hurnora:l 
contribution. In faet, .J arnslow and Taliaferro have apparently demon
strated thnt there is a nonC'ellular faetor associated with diYersC' mate
rials such as mouse spleen, HcLa cells, and yeast autolysatc that n•stores 
the ability to produce antibodies. C. L. '\liller has also deJllonstratc·d a 
heat labile :'{'rum faetor that is neeessary to 1:etain the protedin' effect of 
cells of embryo splPc'n or li1·er in tissuC' cultures, although the fad is not 
necessary for viability of the culture. 

As indic·ated earlier, while prnteetion is afforded under some eirrnm
stanees in ~,·hieh the injeet.ed eells are not ge11etically idrntical to tho"C' 
of tlw hcH. Slll'h prokction i;; mmally short-lived. ~un·irnl of the graft· 
and ho:'t i~ dependent on the histoeompatihility of the a11tigenic pattern 
of the dow>r and host. Histoincolllpatihility is assol'iated with two groups 
of antigen~. the JI-antigens that ret::ult in produetion of humoral anti
bodies, and T-antigC'ns that produce tissue immunity hut not detectable 
circulating: J.utibodies. If the dose of radiation is not t::uffaiently high, 
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thP imm11nologi<'al re:<ponsp of tlw host may be restored with Parly rejec
tion of a norn·ornpatihl<' graft. .\t higlwr dose Jeye\s the graft may Lkwlop 
a IPtha\ syndrorn<' ('haradrri1.<·d by skin l<':-:ions, ga:-:trointec;tina\ dysfnn<'
tion, lymphoid ti.-sur atrnphy and genPrnliwd wa,;ting a\rny of ti.~sues 

( Congden). This read ion i,; frequently termed "sc('ondary disease," and is 
heliewd to be chirfly tlw result of a rewrs·e irnmunologiC'al reaction, i.e., 
rcadion of the grafted tissue against that of the host. The reaction is po
tentiated if ewn small amounts of lymphol'ytic l'ells are transfused with 
the marrow. The sr!'ondary disease has hP<'n demonstrated in ~eYeral 

animal spel'ies i1idnding mi(·e, rat::', guinf'a pig~, ham:-ters, rabbits, monkeys 
and dogs. There apprars to be little question that an individuals' own bone 
marrow, or that from an idP11timl twin will "take" if infu::wd into the 
irrndiated human hPing and may he life-saving. Long-term survival of 
a11tige1lC'ti(·ally nonidf'ntical (homologous) marrow has been reported 
in a human being \Vho had received chemotherapy for a blood dyserasia 
(Beil by). :\lathe has reported a temporary "take" of homologous marrow 
given to several indi\'iduals who rcecived high doses of radiation in a 
reactor aeC'iclcnt, and has reportPd sueeessful tran:oplantation and ''second
ary disease" in leukemie children given high doses of whole body radiation 
follmwd by infusion of homologous marrow. The proeedme has not been 
C'Urative when applied to indi\·iduals with leukemia. Howcwr, radiation 
apparently has allowed sueecssful transplantation of homologous kidneys 
in the human being (:\Icrrill et al.) and more prnetical applications may be 
expected in the rapidly developing field of tissue homotransplantation 
(see Report of Tissue Hornotransplantation Confercnee). 

Thus it must be al'ecpted that transfer of viable C'ells with the potential 
of restoring hematopoietic tissues (and the immune response) docs occur. 
However, the identity of the stem cell or cells transferred remains unknown. 
It must be recalled that \Yith shielding of the spleen or marrow, apparently 
cells capable of :item cell aeti,·ity are carried via the blood stream and 
initiate repopulation of the depleted marrow areas. Injected peripheral 
blood cells and eells from peritoneal washings \\·ill proliferate as will bone 
marrow in the irradiated host. It is known that a small percentage of cells 
normally present in the peripheral blood are eapable of D.\'.-\. synthesis 
and thus presumably of proliferation. Eviden('e has been presented indi
eating that these may not be the same c·clls that giw rise to mitotie figures 
when normal peripheral blood is eulturcd under appropriate conditions. 
The problem appPars to blend into, and may answer at least in part the 
more general old hcmatologi(·al problem of the origin of cxtramedullary 
hcmatopoicsis. Is it autoehthonous or metastatic? Proof of edl transplan
tation docs not rnlc out or exdude completc·\y a hurnoral L'Ontribution 
with :<timulus ior autoehthonous growth. However, it docs SPPrn dear 
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