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. 
I Htstorical Suz-Pey 

The first self-sustaining dmin-1.leactbg p i l e  became divergent on 2nd 
Dfccmber, j9+2 in Chicago. 
reactcrr, plans were nede for plutonium production and extraction and f o r  a 
"pi lot"  p h t  for production of plutonium t o  be b u i l t  a t  Clintoo i n  Temessw, 
This p i l e  s t a r t e d  operating on 4th Novuber, 1943. 

ente-rise mere unprecedented, a l l  reasonable precautions were taken; but  no 
sure means vrere a t  hand f o r  determining the adequacy of the precautions. It 
was essent ia l  to  sug?lec.ent previous knowledge as completely as  possible. For 
this purpose, an extensive programne of an- experimentation ;as carried out ..... Under the general d i rec t ion  of Dr. Stone these experiments r e r e  carried 
out a t  Chicago, Clinton and the Universi 
Dr. Cole an$ D r ,  Hmiltont'. (Smyth, l9L5 7 

nThe advent of p lu ton im h t o  the world brought a new problem. 
course, a t  the beginning of the Pro jec t ,  plutonium exis ted o r l y  i n  micro 
quan t i t i e s  and, therefore,  was no hazard. 
hundreds of ricrograms, and l a t e r  the Clinton p i l e  production rose t; S ~ T S ,  
the  possible hazard of t h i s  material  became a more ser ious probler,. I t  Y:ZS 

found t h a t  from the point  of view of ecute e f fec ts  it was j u s t  as  .kzsr2ous 
microgran f o r  micropan as radiun. 
daughter, l i k e  radon, the problem of protect icn becane one of protccting 
aga ins t  dusts and vapours" . (Stone, 1946) . 

Having demonstrated the feasibility of a nuclear 

(S@h, 1945). 

"Since both the sca le  and the var ie ty  of the radiat ion hazards i n  this 

of Cal i fornia  pr inc ipa l ly  k: 

Cf 

As the  cyclotron productizr. r o s e  t o  

Since it has no radioactlve Easecus 

I 

I1 1, Ornanisation of Research 

The Eealth Division of the Plutonium Projec t  vas ca l led  in to  e::ister,ce i n  
1942. The dut ies  of the Biological Research Section "were t o  rake  a 
co-ordimted study of the e f f e c t s  of alpha, beta ,  gama, and neutrcn r a p  on 
the  body, whether they cam from external  sources o r  followed the ir.zestim, 
inhalat ion,  o r  transcutamoua assimilat ion of f i s s i o n  products, p lu tonim,  and 
uraniumt1 , (stone,  I 946) , 

Stone cites the leaders  of the Biological  Section as, Cole, Pr3ss=r, 
Brues, Bloom and Barron a t  the University of Chicago; Curt ia ,  Zirkle  azd 
Henshaw a t  Clinton Laboratories; Hamilton st the University of Cal i forxia  
Radiation Laboratory; Lorenz a t  the National Cancer I n s t i t u t e ;  Tanqe?.haw. a t  
Michael Reeae Hospital i n  Chicago. 

2. Research RoRresa 

The progress of the work was recorded in repor t s  from the var iocs  ce3tres. 
The r e s u l t s  of the work on plutonium were b r i e f l y  aumr?arised by Ston2 ( 1F46) . 
"Plutonium was not ava i lab le  i n  the ea r ly  days of the p ro jec t ,  bu t  cii P . 4  

b a s i s  of its alpha a c t i v i t y  and long ha l f - l i fe  i t  vas e s t i m t e d  t k t  i'. w u l d  
be about one- f i f t ie th  a s  dangerous as radium, For acute  e f f ec t s  t h i s  :-.'.s keen 
shown t o  be wrong, and the f a c t  was detennined t h a t  one microgram of pl ' . : tCi~U 
was about as dangerous as one microgran of radium. 
discrepancy apparently l i e s  i n  the  d i f f e r e n t  d i s t r i b u t i o n  of the p l u t x i u ?  

The reason f o r  t h i s  
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within the h i e .  
projec t ,  but  ;.;as r.ct new t o  the project ,  has been very successful i n  the 
demonstration of these orfan d is t r i ju t ions .  It has a l s o  been f0w.d t k t  
plutoniun locates  i n  the l i v e r  and may cause severe l i v e r  darrage. 
periods of time plutonium ha3 been shown to  cause atrophy of the 'ooze a. i kone 
SarcoLPas. The to le rame arrmnt, o r  mximUn yennissiSle dose, i n  the h--:.; Pes 
been estirmted to  be one nicro,rl.a.n. Since once the material is 10cs';i;Z '11 the 
body i t  rerains  there,  this 107 tolerance amount becones exbeze ly  mr ;.~,t". 
(Stone, 1946). 

The radioautogra?hic tecbmique xnlc:? has been deveio?ed ~2 the 

Cver lcng 

I11 Absomtion 

1. Effect  of v a i e x v  on absomtion 

Plutonium was feud t o  have four  valence s t a t e s  - +2, +3, +4 azd + ,. The 
valence state cf the plutonium grea t ly  affected the amount of plutcni.,.. 
absorbed by the  body from the s i t e  of  administration, excluding intra*ic;nJsz 
injection. (Kisielski  and ',700-* 1948) . Results obtained by ?mjlt 
indicated that a solut ion of P u O  '"was most readi ly  absorbed, w i t h  P:1+3 zi 
P u + ~  fo1lmh.g  i n  tha t  order: t i e  order of a b s o q t i o n  w a s  more o r  l e s s  
i ndqe rden t  of the nethod of a b i n i s t r a t i o n ,  
r e l a t e d  t o  the s o l u b i l i t y  of the plutonium conpound fom,ed by hyclrolysis zt t i e  
pH of the t i s sue  fluids o r  absorbing surfaces. However, regardless of t i e  
valence s ta te  of plutonium Pu+3, Pu+k and Pu%+~,  and regardless of t h e  route 
of ada in is t ra t ion  (subcutaneous, i n t r a m u s c d e ,  intrapuI.momry, i n t r avesws  
in jec t ion)  , body de?osition was essen t i a l ly  the same wner. comectic? w s  Fade 
for the  =aunt of ma';erial remining  u#bsorZed a t  the s i t e  of aLdr!s"crstion. 
The only exception mas t h e  re tent ion of plutonium by the l i v e r  folloivirz 
intravenous and intramuscular injection. 
cent a d  29 per  cent re ten t ion  of lutonium i n  the l i v e r  f o u r  days a f t e r  
intravenous inject ion of Pu+3, d and fio2+2 respectively; 5.5 per ce:it, 
3.5 per  cent a m  14 per  cent a f t e r  ixtrarrmscular administration. 

The r a t e  of a b s o q t i m  tvtr3 

, 

-ton found 38 per  cent, 73 per 

There was no apparent significant difference i n  the excretion of 
plutonium i n  the three valence states. 

2. Concentration of plutonium i n  plasm 

239 I n  recent work (Stover, Atherton and Keller 1959) the metabolism of Pu 
i n  adu l t  beagle dogs a f t e r  a s ingle  intravenous in jec t ion  of Pu. IV i n  c i t r a t e  
buffer of pH 3.5, has been studied over a period of four years. The concen- 
t r a t i o n  i n  p l a s m  was measured f r o m  one minute t o  L5 years after in jec t ion ,  
Between one minute and ten hours, the concentration f e l l  t o  about one half  of 
t he  ini t ia l  value. From then until 3 weeks l a t e r ,  the decrease in concen- 
t r a t i o n  was by a f ac to r  of 200. The decrease was then slower, and a t  four 
years t he  value was  one-fourth of that a t  three weeks. 

Ear ly  work reported the binding of plutonium by the blood pro te ins  and 
this w a s  conf'irmed. 
wa8 found t o  be sbonger  than the plutonium pro te in  complex (or complexes). 
"The slow removal of plutonium from blood during the f i r s t  day undoubtedly 
r e s u l t s  from the pro te in  binding of t h e  glutonium, 
competing with the blood pro te ins  was ant ic ipa ted  fram i n  Vivo studies i n  

I n  sera dialysis studies, the plutonium citrate complex 

The success of c i t ra te  i n  
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I 

which c i t r a t e  increased early p lu ton im excretionw. 
Keller , 1959). 

(Stover, Atherton and 

Since the metabolism of plutonium following i n  cular inject ion was 
the s m e  a f t e r  the administration as Pu+3, Pu+k ana% Hamilton considered 
that plutonium is converted by the body t o  one valence state  regardless of the 
valence when administered and the evidence indicated that plutonium i n  the 
body is tetravalent. 

3. Absorption and retent ion a f t e r  inhalation and innestion 

Absorption and retent ion from the  lungs was found t o  vary according t o  
particle s i ze  and so lub i l i t y  of the compaund. Abaorption from the gastr01 
In t e s t ina l  t r a c t  I s  not significant: 
of plutonium a t  very l w  concentratioxu (range OP W 5  p & / d b )  on average, 
t he  percenhge absorbed of the smount fed wan O.OO28 par cent (Utt, Kornberg 
and Parker 1955). With a aingle large dose of plufonirrm glvsa ora l ly  to pigs, 
the t o t a l  abaorptlon was not significantly difYerent from the m r u l t a  obtained 
i n  continuous feeding experiments with r a t a  (Week8 e t  al 1956) and 
average, 0.0022 per cent of the amount f e d  

&zagham (1956) has calculated retent ion i r o n  excretion d p e 6  i n  
hrmrrm after inject ion:  this is 96.7 per cent a t  22 days after inject ion and 
90.7 per cent a t  4 yearr, 

p e r  cent re ten t ion  a t  comparable time 
For t-8 greater  t h n  3 week8 n f t e r  Injection, the per coat re tent ion 
& d a t e d  from excretion measurement rrar 

( WRmiton, 1947) b 

in feeding experiments using nolutiona 

on 

In adult beagle dogrr, Stover e t  al (1 959) found 87.9 par cent and 71.5 
In tomala  after intnvanou injection. 

B = 90.0 - 0 . 4 s t ~ . 5 ~ 5  (t in  &ya) 
oi the 16 per oent excreted between 22 &ya md 4 yearn, 6 per cent wan 
oomidersd t o  cam fmm the l i v e r  urd &out 10 per Gent from the skeleton. 

4. Subcutmecu md i n t r a m a c u l u  InAectioa 

There war caaridezmble retention 4 t  the a l to  of in jec t ion  urd both lo& 
4nd dirtal effectr w r e  aeon. 
rise s o t  only t o  a local fibrosarcomr but t o  d l a h l  born rarco~mtsr  
r l t h  ILL osteogerric 8arc~1p.  of the aplne produced by phtonitrm deposition from 
subout8neow inJection w u  reported i n  a rat. (Llrco 1947). 

The auboutanooua injeofion of one microgram &a* 
death 

V l t h  infrrmurarlrr inJectionr, local . p i l a t ion ,  trlceration, necrosin of 
narsala ud rponfrabour .mputrtion occurr& 

1. Acute ef fecb  

The w l i e a t  atudier wm concamad rith acutely lethal doses with 
aurrLval times ranghg from I t o  30 or  40 dap. The affect8 were those of 
r a t e  m a t i o n :  lmexwmhges, ora l  ulcerat ion md ordam were noted. A t  

- 3 -  LANL 



a lower dosage leve l ,  the a.?inals showed marked a ? e n i a ,  iAae=norr:la;;e, l i v e r  
disease,  a sc i t e s  asld eraciation. 
the first six n0nt.b since p1utzni-m i n i t i a l l y  de7osits i n  t:e l iver .  
tur2our3 and c i r rhos is  were observed and pathological exadnzt ion sho-:fed atrsohy 
an2 degen5rative changes i n  the parerichpal ce l l s ,  
masarcz. and jaundice. 

Death f r o =  hspstic disease L- abserved dcring 
3 e n i p  

Cl in ica l ly  there vias asc i tes ,  

Other e f fec ts  seen were greying of hair and bone tuizours, C e ? x S s i m  of 
the  varlcus fcrned elezezts  of the blood persisted.  It was rat an umcr=;,cn 
finding f c r  ~ n L r a 1 s  t o  die  YcitL a? l a s t i c  a-xeFia. 

2. L s t e  effects. Chronic t c x i c i t y  

The nost s t r ik ing  l a t e  effects arose froin i r r ad ia t ion  of bcze. 5 9  

indices  f o r  s s t i m t i n g  c>zcr.ic tox ic i t J  Tere W e n  as bone tunes? f c r z - i o n ,  
f rac tures ,  rad io logica l  evidence of bone disease Lqd shorteni-q of l i f e .  

Deprcssicn of the various f o z x d  e lmen t s  of the blood gers i s ted  f o r  well 
over  a year fr;n Tlutoni-m injection. 
r e s 2  t cf ; lu tcn im a d ~ n i s t r a t i c n .  

Aplastic -emia was a coxon ter-dr!! 

In jec t ion  of p lu tsn iu i  in to  f e sa l e  mice decreased the number cf l i t t e r s  
proexej .  axd izcreased t t e  nu5Der of s t i l l b o r n  i n  each l i t t e r .  

V. Or,vax d e x s i  t i o n  

The d i s t r ibu t io3  of plutaniun i n  the various organs and t i s sues  y e s  
detemined by a nuriber of eqerberiC1; on rats and mice, a few on r a b X t s  arxi 
dog3 and t ~ o  with hmsm subjects, 

Bone aRd several  organs including l i v e r ,  kidney, saleen and l : , ~ h  r.oZes 
The plutonium content cf ne-ne, 
Bloom (1948) however, r q o r t e d  that 

mere the grixlcipal s i t e s  of deposition, 
nuscle and regroeuctive t i s sue  mas low. 
mice ovaries showed extreme danage after intravenous i n j ec t ion  of 0.03 pc. per 
gram of F l U t O n i u m .  

The d i s t r ibu t ion  in the humn subjects  was, i n  general, the same as i n  
t he  anirral studies. 

V I .  Bone s tudies  

The biological  half- l i fe  i n  the rat skeleton was reported as 1 t o  3 
years (Hanilton e t  al 1948) (Copp, Axelrod and Hamilton 1947). 

A m c h  longer biological  ha l f - l i f e  i n  bone was found when quadrivalent 
plutonium was administered intravenously as c i t r a t e  ( C a r r i t t  e t  al, l g k f ) ;  
b u t  more recent  work (Kawin and Dockml, 1958) gives a biological  half-time of 
40 t o  50 weeks. 

I 
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I Dezosition 

I n  all the animal studies  more than half of the ahorbed  dose was retained 
i n  bone, regardless of valence o r  mode of administration. 
higher values were found i n  the lumbar and thoracic spine, average values in 
t h e  femur, lo:;.er values i n  ribs, skull  and jaw bone. There was a ccnsistent 
s ign i f i can t ly  lower value f s r  :he radius t.hn f o r  the t ib ia .  The percentage 
d i s t r ibu t ion  was s-,ine 62, pelvis ,  15, long bones 8, jav and ribs 7.5. 

I n  the skeletcn, 

I n  d c e  a?d r a t s ,  boce tumours usually appeared i n  the a x i a l  s!teleton: 
vertebrae,  Feivis, javi ar.d scapulae. I n  dogsptumours were i n  the mxilla, 
spine and slmll, 

Radioautographs shared that i n  r a t s ,  most of the plu tonim ;as te2osited 
in the periosteuq, endosteum and in the region of the trabecular box?. 
(Hamilton 1946). 
which contain much trabecular bone - tog. t h  sternum. 
Stover (1958) found the concentration in the  skeleton of dogs greatest  r.em 
the  pro- ecd of the hurerus rrhere nost of the trabecular bcne is located 
and lox-est i n  the shaft which is composed of cor t ica l  bone, The deposi t ioz,  
as i n  rats, v a s  on endosteal and periosteal  surfaces and about v a s e u h r  
channels i n  bone, 
and the  “ho t t e s t  surface“ was f o r t y  times the avcrclge dose to a c e l l  10 t~ in 
diameter. 

I n  beagle dogs, concentration was highest i n  those bones 
Atherton, Xays ard. 

There was considerable var ia t ion  i n  this surface e e o s i t i o n  

Early work i n  r a t s  seened t o  show that plutonium .vias ac t ive ly  l a i d  dcm 
i n  the uncalcified organic osteoid m t r i x  of bone a??d not i n  the bone salk 
(Copp and Earnilton 1947) but  recent  work(Jee e t  al,1948) h s  f e i l e d  t o  c o r f k m  
t h i s  finding. 
bone s w a c e s ;  
deposited on the underlylng ca lc i f i ed  bone surfaces - and it  was a l s o  f a m d  i n  
osteoclasts  ar.d macrophages. 

I n  n o d  r a t s ,  plutoniwnlocal ized se lec t ive ly  on ca lc i f ied  
whils t  i n  r a c h i t i c  r a t s ,  it penetrated the osteoid l e y e r  and 

2. Bone Lesions 

Bone tumours occurred a f t e r  200 days i n  mice, rats, and rab’sits with 
doses ranging from l-5 t o  0.05 micrograms/gram. The majority occurred i n  
the spine producuy hind leg paralysis and urinzry re ten t ion  a s  the first 
c l in i ca l  symptom Lisco, Finkel and Brues 1947). 

O f  f i v e  baglea given 5 pc./kg. and sunriving over 590 days, a l l  
8 h m d  bone pathology and the  three last sumdvo~a died with t u m u r s  of 
the mrJdllrr, rpine .nd skull a t  850, 1200 and 1220 days respectively. 
One beagle giwn 0.6 pc. per kilogram died a t  1510 days with a tunour of 
the  &JL 

I n  6 rarier of experiments with female mfce fn the dame laboratory, 
p l u t o d m  W88 given 6 Of d O V e n  do8088 the -08t 40.6 pC./k& 
and the l m s t  s t  0.04 pc./kg. A l l  the vlkaals that received 40.6 and 
26.5 pc. per kilogram were de6d before 100 drp. NOM h d  tumours. 

- 5 -  
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I n  the  6.1 
occzrred by 4GO b y s .  

3.1 pc./kg. g r a u p ,  a large number of tumctug had 

L? ~e 0.6 ard  2.34 pc.1:-g. g r o u g ,  one anir?dl in eact gmup 

ihe  f i r s t  t i . i ~ o * z  t o  azpear i n  thc e n t i r e  s e r i e s  was i n  an an* th t  

“The auto?sy b t a  s!-,med t,ht t k e  t,aours in the 601 pc./k&. group 

develope6 a t u n s i i r  as e>-rly as 250 days. 

b d  r5ccived 6.1 pc./ly. - t h i s  v a s  a t  19C days. 

were of pr im?--  i q o r k n c e  i n  contributing t o  nortal i t f .  
a-ls t h t  survived the l a t e n t  period there were 11 tumour-bcarin&: 
a l l  tne last 7 erirnals bad tunours. 

n 

Of tke 17 

There was an aptarent  i d b i t i c n  of tunour formation a t  the higher 
dose rate of 15.6 pc./kg. 
o n l y  2 were tuzourclearing ar.d none of the l a s t  Lr a n i d s  k d  tmours .  

ap-,roxiw.te retai?led dose ras 0.027 pc./kg. f o r  bcne tunours t o  sT2ear 
and with average ske le ta l  doses of 500 t c  740G rads. 
Buster, Keller  aiia Eo1 t 1358) 
cc.qeres x i t h  a dosage i n  = d i m  injected dogs over the range 5,600 t o  

Of 13 aiil..i?als ti:at survived the l e t e n t  period 

I n  the Utzh studies with ?lutonium Fnjected 5eagle dogs, ti:e 1s;lest 

(Stover, Xthcrtcn, 
(S  tovcr, hther ton and Keller  1959) T h i s  

15,000 rads. I 

2.2 Fr3ctuwes 

I n  rats, rabbi l s  and dogs, the e a r l i e s t  bone f rac tures  were seen 
bet-::een 120 and 160 days s f t e r  inject ion of dcses of 60, 24 and 16 pc. 
per  kilogram a:d bet;7een 280 ard 350 days a f t e r  a dose of 8 pc. per 
kilogran. 

(Christenson e t  al 1957) a t  average doses of about 140 rads, 
of spine, r i b s ,  flat bones and loss of t e e t h  occurred a t  apFroxirmte 
retained dose l e v e l s  of 2.5 and 0.81 pc./kg. 
of spontaneous fractures  occurred i n  the r ibs ,  
usually i n  the dorsal  spine of thoracic vertebrae. 

I n  beagle dogs t h e  earliest bin in id  changes were seen in the j a w  
Fractures 

By far the  largest number 
Vertebral f r ac tu res  were 

3. H i s t m a t h o l o a i d  Stuclies 

I n  rat, mouse and dog studies ,  a comparatively ear ly  overgrowth of bone 
was noted. 
primary spongiosa. 
end of the t i b i a  appeared between 100 and 200 days (Bloom 194.8) with  a 
threshold dose of 3 pc./kg. i n  mice and 6.-lZ pc./kg i n  rats. I n  young r a t s ,  
there  was an i n i t i a l  cessation of growth, a f t e r  which bone growth was resumed 
a t  a dosage of 30 pC./kg. 
spontaneous f rac tures  which occurred i n  r a t e ,  r abb i t s  and dogs. 

I n  plutonium treated mice, t h e  overgrowth appeared f irst  i n  the 
Osteosclerosis of the d i s t a l  end of the  femur and proximal 

The disturbance of bone growth was mtnifested as 

LANL 



I n  the Utah e-er-nts on beagles, histopathological 5one studies of 
animals reaching a u t q s y  wi th  a chronic retained buraer. of 2.5 pc. Pdkg .  
bone showed an i n i t i a l  disturbance of norual bone growth. The continuous 
e f f e c t  of the bone burden w a s  seen as a distur tance i n  no311181 bone renewal o r  
reconstruction and t h e  l a t e  e f f ec t  by the production of osteogenic sarccm. 
The resoonse of endosteal and neighbouring rrarrc.v ce l l s  was shown by ace l lu la r  
matTow cavi t ies ,  per i t rabecular  f ib ros is ,  endosteel surface f ib ros i s  or end+ 
steal bone growth. The Cisturbznce i n  bone &rov!th was shovrn by the s ~ c a l l e d  
"hot  l ine"  i n  ribs - r i b  end demarcation -, "hot l ine"  f ractures  or rnsaic  
bone. I n  c o r t i c a l  bone, excessive resorption cavi t ies  were noted. FBversian 
systerrw were abnomal and there were a nu-nber of hypocalcified systems a t  sll 
dosages used [atproxinate re ta ined dosages of 2.5, 0.81, 0.27, O.Oe6, and 
O . O l l 3  pc./kg.] bu t  most frequently i n  a n i m l s  which had carried a plutonium 
burden f o r  long times. A t  the higher dosage l sve l s ,  there were h;rpercalcified 
Haversian systems. Another chmye notsd was osteocytes death. T k u  :..> 
continuous e f f e c t  was w e n  i n  the excessive nuniocr of resorption cavi t ies  

'produced, in i b n o m l  Haversian systems an& eroded per iosteal  rurfaces with 
f i b r o s i r  and f r ac tu res  (Jee, Arnold and Cochmn, 1958). 

The e a r l y  tunour was characteriscd as a focal  l e s ion  with ac t ive  Son2 
re rorp t ion  with the i r  ,pacas f i l l e d  wi th  highly c e l i u l a r  cella.  (Joe,  Arnold 
e t  sl. 1958). Lisco, 1956, considered that, i n  ra ts  receiving smll .lases o f  
plutonium, I t  :as l i k e l y  t h a t  the bone tunour arose from cells of o l d  p d -  
t rabecular  f i b r o s i s  tissue. 
@cygestion from t h e i r  work with beagles given a lpha-edt t ing  bone-seeking 
nuclides. 

Joe , Arnold and Cochrsn (1 957) supported t n i s  

Comarotive tox ic i ty  of s l u t o n i m  t o  radim f o r  bone tmour  for::Ltion' 

Bruer found t h e  boot rvailable r a t i o s  of p l u t o n i w  t o  rrdiu  i n  t e r m  of 
In jec ted  pc./kg, f o r  bone tumour formation i n  rat8 and mice was 15 and i n  
rabbi t s  8. For bone f rac tures  i n  rats and r abb i t s  the r a t i o  was 10. 

I n  comparative s tud ies  of t ox ic i ty  with plutonium, radium, radiothorium 
and mesothoriun i n  beagle dogs; Jee, Arnold and cwworkers (1958) founl 
comparable carcinogenic doses to be 0.27 pc./kg, plutonium, 0.81 Fc./kg. 
radium, 0,%6 pc./kg. radiothorium and 0,27 po./kg. m r o t h o r i w  w i t h  0.0307 
p c./kg. r ad io  thoriurn, 

5. Correlat ion of oatholoKica1 bone changes with dosage 

Attengts to  cor re la te  hietologicdl  and pathological changes i n  bone with 
dosage are fraught with d i f f icu l ty .  
uaing r e r u i t s  from the extensive dog s tudies  conducted inUtah. 
metabolic s tud ies  i n  dogs have covered a period of A+ years from the  t i ne  of 
i n a c t i o n .  
plutonium in a c i t ra te  buffer  so lu t ion  of 2 - & pc,/dog. 

The most recent  attempt ha8 been rmde 
These 

The dogs were given a s ing le  intravenous in j ec t io3  of tetravaletl t  

Careful measurements of t h e  d i s t r ibu t ion  i n  bone have been =de. 
Differences i n  re ten t ion  i n  whole skeleton, individual bones and i n  local ized 
areas i n  bone have been found. 
from dog t o  dog m a  fa r  g rea t e r  for plutonium t h n  f o r  radium. 
standard deviation f o r  va r i a t ion  of individual values f o r  all bones was 35 
pe r  cent  f o r  plutonium and 14 per  cent  f o r  radium, 

The var ia t ion  i n  values for the same bone 
The average 

The endosteal surface 
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. 
concentrated Icore alutonium than the per iosteal ;  there was grea ter  deposition i n  
the  metaFhysea1 than i n  the epiphyseal trabeculae and apparent individual 
6ifferences i n  plutoniun re ten t ion  i n  long bones such a s  fenur. 
surface of the mandible contained about twice tne a c t i v i t y  of other per iosteal  
surfaces. The endosteal surfaces of other bones contained from two t o  four 
times more a c t i v i t y  than the  ver tebral  per iosteal  surface. The surface with 
the  grea tes t  concentration was -ssociated with t h e  odontoblastic layer  i n  the 
pulp cavi ty  of the tee th  and had about f i v e  times more than the endosteal. 
surfaces or  ten times more than the per ios tea l  surfaces. 

The per iosteal  

f n  afiimdls which survived a long t h e  a f t e r  inject ion,  there was a diffuse 
d is t r ibu t ion  i n  p a r t s  of the skeleton as well as  the  i n i t i a l  surface deposition. 

Microscopic examinations of autoradiograph3 of bone Show that there i s  a 
g rea t  differecce i n  concentration between adjacent areas  of any one bono Md 
bone changes, i t  is suggested, may be re la ted  t o  the l o c a l  concentration 
(Twente, Arnold e t  al ,  1958). 

production of bone les ions and tunours: 
producing bme lesions,  but the product im of endosteal bone growth a n i  nosaic 
bone i n  trabecular bone had an equal o r  g rea te r  e f f ec t  a t  this l e v e l  a s  
cozpared with 2.5 pc. level.  

The retained dose l eve l  of 2.5 pc./kg. w a s  very e f fec t ive  i n  the 
0.81 pc./kg. was less  ef fec t ive  i n  

A t  the 0.27 pc./kg. l eve l ,  the f ibroses  were r e s t r i c t e d  to  a fc:i local ized 
a reas  - a few trabeculae i n  the r i b s ,  the netaphyses of long bones and the 
mandible showed pe r i  trabecular f i b ros i s ,  eroded endosteal surfaces  with f i b r o s i s  
and mosaic bone. 

One dog a t  the 0.01L3 pc./kg. l e v e l  surviving 1539 days a f t e r  in jec t ion  
had a norm1 skeleton except f o r  an increased number o f  r e s o q t i o n  cav i t i e s  i n  
c o r t i c a l  5or?e and l o s s  of nine t e e t h  (Jee,  Arnold, M i d ,  Bird, Frendenberger 
and Lowe, 1958). 
beagle dogs a t  average doses of about 140 rads (Stme 1959). 

The e a r l i e s t  minimal changes were seen i n  the jax i n  t k  

Hypercalcification of Haversian ayste-ls was general ly  r e s t r i c t e d  t o  higher 
dose levels.  
and most frequently observed in animals which car r ied  a burden f o r  long times. 

Hypocalcified Haversian systems were widespread a t  a l l  dosages 

VII. Retention and Pathological e f f ec t s  i n  o ther  organs 

Liver  7. - 
I n  the early work in the wartime Plutonium pro jec t ,  the Chicago group 

used higher dosages and l a i d  more strees on the tox ic  effects than did the 
Berkeley group It was probably as a result of this that some differences,  
such as the r e l a t ive  importance of l i v e r  e f fec ts ,  appeared. 

observed differences i n  survival and lifbshortening effect in internally 
depoaited rad iof8obpes  in laboratory a n h d s  and considers that the  marked 
t o x i c i t y  of #39 i s  probably due t o  l i v e r  damage. 

Finkel (1958) has noted that there is no simple explanation for the  

I n  p l o t t i n g  the  l e t h a l  
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response a f t e r  the a b i n i s t r z t i x ~  of several radioisotcpes re lz t ive  t o  tke 
response a f te r  the ada in is t ra t i2n  of radium, the effectivezess cf ~I*J:C~UXZ 
i n  decreasing l i f e  s2an "pr&'=a':lj' r e f l ec t s  30th l i v e r  d m E e  an:', z scre 
rap id ly  increasing integrated dose v d t : ?  t i n e  after in jec t ion  'c2cac;c cr" 
greater  r e  tention" . 

1.1 DeDositicn i n  l i v z r  

An- eqsr lmenta t lon  has skmm the large p r q o r t i o n  cf ir.jecSed 
plutonium coileeted in i i ; i s l ly  i n  tne l i v e r  - when givar, I r . t x v e x u t l ; . ,  as 
plutonic  (+4) n i t r z t e  as zuch as 70 per cezt  mas deFosited, 'cut f r c n  
i n t r a m s c u l s r  and i z t r a g l m n a r y  adzznis t ra t ion only s m l l  &!aunts cf I& 
p e r  cent or l e s s  were eccamla ted  i n  the  l iver .  
+6 velency s t a t e s ,  oAy  about 30 t o  40 per  cent zas Ze7osited z l t e r  
intravenous injection. 

Hoy:ever, i n  tke + 3  and 

I n  rats,  2 per  cent t o  5 per  cent of the in jec ted  dose zas f0u.d i n  
the l iver a t  I O  days; a t  7 days the  spec i f ic  a c t i v i t y  i n s  0.2 pg./g. i n  
l i v e r  as coqared  with 0.5 yg,/g. i n  bone (Kisielski  and Voodxuff 1948). 

Schubert (1952) gave l i v e r  deposition i n  rats as percentzsc 03 
in jec ted  dose as 33 per  cent  a t  I day, 17.5 per cent a t  3 days zr.5 15 
per  cent a t  10 days. Other reports  quoted 20 t o  40 per cent as t k e  
i n i t i a l  i i v e r  de?osit. 

I n  a s , d l  rimer ( 3 )  of miniature pigs (Clarke e t  al 1956) given 
30 microcuries Pu in t ra t rachca l ly ,  the average organ h-den  per grstt, 
e q r s s s e d  as per cent  of adzznistered dose, gave l i v e r  as the m $ o r  
organ of concentration - follovied by f l a t  bone and kidney - i n  ff:o ?igs,  
s ac r i f i ced  02 the 25th day. 
i n j ec t ion  shcxed the highest  concentration i n  bone followed by l iver .  

P ig  d e r  1 sacr i f iced  a t  12 days 2os t  

Stover, Atherton and Kel ler  (1959) usi:ig bezgle I n  the Utah s tudies  
dogs showed that the most s ign i f i can t  difference found between the 
metabolism i n  the r a t  and i n  the dog was in the  liver deposition. 
Althou&h the inltial deposit ion was simibr, the rate of removal 'rds 
slmer i n  the doe s tudies  and the l iver  deposition pers i s ted  over long 
per iods of tine. Most of the l i v e r  values f e l l  between 30 and 15 per  
cent  of the  in jec ted  dose. The dogs in one category were in jec ted  for 
s s e c i a l  s tud ies  and sacr i f iced  a t  times ranging from one day t o  2.5 ys cs 
a f t e r  injection. 
studies. 
s l i g h t  decrease w i t h  time and considerable scatter. 

The other category vas of dogs kept f o r  l i f e t i n e  
The  l i v e r  results showed incomplete deposit ion a t  one day, a 

1.2 Dosane t o  l i v e r  

Equations to descr ibe the decrease in  both amount and concentration 
were 

where L is dose/liver, 1 i s  :'o dose/&, and t is  days. 
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cr( rhe average 2.ose r z t e  t o  l i v e r  f.zr a k g  iniezted with A n i c r o c u r l s  
was calculated:- 

- d 
d t  

DL = 0.25 to '*& A rads/day. 

as coqa red  r i t h  a Cose r a t e  t o  bo3e:- 

- d DB = 0.21 to O*OL A rzds/Cay. 
i t  

The cu~; le t ive  dcses f a r  t -bes grea ter  t k z  IC0 &ys were ?lotted,  
znd the doses t o  l i v e r  en5 t o  bcne of 21xtoziun iniected dogs -:;eye 
e sen t i z l ly  the SL..~. Zccever, skele+b1 2cAge -;:as the n o r e  mrkd 
effect. The zuthors ccmi2or  th t  "this f i r d h z  izccates that the 
a s s l e t i o n  Gf uzifcm d i s t r ibu t i cn  i s  :.are \Tilid f o r  l i - e r  t.kzr, f o r  'ccze, 
which is i n  a,greez.zr?t ~ ~ 5 t h  radioautoeraphic f I,-.dincs". 1 

- -  
c c u 3  b? + ~ e  t o  t h . ~  d q o s l t i c n  cf 2 i f f e ren t  c o ~ o . . x d s  f s r r i cd  i n  the 
blocd. 
associzted .I.rith the 7iasz-3 rc?ti;er tkan -;,5th the  cel ls .  Pre l in inary  

Blosd stEdies o f  Tlctoniun inzected rabbits showed tke Pu t o  be 

eGeri-,ez,ts on dialysis acd e lec t rc?hor t t ic  s txd ics  were Siscontinucd 
a E e r e n t l y  on accomt  of d i f f i c u l t y  i n  findinE an accegtaSle buffer. 

The mck-.is,x involve2 docs not a;>ear t o  3e a si-le prec ip i t a t ion  
s ince  Tlutoniun aSsor5ed a f t e r  i n t w s c u l a r ,  in t raper i tonea l  and 
in t r a t r achea l  administration follows the sa-& course s o  that the 
c o l l e c t i m  of glutoniur?. by the l i v e r  is not a f ind icg  confir.e9 only t o  
i n t r avemus  administration. 
var ied  initial d tpos i t i om,  conversion points  and r e n o d  time. The 
s i z e  of the dose does not have an  overriding effect .  Ltoreovcr, the 
deposi t ion i n  the spleen ard r emva l  from i t  is not  simi lar  t o  that in 
l i ve r .  
mechanisn, 

The data presents a range w i t h  widely 

I t  ap3cars that there a r e  unknown var iables  which influence the 

Radioautogra2hic s tud ies  have shorn that the plutonium deposi ts  
bo th  i n  the ret iculo-endothel ia l  system aqd i n  the  parenchymal c e l l s  of 
the l iver ( Jee  c i t e d  by S t o v e r  e t  al 1959). 
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2. Lunrs 

2.1 Retenti03 

7 

Lung retent ion mas found t o  be variable: ohysical proberties such 
as ? a r t i c l e  s ize ,  s c l d c i l i t y  of the adninistered coqound i n  m t e r ,  ct?d 
valence stai;es z l te red  the d e y e e  of uptake. 
f o u d  t o  i x r e z s e  a b s o q t i o n  of PuL e . d  PuOp frcm tne lung (Ler,gbm 1947). 
Sco% ar.6 co-aorkers (1949) fa&?& tk t  the inhalation of 2lutoniua i n  the 
f c r a  of flr.elj. sils-,endod pz r t i c l e s  of i ts  ve te r  soluble sa l t s  resulted i n  
corsiders5le ara Drclonged y b o n a r y  deDosition and r e t e3 t i cn  - p e a t e s t  
f o r  Pu+k t t e n  ?u+3 and lees t f o r  PW6. Bollo-aing intrepulzcrzry ackiri- 
s t r a t i o n ,  glutclriitlr.: YES decosited i n  the a lveol i  zn6 alveolzr  2 . x t s :  i n  
these F a r t i c d a r  circcrstances,  there vas no s igni f icant  de?xizi:?- In 
blcod vessels,  t : r a x 5 i z l  t r e e  o r  l y q h  nodes. Xmil ton ( 1 9 U )  zoted  2 2 5  
the  slutoniu.. rcs :.iidel;r sca t te red  throtgh the  alveolar s t r u c a r e  i n  
myriads of -erczs of dia.r.eter le ss than f i f t y  micrcrs. There -:!ere 
s i p i f i c a z t  differences according t o  valency: f o r  P U + ~  95 p e r  ce3t :'rzs 
re ta ined  by luys  up t o  the 16th d y ,  f o r  Fu+3 and Pu+6 the ;ercentiles 
mere 50 z-2 32 res7eztively. Abraris ar.d co-wcrkers (lg&)/ fclmd r e t z -  
tims f o r  ?u+4 ?$*rate, P h c i t r a t e ,  Pu+6 n i t r a t e  Lqd Pu+o c i t r a t e  zf 2, 
13.6, 33 ar.d 12.6 per  cent resgect ively a t  15 days vrith corresgcrdir; 
pulxonary b l f - l i v e s  of 12, 0.7, 1.8 ar,d 0.7 days respectively. .:;l--?- an 
insoluble  Pu02 sroke, the pulnonzry h l f - l i f e  mas about 30 dags. The 
p a r t i c l e  s i ze  vas Rot given but was Drcbably in the ranGe of 0.1 t o  C.5 
micron by erelogy mith other similar vork i n  C a l i f o r n i a .  

i n  the reter.tion cf s lutoniun aerosols i n  the lungs = par t icu la tes  cf on? 
rrdcron i n  s i z e  o r  l e s s  genetrated t o  the alveoli .  

I n  rats,  c i t r a t e  ion was 

Scot t  azd Xayilton (19L9) s t ressed  the imor tance  of p a r t i c l e  s i z e '  

7rm. a lveolar  <e?osition, p a r t  vas eliminated by the blood ~ , 5 5 h  
l a t ex  s k e l e + d  Ceposition. 

2.2 :;eta5 ol isn 

The me'abolisn of p lu ton im o d d e  a f t e r  lung exposure i.l d c p  h s  
r ecen t ly  been invest igated (Bair 1958). Prelimlnary results during t h e  
per iod  2 t o  L6 days af ter  in t ra t rachea l  a h h i s t r a t i o n  have been Ei-;em --P 
"of t he  s d l l  per  cent of administered plutonium a?pearing after 10 &;.s 
i n  t i s s u e s  other  than the lung, the pulmonary lymph no&es, ovaries ar.d 
bones shovred r e l a t i v e l y  high concentrations. 
lung burden and the blood and urine content could be derived frcrn t%e 
data". 
af te r  pulnonary administration. 

No relat ionship betveez the 

The d i s t r ibu t ion  i n  the t i s sues  of two dogs VAS evaluated 10 days 

Excretion 

The excretion was mainly i n  the faeces - i n  10 days i n  three out of 
four dogs - this varied from 40 t o  75 per cent. 
t he re  was a mrkedly  d i f f e ren t  excret ion pa t t e rn  and one pg./day ? 315 
pg. ~ ~ 2 3 9 0  administered) was excreted in the  faeces for 120 days a f t e r  
exposure. I n  faeces the excret icn 

In  the fou r th  do , 

The excretion in the urine was low. 

= 11 = 
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+-c.. 1 , 2L t'2a9 zzd C. j7  was given by ::-.e eq.z.ticns y = 6.3 t 
respectively,  i v k i l s t  In urine, these ;.:ere y = 2.2 tW2*9,  1.2 t-2eo, 
1.0 t-2.8, c a t 9  t-1.5 respectively xi.,ere y = Der cent of acyis is tsrc? ;-- +b I e 
arid t = tk.2 is t3.j-S after ad-Anistraticn, followed from 2 days t o  & days. 

-2.2 b2.1 5 

57 

63 

7 

0 

- 
5 

I 6o 

l k  

1 

In s tudies  x i t h  mice, the translocation and t i s sue  &stributior.  
followir.5 intratrackael  ad r in i s t r a t i cn  of Pu02 and Pu(0H)b has been 
studied @ a i r  e t  ai. 1958) . 

Tissue 

L u g  

Bone 

Adrenal3 

!:us cl e 

Ovaries 

Spleen 

Liver  

L p p h  

Kidney 

After s i x  months 
PUOP 

46 

31 

18 

15 

14 

10 

3 

3 

1 

93 

50 

10 

10 

- 
4 

28 

8 

2 

After one p a r  
PUO2 I p u m 4  

Autoradiosrazs >f lung and adjacent lymph node a t  100 day8 snowed 
the  a c c u m l a t i m  of plutmiur!  i n  the lyrqhoid t i s sue  and. i n  spleen and 
l i v e r  t issue:  the appearance of stars showed the accurmrlation a t  
d i sc re t e  s i t e s  within the t issue.  

2.4 Xis tcns th.91 c c i  c d  S tudief 

The histapatholosy of the lunzs i n  rats,  mice and r abb i t s  (Bloom) 
showed an in f lamatory  process which did not l ead  t o  suff ic ient  repair 
of t h e  lung for f u l l  n o r 4  fur.ctio?ling. 
s ac r i f i ced  one month a f t e r  inhalat ion of plutonium the p ro l i f e ra t ion  of 
e p i t h e l i a l  c e l l s  appeared suggestively neoplastic. 
appeared d i f fe red  from those i n  untreated rats by a p ro l i f e ra t ion  of 
epithelium - possible neoplestic. 

I n  a specimen from a rat  

Lung abscesses wnich 

I n  s tudies  i n  =,ice (Temple e t  a1 1958) two squamous cell  carcinorrata 
were seen i n  the 1un;s about 400 days a f t e r  the in t ra t rachea l  i n j ec t ion  
of 0.06 pc. Pu239C2 of average p a r t i c l e  s i ze  0.5 microns. After the 
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a well different ia ted 2390 i n t r a t r z c k z l  inject ion of 0.003 pc. Pu 
f i b r o s z r c x a  was founci i n  the mediastinum o8'a m o u e  - t h e  lung t issue 
was e s s w t i a l l y  n o m 1  and no other pathology was seen i n  other organs. 
I n  autoradiograrrs, tracks were not v i s i3 le  i n  t h i s  neoplasm, but cculd 
be seen i n  the a lveol i  of the abparently n o m 1  lung tissue. 

The retained amount, a s t e r  about a year i n  the lung was about one- 
twentieth of the dose administered. This dosage resul ted i n  bronchial 
metaplasia, ce l lu l a r  i n f i l t r a t i o n s  and f ib ros i s  a f t e r  a few months. 

The Report of the National Academy of Sciences on Pathological 
Ef fec ts  of Atomic ?.adiation 1956 concluded that " L i t t l e  information is  
avai lable  on the potent ia l  hazard t o  the resp i ra tory  rrystem and o ther  
organs following chronic e 

moid carcinoma i n  the lungs of mice a f t e r  exposure t o  plutonium pa r t i c l e s  
suggests that accumulations of such aaterials may present a similar 
hazard t o  man". 

osure to  small amounts of long-lived radio- 
isotopes sucn as S t r o n t i d  3 and Plutonium239. The occurrence of epider- 

The recent preliminary r e su l t s  of i d l a t i o n  s tudies  on two dogs 
only (Bair 1958) notes "An appreciable concentration of plutonium vas 
observed i n  the pulnonary l n h  nodes." 

Studies of the rate of t ransfer  of insoluble plutonium deposited i n  
the  lungs of husrans indicated moveaent wi th  half-times of the order of 
two years. (Healy 1957). 

3. Spleen 

I n  the ea r ly  work on the tox ic i ty  of plutonlum, i n  animals given 
plutonium, abnormalities i n  spleen and very high concentrations of plutonium 
were observed. It is evident t ha t  the findings f o r  l i v e r ,  spleen and other 
organs were somewhat overshadowed by the finding of the a f f i n i t y  of bone t o  
capture and hold the material ,  and there was no extensi-re study of this data. 
The deposition i n  spleen did not,  however, follow the SCRC trend a s  for 
plutonium deposited i n  l i ve r .  
a l s o  found to  r ise f o r  a time following intravenotis injection. 

The concentration of plutonium in spleen was 

Following intramuscular inject ion in rats of the +6 c i t r a t e  salt, 
R i s i e l s k i  and Woodruff noted t k t  the spleen contained very dense deposits of 
plutonium. T h i s  beca.m more evident when the content of plutonium per unit 
weight of t issue ra ther  than content i n  e n t i r e  organ was taken as the basj.s 
of comparison. 

One account c i t ed  spec i f i c  a c t i v i t y  as about one f i f t h  t o  one tenth that 
of bone. Occasionally, however, "very dense deposi ts  of plutanium, exceeding 
even bone i n  i t s  concentration" appeared i n  the spleens of r a t s  and "sinrilar 
higher splee3 concentrations i n  other a n i m l s  following intravenous administra- 
t i o n  of plutonyl nitrate" . 

I n  the Utah studies  on beagle d o p  the amount i n  the spleen xas srrall and 
var iable  and decreased a t  about the .;me r a t e  as the l iver .  
confirm the e a r i i e r  f ind i l l g s  i n  r a t s  a d  nice. 

This did not 
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VIII. 

The eqaazicT: gi-.-en by these workers f c r  t?*e sercentage dose/splten was 
S t 0,391 t -**119 where s is percentage dcse ami t i s  days a f t e r  injectiorz. 
spec ia l  pathological f indinss have bee2 n o t e d  i n  th5 s?leens of these dogs. 

NO 

Follc;/ing intravenous in je - t ion  of the quadrivalent c i t r a t e  complex i n  
rats, the "2 lu tonim aeposited i n  l i v e r  arid kidzey was r e l a t i v e l y  lab i le  as 
compared w i t h  the: deposited i n  spleen, lung and ovary, where no turnover was 
evident". (X275.n aqd Dockun 1958) . 

The dis t r ibu t ion  vas followed by autoradiogra7h.y and i n  the kid.zey there 
was early widespread d i f fuse  d is t r ibu t ion  of plutonium followed by local iza-  
t i o n  i n  tke regicn of the glomeruli. 
s i r i i l a r  t o  tha t  i n  the l iver .  

The retent ion i n  the kidrey was kine t ica l ly  

Follcrrrirg administration of 0.03 I.rc./grain of plutonium t o  mice, there was 
extreme dmage t o  ovaries a t  7 months (Bloom). 
i n  the ovaries cf rats has been follcxved by autoradiographic s tud ies  (Vogt and 
Xawin '1956) 
0.015 pc. Pu/grm body weight, alpha t racks were evenly d is t r ibu ted  over zost 
of the ovarian tissue. Considerable movement and a l t e r a t ion  i n  loca l iza t ion  
wlth time were cbserved. The connective t i s sue  was the ultimate mea of 
localization. There was a decrease i n  t h e  nunber o f  developing f o l l i c l e s  and 
a decreased volume of' the ovary. This work i s  i n  a preliminary s tage,  ard ' 
l imited i n  extent. A group of 60 r a t s  was used and the animals were k i l l e d  a t  
In te rva ls  ranging from 30 rninutes t o  1c3 weeks. 

The loca l i za t ion  of p l u t t n i m  

'Jhen sacr i f iced  30 minutes after intravenous in jec t ion  of 

Kis ie l sk i  azd Boodniff (194.8) had previcusly noted tht i n  ra ts ,  the 
concentration ir. Sonads d i d  not decrease with t ine  as with other s o f t  t issues ,  
bu t  "a reverse trend vias ObSeWed". 

I n  a preliminary report  on dog inhalat ion studio8 urring only two ~ I m l s ,  
noted that there was a r s l a t l v e l y  high concentration i n  the ovaries o f  the 

females. This was reported "because of the current i n t e r r u t  i n  dosage t o  gonadr". 

1,IaxiraUm pe r r i s s ib l e  body burden 

As s t a t ed  i n  the Smyth iZeport 
anilrrsl experimentatim has been t o  
W e n  wnen working with plutonium. 

(19L5) the p q o s e  of t h i s  
ensure that a l l  reasonable 

very extensive 
precautions a r e  

There h s  been considerable discussion on the  amotrnts of plutonium t o  be 
allowed under varying conditions of  possible intake based on the  assumption of 
a tolerance value or  rraximm perriissiSle body burden of plutonium. 
follows the concegt f i r s t  developed for radium where it was possiblc t o  rake an 
a s s e s s a n t  of t k e  t o t a l  body burden of r a d i m  by the sum of the  r e su l t s  of 
exhaled radon and body p.ma emission. 
observed c l i n i c a l l y  could be c o q a r e d  with the r e t en t ion  of radium in the 
body. 

This 

Thus the degree of pathological da.nsge 

This Tias liFked with the lcvrer limits of radium re ten t ion  which gave 
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rise to sj~,1;:tcrs a-d signs zf ra6i-s= Foisc~yg. 
r e tmt ion ,  bel?? &ich no abnorrral signs ?rere detected, 
value" rms given. 
permissible d u e l '  - though the use cf the w o r d  "tohran=ett  in regard to 
derived values Tor  a i r  ard drink- cater is st i l l  sometir-es used, but t o  be 
deprecated. 

To e.2 l w e r  lizLt of rz62-n 
$'mise "tolerance 

T'nis Fhp-se ~ m s  changed son? years later t o  " U n u n  

1. Estil;ztion of body burden Y i ~ t o r i ~ A  survey 

The to1erance"value of radium i n  the United S ta tes  w a s  linked wtth the 
method o f  estimation. 
a t t eq t s  were ;:.=de t o  es tab l i sh  the  presence of radium i n  the body. 
of tne radium daughter groducts is a gas, it was found possible t o  de tec t  the 
presence of absorbed radium by the detection of radon i n  exhaled breath. 
Robley Evans developed instruments f o r  ;naldng this measurement. 
the  radon produced by the to*& radiun content of the body is exhaled: the 
remainder decays ard radium C - which is a garrprra emitter - can be detected as 
gamma radiat ion outside the body. 
by the sum of the results of exhaled radon and body gama emission. 
possible to assess the  t o t a l  body burden of radium. 
pathological danage observed c l in i ca l ly  can be c w a r e d  wi th  the retention of 
radium i n  the Sody. This is l inked with the lower limits of radium retent ion 
which gave r i s e  t o  symptom and signa of radium poisoning. 

For ear ly  diagnosis of cases of radium ?oj.soning 
Since one 

A f r ac t ion  of 

The t o t a l  radium content of the body is given 
I t  i s  thus 

I n  this m y  the degree of 

I n  1 9 t l  a co,mittee was called together by the National Bureau of 
Standards of the U.S.A. t o  consider the  lower l i m i t  of radium retent ion below 
which there was no evldence of radium poisoning. 
es tabl ished 0.1 p p .  of r a d i m  f ixed i n  the body a8 the %olerance"value for , 

This corrunittee ten ta t ive ly  

h-0 

However, the ul- tesensi t ivi ty  of gamma-ray measurement f o r  radium 8s 
Since it was considered radium C was a t  that t h e  about 0.2 vgms, of radium. 

t h a t  apprcJxinately 5% of the radon produced was exhaled, t h i s  f igure  
corresponded t o  about 0.4 ~ p .  of t o t a l  radium burden within the body, o r  
four times the then accepted tolerance level. Thus individuals carrying a 
body burden of radium could not be detected by routine gamna-ray measurements. 

Radon i n  exhaled a i r  could be detected a t  a much lower level and the 
method was capable of detecting the presence of as l i t t l e  a s  lo$ of the 
f'tolerancdfamount of radium i n  the  body. 
"much too feeble  t o  be detected and, consequently, the body radium determina- 
t i o n  must be based on exbled  brea th  radon alone. 
Bureau of Standards and the Depart;nents of Labour and Indus t r ies  of several  of 
the S ta t e s  have wisely s e t  the i r  standards of the tolerance value of body 
radium content i n  terms of the radon content of the exhaled breath, Thus an 
individual whose exhaled breath contains 1 ppc. of r a d o q h i t r e  is said t o  
contain lo@ of the tolerance d u e  of radium". 
t i m e ,  the increase i n  s e n s i t i v i t y  of instrumentation enables tstirnations t o  be 
made a t  much l o m r  levels.  

A t  this level the  gamma radiat ion was 

For t h i s  reason the National 

(Evans, 191+3). Since th t  

1.2 Method f o r  alutonium 

The extension of t h e  concept of a tolerance value for plutonium 
brought with it the  necessi ty  of measurement and the methods for radium 
could not be used. "It was essent ia l  to  devise a means of detecting and 
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measuring i3 a2 individual quant i t ies  of p lu ton im 
Unit. 
excreta."..... " In  order t o  e s t h t e  the F1utoniu.n contezt of the Sody by 
cnalysis of excreta, i t - a s  f i r s t  necessary to  determine the rate cf 
excretior, of I;lutoniunt'. I t  w a s  found, houever, t k a t  a r ? M  experlhents 
si'.o-;:ed considerable species differences i r ?  excretion r a t e s  and the 
excrrtior! r a t e  veried by a factor of 5. 
estaSl igh the p lu ton im excret2;z rate f c r  ran by d i r e c t  e q e r i n e n t s  with 
huran 'ceir.ys". 
cases. 
actual glutoniL! con2ent vas c a l c a h t e d  on the basis of an excretion r a t e  
of 0.Cl;C; ocr  Lay ar.6 it was stated that t h i s  r a t e  had been fairly well 
deter;r.ir.ed trzough a nurber of human eqerir?.ents. (IJickson, 1951 ) 

less tb2n the  t o l e r z x e  
I t  apTeared tha t  this z igh t  be feasible through the aralysis of 

"This rr2de i t  necessary t o  

O n  this account ylutoniuri ;.as adcinistered t o  terrzinal 
The ur icary glutoniuu excretion r a t e  VRS deternined and the 

1 .3  Z x c r & i o z  r a t e  

e x c r e t i m  r a t e  cf plutonium was shovm t o  chaqge continuously over a period 
of f i v e  years. 

From a stud:; of individuals occupatiorally e q o s e d  t o  olutoniun, the 

This rate was expressed as a 9oxer function o f  the tjp 
-C Y = a t  

where Y is the excretion r a t e  ( f r ac t ion  of the in jec ted  dose excreted Der 
d Y >  

t is  the t h e  a f t e r  exposure (days) 

a and c a r e  coxskrits. I 

The data could a l so  be expressed as a mult iple-eeonent ia l  rate 
function; t h e  Zhzice of expression dqending on the spec i f i c  apFlication 
of the  data  (Lar.g.bn 1956) . 
by intravenous in j ec t ion  (Langham e t  al. 1950). 
measured through 5 years and the data described by a sin&le pover 
function Y = 0.79 ~ 0 .  94, 

3 Individuals received te t rzva lec t  plutonium i n  OaO14bl c i t r a t e  buffer ,  
The excretion rate was 

I n  excretion 
the in jec ted  dose 
(Stover, Atherton 
ur inary excret ion 

s tudies  on beagle dogs, 
was excreted during the 
and Keller, 1959). The 
vere, respectively,  

1.59 = 6.90 t' *l 

wi th  X1 and Ul expressed in per cent  dose 

an average of 12.1 per cent of 
f i rs t  22 days a f t e r  in jec t ion  
equations f o r  da i ly  t o t a l  and 

per  day and t i n  days. 

For  the  successive period up t o  4 years, the equations were:. 

0.223 t (t 4 22 &ys) x2 

*2 
= 0.0605 t' 00 109 
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The r e l z t ive  amounts excreted i n  the urine and faeces mried during 
t h e  f i rs t  20 t o  30 days: the cunulative faecal  excretion was about %ce 
t h e  urinary excretion. 

Whilst there was individual varirttion, about 16 per  cent was 
excreted between three weeks and four  years a f t e r  injection: of this, 6 
p e r  cent and 10 per cent caEe from the l i v e r  and skeleton respectively. 

The overall  re tent ion or  excretion pa t te rn  is, very comr.only, a 
couposite of several  expcnential functions of time ra ther  than one single 
e q o n e n t i a l  rate. 

so l e ly  on excretion measurements after inhalation of insoluble plutonium 
dusts. 
i n h a l e t i o n  of insoluble radium sulphate (Marinelli e t  a1 1953) did not 
follow ari inverse Dower function with time. There was ea r ly  elimination 
of radiui swallowed azd a relatively high elimination a t  l a t e r  tbes. 
case was follovred f o r  250 days. 
8 per  cent of t h e  t o t a l .  The authors concluded tha t  "es t ina tes  of Ra 
body burden based sd le ly  e i the r  on radon or excretion neasurenents a r e  
l i k e l y  t o  be seriously i n  errcr  i f  applied to  ases of recent eqcsure 
t o  insoluble dusts." 

Di f f icu l ty  may arise i n  e s t i m t e s  of plutonium b&y burden based 

Lkasurements of radium i n  the excreta of one individual &:er 

The 
The urinary excretion represented 2 t o  

After accidental  exposure t o  insoluble plutonium dusts,  the t o t a l  
excretion via both the gas t ro in tes t ina l  t r a c t  and the kidney will 
requi re  t o  be studied ar.d a n h e r  of deterninations need t o  be na6e on 
excreta i n  or6er t o  a r r ive  a t  an estimate of retention. H e a l y  (1 957) ' 
considered t'he ~ e o r e t i c a l  basis  for lung transfer t o  blood strearo. 

I.& C r i t i c a l  oruan 

A fu r the r  extezsion of the concept of mxiaal retent ion i n  the  body, 
has been thz t  of " c r i t i c a l  organ" by the Internat ional  Corxission on 
Radiological f rotect ion.  This is taken t o  be the organ which beers the 
brunt of the  damage and is chief ly  responsible f o r  the illness a?d 
possible death of t h e  individual. For plutonium, i t  is considered t h t  
bone darnage may be expected t o  dominate i n  most cases. 

I n  b 'ar inel l i ' s  s t u d y  of six persons who had a single accidental  
exposure t o  radium sulphate dust ,  the gamsa ray  scanning pa t t e rn  siloxed 
the sharp l oca l i za t ion  i n  the lungs. By analogy, this s t a t e  of affalrs 
i 8  l i k e l y  t o  pe r t a in  a f t e r  inhalat ion of insoluble plutonium dusts. 
lungs can, therefore, be considered as the  " c r i t i c a l  organ" i n  such a 
case. 

The 

The estirnste of body burder. i n  the case of plutonium presents a 
more d i f f i c u l t  problem than i n  the case of radium and gamma e n i t t e r s  
s ince  it is not possible  t o  &e a d i r e c t  physical measuremnt. 
Excretion pat terns  lpay show dif:'erences accordi 

a n  alpha p a r t i c l e  and emits a l s o  only som s o f t  quantized r ad ia t i cn  of 
energy 17 kev, i t  is not possible t o  make a direct estimate of the  mount 
re ta ined  i n  the  body as in the  case of radium and guxm3 emitters. Nor is 

to the method of 
in take  and chemical properties. Since plutonium 9 39 decays by emission of 
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xx. 

~ang-1 s calculated retent ion f tr h m r s  a f t e r  inject ion intra- 
vencuslg ia 96.7 per cent ana 90.7 per  cer.t 22 b y s  and 4 pars respec- 
t i v e l y  a f t e r  injection. 

The concept af m x W  bodily retent ion has groved extremely valsable es 

anounts sf & z t s  azd 

a bas is  for extra2olation of the data t o  o c c q a t i o z d  exlosure. K a k i x  
a s s q t i o n s  of volme of a i r  breathed, lung re tent ion from aerosols a-3 
t r ans fe r  t o  organs: p r q o s a l s  have been nade f o r  
gases in the atno.sspheric environment. 
heal th  physicis ts  t o  exercise adequate control. 
l e d  t o  e s t d t e s  of the aTou?t allowed i n  drinking water. 

T h i s  enables the plannix-4 er@neers and 
Similar considerations Pave 

The S@h Report (1945) s t a t ed  "The nzjor o5jectivc of the health group 
was in a sense a nesative one, to  insure th t  no one sdi 'ered ser ious  injury 
from the peculiar hazards of the enterprise..... 
Division i n  metifig those Trcblerns m s  remrkable.. . . . Factors of sa fe ty  used 
i n  p l an t  desien and oDeration are so  p e a t  tha t  the hazards of the h c x  ?.?A the 
family car are fa r  greater f o r  th y r s o n n e l  trm 2ny dangers arising fro? the 
plant". T h i s  has remined  t rue  i n  t h e  years that Pave foUmred, an6 ho:iledge 
of the t o ; d c o l o g  of Flutolliun k s  not bee3 extezded by any humn cases. 
is a rermrkable r e c o d  a d  r e f l e c t s  great credit not only on the designers, 
but a l s o  on the  Health physicis ts  ~ h o ,  by t h e i r  continual vigilazcc azd 
monitoring, ha-re exerted such e f f i c i en t  emrironnental control. 
is shcnvn by the very lorn concentraticns of ~lutonium which are allowe 
Internztdonal C ,Assion on Radiological Protection r e c m n d  2 x IO-"pc /cc 
air and 6 x I O q c / c c  water f o r  continuous eqosure. These recornendations 
are cont inual ly  reviewed a d  there has been a trend to reduce the concentrations 
aS f l r . ther  studies on the toxicology of plutonium have extended knmledge. 

The success of the heal th  

It 

The 6if ficdlty 
The 
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