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AD3:IS'ISTfRfSD IXIRAVENOUSLY TO MAP; 

S. IKTRODlXTIOS 

It is now a well tstab!ished fact that the deposition of radioactive material  ( R a ,  i t s  
isotopes and daughter products)  in the skeletal sys tem of radium dial painters was respon-  
sible for the b o x  necrosis ,  radiation osteit is ,  osteogenic sa rcoma  and other pathological 
chmges in bone which characterize the condition commonly known as chronic radium poisoning. 

concentrates i n  the skeletal system of the rat .  
is a m ; o r  si te of plutonium deposition regardless  of the animal species ,  the valence s t a t e  
of the material  or the r o w  of administratior. ( Z ) ,  (31 ,  b, c ) .  Autoradiographic s tudies  of 
the mode of depositicr, o! plntonium in  bone ( 4 1 ,  ( S ) ,  ( b ) ,  ( 7 )  showed that It was deposited 
In a pattern qsitc differer.: from that of radium. The latter element tends to be incorporated 
lnto t:;e bone salts  exclcsively and becomes buried i n  the calcified s t ruc tu re  in the manner  to 
be expected fro= a menbrr c! the calcium famlly in the periodlc table. Plutonium, however, 
shows s o m  depositlor. in  sc!: t issues (especially i n  the llver ) and a remarkable  d f in l ty  for  
the non-calcified. non-cartilaginous a r e a s  of bone. The mater ia l .  is highly localized in the  
epiphyseal line, the perioztcuz, and the endosteum so that localization is predominately in 
regions of trabecular bo:e (See Fig. 1, frontpiece). The general  conclusion MS that the 
mode of deposition o! p k : m % s  made it potentially more hazardous than radium. Althouph 
there Is only limi:ec! prc:! tka: tke above conclusion i t  justified, it must  be considered when 
evaluating the po:er.tis: cr.ror.:e tonxi ty  of the r a t e r i a l .  

Subseqxr.: ex?%r:z.:z:s W:?. rodents by Brues,  Lisco and Finkel ( 8 ) and others  ( C )  
have de.montttate2 t z i :  pf:::r.xrr. is qcite effective in producing pathological changer in bone 
includicg os:eoger.:: SZ~C::.: I bet  f i g .  2 ) .  I 

Brues  ( 10) c 3 r . p : ~  f 1r.t ?e!a:ive chronic toxicity o! equivalent microcur ie  amounts of 
pkronium tn:! ra&.:z. t:. !:liou.ir.; lGGG r a t s ,  600 mice throughout llfc and 37 rabbi ts  for  over 
403 days. A conpir:~::. o! s*zxival  t ime, radiographically determined bone damage, patho- 
logical fractGrer azf  b:zr :';z-.ws in these animals appeared to bear out a plutonium-radium 
c.L.tor.ic toxicit:: ti::: c! ::-:E '1 or. the basis of injected dose or about 4-5/1 cn the basis of 
retained material. 

the necessity of e:.?:: y::.: rx:rcz~rly rigid control over  all plutonium operations. 
health probler.  assc':;;:.. :: -;:if. plutonium processing is, of course,  the possibility that s m a l l  
amounts of p:c:or.:crr. ac?:rr.2!3:~d i n  the skeletal  sys t ems  of vorkcrs map, met a period of 
Iron: ter. to thirty ycz.-=. ca:% t)Sae changes s imilar  to those observed in  chronic radium 
poisorrir.;. 
missible body bardcr. as is currently done u i th  radium. 

of Standards establ isket  2 testatire maximum permis,sible body content of 0.5 (0.032 uc) 
for plutonium. 
of the Atomic E n e r c  Cor=..mrssion as the official  maximum permissible tolerance for  plant 
personnel ( 11 1. - 
to the evaluation a n d  interpretation of the maximum permissible body tolerance.  
specifically such stsd:es s eem highly important for the following purposes: 

Hamilton aad co-workers ( 1  1 were the first to demonstrate that plutonium, like rad ium,  
Numerous r epor t s  have emphasized that bone 

The above 05zerr;::x.a 2sd the experiences of the radium dial industry have ernphastted 
The  major  

. 

The p o ~ s ; i & : ~ y  i s  serious enough to jus t i fy  the adoptic:, of a rigid m u i m u m  per- 

Only recently thc s sbconmi t t s e  on internal radiation tolerances of the National Bureau 

This  mlw v a s  adopted Immediately by the Division of Biology and Medicine 

Adequate inforxzation a s  to 'the fixation and excretion of plutonium by man is essent ia l  
More 

. 

1 .  To minimize the degree of W e r t a i n t y  inherent in extrapolating the vast 
amount of animal experimental data to man. 
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FIG.  1 X-xlcar Track Autoradiograph Shoving 
Loca1i:ats: of Plutonium i n  the Bone 
e! tht Rat. ( A .  Williams, J. WcUnitr;. . 
PA: toz..rcrography by Los Alrmot 
P:..:-:~grzpk:: Laboratory). 
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2. To providr the best possible quantitn;lve basis for the diagnosis of degree 
of exposure of personnel to plutonium. 

3. To determine the degree  of fua t ion  of plutonnm by man and establish 
c r i te r ia  for the period of ret i remezt  f rom further exposure of workers 
having received a mutimum permissible dose. 

4 .  To provide more extensive and quantitative data on the deposition and 
excretion of plutonium by man as a basis  for future consideration of mut i -  
mum permiss ib le  body tolerance. 

_I 

Xeed for the zbove information was recognized several  y e a r s  ago. I t  was a l s o  recog-  
nizer! that such information could be obtained only by administering small  t racer  amounts of 
plumnium to persons ui th  a relatively short  life expectancy. The  f i r s t  t r ace r  study was 
initiated Aprii  10, 1945 (12) .  Shortly t h e r e t i t e r ,  both the Chicago and Berkeley groups in-  
itiated s i m i l a r  s tudies  (13 ), ( I4 ). 

studied as a joint project  of the Los Alamos Scientific Laboratory of the University of 
California and the Atomic E n e r f i  Project  of the University of Rochester School of Medicine 
and Dentistry. 

u i t h  the present  ones providing a collection Of data f rom sixteen cases. 

Laboratory has had approximately six years experience with exposure problems associated 
with the processing of l a rge  amouats  of phtonium. 

used to enlarge and s u p p l r n c n t  the data coliccted f rom the plutonium tracer studies presented 
:n this report. 

This report  is the final presentation of the resu l t s  of twelve plutonium tracer cases 

The resu l t s  of the s tudies  conducted by the Berkeley and Chicago groups are correlated 

In addition t o  the twelve t r a c e r  cases mentioned above, the Los Alamos Scientific 

Wherever  apFlicaSle, the Laboratory's  experiences with the exposure of personnel are 

1 
METHODS 

A. Selection and Dcscriprior. of S g b j w  

The life expectancy of the indivi&a4 was carefully considered as a basis of selection 
of subjects fcr stud:;. 
suffer ing f rom chronic d i s o r d e r s  SX:I that sutviral for  ten yea r s  was highly improbable. 
By adhering to these criteria. the possibility of late radiation effects developing would be 
avoided. 
o r  at mos: a feu- year,.. would be n x h  greater .  

y e a r s  old, and has since died of Cushing's Syndrome. 
approximately five y e a r s  s ince  the initiation of the first study, five subjects are known to have 
died of their  diagnosed i l lness.  
of the five terminated cases .  

As a ru le ,  the s u b ~ t c t s  chosen were past lorty-fire yea r s  of age and 

. Fur the rmore ,  an opportunity to  obtain post-mortem material  within a few months, 

One a i s  only eighteen Of twclre patrents chosen, let. were past the age of forty-five. 
Up to the time of this report ,  and 

Autopsies and t issue samples  were obtained l rom only t h t t e  

Brief  s u m m a r i e s  of the medical 

Hp- I 

studies are as follows: 

This patient, a sixty-seven pea r  old white male wtth a nine year history of peptic ulcer ,  
was admitted to the hospital follouing a seve re  gastrointestinal hemorrhage. 
of a duodenal ulcer  u-as confirmed by x- ray  examination and a traction diverticulum of the 
esophagus was noted. 
with secondary anemia,  and esophageal diverticulum. 

The  presence  

Clinical  diagnoses included duodenal ulcer ,  gastrointestinal hemorrhage 
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Ep-2 

This patient, 1oTty- ine year  old white male, was a known hemophiliac an- entered 
the  hospital on this  occasion for the t h r t y - e i g k h  t m e .  Symptoms referable  to hypertension 
had been present fo r  three years .  Clinical diagnoses on this admlssion Included hemophilia, 
es8cntlal hypertension with hypertensive cardiovascular disease and coronary tnsu!ficiency, and 
chronic ar:kr:tls. 

Hp- 3 
This patien:, a forty-nine year  old w h t e  female,  was admt ted  to the h o s p i a l  u i th  com-  

plaints of plgmentatlon of the skm. Pruri t ic  dermati t is  and dependent edema. Initial cl lnical  
studies u e r e  Carrie? out in November and December 1945, at which t ime diagnoses of hepa- 
titis of unkn0u.r. e t io lap and hypoproteinemia were made. She was admitted for follow-up 
examination i n  October 1%€, Uher. She appeared i n  good health. 

HI;-4 

This patier.:, an eipktecr. year old white f e r d e ,  had a history of Cushlng's Syndrome 

The  clinical  
since 19<!. Her adr.issi@r. ir. Ocrobcr 1945 was the fifth period of hospitalization. 
ccmphir. ts  a:, tnls 0ccas:x.  w e r e  re!eraSle to  hypertensioa and osteoporosis.  
diag:cses were  hasop>;le a d e z c x a  of the pituitary gland with hypertmsion,  hypertensive hear t  
dlsease,  nephropathy with x e z ; a ,  Osteoporosis, and a staphylococcic inlectlon of the ur inary  
tract .  The Fatier.: raz  a d0u.r. hil! course until death in uremia occurred In Aprll  1947. 
Diagnoses at a u t o p y  ir.clu$r: t a s a p i l e  adenoma of the pituitary gland, atrophy of the thyroid 
gland, hypertrophy o! the a&rer.ais, hypertrophy of the left ventricle,  hypopksla of the u te rus  

Chief 

. and ovaries, osteo?rros:s c! t t t  s p n e  and pelvis and chronic nephritis. 

Hp- 5 

Tbis patier.:, a f;!ty-six year  old whltc male ,  was admitted to the hospital in h ' o v e m k r  
1945 slth c o n p l a l s s  c! ger.era:lze: weakcess and d1f:lculty in walking and swallovhg of W e e  

ln Aprll 1Si6. The 2iacr.ores a t  actopsy included amytrophlc la te ra l  sclerosis, bronchopneu- 
moz:a, genera l t te t  arteriorcletosls, r ena l  cys t s  and adenoma of the r lght  kldney. 

1 
years dxa t loz .  The cl:zi:a! d:agaos:s was amyotrophic la te ra l  sclerosis. Death occurred 1 .  

. 

Hp-6 
ThiF patiezt, a fcy:-!:vc y e 2 t  016 white male with a history of Addison's disease since 

Hc responded t o  conservative t reatment  and s tudies  
January 1945, was acrr.:::cf ~b the hospital on December 14, 1945, lor t reatment  of numerous 
infected lesi3ns o! t!x cyti:fz a 5  toes .  
bcga:: duriac  cor.v~ir.crc x i .  Or. r r a d x i s s i o n  i n  June 1947, his condition was essentially uu- 
c Ping c d . 

Hp-7 
This  patiefit, a fif1y-3irie year old white female who had been previously treated for 

heart disease and hypcrthyroidisr., was hospitalized on January 21, 1946, for cardiac decorn- 
pensation. The clinical diagfioses were rheumatic heart  disease with mitral insu!ficiency and 
asr icular  fibrillation, azd tosic nodular goiter. Permiss ion  for 
autopsy u-as uithhcld, but the probable cause of death was lobar pneumonia. ' 

She expired in October 1946. 

Hp-8 
Thls  patien:, a lorty-one year old white female,  t a d  a history of sc le roderma s lnce 

January 1045, and a duodenal u lcer  f i r s t  diagnosed in 1944. 
admission were  sc le roderma and duodenal ulcer .  

The clinical diagnoses on th i s  
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Tnis patiexi, a s u t y - s a  year old white E a l e ,  uas adratted to the  hospitll In Much 

, d E  with a h i s t x y  of generalized dermati t is  and u*eakness of eighteen months duratios.' A 
diamosis of dermatomyosi t is  was made. The patient expired in July 1947. Diagnoses at 
autopsy iwluded  generalized muscular atrophy, dermati t is ,  purulent bronchills and broncho- 
pneumonia, hypertrophy and dilatatior. of the hear t ,  and chronic passive congestion of the l iver  
and spleen. 

Hp-10 
This patient, a fi!ty-tu'o yea: old negro male,  was admitted to the hospital on March 24, 

1946, i k  acute congestive heart  f a : L r € .  
a n d  h i s  history includei both rhe::r.atic fever  and luetic infection. 
tk:s a13iss ior .  inclzoed rne.;=zl:c ,*.car: disease?  latent treated syphilis and ethmoi&l and 
fro-tal  SindSitlS. 

Hp-11 

A hlstory of hear: disease since 1926 was obtained, 
The clinical diagnoses on 

This patierit, a six::;-cici.: ye;: old white male u-ith history of alcoholism and dietary 
inadequacies f o r  r.any years, u' is adzxte: ' ,  to the hospiu l  on December 12, 1945, with com- 
plaints 0: dyspnea a?c' abdorr.ixz: s-xr!l:t.g. He expired on FcbruLry 26, 1946, and diagnoses 
a t  autoTsj u e r e  c:rrkosi.c o! t r Ic  I :vtr ,  aztitc:. and ttrornbosis of the portal vein. 

. This patient, a fifty-three ye;: OX c d u r e d  male,  was hosp iu lked  on March 25, 1345, 
fo l lou i r .~  an automobile accia*r.i  ir. wkxh he sustained comminuted fractures  of the left femur  
m d  right patella x d  a t rar .sverrc  f r ac t z r r  o! the r ig& radius and ulna. 
of note included a left 1en:icular ca:zrac: anc! marked hypr t roph ic  and atrophic a r thr i t ic  
changes In both b e e s ,  togetset  u::?. osreo:hondromatosis of the left knee. 

Fhpsical findings 

B. hlanrgement of S~'b!ettc a:.? C:.llec:im of Sa=p& 

Ten  of the twelve patie::.c r e r e  cared for  in the special  metabolic u*rd of Strong 

A control period of a&;: tc:. ft:;s was utilized to instruct the patient in the quantitative 
Memorial  Hospital. 

collection of ur ine  and ieca! s?c::zcr.z. 
ward routine and a11 necessary nck!rcatio:r in diet were completed. 
proven himself  capable of coopcra:;x. a ser ies 01 control urine and lecal samples were col- 
lected for the pJrpose o! "b1ar.k" &e:crzir.ations by the method of plutonium aaalysis. 
ceding the injection o! plutonic-. a z i  agam a t  termination, physical and laboratory examinations 
were conducted on e a c t  subjc-c:. 

15 ml were  taken before admi i i s t r a t io t  o! plutonium and at four hours,  one day, three days, 
six drys ,  ten days, fifteen days, etc., post injection. 

lormaldehyde. 
plutonium uas given. 

Fecal  samples were collected i n  th rer - l i t e r  berkers .  
empty the bladder before defecation to avoid admixture of urine and feces.  A s  a rule  feces  
were pooled during intervals o! four days. except immediately after the p1;ltonium was given 
when the f i r s t  two stools were  collected separately.  A l l  samples  were preserved by boiling 
for ten minutes with 6 K tic 1. 

Tissue  samples oi-frorr, 25 t3 150 g were obtained at autopsy and preserved in 80 per 
cent alcohol. 

The  gener;: rr.at.agtment of the ward patients was as follows: 

During this  period all necessary a d j u s t x n t s  to 
After the patient had 

Pre- 

BlcoC samples were draw:: ~r.:c* dry s'odium ci t ra te  as an anticoagulant. SaFp les  of 

Urine samples were collecte: directly into half-gallon f h i t  jars and preserved u i th  
The urine was usually collected in 24 hour periods except on the day the 

Doring the first day i t  was collected in two 12 hour periods. 
The patient was instructed to  

.L. .- . . .  
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C. Ado:::st:atic?, O! P!s!c~:*:z 

. i  

The plutonlurr, solution Usee i~ these studies was prepared by dissolving 5.0 mg of 
The solution was assayed spectrographically pure plutonium m e W  in 1.0 rnl. of 2 N HXO3.  

for plutonium by alpha counting. 
in a 10 ml volumetric f lask and diluted to volume with s t e r i l e  0.4 1 per cent sodium 
c l t t a t e ~ 2 H 2 0 .  The solution prepared i n  the above manner had a pH of approximately 5.5 urd  
the plutonium vas i n  the form o! Pu'4-conplex. 

The technique of injection and the method of assay of the injected dose were as follows: 
One syringe was filled w t h  steriAe sa l i s r  and a 22-gauge needle attached. 

An appropraate aliquot-of the plutonium solutaon was placed 

The  other 
syringe uxs fllled u i t h  0.5 r.11 of the plutonium solutlon and the needle used for fi l l ing the 
syrlnge uas discarded. The needle Of the syringe containing s t e r i l e  saline was lnuoduced 
into a cubltll vein ar.6 the sal ine slFu.ly injected to in su re  unrestr ic ted entry into the vein. 
The syringe U ~ S  then care!ull!. detached f rom the needle, which was st i l l  In the vein, and the  
syringe containing the plut3xum in)ec:ion solution was substituted. The plutonium solution 
91s lnjected rapidly a f te r  which the springe uas r insed once by drau?ng it full of the patlent's 
blood and discharging the blood back into the vein. 

The s a n e  syringe and needle used to infect the patient was used to measure 0.5 ml 
aliqvots of the plctoniurn s o l w o r ,  into each of four volumetrlc flasks.  The uashing of the 
syrir.pt and the other esser.t;al s teps  of  the Injection technique were  duplicated. The contents 
of each flask was d :ked  to  volume u.l:h 2 h' HC 1 and a sultable aliquot of each evaporated 
dlreeily on platlnun discs  and assayed for ?lpha activity. The average of the four assays 
v a s  trken as the arm;nt o! p!.~:ot,iun a d z h l s t e r e d  to the patient. 
devia:lon for each tc: c: fv2r r e su l t s  uxs 3.G per cent. The arnocnt of mater ia l  recelvcd by 
cac! subject ~ 3 2  the dates  c: ir.jccttcr. arc presented in Table 1. 

The average standard 

TABLE 1 

I I 
. 0 -  I Des t r rx ior .  o! 5:f:c.r: ' Daze of Injection ug Pu lnjected 

1 Hp- 1 October 16, 1945 I 4.6 
I- 

October 23, 1955 
h'ovembcr 27, 1945 
Sovember 27, 1945 
Kovtmber 30, 1945 
February 1, 1946 
February 8, 1946 
hiarch 9, 1946 
April  3, 1946 
July 16, 1946 
February 20, 1946 
April 10, 1945 

! 5 . 1  
i 4.9 
i 4.9 

5.1 
I 5.3 
i 6.3 

6.5 
6.3 I 
6 .1 
6.5 

I 
1 
! 4.7 

I 

f 
! 

I 

*Pu was administered as Pu'4-citrate in 0.5 ml 
ol 0.41% solution sodium ci t ra te .  2H20.  

Average s tandard deviation of determmation of 
dose was 3.0 per cent. 

e* 

8 
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7 .  A n a : * - *  .Ita! Procedcres 

A l l  urine samples  were  analyzed io! plutoniua using the cupferron extraction procedure 
etveloped at  the Los Alamos Scientific Laboratory for t h e  determination of exposure of h b o r a -  

. tory personnel (15 1. 
Fecal samples  were analyzed by a m o ~ ~ f i c a t l o n  of the cupferron procedure published 

Blood and other t issue samples  were  "ashed" ei ther  in a muffle furnace or with conc.HHO3 
The  ash solution was anzlyzed f o r  Plutonium by the cupfetron extraction procedure 

Pa rke r  (16 ) .  

and H202. 
i n  exactly t h e  same mzmer  employed lor the analysis of urine a sh  solutions. 

A .  Clir.ical 0hserva:ior.s 

Acute toxic effects f rom thf zxa:l doses of 

A s  seen f rom the s u ; ~ ~ a r i e f  o! case k s t o t i e s  
were neither expected nor observed. 

plutonium administered i n  these studies 

(Pages 10 - 14),  the subjects used in 
tks study were suffering fro= a va::e::: o! con&tlons. In most cases ,  however, kidney and 
liver function appeared to be essenti;!!: normal.  The re  were two notable exceptions. 

Hp-4 was suf fer inc  f rom Cush:nF's Syndrome and chrontc nephritis. The highly abnor- 
mal condition of th i s  subject w a s  accc=psr. iel  higher plutonium content in blood and urine 
and apparently a Slower r a x  O! p1u:c:;::- fixation in bone. 
analyses  were ru l ed  non-r(-i)rcSer.:1::'.-. CT. :kt ha.cis of thc Chauvenet criterion. 

excreiron values  were obta:r.c=. A:.&:: :.xd 2:rgnosis revealed c i r rhos is  of the liver with 
asrnciated zscires.  uk lc i :  ir.?;rztt 2 z::?A--.: :r.;la::men: of l iver function. 

The data ir. Tab!c. 2 sur.r.:~:::r 5 : =-J e! tire clinical  laboratory observations. Tnese 
shou no consiswz1 t r e z 5  i t  t.( ::.;:z!.:r.. red blood ceil count, white blood cell count and 

The rise in 

In fact ,  several  of the urine 

Hp-11 was moribund at tf.: ::=:. ;.~::x.::z. was administered. Therefore ,  no plutonium 

differential Count as a resxl! o! ti.: 1ryc:x~:. c! approximately 5 gg of plutonium. 
hcmoF1obin m d  red blood cell et,:.: :f. I!;.-!? probably was a resu l t  of therapeutic measures .  
The observations it. Table 2 were c::!< if. accctd with those made by Russell  and Nickson (13)  
wno collecte:! cxce:!or.: ciinica! lab-. ?:.:-y f9:a from two cases  following administration of 
plutonium. One xdiv;duai received f . l  2 c.f p!c!oniun and was followed for 155 days. Anoiher 
subject received 93 of p:'.!toz::z. z:i u*a,c follored for sixteen days. 
utable to  plutonium were fouzd ir. tkc c x f t i t u e n t s  of the peripheral  blood of either patient. 

In t h e  present  seriec c l i r z c d  c ~ r d r n c r  suggestive of liver damage did not appear.  
speci!ic t e s t s  of l iver  fur,ctior, u e r c  rct as a rule l is ted in the protocols, the possibility that 
injury to tk:$ organ night  appea: was cons:dered. 

happen in 10-30 years .  
gators indicate that the intravenous injectio:: of a single dose of 5 to 100 pg of plutonium was 
w thout acute sub]ective or objective clinical  effects, 

So alterations at t r ib-  

. While 

Admittedly the observations made daring this  study provide no evidence of what may 
It may be said, hou*ever, that these s tudies  and those of other investi- 

B. Leeposition of Plutonium in Ihc Body.. 

Since the beginning of this  study, four of the subjects  (Hp-4, 5, 7 and 9 )  have died 
as a resul t  of their  diagnosed illness. 
the t i m r  of injection. 

a number of bis teeth were obuined  a t  a later date. 

Another subject ,  Hp-11, a3.c in the terminal phase at 
Autopsy and t i s sue  szxples were obtainec! in only three of the five 

. cases. Two bone s p e c i n e n s  were  obtained frcm Hp-12 during open reduction of frac::es and 
E.3od samples  were obuined frorr. a l l  

I O b 5 9 b 2  

............. . . . .  . . * .  .. . . .  a s  
0 .  .. ................ . 

. - - - -- e - - - *  . . . . . . . . . .  



sutyec:s bc!orc plz:oni:= rrqectior. azd at frequent intervals thereafter,  
were arA!yred fcr p 1 ~ ; o ~ z z .  b-- the cupferron extraction procedure subsequent to u h i n g .  

The data in Table 3 show the resu l t s  of analyses of the various samples  for  plutonium. 
The r e t u l u  obtained by Russe!! and Srciuon ( 1 3 )  ( re fer red  to a t  Chi. I, U, 111) and Hamilton 
et a1 (14)  (referred to as Cai.  I )  a r e  presented also. T w o  important points mus t  be kept In 
mind when considering these data: ( 1 )  The samples  of human t issues  were,  for  obvious rea- 
sons ,  ra ther  unsatisfac:oty. 
r e r e  usually what could be obtained under the circumstances ra ther  than what were desired; 
( 2 )  The subjects  were chronically 111 and/or, elderly and the resul ts  may not represent  exactly 
the dlstribution of plutonium ln  t i s sues  of healthy persons of average working age. These 
data, however, are all that are available and, therefore,  must provide the basis lor our pres- 
ent concept of the distrlbution of plutonium in the organs and tlssues of nur. They must 
also ptovlde a basis lor comparison with the resul ts  obruned i r o n  the numerous studies of 
plutonium deposition in experimental  animals. 

A l l  t i s sue  samples 

In most cases they v e r e  too smal l ,  poorly representat ive and 

1. Deposltlon in the Skeleton 

Animal expertrnents ( l ) ,  ( 2 )  reveal  t h t  approximately 60 pcr cent of plutonium injected 
as PuOzd- and Puo4 - ci t ra te  is localized in  bone. II the ver tebra ,  s ternum and whole r lb  o r e  
taken as  re?resentative bones of the skeleton, and the average plgtonium content ( .00657%/g), 

1 0 b 5 9 b 3  .-. 
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TABLE 3 

DISTRIBCTIOS Of PLVTOhlUM 1s HUhiAh' TISSUES FOLLOU7NG 

1P;TFUVEICOL'S INJECTIOS OF PLUTOMUM SALTS 
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.- 
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ncltip!iee by the skeletal u-c:;ht ob'thi'*S!and%a 1%" (I?), then 65.7 p e r  cent 0: the injected 
dose is the es tma ted  amoaxt of plutonium in the skeleton of a 70 kg man. Although the l a t t e r  
value was established ra ther  arbi t rar i ly ,  i t  is In good agreement wit) the value expected f r o m  
ura.nJ expe r im en t s . 
average of four determinations from three dafferent laboratories was 0.0167 per  cent of the 
in)ected dose per g ram of marrow. 
5 6  per  cent of the inpc ted  dose concentrated i n  the marrow of a 70 kg ma. A n i n d  s tudler  
do not show appreciable concentratrons of pluton~um in  the firarrow. 
plutonium concentration in rats and mice are the endosteum, periosteum and the epiphyseal 
line. It is quite posstbie that the samples of human marrow were too s m J l  to  be representa-  
tive, contained endosteum o r  spicules,  o r  that the high deposition was an indication of an age 
factor related to  the far; that !he epiphyses of man unlike those of the rat unite at maturity. 

The data an Table 3 Indicate a ra ther  hagh plutonium content in bone marrow. The 

On the basis Of 3000 g of bone n a r r o w ,  the re  ~ u l d  be 

The malor areas of 

H?-5 !5  I 1340 . i ,0320 i 42.8 

I 23.0 l ip-9 4 5 e  . 1600 
1 

.O 144 

2. Eepositior; ir: the Liy t r  J 

The averace p l u t m u m  deposition in the l iver for the five cases was 0.0136 p e r  
cent o! the injected dose per  g r a x ,  which corresponds to 23.1 per cent of the dose In a 1700 
g r a m  liver (S:L?dard h%z?.  
cases  reported by the Chicago invest:gators (13). 

Table 4 presents  the liver data in more detail ,  including the two 

TABLS 4 

U V E  R DEPOSSTIOS Of PLL'fOh7;IUhZ ADMINISTERED IHTRAVENOUSLY TO MAN 

I Diipr Ahcr Liver wt. 1 9 of Dose 5 of Dose 1 Subject kfc ctis:: in G r i n s  1 per Gram 

If': 164 1 t .O 136 2 1.9 1 AYERAGE 

( *  'Hp-11 was AI: tcrc:Lc.al phase of i l lness;  plutonium deposition probably low because 

(* )Chi .  -I1 usat in terminal phase of adenocarcinoma; plutonium deposition probably 

of s e r e r e  c i r rhos is  of the liver. 

low because of metas tases  to the liver. 

I (3)Russel l .E.  R. and Kickson, J. J .  (13) 

Tvo cases (Hp-11 and Chi. -n) were  in the terminal  phase of i l lness  at the t i m e  plutonium 
r a g  administered. 
in the l iver  of these cases is highly questionable. 
however, were rather strikrng. 

Both showed advanced l iver  disease. The values lor plutonium deposition 
The resu l t s  in the other three cases, 

As pointed out by Russell and Xickson (131, the content of 
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0 .  . . . .  '..*"" ,M, , iur i  :I: the l:ver was much higher ma!!*..'ze%D be -srpeeted f rom r e s A t s  in e q e r i x e n t a l  

7.1115. Even though one o! their  cases survived 155 days a i t e r  receiving plutonium in the 
vJlence state ( a  fo r=  known to g:w LOU. liver deposition in rats (1)  ( 2 )  ), 26.5 per cent 

o! !he injected Subject Hp-5 had 42.8 per  cent of the plutoniun, 
~ ~ r j c c r e d  as Pu"-citrate deposited in the liver d t e r  151 days. The  third case (Hp-9) sunrived 
4 5 6  Cays and had 23.0 per  cent of the injected mater ia l  deposited in the liver. Considering 
'.he elapsed time ;Liter injec:ion, the plutonium content a! the l iver  in the two latter cases  
was even higher than that observed by Russell and Nickson (13). The apparent higher depo- 
sition i n  the la t ter  cases micht indacate the destruction of the Pu*'-citrate complex by the 
human liver. The resul ts  compare favorably with those obtarncd when rats were injected with 
unco3plexed quadrivalent plutonium ion ( I ) ,  (21,  ( 3 ) .  The limited data presented in Table 4 
indicated rather  strongly that the retention of plutonium by the l iver may be much greater  for  
man than for r a t s  and n i c e ,  and n a y  be of the order  of 20 - 4 0  per cent of the injected dose 
during thc first year. A cornparis03 of the survi\-al t imes and the amounts of plutonium de- 
posited in thc l ivers  of Hp-5 231 Hp-I. seerr..c to indicate a "plutonium retention half-time" in 
the l iver  of one ?car cr grea:cr lor mar  as compared to  40 - 60 days lo r  rats. 

ose vas found in the liver. 

Thc &:a if. Tab;< 5  st.^: t.?c roccentrat ion of plutonium i n  blood, at  various t imes  
af ter  the intravenous injcct8cx r.! a;;*?oxj:aie!y 5 ~ r g  o! plutonium as P ~ * ~ - c i t r a t e .  
su l t s  a r e  expressed :n per  cer,! o! the injected dose in the total blood volume. The blood 
was assumed to be 7.71 per ccct  o! thc to:;! body weight (17). 

The individual obscrva::o:a rar:cd widely, especial ly  during the f i r s t  four days. 
m e a n . v J u e s ,  however, fcl: or. a z x . - : k  cxrvr  (shown in  Fig. 3). 

The drop in blood p1ctaa::rr. c o m f i t  was very rapid at first, and re!lected the very 
rapid ra te  of fixatio:, of the m : t r ; & :  1:: tkc body. The mean blood concentration I hours 

The re- 

The 

-r injection =-as 35.7 pcr rc::. i: @R- day 15.7 per cent, at 10 days 1.2 per cent. Thirty 
i a!ter injection the blood CC:::~.=L:IC:. o! p1::aniua read  from the e c v e  in Fig. 3 was 

0.3 per Cent of the injccwf e*.:\ ic  the total blood volume. The extremely small amount 
of plutonium in the circulating S ! r r f  c:ir.:natcs blood m a l p s i s  by the usual counting procedures  
as a means of diagnosing the d c r r t r  o! c%T:'s'Jre of personnel. 
e n p l o y i r . ~  t h e  countin; of &$: tro:;:? reg:srcred by alpha sensit ive nuclear track photopraphic 
ernl;lsior.s n a y  prove posaibk.  

The application of tcchnrques 

4. geposit ion in Otkcr  Org;.t.' 

The amounts of plctonkz.  deposited in organs  and tissues other t h u  skeleton, l iver  
and blood were rather  small .  
weight of the "Standard h!ac", the rtsdts were in reasonable agreement  with what was antici- 
pated l r o m  animal expcrimenls: The Catn showing the pcr cent of dose per gram of organ 
a d  per cent per o r w  art giae:: in t a b l e  3 (Page 18). The kidney and spleen each had an 
es t imated  average plutonium coatent of 0.4 per cent of the injected dose per organ. 

The relative affinity of the various t issues  f o r  plutonium was calculated by dividing the 
per cent of the dose per  g r a m  of organ by the per cent of the dose per  gram of body weight 
when the material  was assumed to be equally distributed in a 70 kg man. 

The bone, bone marrow Yrd liver were' the only t i s sues  that showed a relative plutonium 
aff ini ty  appreciably greater  than unity. 
were  1.0 o r  less. Obviously the skeletal  system and l iver  are the t i s sues  of major interest  
when considering the plutonium tolerance,  as these two organs alone acmunt  for 90 per Cent 
o r  more  of the total plutonium in the en t i re  body. 

W x t .  the pcr  cent per organ was  calculated, based on the organ 

The spleen was  1.5; a l l  other t iss'xs and samples  
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TABLE 5 

. -  

PLUTO?;IC?vI C O X I E K T  OF BLOOD SAMPLES' FOLLOWKG IKTRAVZNOUS 
IKJECTION OF APPROXIMATELY 5 N OF PLUTO?rlUM AS Pu* - CITRATE 

- 
HD-IO 
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C, Excretic:. C! Pl.;!t>iun: 

1. t ' r inary Excrclia!: 

The ur inary  excretion of plutonium was studied i n  eleven of the subjects following 
the intravenous in)cction of approximately 5 ug of plutonium as Pu* i n  0.4 per cent solutron 
of sodium c r t r a t c .ZH20 .  
collected an 24 hour samples  through 22 days  post injection. After 22 days the collection of 
24 hour urine samples  was continued as long as the patients were available for study. It uas 
not p s s i b l e  to retain the subjects as long as MS desired and the major weakness i n  these 
results is the shon time interval over which the studies were contlnued. Two subjects  were  
followed 22 days, one for 23 days, one for  27, and thc remainder for 30 days or longer after 
injection. The Chicago cases  (13)  were follou-ed for 16, 140, and 186 days and the California 
case (14 ) uns follou*ed for a period of 341 days. 
m a t s  at lonser t ime intervals,  the Chicago and California data have been incorporated with 

With the exception of the first day, urine from dl Subjects MS 

Because of the  great importance of measure- 
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L:E c;:a ! rc-  :hece s:cdles.  i h c  re':;!& c!*a?l*$?;.?; a.a:yses t5zoc:gh 138 d a y s  post-inlec- 
t:c: a r e  giver. 1: Table 6. XeS:i:r a r e  expressed as per cer.: 01 injected dose excreted per 
day.  

The  means,  revise? n e a r s ,  and standard devat ions for t h e  daily u r i c u y  excretion 01 
p h t o n i c 9  l r o z  0 t o  136 days ps t - in )ec t lo>  are  giver, in Table 7. T h e  equation of best l i t  
!cr the observed Tr.eanI IS a l0gari:kZiiC function: 

where Y IS U:e amoz:nt of plut0Riurr. (expressed as per cent o! injected d o s e )  excreted in a 
sir.gie day. X 1s be t ime o! obscrvatior. in days post-inlectior., and 2 and & a r e  constants de-  
riwc! f r o 3  the oSserv?,d data by the method of least  squares .  
exFresrior. !or the Ses: cIz-ve of f:t for the ur inary excretion o! plutonir;rr, utilizing all  avail- 
Pole data fro:. G t o  136 days pes-injection: 

Solution gives the followng 

P I  - 0 . 7 ;  YC = c1.23 x 

1k.t aqrccxncr: be tcccz  observed mean values and the derived expression for the urinary 
esrrctier. o! plator.:cr; t h r c q 5  136 days post-injection is i l lustrated graphically in Fig. 4. 
lr. tf.:s grii;:. :.?e cir:!c-s re;rcsez; Lhc observed means and the solid line represents  the de- 
rived ex;?rcsc:cr.. 7r.c acrecmcz: IS fa:rIy good. The overall  s t a n l r d  e r ro r  of estirzate, 
Syx , (dc;err.: ir . (5  I>:: t::c u 5 s l  rzc1h3d~ o! correlation ana lys i s )  was 2 32 per cent. The 
l t r g c r t  con?rlb::r.r..c Le the Sxix!3:2 e r r o r  of estir.ate come f rom the 0 to 10 day portion 
0: the curvt a112 frcx-.  1 h ~  laticr F x t i e n  where there  is an increased scat1er of points be- 
cause of tnr  dr-creacc in nz-bc r of cbservations. Acual ly ,  attempts a1 ct.rvilinear regression 
lice !:ttiae 15S:ca:~ tka: t:.c !a:r::3:; Y = aX-l  is  the best curve for the 0 to 10 day period 
rather 1 . h ~  the lopri:kz.:c curvi. presen~ed .  We belret-e th i s  difference in functional relation- 
s k p  may be due$ tc thc c l e a r a x e  e! the injected plutonium lrorn the blood during this early 
period after i 3 j c  t::'.:.. 

Ex:ra?htlon c! :% 5c r:vc? esp,ression beyond 138 days introduces increasing uncertainty 
uith incrcar:n; \.al;?s c! X. 
i .e .  "biological taU-lifc". despite the lact  that the. data a r e  not fitted by a single exponential 
curve, wnc h a r t  choscr. to dc:cr..slir.c 7 1.2 by assuming exponential excretion beyond the limits 
o! obser*.-aLioE and es:::.s'.:r.; 51 '2  fro= the last point on the excretion curve ( a  single value 
c! the c,rdinttc .!. 0:c c;;? t c r .  ass:mc the slope of the excretion curve  to be zero at this 
poi,it and ca lcch re  ar! a!..co!;;;e xir.:muzz value for the "biological hall-time". For the above 
re3sans i t  IS importar.: tc. s:p;:crrcnt the ur inary excretion data beyond 138 days to the 
greatest possible cxtc:.:. T t r c c  additional graups of samples  were obtained l r o m  two of the 
cases  after th r  clc-crl c! t!x tspcrrment .  One group of four consecutive daily urine samples  
uas &:3:ne;! Irorr: ? i l * - C  begicr.:zg on the 523rd day and another group beginning on the 1610th 
day a f t e r  in;cwior.. Tho average daily urinary excretion of plutonium at  523 days was 0.002 
pcr cent,  and a: 1610 c!;ys O.C.311 per cent of the injected dose. Four daily samples  collected 
f r o m  Hp-3 brg:nr.xtF: at 1E45. days after injection showed an average daily urinary excretion 
0: 0.0006 pcr cfal 0: the injected dose. 

assays were  madr on wnrkcrs a: t h e  Los Alamos Laboratory. 
accumulated measurable amounts of plutonism during wartime operations. 
f r o m  fur ther  exposr;re to plutonium and occasional urine assays were made over a period of 
the  next seve ra l  months. 
Table 8. Since these individuals received unknoun exposure' doses via the usual rou tes  01 
errtry over an indefinite t ime ,  the resu l t s  a r e  not analogous to  a single intravenous tnjection 
of P known amount of plutonium. However, the inclusion of these individuals has been at- 
t cnp ted  in o rde r  to extend the excretion curve. 

- 

1 I:! crdrr 10 interpret  the excretion resu l t s  in  standard t e r m s ,  

. 

In addr:ion t(, v l c  three groups of samples mentioned above a number of urine plutonium 
A few of these individuals 

They were removed 

The urine a s says  on three  members  o! this group are given in  

A n  attempt has been made t o  interpret  their 

I D b S q b 9  
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Aer:srd I 
DA15 POST Mea? , Meat I Standard 
ISJECYIOS I$ l h y  5 'Do:; I Deviation 

1 
2 
3 
4 
5 
6 

6 
9 

I@ 
11  
12 
13 
14 
15 
16 
1i 
18 
19 
2G 
21 
22 
23 
24 
25 
25 
2: 
26 
2; 
35 
31 
32 
33 
34 

.35 
3€ 
3: 
36 
39 
4 0  
4 1  
42 
43 
44 
45 
46 
47 

- 

l Revised 
Mean 1 Mean Standard 

%/Day I %/Day Deviation 
.5 116 
,1974 
. lZt6 
.09EZ 
.0652 
.054G 
. O X  I 
.Mi: 
.0424 
. O f 5 5  
.035'. 
.03GC 
. O X 7  
. O Z i i  
. t Z S 3  
.02 lo 
.023€ 
. t 2  IS 
.o 19: 
. o x 2  
. 0 1:- 5 
.o 1s: 
. e2 t t  
.o 1 3  
. C 2 X  
.o 172 
.I! 1 i E  
.cl I b l  
.@ 15: 
. O ! %  
.@ : 5;s 
.@ 12; 
.c. 11: 
.o 12: 
.O 136 
.O 143 
.O 114 
.O 1% 
.O 119 
-0119 
.o 120 
.o 120 
.O 130 
.0094 
.O 133 
.O 114 

.6 l i  

.07C' 

.os2 

.oi I 

.O!L* 

. cl2c 

.C2? 

. c.22 

.023 

.e11 

.c. 1F 

.t 16 

.Cl? 

.c 14 

. c !2 

.011 

.@"s: 

. p..: f C  c..:,r' : 

.ci: : 
6.2s 5 
n'rP ..... 

.c :.- i 

.c*::: 

.:.:;: 

.c*:.i f 

.c ::1 

.c.:.;: 

.@Y< 

.re:.:. : 2 
c.:c< 
. CC' f 
.C lC? 
.GC% 
.GOL I 
.OGSS . 006 2 
.004 3 
.005: 
.0035 . OG4 C 
.0027. 
.004 C . 0055 
.ooso 
.004 1 
.0058 

! .1553 i .1988 I I .2458 1 
! . la42 
1 .1SE? 

.109C 
i .0766 
1 . O f 1 1  
I . M i 1  
I .053S 

i .0566 ' 

1 .OS12 
.04 53 1 .%36 ; 

I ,0617 I 

. a 0 2  
: .037f 
: .027E 

.0274 

I .021? 

. .2275 8 

.OS66 ; 

: .02f? 

.O224 

.c2 11 

. O l C ~  , 

.02 11 

.o lC? 
.O 152 
.O 165 
.O 17s 
.O 15 I 
.O lE6 
.O 152 
.O 192 
.020 1 
.O 15 1 
.O 183 
.O 18 1 
.0079 
.0088 
.008i 
.WE2 
,0019 
.0094 
.008? 
.0088 
..0084 

- - 
- 

- - - - - 
.0386 
.0310 
,0296 
.O265 
.0268 - 
- - - 

.O 167 

.O 145 

.O 160 

.O I19 

.o 122 

- I 

.1168 

.1230 

.0905 

.1135 

.0157 

.0440 

.040 1 

.oi 12 

.04 15 

.0385 

.0360 

.035 1 

.0354 

.030 1 

.O266 

.lo90 

.04 11 

.ON4 

.O I68 

.O 169 

.O 163 

.o 112 

.O 156 

.o 15 1 

.o 160 

.o 156 

.o 1 s  

.o 143 

.o 146 

.oc4 

.o 119 

.02 1 

.o 11 

.o 11 

.o 12 

.oao 1 

.o 119 

.o 12 1 

.004 4 

.003 I 

.0032 

.004 0 

.003 1 

.oo 15 

.0049 

.0053 
..a072 

. .  

,56 16 
.4252 

. .3541 
.2804 
.2234 
.1586 
.1267 
.1157 
.lo3 1 
.0n60 
.0b85 
.0b38 
.079 1 
.0636 
.0b23 
.M95 
.O52 1 
.0481 . 
.0468 
,0474 
A458 
.043 1 
.m21 
.0346 
.0f04 
.03 32 
.0z66 
.t302 
.0333 
.0333 
.034 1 
.03 16 
.03 17 
.03 17 

.0294 

.0274. 

.03 lQ 

.o 198 

.0207 

.020f 

.0202 
,0209 
.o 188 
.0222 
.0202 
.022 1 

. .0339 
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Standard 
L I ? Z E C n . h - j e a y  I 5 a a F  i Deviation %/Day %/Day Dcvlatlon 

L W H A R Y  EXCRETlOh' I FECAL EXCRETION 
1 Revlsed Revlscd 

M e a  ' S u n d u d  1 Mean I Mean DAYS POST Mean 
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TABLE 7 ( Contd)  
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.0026 
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.0033 

.0055 

.005s 

.0055 

.OD5 1 

MSAYS', REVlSLD MEANS, A h D  STASDARD DEVIAnONS Of URINARY, =CALI 
AhD URXXARY I*LUS FECAL EXCRETIOX Of P L W M U M  FOiLOU?SG IhTRAVENOUS 

ADh¶f?iISTRATlOX TO HUMAN SUBJECTS (EXPRESSED AS PER CENT OF I X E C T E D  DOSE1 

48  
49  
SC 
5 1  
s2 
s3 
54 
55  
56 
57  
5E 
55 
6 CI 
61 
62  
61 
64 

* 66 
'7C. 
74 

79 
E3 
81 
82 
6: 
8 4  
85 
8 t  
a5 
94 
92 

1GC 
102 
106 
106 
112 
116 
120 
12f 
X30 
136 

.;e 

I .0108 1 

i .OI% 

1 .0114 
, .0:13 , 

' .0173 

,02 :2 
' : C I f i  

.o 14' 

.@ 10' 

.o 1c : 
I . C ! E  

.@!lt 

.0EF i 
I .@E;: 

! .OOP4 1 

.c:;: 

.@C.3i 

.;c.ii 

.c i2: 
' c,.I.i: 

.C iC-5 

. G ? I S  

.t.;:; . OC.4 c 

.oo:- I 

.OC! 5 

. O C X  

.@:T: 

.OCT? 

.OCSI 

.o: : : 

.tic 

.OC*fr. - 

. O O X  

.006 1 

.006i 

.o 1c 1 
,094 7 
.0039 , 
,0035 
,0034 i 
.004 I : 
-0056 ! 

I .OCS6 
I .OM2 
' .0055 
! .0032 

.0154 - .OD74 
~ .ole9 

0:1! : .0144 
.Q I 4 t  
.oose 
.o13e 

. O X 4  

. W ? C  

.c.:*;: 

.OL3 I 

.0021 

.Oi2E 

.c:22 

. K f ?  

.0022 

.o 110 

.oo 10 

.OOb! 

.@022 
, .OClC. 

.OG26 

.007 1 

: .OG44 
3026  

j .0026 
.0022 

' .007 1 

f .0023 
' .0010 

I ,0022 
1 .0042 

, .O!G 

.wJ2 ! 

- 
t -  

j .0021 

! - 

-0067 1 -0064 
-0060 

' .010 
.010 

1 . O M  

' .0070 , 
.005: ' ! 

* . O O i O  

! -0060 
' .0064 i 
' .OOb I 

' .OM3 . 

i .octo j 
. .@a i 

.OO43 

.0038 

.002 1 

.@029 

.0032 ! - 

.0030 ' - 

.0037 I - 

.0034 - 

.0025 - 

.003* I : 

~ A R Y  a 
I T C A L  EXC. 

Mean 
%/Day 

.011s 

.o i t e  

.O 173 

.O 174 

.0273 

.02 04 
,028 1 
.02 1s 
.0246 
.O 176 
.02 1'1 
.O 179 
.0185 
.O 165 
.O 147 
.O 167 

.o 152 

.O 165 

.O 140 

.O 114 

.O 166 

.O I03 

.O 144 

.o 115 

. O O M  

.O 130 

.O 123 

.0133 . 

.0111 

.o 15 1 

.O 135 

.o 108 

.O 104 

.O 106 

.o 122 
,0076 
.OO? I 
.006 5 
.a07 1 
.007S 
.0083 

.o ise 

.0140 . 

Cases of Russell and Nickson znd Hamilton, et a1 used in eomputrng 
means where applicable. . . -* . 
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ir, t e r m s  of an e!fectlve svl5le dose given at some gffectlve 

t i z e  betuee:: the l imits of eXPoS.;'e. 
s lopes of the c r inary  excretio:: cun"cs of t1ese individuals to the slope of the 138 day curve 
in the lollowng manner: If Y = 0.23 XaomT7 gives the per  cent (Y,) of a stngle dose excreted 
0:: day X,  then 0.0023 DX-o.* IS the expression for the measured activrty, i.e., cuunti  per 
minute,  excreted or, day X when the single dole ( D )  i s  expressed in the same  units. If the 
assumption is made that a tf;ron!c var iable  cxuosure dose may be represented by a single 
effeetlve dcse (DE ! the:. the activity ( Y g )  in the sample excreted CJ effectlve days af ter  this  
single dose 1s giver. by the expression 

This interpretation was accomplished by fitting the 

13: 
- 0 . i 7  Yq t 0.0023 DE q 

The activity (Ps,.; 1 c! the sar?.pIe excreted on q * a  drys after the sLnglc dose ( the re  being 
r.3 expossre  bcrwer. q az t  9- i i 1s p v e z  by the exprcssior: 

I 1  -.  
\ q - ; .  

I 1 i yq 1 - 1  I :  

I . .  
* ..- 

DE t 434.E S 
Q 

G. 17 

in 131 g i w s  the ellective dose 

TKis expression gives ar. approximation of the total  body burden of a person chronically ex- 
posed to plutozicm. 
determined from'tu-o ur inary  excretion measurements  (Yq and Yq ~ a ) taken sufficiently far' 
a p j r t  ( -7th no exposure be!ween) so that the tyro measurements  are  significantly different. 

The method of interpretation given above uas applied to  the urinary plutonium excretion 
data from three Los Alamos personnel and their  average to t l l  plutonium body content approx- 
imated rn t e rms  of an effective dose a t  s o m e  effective t ime (9 ) .  
W. E. C,.W.A. 8. and D. L. W. were est imated at 1.3 ug, 1.2 pg,  and 1.0 ug respectively a t  re-  
spect ive effective t imes of 37, 53,  and 4 2  days before the first urine assay used In the calcu- 
lation. Assuming the above doses, a11 ur inary excretion data (Table 8 )  collected from these 
persons  were used to adjust the expc r imen td  ur inary excret icn curve [ 2 1  extending It t o  
1750 days again using least  squares  analysis.  

The body burden i s  expressed in t e r m s  of a single effective dose as 

The effective doses fo r  

The adjusted expression is 
[TI  -0 . i1  .Yua = 0.20 x 

I O b S Q l S  
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13:; C.' 
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* 1574 C.? 
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I 

1 2 1.3 0.6; 1 .  
2? 1 :.t 0.54 I 11 ; 
4 ?  E.? 0.32 0 4  I 
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I 

13.: 
8.4 
3.9 
3.5 
3.2 

6 

! 0.55 
0. s z  

1 0.46 
' 0.46 
, 0.46 
1 

I 

I 
1 - i-------------- 

I U . E . 6  DE m 1.J 4 
I D . 1 . W .  DE 1.0 4 

I u' .c  E..-..- ......................... Dt'')s 1.2 J .............................. ............................... 
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! 
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I Eramate: 3 eqai:c,z :E: PIC- 2s 4 5. 

Figure 5 shows the rdjustec curve through 1750 days represented as a heavy broken 1lnc. 
The poinu r e p r e s e n t ~ n $  the three s e t s  of d r u ' c o l l e c r e d  from Hp-3 and Hp-6 beyond 138 drys 
after injection are shown on the graph as triangles. Points originating f r o m  the ur ine a s says  
of the three Los Alamot workers are  s h o w  as circles and the theoretical curve (21 through 
138 days is given as a heavy solid line for comparison. The standard error of c s t i m t e  lor 
the adjusted expression is  42 per cent due largely to  the poorer f i t  during the first lew days 
and to the small. number of obsertat ions during the la te r  time period. 

Integration of the expression Yu, I 0.20 X-0.74 between the limits of X t 1/2 and 
X = ( n e  1,'2 ) gives the area ( AUa ) unoer the ur inary  excretion curve which represents the total 
per Cent of the injected dose of plutonium excreted in  the-urine up to and including the nth 
day after inJeCtlOn. ............. . . . .  . . . .  .. 

m .  e . . .  . ................ . 0 0 :  : -20: .. 
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U'rrcr. n = 1755 1;:y.c, A,, (Kne total amour,: of pluIoniu3 excrered i n  the urine through 1750 
d a y s !  1s or.!!. 6.3 per cc-8: of the total injected dose. 

2. Fecal E x c r e i i r .  

Thc s a z e  cases  used f o r  urinary excretion studies were  used for  the study of 
Fecal  

Later stools were pooled a t  four day 
fecal ~ I i ~ i ~ r 7 t i c ~ .  O! pl::oni.;m followir.; intravenous admrnistration of -04 - citrate. 
sar.$cs u c r e  col lectel  da:ly for t9e f i rs t  f e r  days. 
in:erval!s b tcazse  of the umer:ainty of obtaining representative 22-hour samples. Plutonium 
ma1ysc.s were  radc of. diqxats of each specimen using methods described ear l ier .  The rt- 
s c ! x  o! at.alya1.c o! :r.dit.:ks! fecal spc:imens arc  given in Table 9. Results a r e  expressed 
35 per cerx of tbr- ac:.r.ixcred dol?  excreted per day. Fecal excretion data could be obtained 
for ocly 0r.c o! tnc c a s r e  ((2::. -1i reported by Russell and Kickson (13). The original data 
were no lcr,-et avaiiak,lc and i t  u'i.c necessary t o  read i n d i v i d d  values f r o m  the graph given 
in  t?eir  rrpor;. Tkc 0rlF;r.L: fecal excretion data were not available f o r  the one case studied 

l O b 5 9 7 7  
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lS3IVSDUAL FECAL EXCREiSOS VALVES OF PLUTOh7UhI FOLLOU7h'C 

ISTRAVESOCS ADS:1?-XTR.4T10S(1' TO H U h ¶ A S  SCBJECTS 
(EXPRESSED AS PEF! C E h T  O F  DOSE EXCRETED PER DAY) 

(21 DAYS POST, 
T?;JECIlOf: I Fip- 1 1 l ip-2 I Ep-3 ' Ep-4 

PER C b S f  OF 1SSEMED DOSE EXCRETED PER DAY 
Rp-5 1 Bp-6 1 Hp-7 I l ip-8 I Hp-9 I Ep-10 i Ep-12 C h L I  

1 
2 
3 
4 
3 
6 

8 
9 

10 
l i  
12 
13 
14 
1s 
16 
17 
16 
19 
20 
21 
22 

- 
1 

- 

23 
24 
25'  
2€ 
2 i  
29 
29 
30 
31  
32 
33 
34 
3s  
36 
35 
38 
39 
4G 
41 
42 
43  
44  
45 
46 
47 

..... .;. ... *;* ... 
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IhDIV13L'A L FECAL EXCRETJO?; VALL'ES Of PLC'TOh'IU?.! FOLLOKTKG 
I ? ; T R A n S O V S  ADhfIhlSTRATIOK~l) TO HUMAN SUBJECTS 

(EXPRESSED A5 PER C E S T  OF DOSE EXCREiED PER D A Y )  

0 

Values eliminated from revised mean on basis of the Chruvenet Criterion. I 
-4  

(*)A11 cases except Chi-1 received Pu 
(2;Rusaelll E. R., Kickson. 1. I., Argonnc National Laboratory Report CH-3607. 

in 0.4 per cent );a3C6H5O7 - 2d20 Solutlon. 

0 a .  
0 0 .. 

0 0 0 .  0 0 .  a .  
0 0 0 .  

0 .  0 
- 0 .  

*.e 2 3  :.o 0.0 0 0 .  0 .  
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Ea-;l:ca a x !  c@-workers ( 1 4 )  a;.d 1: u-as not feasible to include their  resz!:s. 
2 x 7 ;  c! the fecal elir-inatioz of ph tcxurr .  is, th t re fore ,  corfined to twelve cases .  

T h e  present 

f n z  mea=,  rev:sed r e i n s ,  w.d st t?card deviations for the daily fecal excretioR o! plu- 
The bes: curve of tc:u: f ro5  0 io  138 days p3st rnjectior. are  o v e n  in Table 7 (Page 26). 

f i t  for the observed mea l s  'xis esab l r she t  by thc method of least  squares and was found to 
be : - 1.04 Yf = 0.63 X 

w t h  a standard e r r o r  of estlrratc of 28 per cent. In t h e  above expression Pi is the amount 
of plutoni-- excre:ed i n  hhc f rce5 03 a SpecUic day (expressed  as per cent of the inlected 
d o s e )  and X is the day o! mear 'Jre3eni  in days after inpction. The agreemer.t between the 
observed values a n l  the derived expression i s  shoun graphically in  Fig. 4 ( Page 28).  
f l p r c  the derived expresslor. is r e p ? r e r , e d  by a h e a q  broken line and the observed points 
a r e  re7resented as ope: triar.$es. The fecal excretion of plutonium i n  per cent of the in-  
jected dose excreted pcr day i s  pio;tet against t ime in days. 

personr.el because of s m l l  b:: sifziflcan: contamination of feces  f r o n  swallowed material 
rerr.oved f ro= the lungs of t ? . ~  uzrkers by cil iary actior.. 
o! 1:ng cot:zr.:iaa?ior. docs r.31 prever.: the me 0: t he  urinary excretion resul ts  f r o n  these 
workers  I O  adj.31 L!e 136 day xr izary  excretion curve to  1750 days. This =term1 docs not 
reach  :he absor5ir.g a rea  o! t h e  1:r.g az t  i s  not absorbed appreciably f r o n  the gastrointestinal 
t r a c I  (probaSly less thar. 0.0; per c e z : ! .  Ttk small amount of m t e r i a l  which has  reached 
the alveoli  is being a b s o r b t i  in:? t,hc bloc3 at an infinitesimal rate. Of the amount absorbed 
OR!)' a fraction of a per  ce'; cor.tri?::cs to the daily ur inary excretion. 

showed the u r i ru ry  excrcti::. cr! i l l  3pe:iE.C uas quite uniform. 
the ur ine  thir ty  to fiky days a!:c: .....c..~cz -sac 0.01 - 0.02 per  cent of the administered dose 

In this 

Kc1 r e p r e s e n t a i i r ~  fecal excre:itr. &:a beyond 138 days were  available from Los A k m o s  

One may ask why the s m l l  amount 

Studies of the e x c r t t i c  c.! r:;::?.r:z. by mice, r a t s ,  rabbits and dogs ( I ) ,  ( 2 ) ,  ( l e ) ,  (19) 
The  plutonium excretion in  

r day. The  ur inary 'fcc:: cxcr&::c:. rs:i* varied wdely, however, for the various sjecies. 
.w ra t io  was 1,lO - IS f c r  : k c  ra! at.5 e:.!:; 1 2 - 3 for the dog. 

Russel l  and Sicksor. ( 3  . ri.7 7 x 2  a p:.jtoni;lm urinary/fecal  excretion rat io  of 3/1 in 
mac based 02 the  0bzervrtic.r. :! of.! C a L c  throufh 140 days. 
porte: ac e x c r c : x  rat;@ c! ? - <  i !:: et.< .r:t;ect followed for 341 days. 

for 0 to ; 3 i  Lays :.a!' be sc:-::t !:.: t:t .;r;r.ary IG fecal excretion ra:io: 

The California group (14)  re-  

Ttr a d ) - r t r l  xrir.a:y cx:r-::: * c -rve  for C tc 1750 days and the fecal excretion curve 

The ur :~ary ; feca l  ra:i; ;I 1.6 'i at 136 days port injection and 4.4,/1 at 1750 days when 
t'zfortunately no applicable fecal excretion data a r e  calculated fro: t k r  a k v e  ex;rers:oc. 

available f r o 3  the lxrs A h m s  pcrsor.t.ei to permit  adjustment of the expression for fecal ex- 
cret ion beyond 138 days. I! t h e  ur iaary 'f~cal ratios at 138 and 1750 days a r e  calculated from 
the unadjusted exFrers ions ar.t Y:j for bott ur inary and fecal  excretion, the =lues a r e  
1.7;l and 3.9 .'I respcc t iwly .  Altho.;gh extrapolation beyond 138 days is subject to increasing 
uncertainty .witk increasicg r a h e s  0: S .  1P.e above values lead to the conclusion that the 
Ur i ru ry .~ feca l  plutonicm excretior. ra t io  i s  not constant,  mer the range (0-138 d a y s )  measured, 
but approaches 4!1 as a l imit  aL some la ter  time. 
the case followed for  341 days seem to support the above conclusion. 

The  expression Tf t 0.63 X-lao9 gives the amount of plutonium (expressed  as p r  cent 
of injected d o s e )  excreted i n  the feces on a part icular  day ( X )  after injection. Integration 
of the expression &tween the l imits  of X s 1/2 and X L n+1/2 gives the total  per cent ( A I )  

The resu l t s  o k a n e d  by Hamilton (14)  on 

. I* 
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dl; = - 7.00 ( n o  1/21 I A! = .63 J 
1:2 n A- 

- V . V Y  = -7.00 ( n - 1,'2) . ' 7.45 

From the above expression A f  = 2.96 per cent through the first 138 &ys. 

.3. Total Excretion ( U r m e  plus Feces) 

From t he  practical  point of view the total urinary plus fecal excretion ra te  of plu 
tomum is e n r e m e l t  imponanl .  
should avoid fur ther  exposure 10 phonru rn  a f te r  having reached u! accepted maxmurn permis 
sible body level. 

(Page 26 1. Results a r e  expressed as per cent of injected dose excreted per day. The mean! 
were obtained from the indiviSual ur inary excretion data from fifteen cases  and  the individual 
iecaf excre t ion  d a i  fro: eleverr. T h e  r e s u l t s  reported by the Chicago and Caliiornia Froups 
were used when arailab!c u . d  ap?hca$:c. 

The  summed elimination r a t e  determines how long a Mrker 

The observed mea3 ur inary plus fecal plutonrurn excretion values a r e  given in Table 7 

Appl icat ion of thc ce thcd  of le ts t  sqcarcs grves the cxpressron 

-0.94 Y i 0.79 X 
u .1  

as  the best curve of f i t  for the ur inary plus fecal excretion data for 0 to 138 days. The stanc 
rtC error of estimaic e! the can7:tatitr. i s  17 pcr cent. it the  total plulonrum txcretei  
in feces plus urine on 5 patt icular da? (expressed  a s  per cent of injected dose)  and X is the 
t ime after injecticr. in Cays. 

T h e  observed m e a s  and derived expressions are c o m a r e d  graphically in Fig. 4 (Page2 
Observed values arc rcpresenlcd by squlres and the derived expression by the heavy broken 
kne designalrd Yu. f . 

The expression Yu i = 0.75 X-O-'' r ep resen t s  the total  excretion of plutonium only thou1 
the 138th day. Adjustn€r.: CUI k made, however,  for urinary excretion measurements throug 
1750 days by sumFiqg the expression for feca l  elimination IS: and the adjusted expression io 
u r i n u p  excretion .7,. 

Yu, 

-1.09 
+ 0.63 X -0.74 *Y = 0.20 x Y u a b f s y u a  I 

T h i s  equatto:! 1s adjusted to include all u r ina ry  excretion resu l t s  from Los Alamos Laboratory 
personnel through 1730 days. and gives the total per  cent of an injected dose of plutonium 
which may be excreted on a given day ( X )  after the time of injection. 

The adJusted expression for total elimination rate (Y,, + . f )  through approdmuely flvc 
years and the observed mems a r e  presented graphically in Fig. S (Page  3 1)  for comparison 
vlth the adjusted ur inary  excretion rate (YUa)for the same time i n t e tml .  

Integration of the adjusted expression for total elimination rate between X = 1/2 and 
X I n e  112 days, gives the total amount of plutonium expected to  k . e x c r e t e d  up to and includi 
day n n- 1.2 n e  1/2 

x-1.09 -4.63 f 1 0.20 J x -0-74 
0 f 

1;z 1 i 2  

= 0.77 ( n - 1.'2 )0'2b -7.00 ( n 1 !2 )-o'oe I, 6.8 1 

I O b 5 . 9 8  I 

1143 



................ 
a .  8 .  0 . . . . . . . . .  . . . .  0 . .  . .  e . . . . .  ............. 

:e 10 c o z p r e s  tne observed a d  calculated values of total plutonium excretion for var ious 
e v t c r v a l s  using the integrated zx?ression 114: . 

These resu l t s  emphasize the relatively slow rate of elimination of systemically depos- 
ited plutonium by man. According to these data only 8.7 per cent of a single inpc ted  d o s e l s  - excreted in  1750 days (approximately 5 years). 

OBSERVED AhD DERIVED TOTAL URIKARY PLUS FECAL PLUTOhlUh¶ 
EXCRETIOE; VALVES FOR \'ARIOL'S TIMES AFTER A D h l ~ l S T R A T l O ~  

OF A SISCLE DOSE OF PLUTOhlUM T O  M A S  

TIlIE AFTER I PER CEST OF IKYECTED DbcE 
ISJECTIOS : O b . c c v r j  Calculatce . 

10 days 2.43 
20 days 3.0E 
3C d;yc i 3-41 
4 0  Cays ; 3.70 
50 days i 3.00 
60 drys : 5.11 
70 days ' 4.2; 
80 d rys  . 4 . 4 2  
90 days 4 . 5 4  

1OC days 5.c: 
12C dzyt 4.67 
1CC days ' 5.c: 

1 year 
2 years . 
3 ytarr 
4 years 
5 yearc 

10 years  ; 
20 years . 

2.56 
3.17 
3.53 
3.6 1 
4.03 
4.2 1 
4.36 
4-50 
4.62 
4 . i 4  
4.93 
5.10 
6.26 
7.22 
7.83 
8.30 
8.68 
9.96 

12.17 
a 
Calculated f rom the integrated expression f o r  adjusted urinary plus 
fecal excretion [14: . The calculated values appear higher than 
the observed values by a emstant  amount because of the decision 
to accept a poor curve f i t  during the f i r s t  ten days ( S e e  Page 2 3 ) .  

IV. DISCVSSIOS 

A. Distribution of Plutonium i n  Tissues and Organs of Man 

Table  3 (Page 18) contains a l l  available data ( u p  to the t ime of this  r e p o r t )  on the 
These data were the r e su l t s  of dis t r ibJt ion of plutonium in the t s s u e s  and organs of man. 

analys is  of a miscellaneous group of samples  collected f r o m  seven human subpcts .  
j ec t s  were elder ly  persons  o r  persons suffering f rom an incurable chronic disease.  
p les  were often sma l l  and poorly t e p r e ~ e n t a t ~ v e  and not obtained f rom the seven cases at 
c o m p r r b l e  t i m e s  af ter  injection 01 the plutonium. These  unavoidable ddficult ies must  be 
recognized and accepted when considering the resul ts .  
a r e  extremely valuable as a supplement to a much grea te r  and more  reliable m l s s  of data 

T h e  sub- 
The  sam- 

Despite the above difficultres, the data 

r 
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car.cerz:z: :ne c:s:::b::lc?. c! ?l:::c:t'.' !z tI%*tr'k%'d<t a n d  organs 01 1abcra:ory ur imals .  The 
data or. r r z  a r t  11. good agree2.n': c:h resu l t s  o! s imi l a r  studies m rats, mice,  rabbi t s ,  and 
dogs. The  gocd tgreernezt perz::s the conclusion that there a r e  no rr,lior di f fe rences  i n  the 
qzactitative distribz:ior o! plutonium i n  the t i s sues  and organs of man and  those of common 
laboratory an imak  wi th  PCTPA'JPE. one excepion - the l iver.  The resu l t s  indicate that the  reten- 
Lion of plutonium 11: tne l iver fol lowng its intravenous injection as Pue4 - c i t r a t e  complex and 
a s  plutonyl lor c a y  bc 2 0  - 40 per cent for man as compared to 10 per cent or  l e s s  for ra t s .  
? h e  "b:olog:c2l h a i I - t i = € "  O! Plutoriicn i n  the lrver of man is probably much grea te r  than that 
for ra t s .  

The average aciou5: o! plutonium found m ver tebra ,  s ternum and r i b  was 0.0066 per cent 
of tnc 1n)ccierI 5ost  per g r a m  O! u.holr bone. Assuming ver tebra ,  sternurn and rib as r ep rc -  
scntative a! the er.tire skeletcn.  66 per cent of the injected dose would be deposited in a 10 kg 
ske1e:al s y s i e r  ( 7 k: o! Sone, ,? kg C! m a r r o w )  of a 70 kg man. 

d x c  rece:v?d per g r z n  o! zi:cletai system when a "standard man" has accumulated the official 
r . .~ximum perziicsit+ p k t 6 x u z  body content of 0.5 (0.032 b c ) .  Using the dosage r a t e  for- 
z u l a :  
radu:i% I:. )lev. az& t t e  reF = 93 e r r s  .'SI, the radiation dosage received per g r a m  of skeleton 
fro: C.032 c! ?1.*- - -~*- - -  -.b........ IS a s  foilous: 

Thc ob.cer-?i cozcen:rat1oz o! plutonium i n  bone may be used to es t imate  the radiation 

r e p  d;! = 5; CE (where  C = concentration of radioisotope in b ~ / & ,  E = energy of the 

- 5  re?  tz:i = 54 x C.E x 1@ x 0.032 s x 5.15 Met. I .00057 

A s:=ilar calrda: ic i  for t.?E Of!iCial !zaximurz permissible radium content of 0.1 bc may be 
made for cozpris::. 
then ap;rox:ra:c:y :5  > ¶ C Y  o! e:ert\. u:l: be re leased i n  the body by the alpha par t lc les  per 
decay. 
t1c1: d o s i p  irr re: per It:: 1s 6;:'~:. as ioii0u.s: 

I! 5 5  ;cr ctr . :  o! tne rador: f ro= radium decay is retained in  the body, 

I! 10: per  co.'.: c! :?.E r&:::z. :s dews i t ed  in a 10 kg skeletal syster. ,  then the radla- 

*. 

2 

r e p  *ea: = 5; E : s iz-' x 13 = C.036 1 

According t o  the at:-:e c&!:xk:::.. xi ratiation dosage pe r  g ram of skeleton dellvered by 
0.1 c;g of radixx. wt';:i be 14 t:=.Es t k t  delivered by the maximum p r m l s s i b l e  dose of pluton- 
ium if the two ra:e:ikis uc;c dis:ributec in a comparable manner in the skeleton. Autoradio- 
graphic studies s t o w  czz:l:c:vely, hewever, that radium and plutonium do not distribute i n  a 
comparab!e rzazner. 
oste;: surfaces.  Thc cf;r:cc. c! a r=.ore conservative body tolerance dose for plutonium was 
made to allcw for i ts  r . c x  spc:ifiC locakration in the skeletal  system. It should be noted, 
however, t t a t  radiurr. 1 x 5  nc.; d x t r i b c t e  uniformly throughout bone and Evans ( 2 0 )  has reported 
that analyses of b0t.e SZZ:!ES !ro= radium cases  showed the radium to be unevenly distributed 
by as much as a fac:cr of 10. It may be necessary,  therefore ,  fo r  plutonium to be concentrated 
by a fac tor  of 14C1 over rad::% ir: order  that 0.5 
to that which may O C C E ~  wt t .  C.1 4 of radium. 
ence of mesothoriurr. in the  radium responsible for the e a r l y  radium poisoning cases may 
accoun: f o r  an o d d n i o d  safety factor of 5 in the 0.1 ug radium tolerance. 

Once dose fo r  plutoniun: is extremely conservative. 

Pi.;:ot.:.;rr. is mcre  localized and concentrates in the endosteal and peri- 

will give radiation intenslt les comparable 
Evans (21)  has also pointed out that the pres- 

The above discussior. s u p p x t s  the possibility that the 0.5 crg maximum permissible  toler-  

B. "Bioloyical Half-Tine" of Plutonium i n  Man 

The  "blOlOgiCl1 hall-time" of plutonium in man can b e  estimated f r o m  the excretion 
data presented in  this repor t .  
(err.pirical1y a t  l e a s t )  logarithmic i n  nature, it appears  that the curve approaches an exponen- 
tial fo r  longer t imes .  Such an exponential curve would be in keeping w t h  the assumption that 

Akhough the adjusted ur inary plus fecal excretion curve is 

. 0 . .  0 . .  0 . .  .. . .. . .. .. .. 0 . .  0 . .  ... 0 . 0  0 .  
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And designating the total expsscrc dose for the s K  day week as TD then 
m6 500 m y n  

3.8462 [( E - 1!2 ( n - E - 11.2)0*2E)- k n - 6 j-o'74- ( n - i ~ j ~ - ' ~ -  ( n - 20 . . 

Similarly for 

D6 D7 

~ 

-0 .741 . . .  - ( n - 7 a - 1 )  - 
5 exposure days per week 
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est imat ing the iota! exposure dose under such conditions. Pas: pract ice  at the Los Alamos 
Laboratory u-as to assume that  an individual contracted his total exposure dose on the last 
day of the exposure neriod. 
u r ina ry  excretion formula as s h o w  above. 
Obviously this method gives too low a value for the exposure dose as the e s t i m t e d  dose is 
direct ly  proportional to t ime. A second a t h o d  which has been used is exactly the s a m e  as 
the previous one except that zero t ime is taken as the first day of exposure which a s sumes  
that  all of the dose ~ 7 s  a c c u m h t e d  on exposure day one. It  is evident that th i s  es t imate  of 
tom1 exposure i s  too high. The third method, which was used in this paper to  determine the 
adjusted urinary excretion Curve, is believed to more closely approximate the t rue  situation. 
In th i s  method i t  has  been assumed that the total exposure dose may be represented bya  single 
gffcc!ire dose occurring ai  some  effect ive t ime intermediate to the l imi t s  of exposure. The 
equations and s teps  10 k fo:lou*ed with t h i s  method are  shown on P a e e s  23 and 29. Ordinarily 
the first urine count i f  used 10 deiermine whether an individual should or should not be with- 
d raws  f r o m  exposure. 
counts. This is d x  to the fact  that the initial withdrawal count may rel lect  the high ur inary 
excret ion resclt ing f r c r  the previous ten days exposure, and to the relatively high p r  cent 
excret ion during thc first 10 days post-exposure period. The high r a t e  of elimination result ing 
there!rcn; may relatively obscure any exposure doses accumulated previous to that t ime. 

This  i s  the type 
o! exposure (u i th i t ,  1rrr.itr 1 t h t  occurs  i n  processing procedures in the plutonium industry in 
wfiich a i r  conccntratiocf.  e x . .  a r t  rigidly controlled and the work is routine. An analysis of 
the genera l  caFc IS prcSrr.ted as follows: 

n = d a y  f r o 3  tbc beg:cnrnf of an exposure t o  the t ime a ur ine  analysis is made 

H i s  total body burden was then determined by substitution in the 
In this case, zero t ime is the las t  day of exposure. 

It i s  not used as one of the tu3 significantly different dose determining 

Thc c a s t  o! c k a z i c  inrarian! exjmsure is probably 01 pr imary  interest .  

If m L t ime of expeczre in days. and . 

~ 5 t h  n > rn (prc!crably by more than  10 days)  
then the 'counrs  pe r  r r i n ~ c  m tkc ur inr  excreted on day n is: 

where D is the e x p s o r c  dcst  in co:ats per minute on exposure day 1, 

D is the exp::::rc ds2t. 11. coants per minute on exposure day 2, 
1 
2 

Dn, is t h  cspssrc .  dcsc  i n  counis px minute on exposure day m. 
Coasidcr ing th' c a z c  ir. u-r.:rk u-(. a r e  inierested.  namely. D1 t D2 . . . . . = Dm = Dj ( the  constant 
daily exposzrc dose 1 .  tr.1: 

Consider ing the bracketed t e r m  in  the denominator: 

-0.74 n -0.74 ( n  - + ..... + [n - ( m  - 111 t 
-0.74 

-0.74 -0.74 ( n - m - 1 )  + ( n - m - 2 )  + ..... - n  

. m.. 0.. *., m m  

a* e a  * *  * :  : ; 3 9 : - :  :: . . *  . m .  
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*abolic processes a re  pt imari ly  f;rst order reactions.  Whatever the t rue process  IS, from 

I i  i s  assumed (not  unreasonably) that the excretion of the 
data ar.d cerves  gir-et, i n  th is  repor t ,  It i s  possible to calculate the absolute minimum 

nalf-t imc o! plutrmrum in the body. 
plutonium measured in  t e r m s  of the amount i n  the body at a given time does not increase at - Some t;me. I f  one takes thc last point on the combined ur inary plus fecal excretion curve 
( a  single value of the ordinatc In Fig. 5 )  and assumes  exponential excretion thereaf te r ,  an 
absolute minimum value is obtained lor ?he bioAopcaA half-time. On this  figure, which is a 
plot of AC /C, versus  At  exponent~al  excretion would be represented by a stralght line wth 
zero slope. 
excreted at 1750 days (approximately 5 years)  a f t e r  exposure. 
of the  total has been excreted.  
suming exponentnl  excretion beyond 1750 days)  i s  

Examnat ion  of the adlusted c * m e  shows that 0.001*, .DO035 per cent per day is 
Up to five years 8.7 p r  cent 

?he t ime required to excrete  an additional 41.3 per cent (as- 

s 41,300 days = 113 yea r s  with l imits  of 84 and 175 years .  41.3 
G.OO1: 0.00035 

Thus,  the mean minimal biOlOF1Cll half.-time est imate  i s  118 years. 
conclude that the  excretion coc!ficiec: 1s too small to be of any practical  significance i n  elevat- 
ing the r zu imurn  p c r m s s i b l f  dose of plutoniom or in permitt ing the return to work of an 
individual who hac reached the m a x i z x ~  permissible body burden. Once a worker is re t i red  
iron; work with plutonic: bccaust. o! a nu;:mzm tclerance exposure,  it must be assumed that 
he is re t i red  frox. such wrrk for thc balance of his lifetime. 

F rom the above, one may 

. 

In the detcrrr.it.X:cr, r! eh?-=::c d;wr b:: thc use of excretion data, one is primari ly  
conc\rned w t h  thrce  d;!!errz: sx.!!:'.:.!. F i r s  ir the case of a single acute exposure dose 
occurr ing at a knou-n tinw. Stfrr:; :? t t c  c i s t  of J vanable chronic or subacute dose with 

fr.rrd 11 t h r  ca se  of 1 chronic inrarnn:  (usual ly  the iota1 exposure t i zx  bc::.; r.:.. =:.. 
The evaluatlor. o! t h e  sin::;( &:::e. cx)x.?urc dose occurr ing a t  a known time is the basio 

l eve l )  exposure dose wit!. tj:< I::( lim::.c knaun. 

of t h i s  paper. A urinary excrv:::: c x c  tzr*-tssh 136 days after a single acute exposure is 
given i n  Ti;. 4 (Page  PE!. ?:.:: ::r*:- k35 Lcr.2 emended beyond the observation limit to 
1750 days ( Fig. 5 I by app!y:r,z dx.; CL;!C::C! on e x p s e d  personnel from the Los Alamos Lab- 
oratory. The method used tc a:>:.' t!:c.se dn:a u-as explained ear l ie r  (Pages 23 and 25) .  
It  is  wortk noting thzt the d1fScrkz:i bttu.cc.r. thc adjusted curve and thc extrapolated 138-day 
curve at l i s 0  days i s  l ess  thaz tt:c ~ t 3 z Z J r d  e r r o r  of es t imate  of the former. This finding 
allows more confioencc ir. futrhcr txtrip6lation beyond ,1750 days post exposure. 
ticn of the bod:; burden f r o c  a sir.glc acute exposure is simple. 

The calcula- 

Since 
-0.74 Yua G, = 0.20 x 

-0.7; F ( c,'m) = 0.002G DE X 
C.75 Then 

B SOOY ( C  m i x  

Thus,  a single ur ine  count, Y ,  made X days 'a f tc r  an unknown single acute exposure,  DE, 
determines  DE in  counts per minute. 
the counting geometry,  etc., i s  know.. 

case with known t ime  of exposure.  
design may be exceeded will this type of exposure be seen. 

T h e  exposure dose in pc or crg is easily determined 11 

In the Los Alamos exposures ,  we have an Illustration of the variable chronic exposure 
Only under conditions of stress when sdety  fac tors  of 

There a re  three methods of 

.e 8 . .  e.. . e.. 0 
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ar.d lr. thc coz:z:or. !sbora:orx animals.  A s  in the case of ra t s  and other 
hboraiory  anir,m!c ;he Skeletal systez. was the major s i te  of plutonium 
depxiilcr. .  
and the "biol@;:cal k 3 l f - t i f m * '  i n  liver longer than for the more common 
laboraiory mind:. 

Concentrat 10: of plG:wnu= i n  the blood following intravenous injection drops 
very  rap;dly: w.1y (1 .5 per cent of the m a l  inpcted dose was fixed in the 
tntal blncd \ o l s n e  thir::: days afier injection. 

T h c  u r i iu ry  t x t r t t i m  of intravenously administered plutonium U ~ S  not cx- 
pe!wntia!. C ~ r v i l i n c 3 r  regression line fitting shoved that the ur inary ex- 
cretirm tkrcagk 13s. da:; was best expressed by the fractional logarithmic 
fu:lT:ll .:: 

Artentior. Of  p lutonium by the liver of man seemed to  be higher 

-C.T, Y., 1 c0.2: 2: - 
It:  t t . i c  c ~ p r ! - ~ ? : ~ : .  Y.. 15 t h r  pcr cent o! the injected dose excreted in a 
a;r.clc diIy 37.2 X IL tirr t::ic o! observatiofi in days post-injection. The 

T h r  a h w c  esyrC.c.c:c" f?r thc c r inary  excretion through 138 days was ad- 
y s w !  b:: IRC~:~: : ;  c&t3 collecled @?. 'Los Alamos Laboratory personnel. 
T h i ~  adji1str~:: pc ::.:t:rd thc drvelopment of an exprcssion for the ur inary 
CxcrPt:fif. e!  p!::;.::::. tk:~:~:, 1750 day$. The adjusted expression is: 

- 
~ i a ~ c ' a r C  C T T ~ ' :  ! ! Cc::=:htt 15 32';. 

-I.T; Y : e.:: ?: 
c> 

~ i : e  ~:s:tzrfi e rr. : !.i e+: : z . z : !  c! tbc ac!j:sted expression is 4 2  per cent. 

Ap;liez:;r.:. . i ;L E' :. : = - 3  r f :c;r.c! s q u r r . c  showcd the bcst curve of f i t  for 
rht icc:tl cx::~::.:. i r::::c::z. th r tagk  136 days was: 

. .  T:,, c\L.Ti :;. ................ .............. thr feces likewise was not exponential. 
. .  

I:: ti::. CX;'?.: .-. - Y .  :. ? f . c  p r cent c! the in]cc;ed dcse excreted on a 
s;u ci::c es:. A:..: X :.- !:.i t:z:* c! rcea.c:rezent in d3y.c post-injectior.. 
Tnc z t a n 3 r d  C T ~ : . '  (2  L.F::";JIC c! the  above expicssiar.  is 28 per  Cent .  

Thc :r:::.ir;. : 
ah:.:., cs;7rc~.- :. :.. I 7 .;rin;lry and !ccal cxcretion showed thc ur inary  10 
Icra: rati: ua: r..: ccr.~:ic:.: It  Wac essentrallv 1:l at 30 days and ap- 
pr0ac.k.t f i;! at a r ; x s i m x c l y  Iirc years.  

T h e  tcx.11 I c : n c  ar.d fecal excrr t ior . )  through 138 days was best expressed 
by t h r  Pqvatiw.: 

f t :  ; : i  ;*i::*.cium cxrrcticn ra t io  obtained by solution of t h e  

- 0.9; YI: = 0.79 X 

T h e  total  u r ine  plus fecal excretion through 1750 days-could be approxi- 
mated by adding lhe expression for  the feca l  excretion through 138 days 
and the adjusted en?ressron for the ur inary excretion through 1750 days. 
T h e  express ion  for  the combined excretion is: 

I 

I O b 5 9 8 4  
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Ir. the  p r e c e d i q  formulae exposure conditions were assumed to consist  of an equal and 

constz.'.t da:ly csposure dose D1 equiva1cr.t to a s i q l e  injected dose. 
0.002@ acrl -0 .74  wcrc empiricaily established on the basis of data available at the t ime of 
t h i s  report .  T h c s t  vnl:icf nn:; c h a q c  a5  m3re data become available. 

i n c  the exprrss ion fcr fevcf. expc%tc day5 per week. 
may bc valid for either thc f i v c  of  s:x Gay week. Such would be the case i f  one considers 
tnat absorptior. f r c m  lhc lung i s  the p r i m r y  s w r c c  of contamination and that the equilibrium 
betwee: t h e  alveolar and blood plutor.:ur. concentration is not radically a l t e r ed  by the one or 
two day p r i o d  of no exporsrc  each week. 

For purposes of prescntinf a sprci 'ic example w t  may assume  the  following conditions: 

Also,  the. constants 

A spcrif ic  exrc:p!t of t h r  a ~ p l ~ c a l i o ~  of the  above dosage calculation is given below, US- 

In fact, the seven day exposure formula 

Duration of exposure ( m 1 t 330 days 
Duntior.  of time f rom b c p n n i q  o! exposure until urine 
sample taken ( n )  t 3 6 t  dags 
Cocntr per minute of ur1r.e sample  ( Y E \  = 2 c/m 
The  tot21 be:; dos t  TD,. 17.3~ be calculated f r o m  the formula: ... 

f. 
13G x r. x T 

6 . 2  f - 

The distribu!ion as2 excretir E c! p i~ tc~ t? iu~ : :  adn in i s t e red  intravenously to man has been 
studied. The data f rom twelvc sgujectr have been cor re la ted  with s i m i l a r  da t t  collected by 
other investigators,  making a total of sixteen cases considered. The data have been supple- 
mented f u r t h e r  w t h  obrerrat ionc mad€ or. three Los A1amos Laboratory personnel who a b  
sorbed measurable  amounts of plutor.iur=. in the course of t he i r  uDrk. T h e  results of these 
s tudies  may be s u m r a r i r e d  as follows: 

1. Clinical observations and c h c a l  data collected on the various subjec ts  indicate 
that the in:ravenous injeclion of a single dose of' 5 to 100 ug of plutonium i s  
without acute subjective or ObJ€CtI\T clinical eficcts. 

2. The analysis of t i s sues  fol1owir.g the intravenous injection of plutonium s h o w d  
that there  was little difference :n the mode of deposition of plutonium in  man 

l o b 5 9 8 8  
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ir. whick Y U l e f  reprcser.1.c :hr per Ken: o! the injected dose excreted 
i n  t t i c  urinc plus fcces (.:. ;I spcc:iic day, and X designates the tlmc 
of o b s e r n t r o n  11: d ; i y  px=! -in]ectior.. 

10. Integration of the a t w c  csprcssion between the llmrts of 1.'2 and n.1/2 
days post- injection F I W -  thc follouinc expression: 

r 0.7; ( n - I 2 lo.26 - 7.00 ( n - 1 '2 )0'09. 68 1 u i  - f  A 

which r e p r e s c m  the i m ~ r a l e d  axount  of plulonium in per cent of the 
iniected dosr  (A,, . f 1 excreted up to and including the g h  day a f te r  
inicetion. Substrtciier. ir. thi. expresslon showed that only 8.7 per cent 
of a single ifijectrd d:,cr. u a c  excreted i n  approximately five years. 

11. Applrcat~on of thc data G! t k ! ~  r eps r t  to the calculation of the "biological 
half-tinrr" of pl;tor.::-: ir. =at. ~ r v e s  a mean minimal "biological half- 
time" est imate  0: I l k  y c i r c .  with a variation of from 84 to 175 years.  

12. The ur inary ex:rc:ir':. e312 (I! 1h.c rcport u e r e  applied to the diagnosis 
o! exposurc o! prrs<Bxci I?\ p1utani;lc. Three  sets o! exposure condi- 
lions wcrc conzidirr5:  
( a ) ThC appllca::.. : r . !  *.*.*.- ,.-..... - * * * - .  -... : r i w  ar.a!ysis to estimate the t o u l  body 

dose fo1lou.r.g 2 5 : : : ~ : '  &c::i tspos;lrt occurring at a k-..oun t ime, 

The oppl:c3:ir 7. c.! ~~:-:zzi~:. u r i m  analysis to estimate thc total body 
burder. o! ;:L:CZ::-. i. ; i o  *i ::.: v i r ; i b l c  chronic or sub-acute exposure 
w:th or,:y t:: tc:.:. f s ; l v z i t  t::c k%.:ng hour. a d ,  

following chrr.:.:: ::.*;::ztr-.: csp?.cure ( s u c h  as nu?. occur i n  a ca re -  
full:: coero1lc.l rc::i:-. phr.: p r o c e s s )  with time o! exposure k n o w .  

( b  J 

( c )  T h e  app1icatrr:f. c:  ::::.a a:C:.-$i~ to estimate the tot?: body burden 

Exprtcsir.r..c for thc C.:;-L~-::: -. ci body dose undcr the condnior.s set forth' 
13 ( a  1. ( b, an:! I c trt ::ci-:. f :r. t h i s  rewrt. 
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