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Acute Effects of Irradiation in Man 

G. A. rmlI>I~EJI%* 

HE ACUTE EFFECTS of a 1:wgc. close of irradiation on the blood and T inarrow i i i  the human being caii bc tiesrribed in a general \my, although 
the pattjcrii is iiot, likely to  apply strict,ly i i i  aiiygiveuclinical situation. Consider- 

mtioii is deii \wl from serer:tl sourcc's c l t i i t  (1 \\.idely separated from usual cliiiical 
sit,uatioiis : 

1 . Laborator?/ s tud ies  in animals. To vstc:iid such iiiforrnation t,o Inan one 
must coiisidcr t hc problems that  arise froin differences in species response and 
from the fact. that, illnesses not present i i i  the aiiimals influence the effects of 
radiation i i i  inan. 

2. h p e r i r n c c  with alomic bomb r~lj'ccls i t i  hitmun beings.' - 3  The opportuility 
for collcct,ioii of c ln ta  during the early ph:ise :Lft,er csplosions \\'as greatly limited 
by disastcr coiidit,ions in ,Jaj)aii, and most of the p:Ltic'iits had also suffered blast 
injury and thermal huriis. 

3.  17zdustric~l w a c b r  accidents i n  ~vhic~li uiiweii dose distribution and severe 
radiat,ioii hurns t o  t,he skin played au iiiiport aiit part in the response.* 
4. Cliwicrcl t h e r a p y .  When external bcn~us : ~ r c  used they do  not, usually include 

Lhc whole hotly mid  t.hc rcspoiisc t,o suc.11 loc.:~I irradjation is quite different from 
that  to  t,ot;al-hody i i~a t l ia t ion .~ .  6 Wheii t h c  ivholc body is included in the beam, 

given ; ~ r c  small and the rcspoiise inay differ qualitat,iveIy from that  
wit,h Inrgr: closes.' -3  l'uitherinore, rcpc:tt,ctl doses art: usually given with the 
ixsult t1i:Lt tlierc, is a vcry complicated iwponse to interpret. With radioisotopes, 
the saint proljlcin of protract,ed dosage is present in atlditioii to the variations 
relatctl t,o dist,i.ibut,ion of the isotope a i i t l  i d i a t i o n  ciicrgies. In many of thesc 
clinical sit,uat,ioiis the illness of the patiuits treated interferes in \.miable and 
uiikiio\vii dcgiw with the rcsponsc s ( w .  

111 spit,<> of ;ill thesc: pi~oblcins an at tonipt is iiiade i n  figure 1 t.0 chart the 
hematologic* rcspoiisc of a hypothet,ical p:it.ic:iit to a large, bu t  not, lethal, dose of 
t,otal-l)ody irradiation given over a s11o1.1 pciriod of time. This is compiled from 
inaiiy sources and is open t o  iiiaiiy oljj ions. Kcvcrtheless it does indicate, 
corrcctly, that there is a definite sequence of changes with a distinct delay in 
production of the most profound maiiifestatioils of hematopoietic. changes. 
The time i~itcivals involved in the d e \ ~ l o p m e n t  of these changes are soinemhat 
clepeiideiit upon size of dose, but not to as great, a degree as one might expect. 
More striking is t,he difference relatcd to  species, t,he smaller animals with 
shorter normal life span showing the sanie pattcrii of event,s a t  a much more ac- 
celerated rate. 
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The iiiechanisnis involved in t,liese changes in the blood picture are complex 
and not entirely understood. Mature blood cells in vit,ro are quite resistant to 
irradiation, alt,hough in t,issue culture a definite effect, on lymphocytes of 350 
r. is reportec1.lu Wit,hiri the dose ranges likely to  lie encountered clinically, the 
hernabologic effects are not thought, t>o result, froin direct, irradiation of circulat- 
ing blood cells. A f c ~  years ago it was believed that, inost of the changes could 
be explained by t,he damage to I)lood-foriniiig t ties, n-ith failure to  rep1:ice 
aging cells as the chief iiicchanisni. rl'lius it \vas said, for example, that. since 
lymphocytes have a life in  thc circulating I)lootl of only a few hours, their prompt, 
disappearance, oiice forrnat,ioii c (~we( l ,  \vas due  to  noriiial aging. The graiiu- 
locytts, with :t soniewhat longci. l i f r  sp:ui, dis:tppearecl more slo\vly and t,he 
ixxl-cell \ d u e s  sho~ved their grcatcst, tlcprcs.sioii :it, a still later dat'e, as ~ o u l d  he 

' expected. Xewer studies 011 the lit'(, of t,hc iroriiial white cdls indicate that, they 
survivc c~)iisitlei~ahly loiigcr thair \vas foi~nic~rly Ixlieved, although there is still 
riot, complctc agrceineiit on t h c  t iiiic pt~riods,'l-':i Thc esplaiiatioii for prompt 
decrease in iiuinbcr of these cells, cispcc~ially lymphocytes, affw radiation must 
be attributed t,o something inore th:iii c~:ss:i~ ioii of formation. 'l'he other inecha- 
iiisins iiiust involve hast,enctl rciiiov:il froin l h e  blood stream for distribut,ioii 
in t,issues, and possibly actual ncci.osis of t l ie cclls. 

?'hp radiat,ioii syndrome has Iqwatcdly 1 ) c ~ n  cwinpaixd \vil l i  the stress react,ioii. 
It has Item establislicd that wliol(~-I)ocly iimdiatioii activates the pituit,ary- 
adrenal system,14-'6 hut, it, is iiot ( ~ I e a r  t o  what, cbsteiit tlie I)lootl changes are 
Iiiediated through adreii:tl stiinu1:ii i on .  'I'hcx atli.c~iials iwe iiot necessary for the 
prodiiction of  lyriiphopciiia hy t ota-ljotly i i m c l i : i t  i o i i . I 7  
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There may be a temporary 1cril;ocyt osis after inassive total-liocly irradiat,ion, 
and this is Iielierwi to  rcsult. f ro i r i  inobilizat ioii of (.ells :llready forined aiid 
availahlc in the marrow. During this peiiotl sf ridics usiiig the technique of 
leiikophorcsis indicate tha t  there, ai' ( '  stores of \\hit(: cclls still available for 
iiioliilizatioii and replacwneirtf of 1 Iiosc aitifici:illy i~:inovetl.'Y The leukocytosis 
iiiay last 24 to 48 1ioui.s ant1 is i'olloivctl 1)y gi,aiiuloc?rtopeiria developing at, a 
ixtc tlcpciidiiig soiiiewhat, 0 1 1  tlic (losc, with thc low Icvel iwtched perhaps at 
3 t,o 5 ~vecks.  The  iiiitial l(vilioc~y1 osis is usually not seeti after multiple smaller 
tloscs of ixdiatioii or :ift,cr the i n t t * i , i i : r l  adiiiiiiistratioii of radioisot~opes. During 
iwx)voi~y t tic. iiiiinbei. of granulocytes may go al)ovci iiorinal. It, is not kno\vn 
\vhct,lic.r this is a tn  art of I h c :  radiation syiidi'oiiic or c~\.itl(~irce of ability t,o 
i.e:ict, to ~irc-c!sisting tic tlestrrict io i i  a n d  iiifwtioii. 

LYMI~ 1 I ( )CTTI~: It  ESPO SSE 

The very prompt and pronouncd fall i i i  lymphocytes is considered the most 
reliable c.vidence of acute ~xliatiori  dTert.19 Jhrjiig the most severe phase of 
white-cell depression after large, s i i l i I (~ t  h:il do t tici,e may be a greater diminu- 
tion of granulocytes t1i:iii of lyli ipliocyt~s so that :L i ~ l a t i v e  Iy~iipliocytosis 
exists. A st,ucly of thoracic duct  Iyiiipli?" in 1 x 1  s and dogs after whole-body 
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irradiation showed a t,ransieiit rise in  t hc  number of lymphocytes during the 
first one to  two hours, followed by a precipitous fall. This depression of the 
number of lyriiphocytes ill lymph seemed to precede the fall in the peripheral 
blood. At t,hree to  ten hours the lymphocytes in the lymph showed pronounced 
evidence of degenerative changes and necrosis. l>uring recovery a t  eight to  eleven 
(lays t,here MXS :L reltzt,ive increase in largo, yoiiiig lymphocytes in the thoracic 
cluct. Recovery of noriiial lymphocyte l e \ ~ l  iiiay be greatly delayed and there 
is usually no  absolute lymphocyt,osis tluriiig this phnsc; comparable to  the granu- 
locytsosis sometiines seen. 

Characteristic> morphologic changes i i i  lyniphocytes have been suggested 
:is possible practical aids ill the dctectioii of ladiation effect, particularly from 
chronic lo\v-level radiat,ioii. One such c-lrniige wported was the prcsence of 
iiicrcasctl ~iniiihcrs of rcfractilc granulesz1 ; :L sul)sequent, study failed to verify 
thc tisefuliirs:: of this." Xnother sucli fwturc rcportcd is aii increase in cells 
j y i t h  doiil,l(~ iiiiclei23; to detcct such x c-liaiigc: it is iicc ary to ohserve very 
large nlllnl~cI~s of (-ells. 

1 'I , . \  TJ.: 1 1 I 

Thc rate of platelet dcpressioii \arics i v i t l i  the s i x  of tlic dosc, but, the platelet, 
lcvcls tciid l o  parallel t,hose of tlic graiirilocytcs, without, the initial rise. It, is 
p'csuiiied that thc c1i:mgcs i n  platelets i ~ f l c ~ t  tliiiiiiiut,ioii of production in the 
iii:wro\v plus, with high doses, 1~mov:iI :It .-itos of radiation damage to  capillaries. 

lisn ( ~ K I L S  

'I'h(, ~ w - c c ~ l l  lcvcls shortly aft ci. large, cloxs of radiatioii i q w x m t  the s u m -  
iii:ition 01' sr\-cr:tl i~ifiiieiic.e,~ ~ 4 c c ~ i t a t ~ I  ~~c~l-c~el l  f o r n ~ t  ion, lieniocoiiccntrat,ioii, 
a i i d  e:~i,ly Iieiiiorihagr illto l y i i i p I i a ~ i ( ~ ~ . ~ ~  A latci. gciieralized throiiibocytopenic 
blecdiirg iriay c.oiitril)utc, t o  scvt~i'e a i i c s ~ n i a .  l'hc dccwased red-cell formation 
caii t ic d (mc i i i s t  ixtcd \\-it11 radioiron st iitlics \~liic*h show a delayed plasma clear- 
ail(*(: a i i d  iiiipniIcvl iwl-wll " i ip t ,ak~"  r i i r ~ v . ~ ' ~  I~c~tic~ilocytc depression is also 
cl(~~,rly s I i o \ v ~ i  i i i  (xpc~riiiieiitd a i i i i ~ d ~ ~  \ \  i t 1 1  :L distillet i~eticdocyte peak in the 
rc~covciy 11lins;c~. I iiformatioii oii  thr  pal t PIN of i~ct.iruloc:yte i~espoiise to large 
tlosc~s is not :i\.ail:Lhle for ihv 1 in i i i i ;~ i i  1)~~iiig. 111 sonic of the .Japaiiesc atomic 
1 ) o i i i l ~  cxw:iltics rct.iculocytes :il)ow: iioix1:tl \vcrc iqwrtcd tluriiig severe hemato- 
logic ( l q ) r ( ~ i o i i . ~  Wit.h largc (1os;c:s of i i i i  c~riially adiiiiiiistctretl radioisotopes we 
~ I : I \ Y ~  iiotcltl : L I ~  : t l ) s c ~ i i c ~ ~  of i~~tic:iiloc.ylc.s ( I  iiriiig thc radini ioii tlqxessioii phase. 

A l.1 I (  1: O\!, 

'rhe riiost salient, ef'lert~ of iiiassivc: iixtdi:hoii upon t,hc inai~oiv is reduction 
in thc iirimhcr of cells. 111 cxperiinciit a1 aiiimals, \\.hen oliser\.atioiis are iiiade 
aliort IS; aftcr large doses, ~~ec:rotic: cclls ~ I Y L  ~ c w i  aiid ei.yihrophagocytosis may be 
proiiiiiieiit. With the smaller dose:: givciii to  human p~ttieiits these destructive 
plieiioniciia arc usually not directly o lmwet l  a id  the tlecrt:ase in cclldarity is 
prcsuiiial~ly due cshiefly to  clecrcased i n i t  osis niid is iiot accoinpanied by promi- 
iicrit riiorphologic signs of d:unagt:tl (Y>IIS. Vnrinblo iqort . :  arc given 011 the 
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FIG. 1. GI.:LI)I~ of hrmatologic c l r ; t~ ige~  following :i singlo I:Lige dose of total-body ir- 

rndiatiorl. 

relative sensit,ivity of the different cell t.ypes aiitl this may depend on t,he species, 
dose, aiid rate of delivery of the r:idint,ioti. ‘The persistence of plasma cells is 
perhaps the most generally occ~uri~ing fe:iture.“ There is also an increase, a t  
least rc.lative, of primitive reticuluni c~:lls.’ I’hagocytic cells containing hemo- 
siderin nisy he plenliful. After int  ernnl ndmiiiistr:~tion of radioisotopes, we have 
heen impressed by t,he preseticc i ti :ispirated ii1:~rrow of clustcrs of cells caught 
in an aniorphous meshwork of fil)rill:ir iriatcrial. These entities may be seen in 
normal mirrow but are much inore coiiiino~r in radiation damaged marrow. 
011 : ~ n  aspirated specimen, presmice of these ~ ~ ~ c ~ s l i ~ v o r k s ,  plus many small fat 
spaces, plus a slight relative increase it1 p las~n:~ cells niay be quite suggestive 
of ladintion effect, even when the tot:il cdlularity seems iuiiinpaired. The 
relative depression in t,he granulocyt 1: prcmirsors as compared with that in the 
red-cell clrnieiit,s is a subject of coiiflictiiig re1)ort.s wit$h most animal st,udies 
suggest,ing that the red-cell p r w i ~ i w r s  arc most, r:~dioseiisitive.?* 29 Following 
large doses of radioisotopes \ye I1:ivc fouiitl rcd c d l  forms t,o persist usually in  
larger tiurnbers t,han the grariulocyt,es. ’I’hcy often occur in clusters and an  
“intermediate iiormohlast~” st,agv j~rt~dornin:ttc~s, i ls  i f  t,licrc inight be some degree 
of block at t’his level of maturit,y (fig. 3). .lu the granulocyte series there is fre- 
quently a deplet,ioii of iiiatmx f o r m  \vit,li inyc~locytcs remaining the most plenti- 
ful  st,agc. Megakaryocytes are iwluced i t i  i i u ~ i i l ~ c ~ ~ s ,  aiid damaged forms are 
sometimes seen. l’rccipitatcs of tliffusely xp1~c:icl blue staiiiiiig material, such as 
are often riottd in inycloina and aplast,ic aiiemia, may be proininent. An example 
of aspirated marrow from :L pat,ient, wit,li sevei’e radiat.ion damage from an  
interiially administered radioisotope is shown in figure 4 arid a histologic section 
from the same pntieiit in figure 5 .  

Wit,h radioisot,opes the recowiy phase is gradual aiid has not been very well 
studied. I11 the atom bomb vict iins marrolv rccovcry was variable and often 
involved only focal areas i~ii t ial ly.~ 
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Over the last 10 years it has become increasingly apparent that  most internally 
administered radioisotopes usually esert a profound effect on the bone marrow 
at, doses lotver than those necessary for treatment of :iny t'ype of neoplasm. 
Ever1 i i i  the Ire:atmciit, of fuiictioiiing thyroid c~~rciiioma wit,h II3l, the bone 
inarrow damage is often :L limiting factor. 'l'Iic> other types of tumors that  show 
soine ability to (~oiicentrate one radioisotope or :inother do not do SO to a Sufi- 

Zient degree to  make therapy practicnl. Th(,  rc~lativcly greater sensitivity of the 
marrow t o  radiat,ion is so pronounc~d as to out\\-eig;h any favorable coiiceiit,rat,ioii 
of the isotope in the tumor. 

With r:idioact.ivc iodine t,here is no sperific tlcposit,ion of the radioisotope jn 
the h i i e  marrow and tlie c:ffcct> on I)lood-forniiiig tissues from the moderate 
doses iisctl for the tiw\tnwiit of hypcrthyroidisni is minimal. The large doses 
used in the t,rcatnient of carciiionia of t,hc thyroid produce varyi~lg degrees of 
iiiarro~v tlcpression. I<all et, aI.35 found Iyniphocgte depression t o  be t,he most 
sensitive evidence of radiat.ioii eff'c . The degiw of depression appeared to de- 
pend upon the integrat.ed hlood coiiccntmt.ion of t lie isotope plus a factor derived 
from the amount deposit,ed focally i i i  t,he thyroid gland and i n  thyroid t,uinor 
t,issue. These focal deposik of thr. isot,opc \\-onltl presumably affect the marrow 
by ineatis of their gninina rxliat ion. Rol)eitson :ind GodwiiP linve attempted 
to  e \du: i te  the dose t>o 11ic i i i : i ~ ~ o v .  clcwiciit s, :IS i iifluciiccd by the hone tmbecu- 
lac . ,  w1iic.h at)soi+> rdatively iiiorc r x l i n i  i o i i  p ~ r  \.oluine t,hali does the less dense 
hematopoietic marrow. 

I11 treating patients \\-it11 rxci i ioina of the t,hyroid \re have seen moderate 
degrees of Inarrow dcpressioii. I11 :I fe\v pat itnts a persistent leukopenia has 
dcvctlopcd and persisted loiig af t .c i .  thv cesxitioii of isot>ope therapy. 

I<adio:u:t,ive phosphorus giveii 21s solublc phosphate is, of course, notable 
:IS a niarro~v depressant. Althongh much einphasis has heen put on its tciideiicy to 
concciiti,atc in lciikeinic and lyniplioiriatoiis t,issue, it, is oiir impression that the 
c-linical c4ects are largely those of' t)ot:il-l)otly in~:~diation. It is true that certain 
tissric, itic:lucling l i ~ ~ r ,  x p l w i i ,  :i11(1 n i a ~ ~ ~ ~ o ~ v ,  rewii-e soineivliat higher doses than 
less ~nct.:il)olicslly active t ues, I )ut, the spec*ilir localizat,ioil is slight as com- 
p a r d  wit'li t,liat, of radioiodiiic: i i i  t hyoid  tissue. The therapeutic: effects are to 
I)(: cwnsitleretl J ~ O I ' C  as csvidcnc-c of t,lic, radiosensit ivit.y of certain cell types t,han 
as t)lic. r c d t J  of ~ c l l  pl:wcd r;idiatioii. 

It. Is iiot clear to \vh;~t c~t,c:iit, the bony f i ~ : ~ i i ( ~ \ v ~ r k  wit,h its abilit,y to take 
up  1'"' :IS bone salt czont,ributcs to  the raciiat.ioii of t,he r:iicased nitirrow. O u r  
dat>a suggest t.ti:it, this is a i.clati\-c.ly niiiioi. factor : ~ n d  that  the incorporation 
of t,ho isotopc iiito thc Iicni:itopoiet i r  cdls i hciiiselves is thc chief factor in  
accounting for t,he dose dc l ivc~id .  

Colloidal radioactirc riiaterials arc of grea~ cwrrent interest-Au , chromic 
phospliat,c (P), YsO, and others. With these radioisotopes, the route of 
adiiiiriist,i~ation is of priiiic iniportaiice in tleterinining hematologic effccts. 
If they :ire injected j11t.o ravities or solid t,issries there may be relatively little 
of thc: isotope carried f i ~ m i  thc: sitct of injectioii : r i d  the effect on hematopoiesis 
\vi11 h: iicgligihle for \)(%a eniit,tcw and modcrate for gainma emitters. On the 
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other h a d ,  if these isotope preparations arc' given intravenously or escape into 
the blood stream froiii t,he site of inject,ion, they arc deposited in reticuloendothe- 
lial tissues inc:lutling marrow (the liver iisunllg gtxts the greatest share) and 
there is a relatively pronounced effect oii hematopoiesis iqqudless of the radia- 
tion cha.racteristics of the isotope. Autolaclioglailis skion. that in marrow t,he 
distribut,ioii of i~cticuloendothelial tissue is rlosely cmrelated lvith t'hat of hema- 
topoietic tissue. Reports of hematologic dfects of colloidal radioisotopes that 
fail t,o emphasizc route of adrninist,ratiorl  inn^- he iiiislcadjng. For example, over 
200 nit. of A I I ' ~ ~  rmy  be given into a hotly ca\.ity n-ithout niuch effect 011 t,he 
inarro~v, V.~ICIWL,S 1 OO inc. giveti intriLvrtious1y in :t liamrdous, escessive dose, 
possibly of fat a1 coiiscqueiIcc. 

1 )ISCI:SSIOX 

In  practical clinical situations sevrral suggestions can be made. Adequate 
baseline studins are important in at,tc:inptiiig t o  evaluate any radiation effect- 
prefcrahly several soparate Mood st udiw done at, the s:me time of day, and with 
the same techiiicjues used throughout . l'c~riphcral blood may be much more 
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