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AD311 SISTE RED INTRAVENOUSLY TO M A N  

I. IKTRODCCTIOK 
.. 

. 

. 

It  is now a well established 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 bone necrosis ,  radiation osteit is ,  osteogenic sa rcoma  and other pathological 
changes in bone which character ize  the condition commonly known as chronic radium poisoning. 

concentrates i n  the skeletal  system of the rat .  
i s  a malor si te of plutonium deposition r ega rd le s s  of the animal species ,  the valence s ta te  
of the material  or  the route of administratior, ( 2 ) ,  ( 3 a ,  b, c ) .  Autoradiographic s tudies  Of 
the mode of deposit im of plutonium i n  bone ( 4 ) ,  ( S ) ,  ( 6 ) ,  ( 7 )  showed that i t  was deposited 
i n  a pattern quite difierer.! from that of radium. The la t ter  element tends to be incorporated 
into t!ie bone sal ts  exclusively and becomes buried in the calcified s t ruc tu re  in the manner to 
be expected f rom a membcr cji the calcium family in the periodic table. Plutonium, however, 
shows some depositior. i n  soft  t i ssues  (especially i n  the l i v e r )  and a remarkable  affinity f o r  
the non-calcified. non-cartilaginous a r e a s  of bone. The material. is highly localized i n  the 
epiphyseal line, t h e  periosteum and the endosteum so that localization is predominately i n  
regions of trabecular bone (See  Fig. 1, frontpiece).  The  general  conclusion was that the 
mode of depozition of plctDEium made i t  potentially more  hazardous than radium. 
there i s  only limi!ed pro;! tka? the above conclusion i s  justified, it must be considered when 
evaluating the po!er.tia: cr.ror.ic toxicity of the material .  

SubseqGer,: exyEr;-...rr.:s ui!k rodents by Brues ,  L isco  a;rd Finkel ( 8 )  and o the r s  (S) 
have de.monstratr.6 t!-,2: pi.::?:.i:~, is quite effective in producing pathological changes in bone 
including os!eoFer,:c S Z T C :  z . 2  I See  Fig. 2 ) .  

Brues  ( 1 0 )  cor.pzrf3' :;:e re1a:jve chronic toxicity of equivalent microcurie amounts of 
plutonium and radi-n.. t.:. fsli0uir.g 1GGG r a t s ,  600 mice throughout life and 37 rabbits for over 
403 days. A c o m p ~ ~ : s r : .  of s z v i v a l  t ime,  radiographically determined bone damage, patho- 
logical fractEres ar.c b:.:,c t';r.Qrs i n  these animals appeared to  bear out a plutonium-radium 
chror.ic toxicit:; ra!:: c! :2-:: , ' !  on the basis  of injected dose or  about 4-5/1 cn the basis  of 
retained material .  

tSe  necessity; of err.?!: ::::.; rs!rcmcly rigid control over all plutonium operations. 
health problerr: assc: LL:~.  :: **.i!f* plutonium processing i s ,  of cour se ,  the possibility that s m a l l  
amounts  of p!ctor.:cm ac rz r , -~ !n ! rd  i n  the skeletal sys t ems  of workers  m a y ,  Over a period Of 
from ter. to th;rty yen:-=. ca.2F.e b m e  changes s imi l a r  to  those observed i n  chronic radium 
poisonizg. 
missible body burdcr. a ?  IC currently done with radium. 

of Standards establishec! 2 tentative maximum permiqsible body content of 0.5 pg ( 0.032 p c  ) 
for plutonium. 
of the Atomic E n e r e  Cozmiss ion  a s  the official maximum permissible tolerance for  plant 
personnel ( 1  1 ) .  

to the evaluation a n d  interpretation of the maximum permissible body tolerance.  
specifically such studies seem highly important for the following purposes: 

Hamilton and co-workers ( 1 ) were the f i r s t  to  demonstrate that plutonium, like radium, 
Numerous r epor t s  have emphasi2e.d that bone 

Although 

The above ob~crv:::.:~:,~ 2nd the experiences of the radium dial industry have emphasized 
The major 

Thc poc-c;':.;l;r:; is  ser ious enough to  justify the adopticr! of a rigid maximum pe r -  

Only recently thc s*Jbcommittee on internal radiation tolerances of the National Bureau 

This  v a h e  was adopted immediately by the Division of Biology and Medicine 

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

1 .  To minimize the degree of uncertainty inherent in extrapolating the vast  
amount of animal experimental  data to man. 

I O b 5 9 5 b  
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2. T o  provide the  best  possible quantitative basis  for the diagnosis of degree 

of exposure of personnel to plutonium. 
3.  T o  determine the degree  of fixation of plutonium by man and establish 
' c r i t e r i a  for the period of re t i rement  from further exposure of workers 

having received a maximum permissible dose.  
4 .  To provide more extensive and quantitative data on the deposition and 

excretion of plutonium bq' man a s  a basis for future consideration of maxi- 
mum permissible body tolerance. 

. 

Keed for the above information was recognized several  y e a r s  ago. It was a l so  recog- 
nized that s u c h  information could be obtained only by administering smal l  t r ace r  amounts of 
plutonium to persons  with a relatively sho r t  life expectancy. 
initiated Aprji 10, 1945 (12) .  Shortly thereaf ter ,  both the Chicago and Berkeley groups i n -  
itiated s imi l a r  studies ( 1 3 ) ,  ( 1 4  ) ,  

studied a s  a joint project of the Los Alamos Scientific Laboratory of the University of 
California and the Atomic Energy P ro jec t  of the University of Rochester School of Medicine 
and Dentistry. 

with the present  ones providing a collection of data from sixteen cases .  

Laboratory has had approximately six y e a r s  experience with exposure problems associated 
with the processing of large amounts of plutonium. 

used to enlarge and supplement the data coliected f rom the plutonium t r a c e r  studies presented 
in this report .  

METHODS 

The  f i rs t  t r ace r  study was 

-This report  is the final presentation of the resul ts  of twelve plutonium t r ace r  cases  

The r e su l t s  of the studies conducted by the Berkeley and Chicago groups are correlated 

In addition to  the twelve t r a c e r  c a s e s  mentioned above, the Los Alamos Scientific 

U'herever applicable, the Laboratory's  experiences ui th  the exposure of personnel a r e  

v 

A .  Selection and Descrip!ior. of Subj- 

The life expectancy of the individual was carefully considered a s  a basis of selection 
of subjects f c r  stud:;. 
suffering f rom chronic d i so rde r s  such that survival for ten yea r s  was highly improbable. 
By adhering to these c r i t e r i a ,  the possibility of late radiation effects developing would be 
avoided. 
or at  most a few yea r s ,  would bc much greater .  

yea r s  old, and has  since died of Cushing's Syndrome. 
approximately five y e a r s  s ince the initiation of the f i r s t  study, five subjects a r e  known to have 
died of their diagnosed i l lness .  
of the five terminated cases .  

A s  a rule ,  the subjects chosen were past forty-five yea r s  of age and 

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

One was only eighteen Of twelve patient-. chosen, ter; were past the age of forty-five. 
Up to  the time of this report ,  and 

Autopsies and t issue samples  were obtained from only three 

p;.LLj \ l L q  ;. (ii.3 i 4 L') 
L 

Brief summar ie s  of the medical histories of the subjects of these studies a r e  as follows: 

Hp-1 

This  patient, a sixiy-seven year  old white male with a nine year history of peptic ulcer ,  
was admitted to the hospital following a seve re  gastrointestinal hemorrhage. 
of a duodenal ulcer was 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 

............. . . . .  . . . . . . . . .  . . . . . .  . . . . .  10:- : : . ................ . 
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Hp-2 

This patient, a forty-nine year  old white male,  was a known hemophiliac and entered 
the hospital on this occasion for the thirty-eighth time. Symptoms referable to hypertension 
had been present for three yea r s .  Clinical diagnoses on this admission included hemophilia, 
essential hypertension with hypertensive cardiovascular disease and coronary insufficiency, and 
chronic arthrit is .  

Hp-3 

This patient, a forty-nine year  old white female,  was admitted to the hospital with com- 
plaints of pigmentation of the skin, prur i t ic  dermati t is  and dependent edema. Initial clinical 
studies were carr ied out in November and December 1945, a t  which time diagnoses of hepa- 
titis of unknou-r, e t i o l o o  and hypoproteinemia were made. 
examination i n  October lWE, whe;, she  appeared i n  good health. 

She was admitted for follow-up 

Hp-4 

This patient, an eighteen year old white female,  had a history of Cushing's Syndrome 

The clinical 
since 194!. Her admissior, ir. October 1945 was the fifth period of hospitalization. Chief 
complaints on this occasior. were referable  to  hypertension and osteoporosis. 
diagzoses were basophile adesoma of the pituitary gland with hypertension, hypertensive hear t  
disease, nephropathy with uremia ,  osteoporosis,  and a staphylococcic infection of the urinary 
tract .  
Diagnoses at autopsy include5 basophile adenoma of the pituitary gland, atrophy of the thyroid 
gland, hypertrophy of the adrenais ,  hypertrophy of the left ventricle,  hypoplasia of the uterus  
and ovaries, osteoporosis c! tk.e spine and pelvis , and chronic nepiiritis. 

The patient rar. a dou-r. hill course until death in u remia  occurred in April 1947. 

Hp- 5 

This patien:, a fi!ty-sis year old white male,  was admitted to the hospital i n  Wovember 
1945 with complaints of generaltze? weakness and difficulty in walking and swallowing of t h ree  

in April 1946. The diacr.ose-2 at autopsy included amytrophic la teral  s c l e ros i s ,  bronchopneu- 
mon!a, generalized ar ter iosclerosis ,  renal  cys t s  and adenoma of the right kidney. 

yea r s  duration. The cl!r.ica! diagnosis was amyotrophic la teral  sclerosis .  Death occurred 2 .  

Hp-6 

This patier.t, a fcrt:;-f:vc yezr  old white male with a history of Addison's disease since 

He responded to conservative treatment and studies 
January 1945,  was aa-:::!ct io  the hospital on December 14, 1945, for treatment of numerous 
infected lesions o! t b c  eyel:l.: and toes .  
bcga:: during cor.valc.rc( ::ci . Or. readmission in June 1947, h i s  condition was essentially un- 
c hanged. 

Hp-7 

This patient, a fiIty-nir:e year old white female .who had been previously treated for 
heart disease and hypcrthyroidisrr., was hospitalized on January 21, 1946, for cardiac decom- 
pensation. The clinical diagnoses were  rheumatic heart disease with mitral  insufficiency and 
auricular fibrillation, and tosic nodular goiter.  Permission fo r  
autopsy was withheld, but the probable cause of death was lobar pneumonia. ' 

She expired i n  October 1946. 

Hp-8 

This patient, a forty-one year old white female,  had a history of sc le roderma since 
January 1945, and a duodenal ulcer f i r s t  diagnosed in 1944, 
admission were sc le roderma and duodenal ulcer.  

The clinical diagnoses on this 

0 . .  .e. ... .. . .  . . . * *  * .  . .  - .¶3 > .a * *  . .  * . * .  * *  0 . .  0 . .  ... 0 . .  .. . 
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This patient, a sixty-six year old white male ,  was admitted.to the hospital In March 
,*46 with a history of generalized dermati t is  and weakness of eighteen months duration.’ A 
diagnosis of dermatomyositis  was made. 
autopsy included generalized muscular atrophy, dermatit is ,  purulent bronchitis and broncho- 
pneumonia, hypertrophy and dilatation of the hea r t ,  and chronic passive congestion of the l iver  
and spleen. 

The patient expired in July 1947. Diagnoses at 

Hp-10 

This patient, a fifty-two year old negro male, was admitted to  the hospital on March 24, 
1946, i h  acute congestive heart  failure.  
and h i s  history included both rheurr,atic fever and luetic infection. 
th i s  adrnission included rhecmat i c  heart  disease,  latent treated syphilis and ethmoidal and 
fror.ta1 s in s s i t i s .  

A history of heart disease since 1926 was obtained, 
The clinical diagnoses on 

Hp-11 

This patient,  a six;y-cig:.: ye;: old white male with history of alcoholism and dietary 
inadequacies for  many y e a r s ,  Ua_c adgi t ted to the hospital on December 12, 1945, with com- 
plaints of dyspnea and abdorr.ir,ai swc!ling. He expired on Februhry 26, 1946, and diagnoses 
at autopsy were  c i r rhos i s  o! thc  l ivcr ,  asci tes .  and thrombosis of the portal vein. 

np-12 

. This patient, a fifty-three yekr o l d  co lwed  male, was hospitalized on March 25, 1945, 
following an automobile acc1iCr.t ir. w h i c h  he sustained comminuted fractures  of the left femur 
and right patella and a trazsvErse f r ac t z rc  o! the r igh t  radius and ulna. 
of note included a left lenticular cataract  and marked hypertrophic and atrophic ar thr i t ic  
changes i n  both knees,  togethe: v?!:-. octeochondromatosis of the left knee. 

Fhysical findings 

B. Management - of Sub)= ar.5 Ccllectior. of Samples 

I 

! 
Ten of the twelve patier,: were  cared  for in  the special metabolic ward of Strong 

Memorial Hospital. 

collection of ur ine and fecal spccc”;~:.~.  ’ During this period all necessary  adjustments to  
ward routine and al l  necessary  mc!?:!;cations i n  diet were completed. 
proven himself capable of coopc:a!:?r.! a s e r i e s  of control urine and fecal samples were col- 
lected for the purpose of “b!ask” de-:crr;..ir.ations by the method of plutonium analysis. 
ceding the injection oi plutonicr. a x i  agair: at  termination, physical and laboratory examinations 
were conducted on each subjec:. 

15 ml were taken before admiristration o! plutonium and at four hours,  one day, three days,  
six days,  ten days ,  fifteen days, etc., post injection, 

formaldehyde. 
plutonium was given. 

empty the bladder before defecation to avoid admixture of urine and feces.  A s  a rule feces  
were pooled during intervals of four days,  except immediately after the plutonium was given 
when the f i r s t  two stools were collected separately.  All samples were  preserved by boiling 
for ten minutes with 6 N HC 1. 

Tissue  samples  o T f r o m  25 to 150 g were obtained at autopsy and preserved i n  80 per 
cent alcohol. 

The gener&l rr.ar.agernent of the ward patients was as follows: 
A control period of aboxt tcr.  dzys  wac utilized to instruct the patient in the quantttative 

After the patient had 

Pre- 

Blood samples  were drau:.  ir.tc) dry sodium citrate a s  an anticoagulant. Samples Of 

Urine samples  were collecte5 directly into half-gallon f r u i t  j a r s  and preserved with 
The  urine was usually collected in  24 hour periods except on the day the 

During the f i r s t  day it was collected in two 12 hour periods. 
Feca l  s amples  were collected in three- l i ter  beakers. The patient was instructed to  

. 

, 
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C. Administratior, of Plutonium 

The plutonium solution used in these studies was prepared by dissolvlng 5.0 mg of 
The solution was assayed spectrographically pure plutonium metal in  1.0 ml. of 2 N HNO3. 

for plutonium by alpha counting. 
in a 10 ml volumetric flask and diluted to volume with s t e r i l e  0.41 per cent sodium 
c i t r a t e*2H20 .  
the plutonium was i n  the form of P ~ * ~ - c o m p l e x .  

A n  appropriate aliquot-of the plutonium solution was placed 

The solution prepared in  the above manner had a pH of approximately 5.5 and 

The technique of injection and the method of assay  of the injected dose were  as follows: 
One syringe was filled with s t e r i l e  saline and a 22-gauge needle attached. The other 

syringe was filled with 0.5 nil of the plutonium solution and the needle used for  filling the 
syringe was discarded. The needle of the springe containing s t e r i l e  saline was introduced 
into a cubital vein and the saline slowly injected to insure unrestr ic ted entry into the vein. 
The syringe was then carefully detached from the needle, which was s t i l l  in the vein, and the 
syringe containing the plutonium injection solution was substituted. The plutonium solution 
was injected rapidly afrer which the syringe uas rinsed once by drawing i t  full  of the patient's 
blood and discharging the blood back into the vein. 

The same s y r i n p  and needle used to inject the patient was  used to measure  0.5 ml 
aliquots of the plutonium solution into each of four volumetric flasks.  The washing of the 
syringe and the other essential  s teps  of the injection technique were  duplicated. 
of each flask was diluted to volume with 2 X HC 1 and a suitable aliquot of each evaporated 
directly on platinum discs  and assayed for a l p h a  activity. The average of the four a s says  
was taken as the amount of plutonium administered to  the patient. 
deviation for each se t  c! four r e su l t s  war 3 . G  per cent. The  amount of mater ia l . received by 
each subject an? the dates  c! icfecticn a r e  presented in Table 1. 

The contents 

The average standard 

TABLE: 1 

ASIOCKT OF PLLTO?;IL'?r: ADSIIh7STERED T O  SUBJECTS VIA 
INTRAVESGL'S ISJECTIO?;* Ahm THE DATE O F  ADMIhTSTRATIOK 

De si r,a: io r. o! S : k ; f -  c : Date of Injection 

HF-  I October 16, 1945 
E;>- 2 October 23, 1945 
fir- 3 h'ovember 27, 1945 
Hp- 4 Kovember 27, 1945 
H p -  5 Kovember 30, 1945 
HI:- C February 1, 1946 
l i p -  7 February 8 ,  1946 
H p -  6 hlarch 9, 1946 
Hp- 9 April 3 ,  ,1946 
Hp-JO July 16, 1946 
Hp-11 ' February 20, 1946 
Hp-12 j April 10, 1945 

- = _ i _ ? j _ _ . I  

I-- 

+ *  
clg Pu Injected 

4.6 
5.1 
4.9 
4.9 
5.1 
5 . 3  
6.3 
6.5 
6.3 
6 .1  
6.5 
4 . 7  

'PU was administered a s  F 3 ~ + ~ - c i t r a t e  in 0.5 ml 
of 0.41% solution sodium ci t ra te .  2H20 ,  

Average standard deviation of determination of 
dose was 3.0 per cent. 

+ *  
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3. &l>tical Procedures  

m 

All urine samples  were  analyzed io? plutonium using the cupferron extraction procedure 
dtveloped at  the Los Alamos Scientific Laboratory fo r  the determination of exposure of labora- 

Fecal samples  were analyzed by a modification of the cupferron procedure publlshed 

Blood and other t issue samples  were 'lashed" either in a muffle furnace or with conc. HNO3 
The ash solution was analyzed fo r  plutonium by the cupferron extraction procedure 

. tory personnel (15) .  

ea r l i e r  (16).  

and H202 .  
in exactly the same manner employed lor the analysis of urine a s h  solutions. 

El. RESULTS 

A .  Clinical 0bservatior.s 

Acute toxic effects f rom thc smal l  doses of plutonium administered in these studies 
were neither expected nor observed. 

this study were suffering f rom a variety o! conditfons. In most cases, however, kidney and 
l iver function appeared to be essentiz!!y normal.  

The highly abnor- 
mal condition of this subject uas  acconipaEied bj higher plutonium content in blood and urine 
and apparently a slower rate  of plu!c::::T fixation i n  bone, 
analyses were ruled non-reprc Ser.:a:::'s c,:-. 

excretion values were  obtaintr:. 
ascociated asci tes ,  which in?icatr c! E:::K;:? :rr.pa;rment of liver function. 

I 

differential count a s  a resul! o! I!.< ir.jcc:;:~r. G! approximately 5 pg of plutonium. 
hemoglobin a n d  red blood cell  cr,:::: ;:. i!;.-!? probably was a resul t  of therapeutic measures .  
The observations i n  Tablc- 2 ucr6  c::!< 1:; accord u i th  those made by Russell and Nickson (13)  
who collected exceiler,t clinica! la!.: ::::- r y  data from two cases  following administration of 
plutonium. 
subject received 95 pg of pl~tor.:::. z:,e wii:.c followed fo r  sixteen days. 
utable to plutonium were fou7.d ir. t k c  constituents of the peripheral  blood of either patient. 

In the present s e r i e s  clic:ca; e;. iaenc~ suggestive of liver damage did not appear. 
specific t e s t s  of l iver function u e r e  rc8t a s  a rule l isted in the protocols, the possibility that 
injury t o  t h i s  organ might appear. wa.c considered. 

happen in 10-30 yea r s .  
gators indicate that the intravenous injection of a single dose of 5 to  100 pg of plutonium was 
without acute subjective or objective clinical  effects. 

A s  seen  from the sumrr.aries of case histories ( P a g e s  10 - 14) ,  the subjects used in 

T h e r e  were two notable exceptions. 
Hp-4 was suffer ing f r o m  Cush:ng's Syndrome and chronic nephritis. 

In fact ,  several  of the urine 
ba.ci,c of thc Chauvenet cri terion, 

Hp-11 was moribund a t  tr,t i;:::. ;.:';:o:.:un; was administered. Therefore, no plutonium 
A - - * .  . . e L .  '-.. ... ,ca: d:agnosit revealed c i r rhos i s  of the liver with 

The data i n  Tab!c 2 sur.r.:rr:;r s , : : : - . i  r.! the clinical laboratory observations. These 
show no consistent trer.i.c i: t.( :!:.;:~!,:r.. red blood cell count, white blood cell count and 

The rise i n  

One individuai recrivec! C.:  < c8f plutonium and was followed for 155 days. Another 
So alterations at t r ib-  

While 

Admittedly the observations madr: during this study provide no evidence of what may 
I t  may be s a i d ,  however, that these studies and those of other investi- 

B. D_eposition of Plutonium i n  the Body.. 

Since the beginning of t h i s  study, four of the subjects (Hp-4, 5 ,  7 and 9 )  have died 

Two bone specimens were obtained f rom Hp-12 during open reduction of f r ac tu res  and 

a s  a resul t  of their  diagnosed i l lness.  
the t ime of injection. 

a number of his teeth were obtained a t  a la ter  date. 

Another subject,  Hp-11, was  in the terminal phase at 
Autopsy and  t issue samples  were  obtained in only three of the five 

. cases .  
Blood samples  were obtained f rom all  
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subjects beiore plutonizr  ir,jc.ction ar.d at frequent intervals thereafter.  
were analyzed for plutor.iurr. ty the cupferron extraction procedure subsequent to ashing. 

The data i n  Table 3 shou t h e  resul ts  of analyses of the various samples  for plutonium. 
The results obtained by Russe!! and Kickson (13)  ( r e f e r r e d  to a s  Chi. I ,  U, 111) and Hamilton 
et  a1 (14)  ( r e f e r r e d  to as Cai .  I )  a r e  presented also. Two important points must be kept in 
mind when considering these data: ( 1 )  The samples  of human t issues  were ,  for obvious r e a -  
sons,  ra ther  unsatisfactory. 
were usually what could be obtained under the circumstances rather  than what were desired; 
( 2 )  The subjects were chronically ill and/or elderly and the resul ts  may not represent  exactly 
the dlstrlbution of plutonium ln t issues  of healthy persons of average working age. 
data, however, a r e  all that a r e  available and, therefore,  must provide the basis  for our p r e s -  
ent concept of the distribution of plutonium in the organs and t issues  of man. 
also provide a basis  f o r  comparison w5th the resul ts  obtained from the numerous studies of 
plutonium deposition in experimental animals. 

All t issue samples 

In most cases  they were too sma l l ,  poorly representative and 

These 

They must 

1. Deposition in  the Skeleton 

Animal expertments ( l ) ,  ( 2 )  reveal  that approximately 60 per cent of plutonium injected 
as Pu02++ and P u + ~  - ci t ra te  is localized in bone. If the ver tebra ,  s te rnum and whole r i b  a r e  
taken as representative bones of the skeleton, and  the average plutonium content ( .00657%/g), 
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TABLE 3 

DIS'TRIBC'TION OF PLUTOhTUhl Ih' HUMAN TISSUES FOLLOWING 

INTRAVEKOUS INJECTION OF PLUTONIUM SALTS 

Org. 

wt./g( - 
3,000 

- _  
1,700 

-- _ _  
i )  
j (  

:I 

1 b 10,000 

_ -  
20@ 

3 00 
3b 

I4 

950 

65 
_ _  
7 05 
-- 

350 

~2,300 _ _  
38,500 

5,400 

9,6W 
70.000 
7 

SUI Rel. Pu 
~ f f ~ n i t y ' ~ )  

13.3 

-- 
9.7 

9 . 1 .  

_ -  
5.2 

5 . 1  

3.7 

2.6 
1.5 

1.0 

1.0 

1.G 

0.8 

0.6 

0.5 

0.5 

_ -  
0.2 

0 .1  

0 .  I 

0.1 _ _  
-. _ _  

Av.  %/g - 
. O M 7  

- -  
.OK36 

.0127 _ _  

.0073 

.007 I 

.0052 

.OC37 

.002 I 

.09 I5 

.OC I4 

.OO I3 

.oc I 1  

.oOOS 

.0037 

.0007 
-- 

.OOC3 

.DO02 

.wc2 

.ooc I 
_ -  

.oOcI(; _ _  

L1vr.r 

Ri t .  ( C o r t e x  j 

p7:t-i;; 

V e  r t e t  r a 
Stern,:: 
R i b  ( u ' t . c  :c 

Perics:e-7.  ( R ; t  

S2lec: 
K;dn t  y 

TnyrL;: 

A d r e 7.2 : 
L U L F  

Fan c r c a c 

Gonads 

Lyrr.pt. Stdc 

Teet!. ( A \ .  of 7 ;  

Hear! 

Largc 1ntes::rc. 

5mall Intest!rr  

Musc.c a72  Sur.  

Blood 

Baiartc 

Total  

-. 
I 

' *  'The i a r ious  subjects r ece ive i  t3c folloulng doses  01 plutonium: Hp-5 - 5 ug; Hp-9 = 6.3 rrg; 
Hp-l l  = 6 .5  e; C.C,. 1 6 5  s .  Ch:. Ll = 04.8 a; Hp-12 = 4.7 M; '211. I * I03 ~ y .  

(Z)Tissues were obtained a: the Iollowng tlrnes d t e r  Injecllon: Hp-5 151 days; Hp-9 456 days; 

")Calculated by dividing R.'g of tlsBue by P 'g ol body vetght  11 i unlt dose d Pu was equally 

(4)Herrnurn Llsco, Memorinddm to AEC, July '21 ,  1947, Projecl 'SUndard Man. 

(5)Assurnpcion made thn! ver t eb ra ,  s t e rnum and whole r l b  represent  average bone 01 skeletal s y s t e m .  

( 6 ) B o n c  marrow not Included In locll recovery because bone samples  were not freed of mar row be- 

(7)Balancc a s s u m d  to have s a m e  P a  contert  as muscle 

(8 'Va lue  for blood taken at 30 day polnt. Fig 3. 

Hp-l l  5 days. Ch: I 155 days.  Chi. II 16 days.  Hp-12 5 days; Cal.  I 4 days. 

dlstr .  ln a 70 lq. mar.. 

fore a d y s i s  

............. 
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. . 0 .  -:la .: : .. 
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multiplied by the skeletal weight o&*the"%hnd%l  %%!in'' (17),  then 65.7 per cent of the injected 
dose is the estimated amount of plutonium in the skeleton of a 70 kg man. Although the l a t t e r  
value was established rather  arbi t rar i ly ,  i t  is in  good agreement witb the value expected f r o m  
animal experiments. 

average of four determinations from three different laboratories was 0.0187 per cent of the 
injected dose per gram of marrow. 
56 per cent of the injected dose concentrated i n  the marrow of a 70 kg man. 
do not show appreciable concentrations of plutonium in the marrow. 
plutonium concentration in  r a t s  and mice a r e  the endosteum, periosteum and the epiphyseal 
line. It is quite possible that the samples of human marrow were too small  to be representa-  
t ive,  contained endosteum or spicules, or that the high deposition was an indication of an age 
factor related to the fact that the epiphyses of man unlike those of the r a t  unite at maturity. 

The data in Table 3 indicate a ra ther  high plutonium content in bone marrow. The 

On the basis  of 3000 g of bone marrow, there would be 
Animal studies 

The major a r e a s  of 

i n  G r a m s  per Gram D;:c:;:r 

2. gepositior, in the Liver 

p e r  Organ 

The average plutonium deposition i n  the liver for the five cases  was 0.0136 pe r  
cent of the injected dose p e r  gram,  which corresponds to 23.1 per cent of the dose in  a 1700 
gram liver (Standard h1ar.f. 
c a ses  reported by the Chicago investigators (13). 

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

TABLZ 4 

LIVER DEPOSIT105 O F  PLUTOh7UM ADMINISTERED INTRAVENOUSLY TO MAN 

(''Hp-11 was ir: t e r r r 3 1  phase of illness; plutonium deposition probably low because 

( "Chi. -11 was in  terminal phase of adenocarcinoma; plutonium deposition probably 

( 3)Russell .  E. R. and Kickson, J. J. (13) 

of severe c i r rhos i s  of the liver. 

low because of metas tases  to the l iver.  

I 
Two cases  (Hp-11 and Chi. -n) were in the terminal phase of i l lness a t  the t ime  plutonium 

was  administered. 
in the liver of these c a s e s  i s  highly questionable. 
however, were r a the r  striking, 

Both showed advanced l iver disease.  The values for plutonium deposition 
The resul ts  i n  the other three cases ,  

As pointed out by Russell and Nickson (13),  the content of 

............. . . . . . . . . .  
0 .. ................ 0 e . .- 19:- : : : . . .  . .  e 
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'-1tonium in the liver was much higher ' & i r ? * k & ~ o  & &p&ied from resul ts  in experimental 
nals.  Even though one of their  cases  survived 155 days af ter  receiving plutonium i n  the 
valence state ( a  forrr. knoun to give l o u  liver deposition in r a t s  (1)  ( 2 )  ), 28.5 per cent . 

of !he injected Subject Hp-5 had 42.8 per  cent of the plutoniunt 
iiijccfed a s  Pu+'-citrate deposited in the l iver after 151 days. The third case (Hp-9) survived 
456 days and had 23.0 per  cent of the injected mater ia l  deposited in  the liver. Considering 
!he elapsed time after injection, the plutonium content of t h e  liver in the two latter ca ses  
was  even higher than that observed by Russell and Nickson (13).  The apparent higher depo- 
sition i n  the latter ca ses  might indicate the destruction of the F ' ~ + ~ - c i t r a t e  complex by the 
human liver. The resul ts  compare favorably with those obtained when r a t s  were injected with 
uncomplexed quadrivalent plutonium ion ( l ) ,  ( 2 ) ,  ( 3 ) .  
indicated rather strongly that the retention of plutonium by the liver may be much greater  for 
man than for r a t s  and mice, and may be of the order  of 20 - 4 0  per cent of the injected dose 
during the f i rs t  year.  A comparison of the survival t imes  and the amounts of plutonium de -  
posited in the l ivers  of Hp-5 a n d  Hp-C' s eems  to indicate a "plutonium retention half-time" in 
the l iver of one yca r  cr  greatcr  for mar. a s  compared to 40 - 60 days for  rats.  

ose was found i n  the l iver.  

The limited data presented in Table 4 

. 

3. Concentration i n  Bii.i.?d 

The da:a ir, Tab:< 5 s h o x  the  concentration of plutonium i n  blood, at  various t imes  
d t e r  the intravenous injecticn rs! a,?;?roxirnately 5 pg of plutonium as P ~ + ~ - c i t r a t e .  
su l t s  a r e  expressed in  per cent of the injected dose i n  the total blood volume. 
was  assumed to be 7.71 per  cezt o! thc  total body weight (17) .  

mean 'va lues ,  however, fel! or. a zx::.,-:k czrvc- ( s h o u ~ ~  in Fig. 3 ) .  

rapid rate  of fixation of the c ia :erz:  in  t h t  body. 

The r e -  
The blood 

The individual observa::ox varled widely, especially during the f i r s t  four days. 

The drop in  blood p1uton::r: cun!ent u a s  very rapid at f i r s t ,  and reflected the very 
The mean blood concentration 4 hours 

The 

= r  injection was 35.7 per rcrA:, 5 :  one day 15.7 per  cent, at 10 days 1.2 per cent. Thirty 
; after injection the blood cc.xir.rra:io:: of plxtonium read from the curve in Fig. 3 was 

u r r ~ y  0.3 per cent of the injected c ! - . ~ c  ir. ti:c total blood volume. The extremely smal l  amount 
of plutonium in  the circulating b l r . 2  e!lrr,:ns!es blood analysis by the usual ,counting procedures 
as a means  of diagnosing the dc;ri.r of exp:!sure of personnel. 
employing the counting of alp!-.s t racks regisrered by alpha sensitive nuclear t rack photographic 
emulsions map prove possiblc. 

The application of techniques 

4 .  Deposition in Othcr &gz> 

The amounts of plutonicc: deposited in organs  and t i s sues  other than skeleton, l iver 
and blood were rather small .  
weight of the "Standard hlan", t!e resul ts  were in reasonable agreement with what was  antici- 
pated f rom animal experiments.' The data showing the per cent of dose per  gram of organ 
and per  cent per  organ a r e  given in Table 3 (Page  18). The kidney and spleen each had an 
estimated average plutonium content of 0.4 per cent of the injected dose per organ. 

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

The bone, bone m a r r o u  and liver were' the only t i s s u e s  that showed a relative plutonium 
affinity appreciably greater  than unity. 
were 1.0 o r  less.  Obviously the skeletal system and liver are the t i s sues  of major interest  
when considering the plutonium tolerance,  a s  these two organs  alone account for 90 per cent 
or  more  of the total plutonium in  the entire body. 

N'h~r .  the per cent per organ was  calculated, based on the organ 

The spleen was  1.5; a l l  other tiss-Jes and samples  

... .. .. 



PLUTOhTUM CONTEXT OF BLOOD SAMPLES' FOLLOWING IN'IRAVENOUS 
XXJECTIOK OF APPROXIMATELY 5 pg OF PLUTOMUM AS Pu+~ -CITRATE 

DAYS I PATIEST CODE Ah3 PER CENT OF INJECTED DCXE IN TOTAL BLOOD VOLUME. 

1 

2 
7 

4 

5 

E 
e 
5 

.I 

1. 

' 7  .. 
15 

1; 

2: 

2: 

2 :. 
3 5 

1,: 

3 €  

4: 

4 E  

AFTER 
IKJECTIOS Hp-2  - 

19.35 

6.36 

10.03 

4 . ? :  

? . ? C  

- 
Hp-3 - 
28.32 

11.56 

4.2: 

2.17 

1.4? 

Hp-4 - 
03.31 

16.64 

6.  14 

4.6: 

@.F: ' 2 . 3 4  

i . 4 :  P C '  ._ .  . 
! . -  

;, -.I 
_ . I .  

; -, : . - .  

Hp-5 

31.51 

6.23 

- 

1. 16 

0.66 

9 .32  

Hp-6 - 
36.70 

10.97 

2.94 

1.OC' 

~ . 3 e  

L. I !  I 0.2E 

!.. It C.25 

- 
Hp-7 - 
32.57 

16.40 

6.97 

2.96 

1. 13 

0.6E 

- 
Hp-0 - 
37.64 

14.5 I 

4.94 

2.07 

1.37 

0.71 

0. 17 

- 

- 
Hp-9 - 
(0.83 

12.39 

6.22 

3.9 I 

2.2 I 

1.42 

0.42 

- 

Hp-IO - 
5 1.57 

24.66 

20.06 

4.9 1 

1.72 

1.02 

0.36 

- 

- 
np-12 - 
5.3 1 

0.5 1 

0.45 - 

AVERAGE 

35.7 

15.7 

9.97 

8.82 

- 

3.4 

1.9 

1.2 

1.5 

.70 

1.0 

.30 
. .40 

- 

[ 7x2: vc.i6h! o! Blood Taken as 7.71% of Total Body WeIpht. 

c. Excretic:. of P1-;!cniun? 

1. Urinary Excretior, 

The ur inary excretion of plutonium was studied in eleven of the subjects following 
the intravenous injection of approximately 5 pg of plutonium as PuA in 0.4 per cent solution 
of sodium c i t r a t e .2H20  . 
collected i n  24 hour samples  through 22 days post injection. After 22 days the collection of 
24 hour ur ine samples  was continued a s  long as the patients were available for study. It was 
not p s s i b l e  to retain the subjects a s  long a s  was desired and the major weakness in these 
resul ts  is the short  t ime  interval  over which the studies were continued. TWO subjects were  
followed 22 days,  one for 23 days,  one for  27,  and the remainder for 30 days or longer af ter  
injection. The Chicago cases  ( 1 3 )  were  followed f o r  16, 140, and 186 days and the California 
case ( 1 4 )  was folloued for a period of 341 days. 
ments at longer t ime intervals,  the Chicago and California data have been incorporated with 

With the exception of the f i r s t  day, urine f rom all subjects was 

Because of the great importance of measu re -  
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the data f r o r  these studies.  
tion a r e  giver, in Table 6. 
day. 

plutonium f rom 0 to 136 days post-injectlon a r e  given in Table 7. 
fo r  the observed means I S  a logarithmic function: 

T h c  re'EGlfs cfma?lb6?ii8 analyses through 138 days post-injec- 
R e s u l t s  a r e  expressed a s  per cent of injected dose excreted per 

The means,  revised mear.s, and standard deviations for the daily urinary excretion Of 
The equation of best fit 

where Y is the amount of plutonium (expressed  a s  per cent of injected dose )  excreted in a 
single day, X is the t ime  of observation in days post-injection, and 3 and & a r e  constants de- 
rived from the observed data by the method of least squares .  
expression for the best curve  of f i t  for the ur inary excretion of plutonium utilizing all avail- 

Solution gives the following 

able data f ro= G t o  136 days post-injection: 
-0.7; Y ,  0.23 X 

L 

T k t  agrc-emer: be tuecn  observed mean values and the derived expression for the urinary 
escretio:, G f  p 1 u t o r . i ~ ~ ;  thrriuch 136 days post-injection i s  i l lustrated graphically in Fig. 4. 
I n  this graph !% cir?lc-s reprecer,: the  observed means and the solid line represents  the de- 
- rived exprcss:~:.. 
S1-x , (dcterr,iir.c.d I>:; ti!( usaz.1 methods of correlation analysis)  was 2 32 per cent. The 
largest  contributirtr.!: to t h e  standard e r r o r  of estimate come from the 0 to 10 day portion 
of the curvc ai:,? f r o r .  thr.  lat tcr p r t i o n  uhe re  there is an increased scatter of points be- 
cause of thc  decreaci.  lli n::-:bi r o! cbse rvations. 
line fitting 1nd1ca:r t h a t  t k i  !x:c!:~:: Y = ax-1  is the best curve for the 0 to 10 day period 
rather thar, t h e  1ogari:hz::c curr'c presented. 
ship may be due t c  thr- clearaEce o! the injected plutonium from the blood during this ear ly  
period after injcc;:-tr.. 

Extrapolation c i  !hc di r:\.ec! expression beyond 136 days introduces increasing uncertainty 
s t t h  increasing valucs o! X. 
i .e. "biological half-lifc", deFpite the lact that the- data a r e  not fitted by a single exponential 
curve, we have choscr. t o  de-:c.rnir.c T 1 '2 by assuming exponential excretion beyond the l imits 
o! observatior, and es::z-,z:iF.G T i l 2  f r o m  the last  point on the excretion curve ( a  single value 
c! t h e  clrdinatc ,!, Ox( C i Z ?  ttcr, a_cs.;rnc the slope of the excretion curve to be ze ro  at  this 
poilit and calcula!e ar? a!.r-olu;e mir.:mum value fo r  the "biological half-time". Fo r  the above 
reasons i t  is importar.: L(% .up;:ement the urinary excretion data beyond 138 days to the 
greatest  possible extc:.:. Tkrcc additional groups of samples  were obtained f rom two of the 
cases  aftcr the  clos! c: thc  espcr iment .  One group of four consecutive daily urine samples 
uas ob:aine?. fro:: 1 i l I - f  begir,nir.g on the 523rd day and another group beginning on the 1610th 
day after injccrior.. T h c  a{.eraFe daily urinary excretion of plutonium at 523 days was 0.002 
per cent, and a: 1610 d z y s  0.COll pc.r cent of the injected dose. Four daily samples  collected 
from Hp-3 bcF:nrdng at  1 E 4 5 .  days a f t e r  injection showed an average daily urinary excretion 
of 0.0008 per cent 0: t h e  injected dose.  

assays  were made on w n r k e r s  at  the Los Alamos Laboratory. 
accumulated measurable amounts of plutonium during wartime operations. 
f rom further exposure to plutonium and occasional urine a s says  were made over a period of 
the next s eve ra l  months. 
Table 8. 
entry over an indefinite t ime ,  the resul ts  a r e  not analogous to a single intravenous injection 
of a known amount of plutonium. 
tempted in o rde r  to extend the excretion curve.  

Ti;t. agreement is fairly good. The overall  standard e r r o r  of estimate,  

Actually, attempts at  curvilinear regression 

We believe this difference in functional relation- 

lr. c r d e r  to  interpret  the excretion resul ts  in standard t e r m s ,  

I n  addt ion  to the three groups of samples '  mentioned above a number of urine plutonium 
A few of these individuals 

They were removed 

The urine assays on three members  of this group are given in 
Since these individuals received unknown exposure' doses via the usual routes of 

However, the inclusion of these individuals has been at-  
A n  attempt has been made to  interpret  their 
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MEANS', REVISED MEAKS, Ahm STANDARD DEVIA?IONS OF URINARY, FECAL, 

Ahn URIKARY PLUS FECAL EXCRETION OF PLUTONIUM FOLLOWING INTRAVENOUS 
iDMlh?STRATION TO HUMAK SUBJECTS (EXPRESSED AS PER CEhT OF INJECTED DOSE) 

Mean Mean 
%/Day I %/Day 

DAYS POST 
INJE CTlOK 

Slandard 
Deviation 

1 
2 
3 
4 
5 
6 

6 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
26 
21 
22 
23 
24 
25 
26 
27 
2s 
26 
30 
31 
32 
33 
34 

, 3 5  
36 
37 
3F 
35 
40 
41 
42 
43 
44 
45 
46 
47 

I 

URI N.4 RY E X C RE T 1 GS 
' Revi sed  I 

Mean , hlear. I Standard 
(./Day 5 'Day I Deviation 

.5 176 

.1974 

. 1256 
,0962 
.06 52 
.054G 
.056 1 
.04:c 
.04 2 4  
.0355 
.0355 
. 0 3 oc. 
.03C7 
.0274 
.G253 
.02 1s 
.023E 
.G2 15 
.O 15: 
. 0 2 w  
. 0 1 I. 5 
.o 165 I .G2C.? 

1 .0115 
j . 0 2 7 c  
I . @ 1 7 2  
I .017E 
~ .016C 
, .@15? 

.o 1:; 

.Ol?i 

.@ 123 

.O 136 

.0143 

.o 114 

.O 13; 

.O 115 

.0115 

.o 120 

.o 120 

.O 130 

.0094 

.O 135 

.O 114 

.o 13; 

I .@:5:l 

1 .C!lES 

.3626 I .6 14 
.070 
.os2 
.04 1 
O?<, 

.02c 

. c22  

. @ 2 ?  

.0?3 

.c le 

.C.lF 

.G 16 

.@ l? 

.G 14 

.c 12 

.Cl 1 1  
, @!!S 2 
.@,:,:E 
c,:.; : 
c;: 

*o;E.: 

( ! . - E  

.c*:f: 

. 5 : ; 2  

.cci f 

.c:2*: 

.c.:.;: 

.@r,:< 

.[I:.: f. 
c.;.5 f 

, O2f f 
.O lG? 
. G C S f  
. GGE C. . OG55 
. ODE 2 
.004 3 
.0055 
.005& 
. OG4 4 
.0027. 
.004 C 
.0054 
.0050 
.004 1 
.0058 

nr.7 -, . ._.- 
, I . .  

FECAL EXCRETIOK 
! Revised , 

.1553 1 

.2458 1 

.2275 I 

.la42 

.156? 

.lo96 
,0766 
.07 17 
,0647 ' 

.053S 

.0566 i 

.0568 ' 

.05 12 

.0453 

.0438 

.06 17 , 

.0402 

.03ii 
,0276 
.0274 
.025? 

i ,0242 
; .0224 
i .c211 

1 .0211 
I ,0159 

1 .016,7 
1 .015,7 
I .0165 

.o 179 

.O 15 1 

.O 186 

.o 192 

.O 192 

.020 I 

.O 15 1 

.OM3 

.o 18 1 

.0079 

.0088 

.008i 

.0082 

.0079 

.009 4 

.0087 

.0088 
..0084 

- 
.0386 
,0370 
.0296 
.0285 
,0268 

.O 167 

.0145 

.O 160 

.0119 

.o 122 

- 

- - 

.1168 

.1230 
,0905 
,1135 
.OB57 
.0440 
.040 1 
.04 12 
.04 15 
.0385 
.0360 
.035 1 
.0354 
.030 1 
.0286 
.lo90 
.04 11 
.0394 
.O 166 
$0  169 
.0183 
. o m 2  
.O 156 
.014 1 
.o 160 
.O 156 
.o 12'. 
.o 140 
.o 146 
.069 
.o 119 
.02 1 
.o 1 1  
.o 11 
.o 12 
.009 1 
.0119 
.o 12 1 
.004 4 
.003 1 
.0032 
.004 0 
.003 1 
-00 15 
.0049 
.0053 
.0072 

URINARY 6 
FECAL EXC. 

Mean 

.56 16 

.4252 
* .3541 

.2804 

.2234 
,1586 
.1267 
.1157 
.lo3 1 
.0b60 
.0b85 
.0838 
.079 1 
.06 36 
.0623 
.0495 
.052 1 
,0487 , 

.0468 

.0474 

.04 58 

.043 1 

.0427 

.0346 

.0304 

.0332 
,0166 
.0302 
.0333 
.0333 
.034 1 
.03 16 
-03 17 
.03 17 

.0294 

.0274 

.03 19 

.o 198 

.0207 

.0207 

.0202 

.0209 

.o 188 

.0222 
,0202 
.022 1 

% D a y  

. .0335 

. 
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MSANS', REVISED MEANS,  AND STANDARD DEVIATIONS OF URINARY, FECAL,  
AND LJFUKARY I'LUS F E C A L  EXCRETION OF PLUTONIUM FOLLOWING INTRAVENOUS 

ADMIhXTRATION TO HUMAN SUBJECTS ( E X P R E S S E D  AS PER C E N T  OF INJECTED D O S E )  

.0:13 : - 

' .0@2E ' .0@63 , 
.OC2E : .0@45 - 

.0086 

' .OM5 

,0065 

Cases  of Russell  ana Nickson and Hamilton, et a1 used in cornpuling 
means  where  applicable. . 0 . .  . 0 . .  ..* * *  . 0 .  . . .. .* . 0 .  . 0 .  *. ... ... 0. .  0 . .  .. * - :22 - :  . . . 
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chrcnic variabie exposare dose in t e r m s  of an effective single dose given at  some pffective 
time between the l imits of exposuie. 
slopes of the urinary excretion curves  of t t e s e  individuals to  the slope of the 138 day curve 
i n  the follouing manner: If Y = 0.23 X-0.'' gives the per cent (Y , )  of a slngle dose excreted 
on day X, then 0.0023 DX-oqfi is the expression for the measured activity, Le., count6 per 
minute, excreted on day X when the single dose ( D )  is expressed in the s a m e  units. If the 
assumption is made tha! a chronic variable exposure dose may be represented by a single 
effective dose (DE 1 then the activity (Y,) in the sample excreted 9 effective days a f t e r  this 
single dose is giver. by the expression 

This interpretation was accomplished by fitting the 

-0.77 Y = 0.0023 DE q 
9 

The activity ( Y q - 2 )  of the sample  excreted on q + a  days a f t e r  the single dose ( the re  being 
SD exposnre betueer. q ar,d q - a !  is giver. by the expression 

, .  
substitution i n  . 3; gives the effective dose 

[ 6 1  

T'his expression gives an approximation of the total body burden of a person chronically ex- 
posed to  plutoriicni. 
determined f r o m ' t w o  ur inary excretion measurements (Yq and Y q + a )  taken sufficiently far 
apar t  ( a i t h  no exposure between) so that the two measurements a r e  significantly different. 

The  method of interpretation given above was applied to the urinary plutonium excretion 
data f rom three Los Alamos personnel and their average total plutonium body content approx- 
imated i n  t e r m s  of an effective dose a t  some  effective t ime ( 9 ) .  
W. B. G., .W. A .  B. and  D. L. W. were estimated at 1.3 p g ,  1.2 pg, and 1.0 p& respectively a t  r e -  
spective effective t imes  of 37, 53, and 42 days before the first urine a s say  used in the calcu- 
lation. Assuming the above doses, a l l  u r i n a r y  excretion data (Table  8 )  collected from these 
persons were used to adjust the experimental  urinary excretion curve [ 2 1  extending it to  
1750 days again u s i n g  least squares  analysis. The adjusted expression is 

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

The effective doses  for 

[ 7 1  
-0.74 . Y u a  = 0.20 x 

l O b S Q 1 5  
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0 0  0 . 0  0 0 .  0 . 0  0 0 .  0 .  
e .  a .  .. .. . .  .. 0 .  

0 .  0. .  ... 0 . .  

a . .  . 0 .  

TABLE 8 

PLCTOSTVhI L'R1h-E ASSAYS O S  LOS ALAMOS PERSOhWEL AFTER REMOVAL 
FRO:tl FURTHER PLUTOhTUM EXPOSURE 

.-- 
I D. L. 'A'. i U'. E. G. U'. A .  B. - 

( ? )  ! (21 t ( 3 )  
Days'". ~ ( m . ? 2 4 - h r . ( ~ '  P.Errc:  , Day:'" ~.'rn.'24-hr!'~ I P . F r r ~ r ( ~ !  Days") c /m/24-hr .  P.Error 

6.4 
€.I. 
5 . 5  
E.4 
4.c 
3.: 
3. e 
?. 5 
2 . 4  
1.5 
!.S 
1 . 4  
C .C  
l . ?  
2 .1  
c.: 
1.: 
1. :. 
1. 1 
I . ?  

cp. P 
0. E 
C.- 

c t .  ? 
C. F 
i .  i 

c.,: 

0.63 
0.54 
0.52 

' 0 .51  
c. 5c 
0.17 

1 :  

95 ! 

2 1  

116 
195 I 

13.8 ! 0.55 
6.4 : 0.52 
3.9 1 0.46 
3 . 5  ' 0.46 ' 

3.2 , 0.46 
I 

I 

i 
i I 

0 .  0.. 0 . .  0 0 . .  0 .. . 0 0 .. 
0 .  0 0 .  0 

0 .  ... 0. .  0. .  0 . .  0 .  

: : 0 :  : -ao: .. 
I O b S 9 1 b  
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181 0.26 = 0 .77  ( E  - 1 ' 2 )  - 0.64 
When n = 1759  da::., A,, ( t h e  total amount of plutonium excreted i n  the urine through 1750 
days! is or.!y C.3 per cc-n! of the total injected dose. 

2.  Fecal 6xcretic.n 

The same cases  used f o r  urinary excretion studies were used for the study of 
fecal elimizatio: of plutonicm lolloulr,- intravenous administration of h + 4  - citrate,  Feca l  
s a r ip i e s  u e r e  collerted da:ly for the f i r s t  few days. Later stools were pooled at  four day 
intervals beca-se of t h e  uncertainty of obtaining representative 24-hour samples.  Plutonium 
analyses u e r e  madr on aliquots of each specimen using methods described ear l ier .  The r e -  
sc!rs o! ar.alysic o! ir.div:dl;al fecal specimens a re  given in Table 9. Results a r e  expressed 
as per cent of t h c  ad-;ir.is:ered doss excreted per day. Fecal excretion data could be obtained 
for only one of tnc cacee ( C h i .  -I i reported by Russell and Nickson (13).  The original data 
u e r e  no lcnger avaiiablc and i t  wac necessary to read individual values f rom the graph given 
i n  their rcport .  Tk8c origir.&: fecal excretion data were not available fo r  the one case studied 
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TABLE 9 . 

ISDIVIDUAL FECAL EXCRETION VALUES OF PLUTOhIUh-I FOLLOB'IKG 
IKTRAVENOCS ADSlI?;ISTR.4TIOS(1! TO HUMAh'  SUBJECTS 

(EXPRESSED A S  PER C E h T  OF DOSE EXCRETED PER DAY) 

- (2) :&I 
,250 
,465 
,294 
,380 
,223 
,116 
,083 
, 112 

.02 1 

,083 
.04 5 
,044 
,0412 
,034 

.03 1 

.027 

.o 19 

.o 19 

.o 18 

.010 

.023 

.O 13 

.023 

.0083 

.0069 

.O 158 
,0063 
.0074 
.0002 
.007 9 
.m79 
.0054 
.0054 
.0050 
.004 2 
,004 7 
.0066 
.0064 
.0053 
.0047 
.0092 
.OM2 
,0033 
.0028 

- 

- 
- 

- 

DAYS POST! 
INJECTION! Rp- 1 

PER CEKT OF IKJECTED DOSE EXCRETED 1 R DA - 
Ep-10 

,087 
.087 
.087 
.110 
.110 
.110 
.110 . 0 34 
.034 
.034 
.034 
.034 
.034 
.022 
.022 
.022 
.022 
.022 
.o 12 
.012 
.o 12 
.o 12 
.o 12 
.o 12 
.006 
,006 
.006 
,006 
.006 
.006 

- 

- - 
- 
- 
- 
- 

- 
- - 
- 
- 

- 
Ip-9 

333 
389 
389 
13 1 
13 1 
13 1 
13 1 
13 1 
13 1 
13 1 
118 
118 
118 
118' 
118. 
4 14. 
157. 
157. 
055 
055 
055 
055 
,052 
,052. 
052. 
,052. 
,043' 
,043. 
,043 
,043 
,035 
,035 
,035 
,035 
,035 

- 

- - - 
- 
- - - 
- 
- 
- 
- 

- 
p-12 - 
370 
370 
297 
297 
183 
183 
020 
020 
,020 
020 
,020 
,020 
,020 
,020 
,023 
,023 
,023 
,023 
,053 
,053 
,053 
,053 
,026 
.026 
.026 
.026 
.O 16 
.O 16 
.O 16 
.O 16 
.O 16 
.O 16 
.O 16 
.O 16 
.022 
.022 
.022 
.022 - 

- - - 
,008 
.008 
,008 
,008 - - 

Bp-2 I Hp-3 ; Hp-4 I H p m  

,204 I . O M '  , .134 .OM* i .085 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
16 
19 
20 
21 
22  
23 
24 
25' 
26 
27 

29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
4 2  
43 
44 
45 
46 
4 7  

28 

.052' 

.22 1 

.24 I 

.050 

. 105 

.04G 

.c7 1 

.os i 

.02 1 

.02 1 

.M6 

.046 

.046 

.046 

.035 

.035 

.035 

.035 

.015. 

.015 

.o 15 

.015 

.O 17 

.O 17 - 

.2M I .157 

.204 j .157 

.317 ,095 

.31i I .099 

- .@TO 
.12C , .07G 
.121 .o';c. 
,084 .OZ7 
.064 : .02; 

- ; .070 

.274 1.311 I ,085 
! ,274 i .311 i -179 
; .306 ' .165 1 .179 

.3GC . 1 1 0  ,179 

. 12E . 1 l C  .179 

.19E .110 .03 i  
, 12f . .Of; .037 
. 126 , .051 .037 
. 117  , . O S 1  .037 
. l i 7  .052 ' .023 
. 1!1 .052 i .023 
.1!7 , .P32 j .023 

.OF5 .032 I .015 
. .%G .0!7 .015 , .@41' ' .C17 .015 

.C4C ,017 ' .Ol5 

.G2t ' .C17 ' .Olj  

.C:i .02i .015 

.C2' . C 2 G  j .010 

.c:i .025 ' .010 

. @ 2 ;  - 

, . O E j  i .032 i ,023 

- 
- i -  

- . -  

.080 

,055 j .o70 
.032 ,070 
.032 
.032 
,032 
.023 
.023 
.023 
.023 
.O 16 
.O 16 
.O 16 
.O 16 
.008 
.008 
.008 
.008 
.011 
.o 11 
.o 11 
.011 

,070 
,070 
,045 
,045 
, 0 4 5  
,045 
,032 
,032 
,025 
,025 
,025 
.025 
.045 
.045  
.009 
.009 
0 009 
.OOQ * 

.009 

.009 

.018 

.o 18 

.O 18 

.o 18 

.o 18 

.o 18 

.o 18 

.028 

.028 

.o 11 

.o 11 

.011 

.o 11 

.011 

.o 11 

.O 14 

.O 14 

.O 14 - 

.084 

.084 

.062 

.062 

.062 

.062 

.055 

.055 

.055 

.055 

.022 

.022 

.022 

.022 

.027 

.027 

.G23 

.02? 

.02? 

.0?7 

.o 1 E  

.016 

.C !C 

.o I€. 

.CGC 

.ox 

- I .021 - ' .021 
- 
- 1 -  

. ................ 
. . .  ....... 
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IK'JECTIOS I-!;.- : H F - 2  H7-3 H > - 4  HF-5 H p - 6  ' Hp-7 ' Hp-8 I Hp-9 I Hp-10: Hp-12 
_i - i - 

- : ,008 - . -  
5 1  - .006 - . -  
52 ' - .010 - .  

- 4: - ,006 I - j I 49 - .006 ' - ; -  

I I 
c, -. 
Y. 
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IhDIVIDUAL FECAL EXCRETION VALUES OF PLUTONIUhl FOLLOWING 
ISTRAVEKOUS ADhlIh?STRATIOK*'(l) TO HUMAN SUBJECTS 

(EXPRESSED AS PER C E h T  O F  DOSE EXCRETED PER DAY) 

Chip1 

.OOS4 

.0047 

.0040 

6E 
7 (- - I -  - 

' - : -  .7 4 

I 75 . c!.r. - , .005 : - i -  
.;E - 1  - 0 - 1 -  

8 1  .OPP - i .005 
.Kit - .oos : : I +  - 

i 
1 a:, 
t P ?  . C.OE - .005 : - i - 1 -  

6 ?  - ' .oc4 - . - I -  
I 
! 

f O b 5 Q I Q  

.006 3 

.004 5 

.0050 

.0033 

. -  - 
.004 2 

... ... e . .  .. ... . . .e 

. . . .  
e . e .  . * e  . .. .. . e . .  e .  . e 

e . .  

..,.33 :.. e.. . e .  .. 
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H a r i l t o n  and co-workers ( 1 4 )  and i t  was not feasible to include their results.  The  present 

?port of the fecal  elirxination of p:u!onium is ,  t h t r e fo re ,  confined to  twelve cases .  
The means,  revised means,  and standard deviations for the daily fecal excretion of plu- 

The  best curve of tozium f r o 3  0 t o  138 days post injectior. a r e  given in Table 7 ( P a g e  2 6 ) .  
f i t  for the observed means **'as established by the method of least squares  and was found to  
be : - 1.05 Yf = 0.63X 

w t h  a standard e r r o r  of est imate  of 28 per cent. In the above expression Yf is the amount 
of plutoniun; excreted i n  the feces  on a specific day (expressed  as per cent of the injected 
d o s e )  and X is the day o! measurement in days after injection. The agreement between the. 
observed values and the derived expression is shoun graphically in  Fig. 4 ( P a g e  28) .  
f i p r c  the derived expressiori 1s represented by a heat7 broken line and the observed points 
a r e  represented as oper. tr ianglas.  
jected dose excreted per day i s  piotted against t ime in  days. 

personnel because of sma l l  bc: sigr.ifican: contamination of feces f rom swallowed mater ia l  
rersoved from the lungs 0: the workers bp cil iary actior.. 
of lung contaniination does nct preven: the use of the urinary excretion resul ts  from these 
workers to adjxst the 136 d a y  t r i n a r y  excretion curve to 1750 days. 
reach the a b s o r b i w  area of the 1 . ~ 7 . ~  ar.d is not absorbed appreciably from the gastrointestinal 
t ract  (probably l e s s  than G.01 per  cez:!. 
the alveoli is being absorbed in!c the bloc3 at an infinitesimal rate.  
on!y a fraction of a per cer.; contriS-!es to the daily urinary excretion. 

showed the ur inary excreticr. o! sli speriec was quite uniform. 
the urine thirty to f;!;y days a!:(: :r,!c:tiz:. *.vas 0.01 - 0.02 per cent of the administered dose 

In this 

The fecal excretion of plutonium i n  per cent of the i n -  

Kc) representative fecal excre:;or. data beyond 138 days  were available from Los A h m o s  

One may ask why the sma l l  amount 

This  material  does not 

Tht small amount of material  which h a s  reached 
Of the amount absorbed 

Studies of the exc re t im  of F::::z:zz-. b:; mice, r a t s ,  rabbits and dogs ( l ) ,  ( 2 ) ,  ( l e ) ,  (19) 
The plutonium excretion in 

r day. The urlnary!fec;! excre:ir2z rz: i* varied widely, however, for the various Species. 
,le ra t io  was I!'lO - 15 f c r  I!.( ra: 3r.+ c::.!:; 1 2 - 3 for the dog. 

Russe!l and Nicksor. ( l 3 .  rC.7 . .,-- a p:utonixm urinary/fecal excretion rat io  of 3/1 i n  
mar. based on the observa!ic.:. c !  cr.! cact  through 140 d a y s .  
p r i e d  an excre:i3;. ratio c! 3 - 4  i 1 :  czi suSject followed for 341 days. 

for  0 to l 3 b  days may be sc::.t< fc.: I::.: :rir.ary to  fecal excretion ratio: 

The California group ( 1 4 )  re-  

T ~ c  adjLctcl crir.ary EY::~::: C - T V F  f o r  0 tc 1750 days and the fecal excretlon curve 

T h e  urinary:fecal rati.2 i-s 1.6 '1 at 136 days past injec'tion and 4.4,'I at 1750 days when 
L'!r.fortunately no applicable fecal excretion data a r e  calculated f rom the abci.c er:rrer.c:or.. 

available from the Los Ala-ioc persor.r.ei to permit adjustment of the expression lor fecal ex- 
cretion beyond 138 days. I! t h e  urinary 'fecal ra t ios  at  138 and 1750 days a r e  calculated from 
the unadjusted expressions i YL ar.d Y f  j for both urinary and fecal excretion, the values a r e  
1.71'1 and 3.9.'1 respectively. A l t h o s g h  extrapolation beyond 138 days i s  subject t o  increasing 
uncertainty ui th  increasing values o! X, the above values lead to  the conclusion that the 
urinary.'iecal plutoaium excretior. ratio i s  not constant, Over the range ( 0-138 days ) measured, 
but approaches 4:'l a s  a l imit  a t  some la ter  time. 
the case  followed for 341 days s e e m  to support the above conclusion. 

The expression Yf = 0.63 X-1.09 gives the amount of plutonium (expressed  as per  cent 
of injected d o s e )  excreted i n  the feces on a particular day (X) d t e r  injection. Integration 
of the expression between the l imits  of X = l/2 and X = n+1/2 gives the total per cent ( A i )  

The resul ts  obtained by Hamilton ( 1 4 )  on 

. 1) 
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of the injected dose excreted through day n: 

n + l i 2  

A i  = .63 s x- l . 09  -0.09 - 1,2 -0.091 
1:2 

= -7.00 ( n +  1/2)-0'09+7.45 

F r o m  the above expression A f  = 2.96 per cent through the f i r s t  138 days. 

3. Total Excretion ( U r i n e  plus F e c e s )  

From the practical  point of view the total urinary plus fecal excretlon rate  of plu- 
tonium is extremely important. 
should avoid further exposure to plutonium after having reached an accepted maximum permis-  
sible body level. 

( P a g e  2 6 ) .  Results a r e  'expressed a s  per cent of injected dose excreted per day. 
were obtained from thc individual u r i n a r y  excretion data f r o m  fifteen c a s e s  and the individual 
fecal excretion data f r o z  eleven. The r e su l t s  reported by the Chicago and California groups 
were used when availat!!? ar,d app i i ca3e .  

Application of the method of least squares  gives the expression 

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

The observed mean urinary plus fecal plutonium excretion values are given in Table 7 
The means 

[12j 
-0.94 Y = 0.79 X u - f  

a s  the best curve of f i t  for the urinary plus fecal excretion data for 0 to 138 days. 
a r d  e r r o r  of estimatc o! t h e  corn,7;tatior: is 17 per cent. 
in  feces plus urine on a particular day ( expres sed  a s  per cent of injected dose )  and X i s  the 
t ime after injection i n  days. 

Observed values a r e  represented by squa res  and the derived expression by the heavy broken 
Line designated Yu + . 

the 138th day. Adjustmer.: can be made, however, for urinary excretion measurements through 
1750 days by summing the expression for f eca l  elimination [9: and the adjusted expression for 
urinary excretion 17;. 

The stand- 
Y u +  i i s  the  total plutonium excreted 

The observed means and derived expressions a r e  compared graphically i n  Fig. 4 (Page28) .  

The expression Yu ! = 0.7E X - O e g 4  represents  the total excretion of plutonium only through 

-1.09 + 0.63 X -0.74 +Y = 0.20 x 'ua+f= 'ua  f 

This equatioz is adjusted t o  include al l  ur inary excretion r e su l t s  f r o m  Los  Alamos Laboratory 
personnel through 1750 days,  and gives the total per cent of an injected dose of plutonium 
which may be excreted on a given day ( X )  af ter  the time of injection. 

The  adjusted expression for total eliminatlon r a t e  (Y,, + . f )  through approximately five 
yea r s  and the observed means a r e  presented graphically i n  Fig. 5 (Page  31 )  for comparison 
wlth the adjusted ur inary excretion rate  (Yua)for  the s a m e  time interval. 

Integration of the adjusted expression for total elimination r a t e  between X = 1/2 and 
X = n +  1/2 d a y s ,  gives the total amount of plutonium expected to  be .excre ted  up to and including 
day n n +  1: 2 n +  1/2 

x-1.09 d X + . 6 3  J -0.74 * u a +  f = 0.20 J x 
l j 2  l i 2  

= 0.77( n+1, '2)0'26 -7.00( n + 1 / 2 ) - 0 * 0 Q + 6 . 8 1  ............. . . . . . . . . .  . 0 .  . . . .  ................ 
. . . .  :-35:- . . . .  
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le 10 compares  the observed and calculated values of total plutonium excretion for various 
.e intervals using the integrated expression 1143 . . 

These resul ts  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 injected d o s e i s  

- excreted i n  1750 days (approximately 5 y e a r s ) .  

TABLE 1Q 
OBSERVED A h 3  DERIVED TOTAL URIKARY PLUS FECAL PLUTOhTUhl 

EXCRETIOK VALUES FOR VARIOUS TIMES AFTER ADMIKISTRATIOK 
OF A SISGLE DOSE OF PLUTOhTUM TO M A N  

T I M E  A F T E R  i PER CENT OF IKJECTED D ~ S E  
I S J E C T I O S  1 Obserlved Calculated 

10 days 2.43 2.56 
3.06 3.17 

3.53 
20 da:;: 
3C day? 3.41 

3.6 1 ! 

50 days 3.90 4.03 
6G days 4 .  I 1  4.2 1 
70 days 4 . 2 7  4.36 
80 days 4 . 4 2  4.50 
90 days 4 . 5 4  4.62 

_L 

40 days 3.70 ( 

lOC! days 4 . 6 7  4.74 
120 dzy: 4.c;  4.93 
146 days 5 .C :  5.10 

1 year 6.26 
7.22 

3 years  7.83 

5 year. , 1 8.68 
10 years  ~ I 9.96 
20 year5 I I 12.17 

! 2 yearc: , 

4 years  I I 8.30 

I 

- 
8 

Calculated f rom the  integrated expression for adjusted urinary plus 
fecal excretion [14: . The calculated values appear higher than 
the observed values b:; a constant amount because of the decision 
t o  accept a poor curve . f i t  during the f i rs t  ten days (See  Page 23 ) .  

IV. DISCUSSION 

A .  Distribution of Plutonium i n  T issues  and Organs of Man 

Table 3 ( P a g e  18) contains all  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 d1stribJtion 01 plutonium in the t i s sues  and organs  of man. 

analysis  of a miscellaneous group of samples  collected. f rom seven human subjects. 
jects  were elderly persons  or persons  suffering f r o m  an incurable chronic disease.  
ples were often smal l  and poorly representative and not obtained f rom the seven cages at  
comparable t i m e s  after injection of the plutonium. These unavoidable difficulties must be 
recognized and accepted when considering the resul ts .  
a r e  extremely valuable 'as  a supplement to a much greater and more  reliable mass  of data 

The  sub- 
The sam- 

Despite the above difficulties, the data 
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concernir.F the ds t r ibu t ioc  of plut3nidM i n  tHe'ti%%b& and organs of laboratory animals. The 
data on ma:: a r e  i n  good agreemect uith resul ts  of s imi l a r  studies in r a t s ,  mice,  rabbits,  and 
dogs. The good agreemezt permi ts  the conclusion that there a r e  no m x r  differences i n  the 
quantitative distribcrioc of plutonium in the t i s sues  and organs of man and those of common 
laboratory animals wi th  perha jx  one exception - the l iver .  The resul ts  indicate that the reten- 
tion of plutonium i n  the l iver following its intravenous injection as P u + ~  - c i t r a t e  complex and 
a s  plutonyl ion may bc 2 0  - 40 per cent for man a s  compared to  10 per cent o r  less for  rats.  
The "biological half-t ime" of plutonium i n  the l iver of man i s  probably much g rea t e r  than that 
for r a t s .  

The avernGe amount of plutonium found in ver tebra ,  sternum and r i b  was  0.0066 per cent 
of the injected c3me per g r a m  of whole bone. 
sentative of the entire skeleton, 66 per cent of the injected dose would be deposited in a 10 kg 
skeletal  s y s ~ e m  ( 7  kg  of bone, 3 kg G! 'mar row)  of a 70 kg man. 

d3:e received per  gr2n: of skeletal  system when a "standard man" has accumulated the official 
maximum pe rz i i r s ibh  p13dtociufii body content of 0.5 pg (0.032 p c ) .  Using the dosage rate  for-  
mula: 
r ad ia t im  ir. >lev. ar.d the r ep  = 93  ergs , ;g) ,  the radiation dosage received per g ram of skeleton 
from 0.032 ,-c' of pl;!or.isr. is a s  foilows: 

Assuming ver tebra ,  s te rnum and r i b  as r ep re -  

The obser*.cd concentration of plutonium i n  bone mag be used to es t imate  the radiation 

rep"day  = 54 C E  ( u h e r e  C = concentration of radioisotope in pc/g, E = energy of the 

r e p  day = 54 x 6.6 x 1 0 - j  A 0.032 pc x 5.15 MeV = .00057 

A similar  calcu1a:ion for  tne official  maximum permissible radium content of 0.1 pc may be 
made for corcpariszr.. 
then approximte:y 15 ME.:' of  e n e r n  u-l! be released i n  the body by the alpha particles per 
decay. 
tlon d o s a p  i n  rep per d;:: 1s gi:'c:. a s  :oilous: 

I! 55 P E T  cer.'. of the radon from radium decay is retained i n  the body, 

If 102 per C E ~ . :  cf :f2e rz2::r. is  deposited i n  a 10 kg skeletal sys tem,  then the radia- 

'. rep 'day  z 54 s iL. x 15 = C.0061 - v  

According to the ac::.r c&!cu!a:ix.. tk? radiation dosage per gram of skeleton delivered by 
0.1 pg of radixn-. U C ; . ; : ~  DE i 4  t ; r . c c  thzt delivered by the maximum permissible dose of pluton- 
ium if the two ma:eria:_+ w e r e  distributed in a comparable manner in the skeleton. Autoradio- 
graphic studies shou c?zcl:s!vely, however, that radium and plutonium do not distribute i n  a 
comparable rr,ar,ner. 
ostea: surfaces .  The c k : c c  cf a n:ore conservative body tolerance dose for plutonium was 
made to allou for i t5  r.t?rf specific localization i n  the skeletal  sys tem.  It should be noted, 
however, that radiur: d x s  ncli distribute uniformly throughout bone and Evans (20) has reported 
that analyses of b r . e  sa rp!es  f r o n  radium cases  showed the radium to be unevenly distributed 
by a s  much a s  a fac!c.r of 10. I t  may be necessary,  therefore ,  for plutonium to be concentrated 
by a factor of 146 over r a ? : s x  i n  o rde r  that 0.5 crg will give radiation intensities comparable 
to that which may occc; wit!-. 0.1 cg of radium. 
ence of mesothoriurr. i n  the radium responsible for the ea r ly  radium polsoning cases may 
account for an additional safety factor  of 5 i n  the 0.1 pg radium tolerance.  

ance dose l o r  plutonium is extremely conservative. 

Pi:;or.:xr, is nicre localized and concentrates i n  the endosteal and peri- 

Evans ( 2 1 )  has also pointed out that the p re s -  

The above discussior. suppDrts the possibility that the 0.5 pg maximum permiss ib le  toler-  

B. "Biological Half-Time" of Plutonium in Man 

The "biological half-time" of plutonium in man can b e  estimated f rom the excretion 
data presented in this report .  
(empirically at l e a s t )  logarithmic i n  nature,  it appea r s  that the curve approaches an exponen- 
tial for longer t imes.  Such an exponential curve would be i n  keeping with the assumption that 

Although the adjusted urinary plus fecal excretion curve  is 

. ... . 0 . .  0 . .  .. . 0 .  . e .  0 .  .. ... ... ... ... 0 .  
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'abolic processes  a r e  pr imar i ly  f i r s t  order reactions. Whatever the true process  i s ,  f rom 

It is assumed (not  unreasonably) that the excretion of the 
data ar,d curves giver, in t h i s  report ,  it is possible to calculate the absolute minimum 

naif-time of plutonium in the body. 
plutonium measured i n  t e r m s  of the amount i n  the body at  a given time does not increase at 
some  time. If one takes t h c  last  point on the combined ur inary plus fecal excretion curve 
( a  single value of the ordinatc in  Fig. 5 )  and a s sumes  exponential excretion thereafter,  an 
absolute minimum value is obtained for !he biological half-time. On this figure, which i s  a 
plot of A C / C o  versus  A t  exponential excretion would be represented by a straight line with 
ze ro  slope. 
excreted at 1750 days (approximately 5 y e a r s )  a f t e r  exposure. 
of the total has been excreted.  
suming exponential excretion beyond 1750 days ) is 

- 

Examination of the adjusted c w v e  shows that 0.001L .00035 per cent per day is 
Up to five years  8.7 per cent 

The t ime  required t o  excrete  an additional 41.3 per cent (as -  

= 41,300 d a y s  = 113 yea r s  with l imits  of 84 and 175 years .  41.3 
0.001 2 0.00035 

Thus ,  the mean minimal biological half-time estimate i s  118 years.  
conclude ttiit the excretion coe!!icier,t i s  too small  to be of any practical significance in elevat- 
ing the maximum permissible d:)se of plutonium or in permitting the return to  work of an 
individual who has reached tne mzciimuzz permissible body burden. Once a worker is re t i red 
f rom work with p l u t m i u z  b c c a u x  of a mziimum tolerance exposure, it mus t  be assumed that 
he is ret i rcd f r o m  s u c h  work for thc  balance of h i s  lifetime. . 

From the above, one may 

C.  Determinatior. oi Pis:??,::?: D r d y  bcrden f rom Vrinary Excretion 

In the detcrn;ina:;cn c !  eh;d-.c:rc d i s c s  b:; the use of excretion data, one i s  primarily 
concerned ui th  three dif!ercz; s:!:.?::'.:.: First  i i  the case of a single acute exposure dose 
occurring at  a knoun t i m e .  St.rr::; :: 1i .c  C Z S E -  of 3 variable chronic or subacute dose with 

'I'iiirc 1.c thr case of a chronic invariant (usually the total exposure tin;c bc i7.r i:.., *A': . .  

The evaluatior. of the  s i n q : c  z:: :* .  expi,sure dose occurring at a knoun time i s  the basis  
l eve l )  exposure dose u i i i .  t i : <  I:::-( l i x i t s  knc7u.n. 

of t h i s  paper. A urinary excrl . : : : :  cx r \ ' (  tkarcnurh 138 days af ter  a single acute exposure i s  
given i n  Fit. 4 ( P a g e  2 E  !. 
1750 days ( F i g .  5 )  b:: app!ying dL:.: cc.:!cc:ed on exwsed  personnel f rom the Los Alamos Lab- 
oratory.  The method used tc a?>::: t!:~'se dz!a u a s  explalned ea r l i e r  ( P a g e s  23 and 25). 
It i s  worth no:ing thzt the diffc Y C E !  i betut-cn t h i  adjusted curve  and the extrapolated 138-day 
curve at 1750 days is less  tha:. t h f  s t a n h r d  e r r o r  of es t imate  of the former.  
a l lous  more confidence ir, lurthci. ecrrnpc,lation beyond 1750 days post exposure. 
tion of the bod:; burden fror :  a sir.g1(. acute exposure is simple.  

'I':.:.. :':r'.'* h a s  bccn extended beyond the observation liniit to 

This  finding 
The calcula- 

Since 
- 0.74 Yua G) = 0.20 x 

- @ . 7 4  Y( c,'m) = 0.0020 D X E 
0.74 Then 

= 500Y ( c . r n j  X DE 

Thus,  a single urine count, Y ,  made X days ' a f t e r  an unknown single acute exposure, D 
determines DE in counts per minute. 
the counting geometry,  etc. ,  is knou-r,. 

case  with known t ime of exposure.  
design may be exceeded will this t y p e  of exposure be seen. 

T h e  exposure dose in pc or pg i s  easily determ%d if 

In the Los Alamos exposures,  we have an illustration of the variable chronic exposure - Only under conditions o! s t r e s s  when safety factors  of 
There  a r e  three methods of 
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estimating the total exposure dose under such conditions. Past  practice at the Los Alamos 
Laboratory was to assume that an individual contracted his total exposure dose on the last 
day of the exposure neriod. 
ur inary excretion formula a s  shown above. 
Obviously this method gives too lou  a value for the exposure dose a s  the estimated dose is 
directly proportional to t ime. A second method which has been used is exactly the s a m e  as 
the previous one except that ze ro  time i s  taken a s  the f i r s t  day of exposure which a s sumes  
that a l l  of the dose was accumulated on exposure day one. 
total exposure is toc high.  
adjusted urinary excretion curve,  i s  believed to more closely approximate the t rue  situation. 
In this method it has been assumed that the t d a l  exposure dose may be represented bya  single 
effective dose occurring a t  some effective t ime intermediate to the l imits  of exposure. The 
equations and steps to  be followed with this method a r e  shown on Pages  23 and 29. Ordinarily 
the first urine count i_c used to determine whether an individual should or should not be with- 
drawn f rom exposure. 
counts. This is duc to the fact that the initial withdrawal count may reflect the high urinary 
excretion resnlting: Iron: the previous ten days exposure, and to the relatively high per cent 
excretion during the  first  10 days post-exposure period. The high r a t e  of elimination resulting 
therefrcni may relatively obscure any exposure doses accumulated previous to that t ime. 

Thc  case of chronic invarian! exposure i s  probably of pr imary  interest .  This  i s  the type 
of exposure (uithir ,  limits ) t h a t  occurs in processing procedures in the plutonium industry in 
which a i r  concentratiors,  e tc . ,  a r e  rigidly controlled and the work i s  routine. An analysis of 
the general  case is preser.ted a s  follous: 

His total body burden was then determined by substitution in the 
In this case,  ze ro  time is the las t  day of exposure. 

I t  i s  evident that this estimate of 
The third method, which was used in this  paper to determine the 

I t  is not used a s  one of the two significantly different dose determining 

If m = time of esposzre in days, and 
n = day: from ttlc begirxinr of an exposure to  the t ime a ur ine analysis i s  made 

u i t h  n > m (preferably by more than 10 days )  
then the ’ toun t s  per  mirxtc i n  t h c  urine excreted on day n is:  

. 

[n - ( m - 113 I’ = 0.092;’ 1D.r.  + D 2  ( n - 1 ) + D 3 ( n - 2 )  + . . . . .  + D m  -0.74 -0.74 -0.74 
n L A  - 

where D is the expcscrc dcsc- ip. connts per minute on exposure day 1, 1 

2 D is thc exp.r:rc a:tc ir, counts per minute on exposure day 2 ,  

D is thc Cspr,S,:irt. d c s c  i n  counts per minute on exposure day m. nl 
Considering tht: c a ~ c  11; U r . I C ! i  uc a r e  interested.  namely. D - - D 
daily exposure dosc j ,  tr.r :. 

1 L  

. . . . .  = Dn, = D, ( the  constant 

3 
. . . . .  -0.741 

-0.74 . . . . .  - 0.74 - + [ n - ( m - 2 ) ]  + [ n - c m - l i )  - 0.7; -0.74 Y n  = O.OCl?D - ( n - 1 )  

Y Thus 

D. 
[ n - ( m - l ) ]  -0.74 -0.74 0.002G r In - 0 * 7 4 +  ( n  - 1 )  + + [ n - ( m - 2 ) ]  

Considering the bracketed t e rm i n  the denominator: 

-0.74 -0.74 n -0.74 + ( n  - 1 )  + . . . . .  + [ n - ( m - l ) J  - - 

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

............. . . .  a .  . . . . . . . . .  . . : 39:- : . . . . . .  



I 0 e. .  * b e  b o  L 

0 .  0 . .  0 . .  0 . .  0 . .  *. . . . .  0 .  . . . . . . . . .  . .  e . . . .  . . .  . . 0 .  ............. 
* s  t e r m  i s  s i E i l a r  to the infinite s e r i e s  r t  where r has the limiting values ( n - m + l )  and 
, and t = -0.74. The s u z  of the s e r i e s  r-OeY4 may be written: 

1 1 1 1 . - - +-T *-  1 r = R  

0.74 * * ’ ”  - Ro.74 r = l  1 -0.;4 r - 1 ~ . 7 4  2 0 . r r  3 

r = n  Thus we may write: 

-0 .74 -0.7.1 ( n - m - 1 , i  - ( ? - l X - 2 )  - . . . . .  - n  1 
0 .74  r = ( n - m i l )  r 

13. ::.Y 

In addition to  the  empirical  formuln lor a !  r )  a plot of the real  values of u (  r )  versus  ( r )  
for values of r up tc  90 days h a s  beer. included ( F i g .  6 )  f rom which the values of the sums 
may be read directly. 

The formula for 
TD may be adjusted for 

I n  the equation for T D ~  E C - ; C ~  exposure days per week a r e  assumed. 

We assume that exposure begins on thc f i r s t  working day of a week for simplicity. 
Obviously the only days no! contributing to exposure a r e  those on which Dj = 0. 

six esposure. .daya per week a s  iollous: 

In the 
six day week, therefore ,  D7 = D14 = D21 = . . . . .  D7a = 0 where a = number of weeks worked by 

T h u s ,  the t e r m s  corresponding to  D7 . D14 . D21 . . . . .  etc. ,  must be subtracted the subject. 
from the dose equation. 
8 

Determined by Benm Carlson of the Loc Alamos Theoretical  Division. 
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And designating the total expcsure dose for the  six day ueek a s  TD t h e n  
mc 

500 my,  - 
v 

T D m 6 -  3.8462 [(n-1./21 0.2E - ( n - m * 1 : 2 )  0.26 ] - L n - 6 1  . -0.74 - ( n - 1 3 j ~ * ~ ~ ~ ( n - 2 0 )  -0.74 + .  . .  

Similarly for 5 exposure days per week 

D . 6  7 D = D13 = D14 D2,, = DZ1 = . . . . .  D7a . = DTa 0 

! O b 5 4 8 1  
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Dn:: = 

4 
500 m y n  

-0.74 -0.74+ - 0. - 18) 74+. . 3.8462 n + l  ' 2 ) 0 * 2 6 -  ( r ,  - ni - 1 ' 2  - [I r. - 5 ) - 0 ' 7 4 +  ( n  - 6 )  + ( n  - 12)  
* 

. . . . .  + ( n - 7 a + 2 :  -0.74 a ( n  - ;a - 1 )-O."] 

I n  the preceding io rnu lae  exposure conditions were assumed to consist  of an equal and 
constant daily esposure dose D equi1,aler.t to a single injected dose. Also,  the constants 
0.0020 ar,d -0.74 were empirically established on the basis of data available at the t ime of .  
t h i s  report .  These valaes ma:; charge a s  mare  data become available. 

i n s  the exprcssion fcr sevel: expc!scrf. d a y s  per week. 

t h a t  absorptior. frcm the lung is the primary s m r c e  of contamination and that the equilibrium 
between the alveolar and blood p1utor.ium concentration is not radically a l tered by the one or 
two day period of no exposcrc each week. 

For purposes of presentinc a speci'ic example we may a s sume  the following conditions: 

1 

A spccific example of the  application of t h e  above dosage calculation is given below, US- 

I n  fact ,  the seven day exposure formula 
' may be valid for either the f i v e  07 s:x day week. Such would be the case  if one considers 

IT. 
TD 

C ciitutior.. 

Duration of exposure ( m )  = 330 days 
Duratiofi of t ime f rom beginning of exposure until urine 
sample taken ( n )  = 36G days 
Count5 per minute of urine sample (Sr81 = 2 c /m 
The tot21 bo?:: dose Tn-. r . 3 )  be calculated f r o m  the formula: 

0 . 2 f  

I . .  

130 x rz x Y 
r 

0. ? E  - - ! r . - r . - l  2 
- -  
- [ ( i - 1 ' 2 )  

"ID = 0.5f 4 
n.  

V. S V l I h l . 4 R Y  

The distribu!ion a n d  escretic.:. c! pictc!niuc:: adn in i s t e red  intravenously to  man has been 
studied. The data from twelvc subjects have been correlated with s imi l a r  data collected by 
other investigators, making a total of sixteen c a s e s  considered. The data have been supple- 
mented fu r the r  w i t h  observations mad€ 0:: three Los Alamos Laboratory personnel who ah- 
sorbed measurable amounts of plutoniuc:; i n  the cuurse  of their uork. The resul ts  of these 
studies may be sumn-asized a s  follous:  

1. Clinical observations and c l h i c a l  data collected on the various subjects indicate 
that the intravenous injection of ;I single dose of' 5 to 100 pg of plutonium i s  
without acute subjective or objective clinical effects. 

2. The analysis of t i s sues  fol1owir.g the intravenous injection of plutonium showed 
that there was little difference i n  the mode of deposition of plutonium i n  man 

t O b 5 9 8 8  a L A p  ab. a a * .  e .. . . . . .  . . . .  . . .  
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and ir. thc coz.c:or. laborator): animals.  
laboratory animals the skeletal system was the major s i t e  of plutonium 
depositicr.. 
and t h e  "biolog!cal half-time" i n  liver longer than for the more common 
laboratory animal.. 

A s  i n  the case of r a t s  and other 

Retentior, of plutonium by the liver of man seemed to  be higher 

3. Concentrat lor, of p1L:onium i n  the blood following intravenous injection drops 
very  rapidly; or,ly (1.3 per cent of the tctal injected dose was fixed in the 
total blncld volume thirty days after injection. 

4 .  T h c  urin.!ry excretior, of intravenously administered plutonium was not ex- 
poncniia!. Curvilinear regression line fitting showed that the urinary ex- 
creticm thrcug!; 13is days was best expressed by the fractional logarithmic 
func:iI.!' 

-c\,;: 
y : Co, ::i ?: .. 

11: tt:is t.spr!-sr:r.:: YE is t h r  pcr cent o! the injected dose excreted in a 
SinCIt dit;; a:? ?: i c  t i i c  tin-it of observatiofi in days post-injection. The 
s taoearc i  c r r ~ , ~  !! t-c:i~:;ite i s  320;. 

5 .  T h c  ahovc ~ x y r c ~ s ~ o n  for thc- urinary excretion through 138 days was ad- 
justcc! b:; ;r.cl:e;z; d i ~ a  collected on Los Alamos Laboratory personnel. 
This  ad]ustr?r.-: pc rn;;i:ed the development of an expression for the urinary 
escrct:or. c.! p ! : ~ . ~ ~ ~ , : : ~ - ,  i k o ~ ~ s ! ;  1750 days. The  adjusted expression is: 

- .  I . 7 4  
'I' =I:."??: 

c;i 

7 .  T h c  zr::::~~;. : f i :  ;:i ;'i,;:oniun: cxcreticn ratio cjbtained by solution Of the 
aix<-:t cs;irr-.=.-:. :.. f !. s r i n a r y  and fecal cxcretion showed the urinary t o  
feca l  ra!i: u.3.- E.: CQI-.::~:.: I t  u a s  essentiallv 1:l a t  30 d a y s  and ap- 
proac!!i ,: i:! a! al:;;rcsimn!c.l!. five years .  

8. The  t c u 1  I z r :nc  ar.d fecal excrctior.) through 138 dags was best expressed 
by thc rquntior.: 

-0.9; = 0.75 X u -  f Y 

9. The  total urine plus fecal excretion through 1750 days.could be approxi- 
mated by adding the expression for the fecal excretion through 138 days 
and the adjusted expression f o r  the urinary excretion through 1750 days. 
The  expression for the combined excretion is: 

............. . . . . . . . . .  . . .  . . . .  ................ 
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ir. which Y U n 4 ,  represents the per cen! o! the injected dose excreted 
i n  thc urine plus feces (.:; :I spcc:!ic day, and >; designates the t ime 
of observation i n  d;iy.: ~ O E !  -injection. 

IO. Integration of the a h v e  expression between the l imits of 1/'2 and n + 1 / 2  
days post-injc.ction p v e s  thc. follou-ing expression: 

= 0.7;  ( n - 1 '2  )o '26  - 7.00 ( n + 1 '2 )0'09 + 6.8 1 *ua + f 

which represerxs  the integrated amount ,of plutonium in per cent of the 
injected dose ( A u a + f )  excreted up 10  and including the nth day af te r  
injection. Sub~ti tut ior .  i n  th i s  expression showed lhat only 8.7 per cent 
of a single ifijected d2.c was excreted i n  approximately five years .  

11. Application of the data O! tt..is rep3rt  t o  the calculation of the "biological 
half-time" of PlUtCr,;:?: ir. mar, gives a mean minimal "biological half-  
time" es t imate  crf 11L y ~ ; ~ r : .  ui:h a variation of f rom 84 to 175 yea r s .  

12. T h e  ur inary  exzrctir',:: da ta  o! this  rcport  were applied to the diagnosis 
of exposure o! persc,n::ri 19 plutoniil~:. Three  s e t s  of exposure condi- 
tions were c o n ~ i d i  1.~5: 

( a )  Thc applica::. : r .!  i-:>:::r.i:::: z r i w  analysis to estimate the tot31 body 
dosc. fo1iou;r.G :: c:::::' ; Ic: :< exposure occurring at a k?own t ime ,  

The appl;cari<r. r.! ~~;-:cr,izz; u r inc .  analysis to estimate the total body 
burder. o! p;~:cr.:::-. ; , , ; i ,  . .. A ::,: variable chronic or sub-acute exposure 
wi th  on;:; tf.t I(,:;:, < X ; J  > S ; ~ I  t t i r . c .  bc.:ng k n o u ~  and, 

The applicaticr. c :  :.::::+ ar.c::;siF to estimate the total body burden 
follouinf chrc,:.:! :::;>: :n!:: csp:'.cure ( such  a s  may occur in a ca re -  
full:: cor,troll(.d r:.::ini pihr.: p r o c e s s )  with t ime of exposure known. 

( h )  

( c )  

Expres.;ir.r.s fr;r thc c ' i~ - -~ : : :<  7. c i  body dose undcr the conditioris s e t  forth 
i n  ( a  I .  ( b  j 2n.j  I c I > r t  :::cl-:. :: ;r. t h i s  report .  

............. 
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