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Evidence is presented indleat ing  that both acute and 
chronic radiation anemia are du:: i n  part  to a hemolytic re- 
action, and n o t  s o l e l y  an inhibi”vfon of erythropoiet ic  
activity as has been assmed by most investigators, 

The hemoiyyte concept is b:isea on the fo l lowing  evidence 
taken from a survey of tfis l i t era ture  as well 8 s  from our  own 
experimental s tud ies ,  ( i )  The rad c e l l  count in h w n  and 
animal subjects  may fall a t  a rc te  t h e t  is faster than can 
be riccounted f o r  by essuming e w n  100 per cent  inh ib i t ion  
r)f erythropoies i s ,  (2) The re$. cell count may BaclZna a t  
ii  tine when the re t i cu locyte  count is ac tus l ly  elevated, 
~ 3 )  His to log ica l  evidence of ficrerjsed red c e l l  destruct ion 
has been demonstrated repeatedl;, ( 4 )  The bone marrow of 
humans that  have anemia due to #:!manic radium poisoning fs 
Gypically hyperplast ic ,  io2 a p h s t i c  (5) Increased b i l e  
pigment excretion has bee show1 t o  occur fol lowing administra- 
tioa of  large doses of Pa’ or t,itial body X rag, 

ExcessJve irradiat ion app:e.rs t o  destroy both mature and 
immature cells in increnz dl : m - > ~ ~ n t s .  dore s t u d i e s  .of human 
subjects are required to evalua-&e the importance 3f thhs 
hemolytic fac tor ,  Spe@rial a t t e n t i o n  i n  these s t u d i e s  should 
be given t o  bile pignient exc ie t lon  rnd reticclocyte measuremehts, 

* Thla inveatigation wan side& by a grant from the Rockefeller 
Foundation Yos medioel research, 

, I 1 1 9 S i b  
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1 LII%I'RU~ - t i C - 1  

Despi te  con:jiderbble s t z d ;  jf ",hs aematologlcal effects 

3f radiatfoi l  there is still. l i t t .15 i 'undmental  information 

s v a i l a b l e  sn t h e  na ture  of r & d i - % i c r ,  znemia, e ~ p e c i a l l y  as 

regards tke r e l n t i v e  importance of h e a a l y t i c  and regenerat ive 

factors, 

vestigative t o o l r  used heraco fe r s  have tqen liaited l a r g e l y  

t o  r o u t h e  s t u d i e s  of the p e r i p h s r h L  Siood,  

to yield 8 r s l a ~ i v e i y  s t a t i c  ?;::Cure '&a: is n s r e l y  the end 

result of r': nuiiber of f a c t o r s  ::izk .is t he  ra te  of production, 

This hr.s been due c k i e f f l y  to th3 fEict t h a t  the in.. 

T h i s  has tended 

I .  

release from the bone mcrroi'i, r n 3  l i f e  span of the red blood 

c e l l s .  Studies correlating 391 c r n ~ ~ r o v ;  and peripheral blGod 

f indings  elre i 'ekv,,  and bloch=m:cil izPestigntions of red ce:l 

destruccfon have, to our kslow;rrge, no t  been described.  Ever, 

r e t i c u l o c y t e  meaaureaents have baen repor5ed in only rare 

instances 

In a revfevw of the l i t e ra ture  up to 1943, Cantril e t  a1 

pointei!  a u t  t h a t  rnmt i c v e s t i g z t o r s  b e l i e v e d  t h a t  the anemias 

clppearing both iu humans tlnd ix. experimental animals f o l l o a -  

ing administraticn of elther extarnal or i i t t e rna l  radiation 

are due to suppression ol" t b z  e z j - t b T o p o i e t i c  system, or to 

abnormalities of regenerut2.on- 

u - - 
B 
CTi - 
2 

Zuring Ghe preceiiiug eighteen 

P 
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years ,, k a r t l a n d  

bone marrow due t o  chronio radium poisoning ( d e s p i t e  his owa 

cons i s t en t  evidence t o  the contrary, as noted below) acd more 

r e c e n t l y  Beinhard e t  a1(') IR an exoe l l en t  s tudy and review 

of  the therapeutic uses of P32 i n  disersses of the hemopoietio 

system stated tha t  "Radioactive phosphorus e x e r t s  i t s  ther- 

apeut lo  effect, as does x-rad ia t ion ,  by slowing the rate of 

erythrocytogsneela ,  S h o e 8  however, mention in made n e i t h e r  

repea ted ly  spoke of exhaustion of the 

cf r e t i c u l o c y t e  ~ o u n t s  o r  bone narrow e tud iee  t o  inCiOat9 

the "rate o r  cirythrocytogenesis" a DOT' of bl. le  pigment exoret ion 

Etudies  t o  i n d i c a t e  the  ra te  of red oelf des t ruc t ion ,  t h i s  

statement must rest  on incomplete 'evidenceG 

While i t  is  cbvlous t h a t  suppression of ergthrogOieSi8 

occurs following adminis t ra t ion  of oertain types and doses of 

r a d i a t i o n  and may r e s u l t  i n  extreme a p l a s i a  o r  the ery thro id  

elements i n  the bone marrod9), it  appears equally obvious 

Chat radia%ion enemia cannot be due t o  i n h i b i t i o n  of 

e ry th ropo ies i s  a lone;  a hemolytic cmmponent* must p lay  a 

variable and of ten ,  cruoial. role in the development of both 

acute and chronic r a d i a t i o n  anemiao Evidence for t h i s  

assumption I s  threefold viso ,, h i s t o l o g i c a l ,  mathematical and 

biochemical, as w i l l  appear i n  the followin$o 

lal Eis tobag ioa l  Studies  

( a )  Bone Marrow Histolo~v i n  Chronlo Radium Poison- 
* 

' In the present r epor t  the term "hem31ysist* is used t o  in- 
d i c a t e  ell types of red aell d e a t r u c t i o n ,  regardless of 
the i r  netureo 

I I 1 9 5 1 8  
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ingo 
important in hcunans w:th chronic radium poisoning since anemia 

has been the most cons is tent  clinical feature of ?;his dl'sease, 

as well as  the usual 2ause of death, Because other radiat ion 

emitters, now ava i lab ie ,  ffiay be expected t o  act simiLarlg, 

and because the c=onfut.ion regarding radiation amnia is so 

well exemplified" by tze literature on raaizam poisoning, 

t h i s  subject  will be :eealt with h r e  in greatest  i l e ta i l ,  The 

reports  by Martland, ,specially, w i l l  be conside,-ed s ince  

h i s  s tud ies  have been most extensive and, in genef'e1,most 

valuable 

Studies  of red c e l l  metabolism probably have been most 

Martland has des:ribed h i s t o l o g i c a l  changes In the bone 

mmrow o f  six ind iv id ia l s  i n  the d i e l  painting inZustry who 

died of chronic radius poisoning, In the first cese (2) 

he found that ,  "There was en t i r e  replacement of tke f a t t y  

marrow of the fernur b: actively regenerating tissw, a 

marrow hyperplasia of the m a & l o b l a s t i c  type,"* €le a l s o  

observed that ,  sThe s. leea shcwed, e .dfffuse f i b r o s i s  and 

slight increase in heizosideria pigmefit ," Before  death 

peripheral  blood stud:.  fn t h i s  pat ient  showed a hemoglobin 

value of' 20 per  cent a t 3  r e d  blood count of 1,064,000, 

In the second cas3 ( Martland reported that  , "Necropsy 
showed an intense replacement of  normal adult  f a t t y  marrow 

by a red regenerating bone marrow. Histologically, the 

marrow was charac t er iL8d  by an enormous number of nucleated 

red cel.18, normoblastt and megaloblasGs wtiicl  showed a re. 
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generation of the megaloblastic type;’ 

of 20 per’cent  and a red blood c e l l  count of 964,000 were 

A hemoglobin value 

( 2 )  previously reported before the death of the patien; 

The. third case, reported by Reitcr and hbrtlo;zd(4), 

also showed a bright  red marrow and 

throblas t ic regenera t ian ,  

a marked ery-  

The marrovv consists almost en.= 

t i r e l y  ,of groups of‘ clC6sely packed erythrocytes in which 

can be found many normoblasts and 8 few megaloblas ;so L. e 

Cansiderable hemosider:-n pigmen3 is present, 

In his f o u r t h  autapsy r e p o r t  ‘‘) Martland deszribed a 

“Zegenerative leucopanfc aaemia of the megaloblastic type ., 
( 7 )  Similar findings mre ~ l s o  described i a i h i s  Pinal sepor t  

in which Nartland notec that “‘The general archit-ecture 

structure and landmark:. were e n t i r e l y  obscured by ;he ex- 

treme hyperplasia, with a packing of immature an2. >rimitive 

c e l l s  

MartlandYs evidence ther%?fbTs ~ consistently Lzdicated 

hd.@tsnsd erythropoie4ic activity of the bone marrow i n  

fata l  radium poisoning in humans. 

however, he concluded i4fter his first case that ,  “There 1s 

a stage of stimulation followed l a t e r  by sudlien axnaustion of 

the erythroblast ic  c s ~ t e r s  with production of a ra?id f a t a l  

anemia, Of h i s  second case (before the patientvs leath)  

he s a i d ,  “It is Clue to exhaustion o f  the blood forining 

 center^,,^^^* and even after necropsy examination showed the 

w,,e.intense replacemelztOoo. by a red regenerating bone 

Despi te  .this evidence, 



marrow". He said of the irraciiatian that it, ft.,.may go on 

for years before the centers a r e  f i n a l l y  exhausted". This 

hypothetical "exhaustion" of the blood forming c e n t e r s  wad 

also nentioned i n  the discussion of his l a t e r  oases. 

Martland was aware of this  cont rad ic t ion  and pointed 

out i n  his  1929 review of the a u b f e c t ( 6 )  that, "The occur- 

rence of this apparent ly  hype rp la s t i c  m a r r o w  was puzzling 

since, here tofore  i n  the r epor t  of' anemias due t o  undue 

exposure to x-ray and gnmma r a d l a t l o n  from rad ioac t ive  

subatances they have usua l ly  been described as d i s t i n c t l y  

aplastic in type, A s  in  p r a c t i c a l l y  none of these cas88 

w a s  necropsy performed'or study of the bone marrow made, 

t h i s  conception I s  purely a c l i n i c a l  one and may not  al- 

ways be subs t an t i a t ed  by the f a c t s  aa  we know thorn." 

Martland repea ted ly  point8 aut that the mernia is no2 

a hemolytic one s ince the  i c t e r u a  index is  normal and hem30 

s l d e r l n  deposi ta  are no t  increaeed a8 much a8 i n  pern ic ioas  

anemia, Obviously, however, these c r i t e r i a  a r e  inauf'ficimt 

for r u l i n g  out the presence of a chronic hemolytic anemia, 

since the latter may be assoc ia ted  w i t h  a normal icterus 

index if liver func t ion  is adequate (lo), and s ince  mention 

of 80me Increase i n  s p l e n i c  anit marrow hemosiderin is mado 

i n  a few of the d e t a i l e d  reports, as noted aboveo 

A similar f ind ing  of a hyperp las t ic  bone marrow i n  a 

human with chronic radium poisoning has bean reported by 

Get t l e r  and Norria ( l1l0 On the other  hand, we a r e  not 
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familiar d t h  any clear cut  evidence of generalized bone 

marrow exhaustion jri cbronfc radium poisoning in hLmans, 

Flynn's negative report of one case (I2) statv:? only t h a t ,  

"The bote narrow presented the same general condition as 

is found in benzol poisoningon This statement I s  ambiguous 

since the bone marrow i n  benzol poisoning may be e i t h e r  

hypo- or hyperplastic "". Neither 1s the extent cf the 

post-mortem examination indicated by this author, It may be 

concluded therefore  that  the typical bone marrow in t h i s  con- 

d i t i o n  i s  n o t  exhausted; it is actiually h y p e r a c t i v e ,  a s  m e  

would e x p e c t  %ti tc: b e ,  f o r  e x m p l e ,  in cases of chronic hemo- 

l y t i c  anemia, I t  is a l s o  very similar to the hyperplastic 

marrow described i n  dogs with experimental cnemia dlre t o  

There are fow published s t u d i e s  on the hematclogicsl 

and h i s t o l o g i c a l  f iad ings  in reilium poisohifig in experirncsntal 

animals, Even whore adequate Ptudies have been mads, it should  

be pointed o u t  that the dsses ~dministered- were vastly greater 

than those found intcases of t a a n  redim poisoning ,  This Is 

especially important since hplasia OS: the bone m a r m w  is 

comonly  associatsd with u c u t e l y  3.ei;hal doses of bosh external 

and i n t e r n a l  radiation, whereas normal  erythropoiesis or hyper- 

plas ia  is associated Nith chronic lo@ doses of radiation such 

as ~vere found i n  %he human patients 

* 

!W 

Thoaas and d3runer (15) gevc 6 total 3f 40 to 60 micro- 

gram of radium chloride subcutaneously to four female r a t s  



over  ti per iod  of 117 1.0 191 days, 

showed t h a t ,  “In all cascs, approxirmtaly the u i d d l e  t w o -  

t h i r d s  of the shafts  of the long bones contained a 11: per - 

p l a s t i c  marrow in rvhich the fat cells were completel:’ re- 

placed by the red marrow, d s ~ ,  in 3.11 c u s e ~ ,  an apliastic 

m m r o w  was found in the extremities o f  all the long bones,, 

i n  the vertebzae, and mandibles, end the illii of tho in- 

jected r a t s ? ”  The authors point. ou t  that, “The grea:er 

~oncentra~ion of radium in t h e  ends of the bone accounts 

for the ea r l i e r  dastruccion of the marrow at these pt . in t s ,“  

Pos t - .mof tem exorniriation 

Sabin and so-workers ‘16jE Ytudied $he e f fec t s  0:’ bo:@h 

radium and mesothorium in r a b b i t s ,  In one of‘ the r a b b i t s  

t h a t  d e v e l o p d  an acute anemia these a~;t;hurs noted t ha t ,  

“The signs were of a per iphe ra l  destruction of r e d  cells; 

marked fregmoutaticn of these cells, as seen in th6 supra  

v i t a l  preparations and the extrem increase in iron-l,on- 

t a i n i n g  pS.gnent in spleen aild bone msrrow Seen ic se : ; t ions .”  

0 Scattered areas of aplasia w r e  n n t c d  I n  the boce ma-.-roct’. 

fed e t o t a l  of 100 rnicrocmms of rad- ( 17 ) Dunlsp et a1 

ium chlor ide  t a  13 r a t s  0ver.a 20  day p e r i o d ,  Cmiy c~ne 

animal developed a severe anemia Extensive 2yp::plasfa of 

t h e  bone marrow was found i n  all cnirc.als, Abur-dact temo- 

4Lderin d e p o s i t s  were lclund in both spleen and bDm riamow, 

I I 1 4 5 2 3  



would r e s u l t  i n  about  orie :)er c e n t  fell i f i  red b lcDd c m n t  

( or hemoglobin) per  day, iep;)rCus f ~ c i n  v a r i o u s  laborator :es  

i n d i c a t e  t h a t  during %he p r i  ?d of  mst rep id  develop.h;:': 

0f anemia t h e  ra te  of red cvuot (or hemglob in )  f a l l  may b e  

(20, 2'7, 28,  2 3 1  much greater  than thTs 

1 3 Biochenichl l h f d e n c c  --- cf" ---- lr icraasad Eied C e l l  I Ilrtstruc- 

I n  6 study af the  e f f e c t  of frradibtion on C B ~ S ,  ,right 

";it5 fatal .  doses,, 2 axirlta3 and Bulman : 391 noted  thct *' 2 c 

I I 1 9 5 . 2 4  



Haroli!  Efid Aieisznor ‘3’’ q u a n t i t n t . i a  tot t i1  w i n e  pigment 

a c c a r d i n g ’ t o  kieilmeyer’s method and, like Bsilmeyer ( 3 z ) D  found 

increased pigolent excratior, following locctl irradacion of f i v e  

female subjects with uLerffie tumors, This wcs i n t e r p r e t e d  as 

being due t o  h hsno ly t i c  rraction, The q u a n t i t a t i v e  inter-  

pretatfon of tfLs data, bov.iever, is cacer tain,  

In May, 1945, we repor ted  preliz.dnary s tud ies  of f eca l  

urobilinogen eacretion in f o u r  dogs given 200 t o  300 r total 
‘Zhes.3 s t u d i e s ,  as ;vel1 as prewioras s tud ies  body x .  r a y  

on excretion of u r i n a r j  bilirabin in irradiated d o s a  

indic::ted the presence of P hemolytic r e a c t i o n  fo l lowing  irrad- 

iation, These s t u d i e s ,  thcugt somewhdt exphnaed iz the pre- 

seat r e p o r t  are s t f l l  t o  be  considered only e x p l o r t t o r y  ~ I I  

nature As suchL, they require f u r t h e r  inves t iga t ion ,  

especial ly  in huaan subjects 

(33: 

( 3 4 ?  

2, bictterials __I and Methods 

2,l Subjects 

( a }  Buman StuJies ,  -- S t u d i e s  have bean made of the 

ef fect  of P32 on hemoglobin and r e t b c u l o c y t s s  in seven 

patients with palycgtbamia rubra vera, I n  only one case 

-sCudfed fit the University of‘ Minnesota; waz the 

patient hospitalized; home, blle pigment ercretio:.& sl;udies 

are limited t o  t h i s  one pt?tienC0 The o t h e r  subjecm w 3 m  

ambulatory patients studied in the heraa+,Dlogy clin. 3 of the 

University of Chicago, In the present r e p o r t  only those 

s t u d i e s  t h a t  berr d5.rstltl.y ugnz thz! p r o b l e m  of hemuglobin 

a 



m t a b o l l s m   ill be d e e - l t  d i t h  Other s t u d i e s  of' :hem 

patients 'dre d e s c r i b e t  else-;Jhere i n  these volumes (35) 

The Pa2 i ihs adz; i r is tered arc: l l?  In dfvfded  dosea i n  

a l l  but  t n . :  ins tmces  In the 2:itter cases it aes g i v e n  

int F%mn,7U31y 

(Pat i ent s  vJith memia due t~ caronic radiurn poisoning 

have f i o t  Dcerr u v h i l u b l e  t:, us f o r  s tudy Fecal ;mb3 Liad!gea 

exc -re t im 'was found tc be normal ir one individual wfth 

minor  t o n e  changes but no a;nen.i&, Var ious  r z d i m c  t i v i t y  

measurements indicated a t3tri L-Ddj; c m t e r i t  cf 2 , ;  sicra- 

grams of radi*m in til's patient. Xt might k~ poihtved o u t  in 

t h i s  reggrd t h a t  pat ients  cr i t , l  so -ca l l ed  aplastic or re- 

fractory anemia ole unknown e t i o l o g y ,  have o f t e n  been found 

(10) to nave c.msiderL.ble increases  i n  exc re t ion  cf f e c a l  

u r o b f l i n q e n  1 

(b) Animal Studitls, - The effect, on hernoglobir meLabolfsrn 

of both single and mu:.tip?-e Gcsca ;$P t o t a l  body h r a d i a t i o n  

was stL:dfed in mongrel dogs, Tho tachnfque o f  I r rad ih- t ion  

is desmibed elsewhere (361 

the sepaz'*its e o l l s c t i m  of urioa aIi3 f scec-  The l;rine was 

combined in cauascct€ve oae t o  f o u r  day periaCa, the l onge r  

periods being used duFing the chronic stages, The. feces  

were Y i u l l a r l y  cmibined in t h r m  t o  s i x  day perims. 

The dogs vmrf; f e d  commercial dog, b i s c u i t s  (Friskies), 

&emral ly  suppleaenteh with 3euz one or t w o  times 640ekly. 



e 

r e spec t s  by members of the B i o l o d  .';et.tion whose r e p o r t s  

may be found elsewhere in t h i s  volume (37, 38* 331, 

2 , Z  Analytical _41 Procedures, 'L 

(a) Sout ine  hematology studies --_. included hezoglobin, 

red bloaa cell, hematocrit,, and r e t i c u l o c y t e  counts,  These 

are r e p o r t e d  in m l . m e  deta51 efse~them (37, 38, 39) 

ib) - Bile pipqnent excrotLon s';ildies, These s t d d i e s ,  

it is gernerally cigreed, y:eld t i l e  ffios*v reliable in lex  of 

the r a t e  o f  hegloglobin destruction, 

(1) Excretion o f  fecal urobilinogen w:is deter- 

(2) B i i i r a b i n  orcre+, ion  was quan t i t a t sd  i n  dog 

ur ine  employing %be rdeLhod of Malloy and Eveign 

as descr i tad  a r i g i n a l l y  for Serjm l4'*) 

were taken a f t e r  1 E  Frlmites ard agaiu. after t h e  

addition cf' ~ l c o k i o l .  Eecause of the known low 

Reedings 

renal threshold. 

cons idersb le  p.x:lon of the total bile pigment 

may be ercret%d in tae mine in these acfnafs, 

I C )  Red c e l l ~ e c p G r m  studies, were & o m  be.. 

cause o f  reports that t h i s  svbstance is signif3cei.tly al- 

tered in hypochromic Eind iufecbious  eaemia '3*, "" The 

methou of Grinstein and i a t s j n  wis ilsad. ids),  
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30 ExDerimen t a l  

3,1 'The E r r e o t  o r  P" .on Henoglobin Metabolism in Pat- 

lent8 with Polsoythemi a nubra Verao 

Case 1 0  A fo r ty -e ix  year old white female're- 

ceived a to t a l  of 1g08 mo o r  p3' from Ootober, 1944 t o  JWO, 1945, 

Ten mc of this amount was adminiotered in t ravenous ly  on June 9 

and 11, 19450 Her hemoglobin on June 12 was 16.2 grams per  cen t ,  

By July 31 it  hed f a l l e n  t o  12,5 w i t h  a red  oount of 5,7 million. 

!heutg-eight  days la ter  i t  was 806 gramso and by October 2 had 

oome down t o  6,7 grams with a red count of 2,66 d l l l o n o  

fortunately no r e t iou looy te  determinat ions were done u n t i l  

September 27, 

from s 0 6  t o  8,5 p e r  oento 

exc re t ion  was two t o  three times above normal. 

Un- 

From t h i s  date u n t i l  October 13 the  1at';er ranged 

During t h i s  period f e o a l  urobilinogen 

The bone marrow 

biopsy) exhibited a marked normoblastic hyperplasia, P e r t i n e n t  

s t u d i e s  are p l o t t e d  in Figure Io 

Prom the above data it is obvious that  the p a t i e n t  developed 

a hemolytio anemia following the f i n a l  PS2 abmiaistratioa, This 

18 ahown by the  e leva ted  f e o a l  urobilinogen exore t ion  as well as 

by the rapid tall i n  hemoglobin ooncentration d e s p i t e  an  elevated 

r e t i o u l o o y t e  counto Ho blood t r ans fus ions  were given during the 

period o f  study, 

Gases 11 t o  XVo Hemoglobin and r e t i o u l o c y t e  studies i n  

three other p a t i e n t s  who received oral Pa2 therapy are summarlzed 

i n  t i g u m s  2 t o  4 0  

dioatlon from the  r e t i o u l o c y t e  counts of s u f f i c i e n t  suppression 

c 

It should be noted t h a t  there i s  no in -  

of e r y t h r o p o i e t i o  a c t i v i t y  t o  8 C C O U R t  r o r  tbe 



nemoelobin f i l l  h c t u a l l y  at least one u f  these pat ients  

( , , . 3 , )  had o d e f i u i t e l y  elovslted r e t i c u l o c y t e  CounL during 

In summary I t  should be p o i n t e d  cut; that t.he ; ~ e r  c e n t  

f a l l  of hemoglobin values in each of' the above p t < f e n t s  

(except  I ; ,  o I averaged a b o u t  m e  p e r  cent  per  dey m*r a 

period of 14 40 days, 3 ~ i ~ i g  the same g e r i o d ,  sT;Etr g e  

reticu1oc:'te coimts f o r  .tchfr f a Z i v i d m l  patients ranged 

from O , 5  to 1 1 p4r cent : na  r a t i c u l o c g t e  s$udios quem 

done on i i o K . ,  Quring tha  pe2lDd of' naxlimurn hazoglntia fall), 

No consistently significant chmge was found in ths 

e m c e n t r a t i o n  o f  protoporphyrjn in tns red blood cells 

followfng tke administration of Psz:o The averace red 

blood  c e l l  pro toporphyr in  et)m entration in these pdtfents 

was correlated to tame degree with c o l o r  index; elevated 

values tvere found mostly in Gh~se p c t i a n t s  with a. low c o l o r  



,v i th  n o r m 1  c D l o r  ind ices ,  A,- seen i n  I'igure 6 ,  however, the 

spread of values at bny given c o l o r  index was very great ,  It 

is obvious, t o o ,  thzt o t h c r  f a c t o r s  nust. Le operatrve since 

changes in c o l o r  index in giver, pat ien ts  Cia n o t  result con- 

s i s t e n t l y  in simultaneous c!ia::ges in the protoporphyrin con- 

. 

centration in red b l o o d  c e l l s ,  

3,2 The Effect of T ~ t a i  Bady X ray on Henaglobin _u_.l 

BLgtabolism --- in D c 1 ~  

( e )  (1 - ont r r i l  Eo&:- IE acdition t o  control studies  

of t r e a t e d  dogs, fa i r ly  prolofiged s t u d i e s  of feca l  urobilino- 

gen excretian ivere made in two ca,nS.rol dogs, !2esulCs :n the 

two  lnstacces wsrs e s s e n t i a l l y  s i i z i l ~ r ~  The data o n  one of 

then ere illustra=ed/Figure 7 

s 

in 

k CoLal of 05 dstermirmtibnz hcve  been done of fecal 

urob i l inogen  exc re t ion  in 32 control dogs, S o s t  v e l u e s  

rcnged from 5 to 10 me; par day w f t h  exGremos 02' I t n  25 mg 

per day, 

to us,one must cons tan t ly  keep in mind the f a c t  t h a t  con- 

trol dogs are not  necessazily h e a l t h y  animals, and t h t t  

"routineg' therapeutic proce3ures nay produce undeskable  

bfachemical. e f fects .  This f a c t  was emphbsized in the study 

of one c. g whose fecal u r c b i l i m g e n  e x c r e t i o n  rose markedly 

just before beginning the  admir.istrotfon of  25 r total body 

X ray d a i l y  ~ SlmulSaneousLy the dog' H hemoglobin concentra- 

t i o n  fell and t b e  rsticulccgtg3 c o w t  rose sharply, On inquiry 

r 



it w4s found that seven days, and tigain three days  before 

x - r c y  admiuis t ra t ion  began the dog wos giver, 22 cc of 

LederleP s Canine i m t i b a c t e r i a l  Serum {Formula #1] 3.n elm 

hope t h a t  it aould combat i n f e c t i s n  and cause the re- 

t u r n  of aa e l e v a t e d  white count to norinsl ,  Studie.3 of  this 

a n i m l  m e :  presented in Figurg B C  

[b) I__ Irradiated Dogs,, In nost d 2 p  g i v m  a single large 

dose of t o t a l  body X m y  ai increasad  exc re t ion  0: uro- 

b i l inogen  vms found, e spec ia l ly  froni a b o u t  the fourth t o  

t w e l f t h  day, This is o f t e n ,  though not  el-”ays, assoc ia ted  

with a Crop I n  tte reticulocyte couct ,  Data r.#n t w s  such 

dogs are iL?ustmted in Figures 9 and 10 

From the s i x t h  to the t e n t h  day a f t e r  irradiation, the 

hemoglobin af dog 43 fell rt an average ra te  of a b m t  six p e r  

cent  p e r  day; that  of dog 36 f e l l  a t  an average r o t e  of about 

2 per cent  pe r  day f r m  t h e  t h i r d  ts n i n t h  day following 

irradiation, T h i s  cornparer well ~ i * i k L  t \ e  d a t E  on Fevesal 

o t h e r  dogs whose hernoglobilk dragpea for scverhl Ga:-s a t  i? mar;- 

A $ h i d  dog (&4)  was given 900 r toGsi body K ra-7, Four 

determinations d u r i n g  the s ixtesn  day control p r i a d  averaged 

12 ag ger day, Purfng t h e  afxGsen days a f t&?  i r r a l i a t i o n  the 

average value was 26 mg per  dag, ir. the l a s t  t r ~ o  8ny period 

the  concexiSratiou rose  to i7C mg p e r  cen’c, but, because of 

rrlarked csnst i .pat ion the per diem value f o r  t h i s  p e r i o d  W ~ S  

only 22 rng p e r  day 

1 1 1 9 5 3 1  
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anisal are summarized Sn F i g w e  11 

The interpretation of d a t a  sa exc ra t ipn  o f  b i l e  Fkg- 

meut is Gften d i f f i c u l t  b e c 2 ~ E e  n.any of the sags hfCOmc3 

s e v e r e l y  c o n s t i p a t e d ,  ThiE is i l l u s t r a t e d  ic Figures 2 2 ,  

13 and 14 

-. ! 

igrams p e r  day" It w i l l  bn, notee that.  the f o r m r  valus 

in which u r o b i l h o g e n  excre t ion  va,.ues &re :,Lo$ Ea 
terr ?d o f  b o h  mil1igram:i ~ e ?  103 grms feces dnd mill- 

rise markedly with l i t t l e  o r  LiD d igc i f i can ;  change in 

t he  l a t t e r  value, ~ l l  thres dogs received 50 S t o t a l  body 

X ray d a i l y  until death, 

Termkal  increases  ir f e3Lk. l  urobi i i m g e n  excretion m y  

be associated with internal hem:r*r.iqw r, This was mst, 

s t r t k i n g l y  i l l u s t r a t e d  in C:og 26 wtifch died 72 days af%er 

d a i l y  treatman: wi\h 12,5 r to361 boCp X ray w:is s t n r t o d .  

Subcutaneous henorrhages were first n3,ted 14 days  be fo re  

death,  und considerable  int3zmal b l e e d i n g  was found at the 

post-mortem examii la t im,  Uar ins  t3.e last 14 days of' l i f e  

t h e  hsmoglobin concentration fell prec ip i tous ly  from l b . 2  

to 4 gram per 100 cc ,  The fecaf urckilinogeL excre3icrn 

d u r h g  the l a s t  e i g h t  days averaged 120 me, p e r  day,, the 

. highest value y e t  found in d o g s ,  Itq is, of  cour se ,  in;- 

p o s s i b l e  to say what p ropor t ion  of' this was duo to the 

bleedirqn, as againsl; red c e l l  rie.striiction bg the usual 

mechais.T : 

Eicretion of Q r i n a r y  a i l e  pigmeat, likewise, was found 

1 i 1 9 5 3 2  
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t o  be affected by large doses of r a d i a t i o n ,  

the Biology dec t ion ,  first c a l l e d  our a t t e n t i o n  t o  t h e  ex- 

c r e t i o n  o f  a green ur ine  in a dog t o  vvhich plutonium had 

previously been administered, 

q u i t e  c o n s i s t e n t l y  i n  dogs receiving large doses of radia-  

t i o n ,  

diminution i n  f o o d  intake, This  may be explained by the 

E, P a i n t e r ,  of 

Green urine has been found 

i t s  a p p e a r a c e  has been well c o r r e l a t e d  w i t h  a 

and others '41.p483 t h a t  a decrease ( 4 6 )  finding of  Kanasaki 

i n  l i v e r  glycogen r e s u l t s  I n  the exc re t ion  o f  a green 

b i l i ve rd in -con ta in ine  b i l e ,  Bt32kmtln s p e c t r o - p h o t ~ m e l r i c  

s t u d i e s  of the dog ur ine  by M o  Uagedorn ind ica ted  t h a t  t h i s  

urine pigment was spec t rosco r i ca l ly  similar t o ,  if not 

i d e n t i c a l  idith, b i l i v e r d i n ,  Eurther  evidence f o r  abncrmal 

b i l e  pigment exc re t ion  i n  ;hc? u.rj.ne came i n  the course of 

s t u d i e s  i n  exc re t ion  af urinary coproporphyrin by thesue 

 dog^(*^)^ 
r ece iv ing  e i ther  e x t e r n a l  3r i n t e r n a l  radiation was commonly 

found t o  be green, Such a f h C i n g  is rare i n  c o n t r o l  dogs, 

but has been observed by 9, Schwartz in dogs i n j ec t ed  i n t r a -  

The ether e x t r a z t  of ac id i f i ed  ur ine  f r o m  dogs 

venously with hematin o r  hemoglobin, 

Quan t i t a t ive  s t u d i e s  o f  ur inary  b i l i r u b i n  w e r e  i n s t i t u t e d  

t o  measure t h i s  e f f e c t  mora accura te ly .  Severa l  hundred deter- 

minations on c o n t r o l  and irradiated dogs ranged generally from 

one t o  fou r  mg p e r  day,, P r a c t i c a l l y  a l l  the b i l i r u b i n  was 

the proapt-react ing type ,  Occasional values rose t o  s i x  mg 

per  day or more- Thou& Values often tended t o  be higher 
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af ter  I r r a d i a t i o n ,  the range was gene ra l ly  s i m i l a r  t o  that  

of  con t ro l  dogs, I n  some dogs, as shown i n  Figure 15, the 

increased exc re t ion  was fairly prououncedo 

These investigations were supplemented by studies of 

bile pigment exc re t ion  i r a  three b i l e - r ena l  f i s t u l a  dogs 

given a s i n g l e  dose of t o t a l  body IS r a y ,  

s t u d i e s  were m&ds since the determinat ion o f  f’ecal uro- 

bi l inogen has c e r t a i n  disadvantages,  such as the follawing: 

1, The number of analyses is  limited because t h e  

These l a t t e r  

s+.m$ic>..s 

days each, 

must be combined i n  periods of  several  

2. There i s  a t i n e  lag of a few days between the t i m e  

of blood d e s t r u c t i o n  and the excretion 0 %  urobi- 

l inogen in reces. 

The previously noted f a c t o r  of‘ constimit ion may make 

the  d a t a  d i f f i c u l t  t o  i n t e r p r e t ,  

It  is  possible t h a t  the b i l i r u b i n  and biliverdin 

from the bile may not  be completely converted t o  

urobilinogen. 

the finding of a large amount o f  green plg;.~.q~?t. 

(b i l iverdin?)  i n  the feces  of 3n.8 anfmal (Dog $37) 

given s t ront ium 

30 

4, 

This  p o s s i b i l i t y  was i l l u e t r a t e d  by 

09 

The b i l e  renal-fisLu3.a dogs were prepared for u s  by 

Dr, 2 G o  Allen, according t o  the method o f  Mapsinom, 0 

I n  all but one animal (Dog # 8 6 )  the  g a l l b l a d b r  was 

anastomosed t o  the r e n a l  p e l v i s  by msans o f  an i n c i s i o n  

(50) 



through the  kidney cor tex ,  I n  dog 86 the  gallbladder 

anastomosis WRS made at the ura te ro-pe lv ic  junction, It 

should be pointed out tha t  the quantitative i n t e r p r e t a t i o n  

of the data i s  l imited by the following factom: 

1, Complete hematology studies were n e t  possible a t  I 

t h i s  time because of t h e  pressure of other work, 

2, All but  one of the dogs (SQ-5)  showed varying de- 

grees of c losu re  of the  fistula opening at autopsy, 

A l l  three dogs showod Signi f icaLt  inc reases  i n  bile 

pigment exc re t ion  SOOR af te r  t o t a l  body i r r a d i a t i o n ,  in. 

d i c a t i n g  the presence of some degree of hemolytic r e a c t i o n o  

The data on Dog SQ-5 is  i l l u s t r a t e d  i n  Fig, 16, The opera- 

t i o n  performed on t h i s  animal was most success fu l  as ind ica ted  

by post-mortem examination 

B i l i r u b i n  excretion by the other two dogs rose t o  over  

50 xag per day in the few days after adminis t ra t ion  of 250 r 

t o t a l  body X ray. These  values were a t  least twice as high 

as the highest c o n t r o l  values  in these animals, 

4 0  5iscussion 

4,l The In Vitro Study o f  Radiation - Induced Hemolysis 
The i n  v i t r o  hemolytic effect  of both alpha rays (51 54) and -- 
X rays has been demonstrated repea ted ly  (55-59)e 

c e l l s  t h u s  irradiated were found t o  be swollen and to show 

In 

The red 

increased permeabi l i ty ,  e s p e c i a l l y  t o  c a t i o n s  (55,5610 

a l l  ins tances ,  however', t h e  dose of s e v e r a l  thousand r of 

r a d i a t i o n  roquired t o  produce this effect  was vastly greater 
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than any t he rapeu t i c  dose, Nevertheless,  t h i s  d i f f e rence  in 

dose of r a d i a t i o n  is not ,  p e r  se, evidence a g a i n s t  the  -- i n  vivo 

hemolytic a c t i o n  of t he rapeu t i c  doses of r a d i a t i o n ,  since 

these smaller doses may injure  the red c e l l a  in such a way 

t ha t  they are  more e a s i l y  phagocytized. 

it would be of i n t e r e s t  t o  i r r a d i a t e  with X ray por t ions  of . 

whole blood,  conta in ing  i s o t o p i c  carbon or nitrogen i n  the 

hemoglobin molecule, Ita fate, when i n j e c t e d  i n t o  experl- 

I n  t h i s  connection 

mental s u b j e c t s ,  might then be compared t o  t he  fa te  o f  non- 

i r rad ia ted  po r t ions  of the same blood. de Lire n o t  fwniliar 

with any studies of t h i s  t y p e ,  reported in the  l i t e r a t u r e ,  

4,2 - Other StlJdies on the  Manhattan P ro jec t  t h e t  Poin t  

t o  a Hemolytic Reaction -- i n  Radiat ion Anemia, Lorenz and 

co- worke rs at the Ek t iona l  Cancer I n s t i t u t e  have ad- 

minis tered daily small doses of gama rays t o  the whole body 

of guinea pigs, mice, and rabbits, and have s t u d i e d  t h e i r  

e f f e c t s  on the c i r s u l a t i n g  e ry th rocy te s ,  They believed t h a t  

the p rec ip i tous  d r o p  i n  red cell count t ha t  occurred during 

the last, few weeks of  l i f e  coclnd not  be acco1unted for by 

i n t e r n a l  bleeding o r /by  the assumption t ha t  e ry th ropo ies i s  

was even completely inh ib i t ed , ,  Some of  the animals i n  

t h i s  study were sslcrif'iced a t  i n t e r v a l s  a f t e r  s t a r t i n g  the 

i r r a d i a t i o n  t reatment ,  The bone marrow of these animals 

was r e p o r t e d  by Eschenbrenner t o  be either normal o r  hyper- 

p l a s t i c  Def in i t e  hypoplasia,  however, was found i n  

many animals i n  which treatment was continued u n t i l  they 

c :'9 1 



died  wi th  severe anemia, 

J,cobson, e t  al, have reported the occurrence of severe 

acute anemia i n  r a b b i t s  given acute ly  le thal  doses of t o t a l  

body x-ray 

an  impor t t i n t  f a c t m  i n  the rap id  development of these 

anemias. In these L1RiLI1EI13, as well AS i n  dogs given 

the bone marrow showed acute ly  lethal doses of ral;.iation 

marked d e s t r u c t i o n  of cellular slements ana general  aplasia, 

. k hemolytic component was assumed t o  be i6l) 

(62) 

In animals i n j e c t e d  with plutonium, Jacobson reported 

the f i n d i n g  o f  h$perplast ic  mrrow associated with chronic 

low doses, irJhile evidence of hypoplasie was found with 

larger  doses (63) 

4,3 I n t e r p r e t a t i o n  of Urobilinogen Excret ion Date, - 
Cer ta in  l i m i t a t i o n s  of urobilinogen exc re t ion  studies i n  the 

dogs hove already been enum$ratsd, These relate t o  t he  t i m e  

lag between blood d e s t r u c t i o n  and VrDbilinogen excretion, t o  

e poss ib l e  incomplete c m v e r s i o o  of b i l i r u b i n  t o  urobilinogen, 

t o  i r r e g u l a r i t y  i n  bowel hab i t s ,  and t o  i n a b i l i t y  t o  i d e a t i f y  

the na tu re  of the hemolytic process,  i o e o O  whether due  t o  in-  

t e r n a l  bleeding o r  t o  more usual mechanisms, Other l f a i t a t i o n s  

too ,  might be considered, 

e s p e c i a l l y ,  have described a diminution i n  urobilinogen ex- 

! 25) Heilmeyer '641 and Yllutson 

c r e t i o n  i n  cases of post hemorrhagic anemh. This might be 

considered e i ther  as a pigment spar ing  a c t i o n  o r  B n t h r o t t l i n g w  

of' blood d e s t r u c t i o n ,  Feca l  urobilinogen ercret l -on data, too,  

should be i n t e r p r e t e d  i n  terms of the amount of  c i r c u l a t i n g ,  



hemoglobin, Therefore, i n  a dog with severe anemia an 

apparently normal f e c a l  urobilinogen value may actually 

r ep resen t  a s  increase  i n  t h e  ra te  o f  blood destruction,  

with r e spec t  t o  the t o t a l  amount of  hemoglobin t h a t  the 

dog has, 

Prom the available d a t a  it is impossible t o  deter- 

mine the r e l a t % v e  magnitude of d e s t r u c t i o n  of mature 

c i r c u l a t i n g  c e l l s  as compared t o  t h a t  o f  immature cells 

wi th in  the  bone marrow. I n  pern ic ious  anemia, for ex. 

a m p l e ,  it has been suggested t h a t  th8 increased fecal  

urobi l inogen exc re t ion  may bs due to excessive i n t r a -  

marrow d e s t r u c t i o n  of young red blood c e l l s ,  It may be, 

t oo ,  that  such i s  the case i n  pat ients  with anemia due t o  

chronic radium poisoning, 

The e f f e d t  of acute i r r a d i a t i o n  might be i nves t iga t ed  

by first  g iv ing  i s o t o p i c  n i t r o f e n  f:)r a per iod of s e v e r a l  

days aud then, a f t e r  two t o  three months, i s o t o p i c  carbon, 

Shor t ly  thereafter e i ther  e x t a r n a l  o r  i n t e r n a l  radiation . 

would be adminis tered,  A t  t h i s  t i m e  the  N/C r a t i o  should 

be high i n  the older c i r c u l a t i n g  c e l l s ,  while the reverse 

shou ld  be the case in the bone marrow cells, By deter-. 

mining t h i s  r a t i o  sepa ra t e ly  ih the hemin of c i r c u l a t i n g  

c e l l s  and bone marrow c e l l s ,  and again i n  the exc;wted 

b i l i r u b i n  o r  u r o b i l i n  one mi@% a s c e r t a i n  t h e  r e l a t i v e  

degrees o f  d e s t r u c t i o n  of young versus old c e l l s ,  

4,4 I n h i b i t i o n  of Erythropoies i s ,  In the studies 

reported, here, there  is no dcubt t h a t  ery throcyte  regener- 



€it:, ~ $ 1 ,  ~ 1 5 ,  i n t e r f e t - ed  Jvith Otherwise, the g r e c t  regen- 

e re t ive  p h e r s  of the bone narrow would have been suffi.;.  

c i e n t  t o  maintaln more nearly acrmal hemoglobin and red 

count  le77el.3, even with ar. Incrctlsed rate of red cell 

d e s t r u c t i o n ,  It should 59 polxitocl out, however, t h a t  under 

some condi t ions  t n e  bone marraw responds even a f t e r  adminis- 

t r a t i o n  of r e i r t i v e l y  large doses of  r a d i a t i o n r  

{Figure 7 )  is i l l u s t , r a t i t e  in this regard, Folla;Nine the 

development of en acute  hemolytic anemia, due p o s s i b l y  t o  

serum adrnicistri i t ion,  the retlcclocyte va lue  r o s e  m a  the 

anemia i ingrmed d s s p i t e  ‘JW c3r”itinlled admiriistrotion oI0 

aog 55 

l i k e w i s e  ir were aolc to respm.t w i t h  an.>elevated retlculo- 

c y t e  couot ,  such a r e t i c ,u locy te  response, however, was not 

P o r t h c o d n g  i n  t h o s e  O G ~ S  pihich received an a c u t e l y  l e t h a l  

Zose 02 radiation, In Chis reg;rd it might  be no ted  that 

Jacobson,  et al, have shown ‘65B thar;  rabbi t s  i n  which 

erythropaiesis was s t i m L a t e d  by previous production of 

anemia due t o  phanylhydrdzine o r  bleeding a r e  o f t en  able 

t o  r e c o v s r  normally f r o m  tho ?.aemia despi te  administration 

of  nearly lethe1 doses o f  6: ray, 

F i c a l l y ,  i t  should bs em$izsizsd again that  the pre- 

senti d i scuss ion  does no t  afrr? 1.0 minimize the importance of  

the erythropoietic inhibition c&used by i x r n d i a t i o n ,  I t  

I s  inter;Aad, howeverj t o  lnclicate the necess i ty  for con- 

sideri3.g s t i l l  athsr mt3zha:;islns t o  account for b o t 2  acu te  
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and chronic radiat ion anemia, 
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Figure 7, 

aemoglo'oin Metabolism in a C o n t r o l  Dog (26)  
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Figure 9, 

The E f f e c t  an Henoglobin Metaboiissl of 300 r T o t a l  Body 

X Irradiation,, Bingle Dose (309 43)  
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Figure 10, 

The E f f a c t  on 3emoglobkn X e x i b o l i s m  of 209 r T o t a l  

Bodj X Irradiction, Single Dose (Dog 36) 
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Ff~ure 11; 
89 Tho E f f e c t  on Hemoglobir. Netabolism of 26,5 mc Sr 

Single Dose (bog 37) 
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Figure 12, 

The E f f e c e  on Herag iob in  MekBaSollsm of' 50 r T o t a l  

Body X IsrindiaGlDn G a i l y  (Dog 29) 
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Figure 14 

The Effect  on Hemoglobin Metabolism of 50 I Total  Body 

X ray Dally [Dog 30) 
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