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DEDICATION 

This review is dedicated to the memory of Dr. Burris B . 

Cunningham, Professor of Chemistry, University of California at 

Berkeley and Senior Staff Scientist of the Department of Chemistry, 

. University of California, Lawrence Radiation Laboratory, who with 

L. B. Werner first prepared plutonium in pure form and who developed 

on a microchemical scale the chemical techiques that were later used 

in the purification of large quantities of plutonium. I remember with 

pleasure and appreciation many conversations with Dr. Cunningham ' 

on matters of plutonium and actinide chemistry. 
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ABSTRACT: Urinalysis was the method chosen to monitor internal Pu 

contamination of the chemists who separated thefi~st batch of reactor-

produced Pu in late .1943, and it is still the only way of detecting 

exposure to 239pu . In order to determine ~he relationships between 

urinary excretion and bodyPu content, 18 pers6ns (15 over the age of 

45) were injected in 1945 and 1946'with tracer doses of 239pu . The 

original data have been collected ~nd ~ritically ~eviewed and re-

analyzed in ,this paper~ 

Early tissue distribution. Four to 17 days after injection, 

human soft tissues (other than blood and 1 iver) contained as much as 

20% of ~he Pu dose. Five to 15 months after injection the average 

liver Pu content was 31% of the dose for three cases with presumably. 

normal I iver function~ Data were collected on weights of fresh human 

226 90 bones and the intraskeletal distributions of Ra and Sr in man, 

226 R 239 - d 241 A . 'd 90 d 241 A' k a, Pu, an m In dogs, an Sr an 'm In mon eys. 

Weight relationships of individual' bones and their fractional radio-

nucl ide contents were used to convert Pu concentrations in small-bone 

samples to Pu in the whole skeleton. Four to 457 days after injection 

total skeletal Pu ranged from 38% to 65% of the dose, with a mean of 

49% fo r t he seven ca ses judged to have mos t nea r 1 y norma IIi ve rs and 

skeletons. 

Transport and excretion. Pu has been shown to be transported in 

blood combined with transferrin, the iron-transport protein, and to be 

sto~ed in the liver in association with stored iron. Examination of 

animal data and the individual medical histories with particular atten-

tion to clues about the status of iron metabol ism suggested the following: 
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After being bound to transferrin, Pu traces the behavior of the 

carrier protein. The early phases of Pu transpo~t whi~h are apparently 

associated with extra-cellular fluid mixing, were prolonged in those 

individuals suffering from circulatory impairment. 

Maximum urinary Pu excretion coincided with the earl iest phase of 

Pu transport (before the bulk of Pu was protein-bound). Minimum urina~y 

excretion coincided with the time of maximum PU7transferrin binding. 

These observations were taken to mean that some Pu can be filtered by 

the kidney in the form of a low-molecular-weight chelate. Urinary Pu 

excretion was reduced by one-half in tho~e persons who were anemic, 

presumably because~of their more efficient Pu-transferrin binding. 

Early f~cal excretion of Pu apparently represents secretion in bile 

and other digestive juices. Fecal excretion was reduced by one-half or 

more in those persons whose gastrointestinal tracts were judged not to 
\ 

be normally stimulated (those on restricted diets and one. case '~f 

he pa t 1 tis) . 

Renal clearance increased from 1.8% to 8.1% of circulating Pu and 

fecal clearance rose from 2.2% to 6.8% of circulating Pu between the 

sixth and nineteenth days after injection. It is suggested that some 

Pu may be lost by desquamation of cells containing Pu (especially in-
\ . . . 

testi~al ep~thel i4m) , or that some Pu is excreted by both the kidn~y 

and gastrointestinal tract during catabolism of the protein moiety of 

Pu-transferrin, or both. 

Excretion curves. Semi logarithmic curves' of Pu disappearance from 

plasma ~nd daily Pu excretion were prepared for each individual case. 

So-called normal human Pu plasma and excretion equations (sums of 
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exponentials) were constructed from the mean half-times and intercepts 

for the individual cases.- All cases were included in the mean half~ 

·times -- rates were apparently not affected by the individuals ' various 

illnesses. Only the intercepts for those persons for whom a particular 

functio~ 0a( judged to be within normal I imits were included in the 

mean intercepts -- urine intercepts were reduced by anemia or kidney 

dysfunction, and fecal intercepts were reduced Iby dietary restriction 
'-

or liver malfuriction. 
I-

Da i ly Pu excretion rates and total cumulative Pu excretion pre-

dict~d from these expone~tia1 equations were sl~ghtly greater than pre-

dicted from the power functions of Langham et al. (1951), chiefly 

because only data from normally functioning excretory systems were 

included in the exponehtial coefficients, bu~also because the fecal 

excretion assumed in the model presented here is significantly higher 

than in other models. 

-
Proposed metabol ic model. Turnover of Pu in bone'and soft tissues, 

storage of Pu in liver of the dog and pig, and storage of iron in man 

were reviewed. At tracer levels of Pu (defined as the absenc~ of gross 

damage during the time of observation) net loss of Pu from soft tissues , 
and bone exceeds whole-body Pu loss, indicating continuous accumulation 

of Pu in the 1 iver. Average soft~tissue release half-time was estimated 

to be no less than 480 days, and bone-surface turnover for the whole 

adult human skeleton was estimated to be about 5% per year. For an indi-

vidual on a diet adequate in iron and with normal iron stores, this 

model predicts that bone and 1 iver will contain equal amounts of Pu 

15 years after exposure. This model fits the available dat~ from 

\ 
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animals and for occ~pationalPu exposures, and supports the view of 

Mays et al. (1970) that the 1 iver rather than the skeleton may be the 

critical organ for Pu. 

INTRODUCTION 

Plutonium'was recognized as potentially dangerous even when the 

-
total amount of Pu in existence was only a few milligrams. If the 

Metallurgical Laboratory efforts were successful , enormous amounts of 

plutonium--hundreds of times the world supply of radium--would be 

produced. The urgent need for biologic~l studies of Pu wa\ appreciated 

and these were begun as soon as Pu could be spared from essential 

chemical investigations. On November 4, 1943, Dr. Arthur H. Compton 
/ 

announced to the Metallurgical Laboratory (Plutonium) Project Council 

that the Cl inton pile had Iitaken off,"~: and plutonium was being pro­
/ 

d d · . h bl .. 1 uce In welg a e quantities. By January 19, 1944, 0.5 g of Pu had 

been separated,2 and thre~ weeks later, on F~bruary 8, 1944, Hamiltohls 

group at Berkeley received 11 mg to begin tracer studies in rats. 3 

With only prel iminary results of the initial tracer studies in hand, 

Dr. Robert Stone,4 Director of the Metallurgical Laboratory Health 

Division, wrote in early 1944: "I must emphasize the serious health 

hazard of plutonium itself. Before i~ was avai1able, we regarded it as 

similar from a radiation standpoint to the alpha-emitting decay products 

in the radium series. Now we find its behavior places it among sub-

stances that will remain in the lungs for long periods if not indefinitely. ~ 

That which enters the blood probably becomes fixed in bone. The only 

safe procedure is to see that none of it is inhaled or ingested." 

;':The verbatim entry in the Mi,nutes of the Project Counci1 1 is 

"Nov. 4, 1943--C1 inton pile takes off--production now on experimental 

sea 1e. 11 
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, Despite precautions, Pu contamination of laboratories and per-

sonne1 at several Metallurgical Laboratory installations was a chronic 

prob1em,5.6 and one of the Health Division's pressing tasks was to 
\ . 

devise a method of determining whether a Pu burden had been acquired. 

The !irst approach was analysis of Pu in urine,7-9 ~nd tracer data 

from rodents were used tOJe1ate Pu in urine to the body burden.~" If 

urinalysis was to be a re1 iab1e assay for Pu in contaminated human 

beings, characterization of its behavior in man was essential. For 

this reason, 18 hospital ized persons [12 at Rochester, N.Y., and 

3 each at Chicago, 111., and San Francisco (Berkeley), Cal ifornia] 

were injected with tracer amounts of Pu in 1945 and 1946. 

In May 1945, a few weeks after the first two studies of human Pu 

excretion-were begun, a conference was held to bring together what was 

then known about the biology of Pu. 18 Before the conference the in-

dustria1 physicians responsible for the radiological protection of 

the personnel -at Metallurgical Laboratory installations were asked to 

indicate what kinds of information about Pu behavidr were needed most; 

R. S. Stone's summary of their questions is reproduced in full as 

Appendix 1. Some of their requests have been partially satisfied, 

but we are still seeking much of the information about Pu behavior that 

the pioneers in this field considered necessary for the proper pro-

tection of Pu workers. 

. 10 11 
~"The rodent tracer studies and inhalation experiments (Hamilton et al. ' ) 
and attempts at Pu decontamination (Copp et a1. 12) by the Berkeley group, 
and the tracer and toxicity and inhalation studies in several species by 
Cole's group in Chicago (Finkle et a1 .13 , Painter et a1 .14, Brues et al .15 
B1oom 16 and Abrams et a1. 17)are the foundation of our knowledge of the 
biological behavior of Pu. Photocopies of the unpublished laboratory 
reports, available at cost from the Division of Technical Information, 
P. O. Box 62, Oak Ridge, Tennessee, 37830, belong in the 1 ibrary of every 
student of Pu biology. • 
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The power-function curves of human Pu excretion published by 

Langham et a 1. 19,20 which were constructed by using data from the 

hospital patients and excretion data from several occupationally ex-

posed persons, provided a method of predicting ~u body content based 

. 1· L h I h d h LId ,. 21-25 on urlna YSls. ang am s met 0 as ~een reana yze many times. 

There have been mathematical refinements, and analytical chemical and 

) 26 27 
a-particle detection techniques have been greatly improved, ' but 

the underlying assum~tions are unchanged. 

Pu may. soon be widely used as reactor fuel. It is timely 

to reexamine the original data, gathered nearly 25 years ago, be-

cause meager as they are, they represent near-ly all our human Pu 

experience. The details of the. radiochemical techniques, the pertinent 

detail~ of the individual case histories, and the original data are for 

~ractical purposes buried in privately printed Manhattan District and 

AEC project reports.": (Data for two cases had not previously been re-

ported.) In this reexamination I have attempted to bring together 

under one cover as much as possible of the original detail, and to im-

prove the usefulness of the information. Study of the behavior of Pu in 

each patient, rather than averages for the group, should reveql differ-

ences in their Pu metabol ism (as a result of their various illnesses) 

that might be used to predict the behavior of Pu in healthy persons. 

A retrospective study has the additional advantage of being able 

to draw on newer knowledge. Long-term excretion data are now available 

from the lower-dose dogs in the Utah experiment. 28 ,29 The protein that 

*Few copies were printed, and many have been lost or destroyed. Photo­
copies of the original documents are available from TID, Oak Ridge. 

.. ~ 
t· 

..,., 
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binds Pu in plasma has been identified as transferrin by groups at 

Harwe11 30 ,31 and Utah. 32 ,33 The kinetics of iron, the element nor­

mally carried by transferrin, have been worked out in detai1. 34- 37 

Now, there is also some information on the behavior of Pu in two 

38 39 . 40-43 other large animals, the sheep , and the pig. All these 

recent o'bservations provide a framework, not available to the original 

investigators, in which to examine and interpret the human Pu data. 

MATERIALS AND METHODS 

With two minor exceptions, the data examined for this report have 

been publ ished in one form or another. The following brief description 

of the original ~ata sources is included chiefly to el iminate confusion 

about the Berkeley and Chicago cases (Cal-I, Chi-I, Chi-2, 'and Chi-3), 

for which fragmentary reports have appeared more than bnc~. Summaries 

of the histories of. the published,cases and compl~te case histories of , 

two previous'ly unpubl ished cases are included as Appendix 2. 

Langham et al. 19 

Ad the informat·ion obtained for HP-l through HP-12 is contained 

in this reference, which includes medical histories" injection data, 

hematologic data, blood chemistry, and Pu analyses of blood, urine, 

feces, and biopsy and autopsy specimens. Pu analyses of urine, feces 

(fecal data from Cal-l were not- included), and biopsy and autopsy 

specimens are reported for Cal-I, Chi-I, Chi-2, and Chi-3. Pu urinalyses 

are reported for three occupationally exposed persons. Pu radiochemical 

44-46 methods are described briefly and reported in,~etail eJsewhere. 

1847-53 Russell and Nickson ' 

All the original data from Chi-l and Chi-2 are contained in Ref. 47, 
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which includes case histories, injection-data, hematologic examinations, 

and Pu analyses of urine, feces, and autopsy specimens. The remaining 

referenc~scontain the original data for Chi-3 and fragmentary data from 

the other two cases. (Additional information was obtained from E.R. 

Russell for Chi-3.) Pu radiochemical techniques used by the Chicago 

group can be found in Refs. 54-56. 

Crowley et al. 57 

Most of the informa,tion obtained from Cal-l is included in this 
) 

report, which includes a brief medical history, injection data, arrd Pu 

analyses of urine, feces, blood, and biopsy specimens. Radiochemical 

techniques are also included. Additional information was obtained from 

raw data sheets, hosp ita I records, and death cert i f i cate. 

Foreman et a I .58 

.This report contains all the information from a case of occupational 

Pu exposure (designated herein as LASL-l): Included are Pu exposure 

history and Pu analyses of urine and autopsy specimens. Radiochemical 

techniques are described elsewhere. 26 

Hami I ton et al. (unpubl i shed) 

All the info,rmation about two previously unreported cases injected 

by the Berkeley group Cal-2 and Cal-3, are included in Appendix 2. 

Copies of all the original reports were obtained, and were com­

pared for omissions and errors' of transcription. The Pu contents of 

the autopsy specimens of Chi-l and Chi-2 were originally reported as 

• Wg Pu perg tissue. These data were converted tQ % dose per g. The 

original data sheets were still available for Cal-I, and these were 

checked for numerical correctness. The transcription and numerical 

errors that were found are collected in Appendix 3 . 
... ' .. 
-,- LASL-1 is now designated LASL-10038 by the The Los Alamos 

Laboratory Health Group (L. J. Johnson, private communication). 

""/., 
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Details of the calculation of total tissue Pu or bone Pu are 

described in conjunction with the tabulated res~lts of these calcula-

tions or in the Appendices. The semi logarithmic curves of Pu in blood 

and excreta were fitted by eye to the original data points and analyzed 

by standard graphic methods. Straight-l ine segment,s were fitted by the 

least-squares method. These are admittedly subjective proc~dures, ~ut 

there were often so few data for each.patient that machine curve fitting 

seemed inappropriate. 

Data from the laboratory ~nimals were obtained from publ ished curves 

~ and tables·. [d 28,29,59-61 h 38,39 . 40-43 d . 10,62,63]' og, seep, sWine an rat. 

Data points were read from c~rves by reconstruc~ing the grid 1 ines, 

measuring the distances from the horizontal and vertical origins with a 

/ mill imeter scale, and calculating (as closely as this rough technique 

permits) the original values from the measured distances. B. J. Stover 
I 

and D. R. Atherton kindly suppl ied original data for Pu excretion by 

individual dogs. 

PLUTON~UM IN SOFT TISSUES 

Soft tissue* specimens from five cases that came to autopsy were 

analyzed, and a small sampl ing of soft tissues was obtained during 

surgery in a sixth case. The analytical results are collected in 

Table I. Organ and tissue weights were estimated from the recorded 

.. 64 65 
body weight and the weight proportion~ of "Standard Man" , tabulated 

i~ Appendix 4. The calculated weights of .tissues and organs and their 

total calculated Pu contents are also shown in Table I. 

*Unless otherwise specified, soft tissue includes muscle; skin; 
connective, lymphatic, and nervou's tissue; fat; glands; all organs 
except 1 iver; blood and other body fluids except bladder urine, and 
gastrointestinal contents. Thus the whole body consists of 1 iver, 
bone, and soft tissue. 



Liver 

Spleen 

Kidney 

Lung 

Pancreas 

Intestines 

Testes 

Thyroid 

Adrenals 

Muscle 

Skin 

Residual soft 
tissue. 

Excreted
e 

Total (accounted for) 

Skeleton (calc. ) 

1«' 

Table 1. (Part 1) 

Material balances of soft tissues and excreta. Six persons injected i. v. 
with Fu(IV) citrate, Pu(VI) nitrate, or Pu(VI) citrate 

Pu(IV) Citrate 

HP-5, 151 days p. i. HP-9; 456 days p. i. 

Male, 56 yr. Male, 66 yr. 
a 

70.8 kg Calc. 63 kg Calc. 
0/0 PULg ~ (0/0) dose 0/0 PULg ~ (%) .dos e 

0.032 1,340
b 

42.8 0.0144 1,600
b 

23.0 

0.0007 184 0.13 0.0015 162 0.24 

0.0002 312 0.062 0.0002 277 0.055 

0.0005 1,000 0.50 

0.0002 100 0.02 0.0002 90 0.018 

0.00015 1,020 0.15 

0.0003 64 0.018 

0.0001 16 0.0016 

0.0004 14 0.0056 

0.0002
c " 0.0002

c 
28,400 6.67 25,200 5.92 

4.950 4,410 

O.OOOld 23,080 2.31, . O.OOOld 22,280 2.23 

5.20 16.5 

57.9 48.0 

10,300 42.1 9,166 52.0 

, 
~ 

HP-11; 5 days p. i. 

Male, 68 yr. 
a 

70.8 kg C 1 a c. 
0/0 Pu/g ..Y:1JgJ i"i'r) dose 

0.0053 2325 12.3 

0.0048 184 0.89 

0.0015 . 312 0.47 

0.0016 1, 000 1.60 

0.00045 1,020 0.46 

0.0012 64 0.077 

0.0009 16 0.014 ' 

0.0022 14 0.031 I 
~ 

0.0002 28.400 5.68 0 
I 

0.0002 4,950 0.99 

O.OOOld 22,200 2.22 

2.00 

34.7 

10,300 65.3 

.(1 



Liver 

Spleen 

Kidney 

Lung 

Pancreas 

Intestines 

Testes 

Thyroid 

Adrenals 

Muscle 

Skin 

Heart 

Diaphr.agm 

Lung tumor 

Lymph node 

Ovaries 

Omentum 

Subcutaneous 
tissue 

Scar tissue 

Residual soft tissue 

Blood 
'e 

Excreted 

Total accounted for 

Skel'eton (calc. ) 

lo;: . , 
Table 1. (Part 2) 

Material balances of soft tissues and excreta. Six persons injected i. v. 
with Pu(IV) ,citrate, Pu(VI) nitrate, or Pu(VI) citrate 

Chi-1; 160 days p. i. 

% Pu/g
g 

0.0135 

0.0025 

0.00038 

0.00058 " 

0.00052 

Male, 68 yr. 

76.4 kg 

wt (g) 

2,050
b 

260
h 

340h 

1, 950
b 

66 

0.00025
c 

30,560, 

5,348 

0.00028382 

0.00023 

0.0017 

0.0015 

32 
," 764 

0.00012
d 

23,800 

9.428 

Calc. 
(%) dose. 

27.8 

0.65 

0.12 

1.13 

0.034 

8.98 

0.11 

0.054 

1.16 

2.98 

6.74 

49.8 

50.2 

Pu(VI) Citrate 

Chi-2; 17 days p. i. 

Female, 55 yr. 

38.6 kg 
Calc. 

% Pu/g
g ~ (%) dose. 

0.0024 

0.0012 

0.0054 

0.0016 

0.0022 

0.00065 

0.0034 

0.0006 

0.0006
c 

0.00105 

0.00074 

0.00094 

0.0003
d 

1,110 

85
h 

190
b 

490
b 

60
b 

555· 

14 

11.310 

2,320 

250 

390 

10 

, 2 .. 70 

0.10 

1.03 

, 0.78 

0.13 

0.36 

0.048 

6.79 

1.39 

0.26, 

0.29 

0.009 

14,700 _ 4.41 

7,125 i 

0.70 

19.'0 

81.0 

" ,-~ 

.~ ,> 

Pu(VI) Nitrate 

Cal-1; 4 days p. i. 

% Pu/g
g 

0.0019 

0.0004
c 

0.00058 

0.0004 

0.0004 

0.0011 

0.0002d 

Male, 58 yr. 

58 kg 
/' Calc. 
~ ( 10) dose, 

1508 

167
b 

23,200 

4,550 

16,690 

9,42si 

0.32 

9.28 

2.64 

3'.34
h 

5.66 

1.19 

25.7 

I 
~ 
~ 

(mid-range 42.5) 



Footnotes to Table I 

a 
, Body weight estimated to be the mean weight of six male cases whose body weights were recorded. 

bMeasured tissue weight. 

cpu concentrations in muscle and skin (when not measured) were estimated to be the average of other measured soft tissues such as 
, heart, pancreas, ,etc. ' 

dpu concentration of r~sidual soft tissue was estimated to be one-half the concentration in skin and muscle. 

eMeasured totals are used when available. Excretion between the cessation: of collections and deaths of HP-5' and HP-9 was 
estimated from extrapolation of the last available measurements and the slopes of the U arid F curves of persons followed for 
lO11:ger times. Excreta from HP-11 were estimated to be the mean for all the other Pu(IV) citrate-injected cases. 

f Includes 7.95%. 'the average Pu content of blood of the two sickest persons (HP-4 and HP-10), from whom blood samples 
were obtained at this time. 

g%/g of Pu recalculated from original data. 

h 
Includes 3.25% estimated from the tissues of Chi-2, and HP-11. 

i Chi-2 wa:s emaciated; her skeleton was assumed to be the average report~d 'by Mechanik66 for slightly built females. 
Cal-1 had lost 15 lb during his illness; his skeletal weight was calculated ·from his body weight in good health, 64.8 kg. 

,~ j, 

~ 

, 
" 

fj 

I 
~ 
N 
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In order to estimate total body Pu as closely as possible, it was 

necessary to make some assumptions about tissues that were not sampled; 

for example, a correction was made for the unsampled abdominal and 

thor~cic organs of Cal-I. When skin and muscle were not measured, the 

average Pu concentrations of other tissues such as heart, diaphragm, 

or pantreas were us~d. Details of these estimated values appear in the 
, ' 

footnotes to Table I. In every instance it was necessary to estimate 

the Pu content of the soft-tissue remainder~ consisting of fat, fascia, 

nerve, tendon, etc. The tota1 weight of the soft-tissue remainder was 

calculated by subtracting from the body weight the sum of the weights 

of the sampled tissues and the calculat~d skeletal weight. For Cal-l 

the Pu concentrations in omentum and subcutaneous tissue were almost as 

great as that in skin. The Pu concentration in the fat sample obtained 

from Chi-2 was the same as that in intestine, muicle~ or tumor. The fat 

sample obtained from Chi-l had a Pu concentration about one-fifth that 

in muscle or skin. BaSed on these observations, the ave~age Pu concen-

tration in the soft-tissue remainder was estimated to be one-half that 

in the average bf muscle and skin. 

The calculated Pu content of the soft tissues of the six human 

beings (shown in Table I) is considerably greater than has been reported 

in the dog. About 3% was present in soft tissues of the beagle 22 days 

f . '" 28 a ter Intravenous InJection. It was possible to calculate from the 

42 ' 
,data of Smith e,t a'l. that the sbft tissues of year I ing miniature 

swine contained as much as 25% of the injected dose 6 days after intra~ 

venous injection of Pu{IV) citrate. 
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In their origi~al report of Pu toxiciiy in dogs Painter;et al. 14 

inclUded a tabulation of Pu concentrations in a large number of soft 

tissues of individual dogs. Complete excretion data and perio~ic blood 

sampl ings were also reported for two of these dogs that died 15 or 16 

days after intravenous injection of Pu{VI) citrate. These data pro-

vided a means of testing the accuracy of the balance-sheet method of 

calcuta-ting whole-body Pu distribution in large animals when only a 

smal I number of tissues have been sampled. 
,/ 

The recorded body weights of the individual dogs (corrected for 

radiation-induced weight loss of IO%'to 16%) and the weight proportions 

67-69 of the beagle were used to estimate individual tissue weights. The 

sums of the Pu analyses of excr~ta, the estimated Pu content of the 

skeleton (calculated as described in the next section) and of the liver 

and soft tissues wer.e 94% and 99% for the two dogs--an encouraging 

result. Early soft-tissue distribution of Pu in man is compared in 

Table I I with Pu distribution )n dog, pig, and rat. 

The movement of Pu out of the soft tissues of the six human cases 

is shown in Fig. I. Extrapolation of the initial st~ep pbrtion of the 

curve indicates that about 24% of the injected Pu was present in these 

tissues (and their contained blood and extracellular fluid) 24 hours 

after injection. The equation of the exponential curve in Fig. is 

Soft-tissue Pu = 8% e-0.096t + 16% e-0.0014t ( I ) 

-I where t is days The initial rate of Pu loss from the soft tissues 

f h ·· d d f 10,62 b b h o t e toxIcity ogs an rom rats appears to e a out t e same as 

estimated in Fig. I for man (T
I/2 

= 7.2 days). Altnough there are no 

detailed reports of the amount of Pu in the sbft tissues of normal dogs 

J 
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Table II. Early Distribution of Intravenously InJected Pu (as % of injected 
dose) in Soft Tissues of Man, Dog, Rat and.Pig. a 

Man Dog Rat Pig 

Form of Pu Pu ( 1 V) citrate Pu(V I) citrate Pu02C12 Pu(IV) citrate 

Days p.i. 4 to 5 15 to 16 4' 

Liver 35.3b 29.6 21'.7 

Spleen 0.60 0.71 0.40 

Kidneys 0.47 0.33 2.08 

Lung 1.60 O. 12 o. 15 

Pancreas o. 13 0.015 

G. I. tract 0.46 0.23 

Testes 0.077 o. 15 

Thyroid o. ell 4 .0010 

Adrena1s 0.031 .0085 

Muscle 7.48 7.38 1. 50 

Skin 1.82 1. 33 1.68 

Heart 0.26c 0.023 o. 13 

Lymph tissue 0.29c 1. 59 

Bra in 0.004 0 .. 011 

Thymus 0.015 

Blood 6.80 0.21 0 . .62 

Remainder 2.}8 0.39 3.48 

Ovar ies .009c 0.002 

aData sources: man, average of HP-5, Chi-1, and Ca1-1, see Tf b1e 
dog, Pu data average of dogs #33 and #42, Tables 25 and 26 4; 

borgan weights 67 - 69 ; ratIO; pig42. 
Average of HP-5 and Chi-1 only .. 

cSource: Chi-2, 17 days p.i.; see Table I. 

6 

14.0 

0.24 

0.20 

. 0,,10 

0.0017 

I t his pa pe r ; 
tissue and 
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or pigs shortly after injection, there is some indirect evidence from 

the Utah experiments that Pu continued to be deposited in the Ii ver 
, 

and bone ,dur i ng the first week to 10 days after injection. Thus, the 

amount of Pu initially in the soft tissues (at least 20% ~an be accounted ~ 

for in ~he blood volume alone) was substantially more than the 3% 

\ 28 
measured at 22 days. - Most of the Pu that 1 eaves the soft tissues of 

.- either dog or man does not' leave the body"but is redistributed to the 

liver and skeleton. It appears that most of th~ Pu (at least 80%) 

originally in the so~t tissues of the dog is sufficiently labile to 

participate in this redistribution. On the other hand, nearly iwo-

thirds of the Pu initially found in the soft tissues of man seems to 

be more firmly bound. 

The two low-dose dog studies yielq comparable long-term rates of 

removal of Pu from soft tissues. The half-times of the soft-tissue 

curves ranged from 800 days "for lung to 1050 days for skeletal mu~cle59 

through the first 4 years post injection, and from 950 days for spleen 

60 to 1500 days for kidneys of low-dose dogs followed for 8 years. 

A half-time 0(~00 days can be calculated for Pu in total soft tissue 

28 of the beagl~ from data of Stover et al. Two of the three human 

cases who survived more than 150 days and who characterize the slower 

Pu phase of loss were suffering from diseases associated with tissue 

wasting. It is 1 ikely, therefore, that 'the curve fitted to their data 

(T 1/2 = 480 days) is too steep. A more appropriate representation of 

long-term loss of Pu from human soft tissues is probably that shown 

for the soft tissues of the low-dose dogs. 

! ' 

..• 

-v 
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Two,general impressions emerge: firstj during the first few days 

after injection the soft tissues of the human beings had higher Pu con-
" 

centrations and contained greater total amounts of Pu than has been 

observed for two other moderate-sized species; and second, a l~rger 

fraction of the Pu initially present in the soft tissues of man re-

mained in those tissues for a long time. 

PLUTONIUM IN THE SKELETON 

The Pu content of the entire skeleton has been measured in several 

species: 13 10~13,62 d 61 d . 42 mouse, rat, og, an pig. The results are con-

s!stent--about one-half of parenterally administered complexed mono~eric 

Pu is initially deposited, in the skeleton. For many reasons the Pu 

content of a whole. human skeleton has not been measured. In the original 

reporf of the human Pu cases total skeletal Pu Iwas calculated by a 

strai'ghtforward methqd--the mean Pu concentration of all the bone samples 

was .multiplied by 10 kg, the estimated average bone mass of "Standard 

Man",64 yielding a calculated total skeletal Pu of 65%.' 

~ince 1951 ,w~en ,the human Pu cases were reported, Pu has been 

me~sured in all the individual bones of the dog,61' and in s~veral bones 

of the rat,70 rabbit,71 and pig. 43 The results are all the same: 

vertebrae, ribs,a~d sternum--the bones sampled in the human cases--

have higher initial _Pu cO,ncentrations than the skeleton as a whole, 

which means that the total skeletal content of the human Pu cases was 

probably overestimated. 

Balance-sheet method \ 

The first method of estimating skeletal Pu uses the material balance 

described in the section on ~oft tissues, 
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PUsk = 100% - (Pu l + PUst +'Pue ), (2) 

where PUsk' PU I ' PUst' and PUe are the percent of injected dose in the 

skeleton, liver, soft tissues, and excreta, ~espectively.Equation (2) 

assumes that the calculated values for PU I and PUst are accurately known. 

The maximum Pu --that is, the amount of Puleft OVer after 
sk 

accounting for PU I ' Pu ,and Pu of each individLial human Pu case--st e' ' 

appears in the bottom row of Table I. PU I was not measured for Cal-I, 

soa possible range of PUsk shown for him used as limits the highest 

and lowest measured values of PU I from three other cases that were 

co~sidered to have approximately normal livers. 

The meanPu for all six cases, regardless of their health status, sk 

was 55%--10%'less than was originally calculated. Some of the reasons 

for this change are that the following have now been accounted for: (a) 

excret ion between the end of collections and death; (b) Pu in all soft 

tissues whether samples or not; and (c) Pu remaining in the circulation 

of the two cases from whom tissue samples were obtained 4 to 5 days 

after injection. 

As Langham et al. 19 pointed out, the I ivers of .two of the cases 

'were highly abnormal. The I iver of Chi-2 had been almost completely 

replaced by tumor. Her Pulwas less than 2%, and her calculated PUsk 

-
was 81%. When case HP-II was injected, he was dying of hepatic failure 

,(cirrhosis resulting from chronic alcohol ism and malnutrition), and his 

I iver was only partially functional. His PU
I 

was 12%, and his calculated 

PUsk was 65%. The range of calculated PUsk was 42% to 52% and of PU I 

23% to 43% for the three cases whose I ivers were presumably healthy. 

With respect to Pu kinetics, it would appear that I iver and bone compete 

for Pu, and that when I iver function is impaired, accumulation of Pu 
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by bone is increased and, makes up the difference. I f the two cases 

with impaired liver function are omitted and only the three cases with 

presumably normal 1 ivers are considered, the mean PU
I 

is 31.2%, and 

the mean PUsk is 47%--nearly 18% less than originally estimated by 

, 19 
Langham et a 1 . 

Ponderal method 

The sec9nd approach to estimation of PU sk has been called the 

"ponderal method" by Marei andBorisov. 72 Total skeletal radionucl ide 

is calculated from the concentration in individual bones and from (a) 
< 

the ponderal (weight) relationshfps between individual bones and the 

whole skeleton, and (b) the distribu~ion~l relationships between the 

radionucl ide in individual bon~s and in the entire skeleton according 

to the equation 

where BW is the 

,Pu '­sk -
BW X fsk X fb. X (Pu.) 

II 

body weight, fsk· is the fraction of the body weight 

contributed by the skeleton, fb. is the fraction of the skeletal weight 
I' 

contributed by the individual bone i (or a group of simi lar bones) , 

(Pu.) is the measured Pu concentration (%/g) in bone i, and fr. is the 
I I 

'fraction of ~he skeletal radionucl~d~ contributed by bone i. All weights 
J 

are in grams. Body weight and (Pu i ) are measured quantities; fsk, fbi.' 

and fro must be evaluated independently. 
I ' 

P1Jtonium concentration in bone samples 

Bone specimens were obtained from the five autopsied cases and 

from f6ur other cases during bi~psies or surgery. Results are shown in 

Table I I I. The bone samples of the two Chicago cases and the three 
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Table III,. Summary of PuConcentrat.ion in Human Bone Samples (pun and 
Calculation of Total Pu in the Sampled Bones and Total Skele­
ton Based on Intraske1eta1 Distribution of Ra and Sr in Manw 
Am in Monkey and Pu in Dog. a 

Case 

H P-5 

HP-9 

HP-11 

HP-12 

Chi -1 

Chi-2 

Ca1-1 

Cal-2 

Cal-3 

Bone sampled 

Vertebra 

Rib (whole) 

Sternum 

Vertebra 

Rib (whole) 

Vertebra 

Rib (whole) 

Sternum 

Radius end 

Patellae 

Rib f 

Sterrwm 

Femur 

Femur 

O.OOll 

0.0070 

0.0050 

0.0080 

0.0038 

0.0070 

0.0068 

0.0096 

0.0187 

0.0109 

0.0079 

0.0047 

0.0200 

0.0081 

0.0436 

0.0031 

Wt (g) 
(ca 1 c.) 

1916 

639 

144 

1705 

568 

1916 

639 

144 

126 

72 

689 

156 

442 

584 

286 

194i) 

%of Pu 
(ca 1 c • ) 

13.60 

4.47 

0.72 

13.64 

2.16 

13.41 

4.34 

1.38 

2.36c ,d 

0.78d ,e 

5.44 

0.73 

8.84 

4.73 

12.47 

6.09 

% of Pu in total 
a skeleton, based on 

Ra, 'Sr 
man 

56 

36 

40 

55 

35 

77 

44 

40 

II 

38 

> 100g 

57 

Am' Pu 
monkey dog 

47 38 

76 38 

48 

47 

37 

46 

74 

92 

103 

162 

92 

49 

150 

80 

40 

38 . 

37 ' 

77 

46 

40 

76 

40 

:See text and appendix 7. 
Omitted from average. 

c Ends of radii and ulnae of adult rhesus monkeys contribute 33% of the whole-bone 
dwet we i ght. 

P. W. Durbin (unpub1 ished). e . 
Measurement of patellae separate from leg bones was made only for Sr in the monkey 

f and represented 0.48% of the skeletal burderr. 
Results published for subdivided samples. See appendix 5 ~or r~construction of 
whole bone. 
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Cal ifornia cases were subdivided into ~everal parts, e~g., periosteum, 

marrow,spicules, cortex, etc. Tabulations of fresh weights of human 

bones and radionuclide contents of human and animal bones were all 

reported in terms of whole bone, which includes periosteum, articular 
\ 

cartilage, and marrow. In order to make use of the publ ished bone 

weights and intraskeletal radionucl ide distributions, it was necessary 

to reconstruct the whole-bone samples from their reported parts. Both 

the weights of the bone subsamples ahd their Pu concentrations were 

published for the Chicago cases. Much of the original. California 

data was still in our Laboratory files. The samples were all small.' 
" 

If we assume that the original investigators tried to avoid sample 

losses, then whole-bone weight can be calculated as the sum of the 

subsamples, and (Pu.) ,the average Pu concentration in the whole bone, 
I 

can be calculated from 
W. X (Pu.) 

:E I. I 

:EW. 
(Pu.) = 

I 
(4) 

1 

. where W. and (Pu.) are the weights and Pu concentrations, respectively, 
I I 

of ,the individual subsamples. Details of the calculations are shown in 

Append ices 2 and 5. 

Fractional weight of the skeleton 

A 1 iterature search revealed 29 complete dissections of fresh 

skeletons from weighed cadavers66 ,73-78 (see Appendix 6). The best 

estimates of fsk for the human skeleton are l4.6±3%':<and 1 1. 9± 1. 7% of 

the body weight for the adult male and female, respectively. The 

weights of the -individual skeletons of the Pu cases were calculated 

and appear at the bottom of Table I. 

':< Mean ± S. D.: S. D. ;=[surnrnation (dev)2/(n-1)] 1/2 
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Fractional weight of the bones 

Thre~ of the early investigatJons66 ,74,75 included the weights of 

all the freshly dissected bones bf the human skeleton. Volkmarin 75 and 

66 ' 
Mechanik reported data for several individuals and included complete 

descriptions of meth_ods and experimental conditions. The average weights 

~nd weight fractions were calculated for each bone o~ ~roup of similar 

bones from their raw data, and the results are collected in Appendix 6. 

These dissections were the work of skilled anatomists who cleaned the 

bones carefully and completely. These dissections were .probably much 

more thoroug; than might be expected of the busy autopsy surg~ons who 
, 

removed the bone specimens from'the human Pu cases. Questions might 

also be raised about the accuracy of the old balances and ab~ut possible 

differences between the size and proportions of the earl ier skeletons 

and those of middle-aged persons in the United States in 1945. 

An unpubl ished paper by Marei and Borisov72 (made available by th'e 

late J. L. Rivera) provided at least partial answers to some of these 

problems. They dissected seven male and~six female cadavers of persons· 

who had died near Moscow in 1967. Groups of bones were weighed on 

modern equipment, and drying was avoided. Their dissections included 

only "careful prel iminary removal of soft tissue." Skeletal weight 
.-

fractions, fb., calculated from the data in the two old investigations, 
I 

agree completely with each other. However, the modern skeletons are 

about 2,000 g heavier, and the fb. of the skull and vertebral column 
I 

are somewhat greater than those calculated from the earl ier dissections. 

Not only did the new data take care of the problems of ~xperimental 

conditions and modern vs.earl ier skeletons, but the dissection tech-· 

I - . 

" 
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niques were not so precise--just what was needed. Marei and Borisov·s 72 

data for fresh weights of individual bones and the fb.·s calculated 
I 

from them are ~I~o included in Appendix 6. 

Th fb • d . d f h' M' . . dB' 72 d I . ,e . s erlve rom t e arel an orlsov ata were mu tI-
I 

pI ied by the calculated weights of the skeletons of the Pu cases to 

obtain an estimate of the wet weight of each sampled bone or group of 

bones as shown in Table II!. 
v 

Intraskeletal distribution of Pu 

Fractional distribution of Pu introduces the greatest uncertainty 

into the ponderal calculation, because' it cannot be evaluated directly. 

Distribution of Pu in all the ind~vidual bones has ~een measured only 

in the dog. 61 ,79 The use o~ the dog data to describe Pu distributio~ in 

the human skeleton has two serious disadvantages. First, because the 

dog is a quadruped, the fb.·s of many of the bones differ from those 
, I 

of the same bones of man; for example, those of the skull, hind limb 

bones, and pelvis are too small, and tho~e of the ~ibs, sternum, and 

mandible are too ,large. These differe"nces in weight distribution. and 

presumably ~lso the functional differencei resulting from different 

patterns of weight bearing, are likely to be reflected in the radio~ 

nucl ide distributions in the skeletons of man and dog. The second 

disadvantage is a consequence of the design of the dog experiments . 

All the measured dog skeletons were either (a) those of high-dose dogs 

that I ived long enough after injection to have accumulated variable 

amounts of damage to bone or I iver, or both, Or (b) those of low~dose 

dogs that I ived for several years after injection, long enough to have 

remodeled a great deal of bone. 
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241 

The distribution of Am, an ~ctinide element with principal 

v~.lence +3 an~ ~hemical properties qual itatively similar to those of 

~Pu, has been measured in the bones of the monk.ey (P. W. Durbin, M. H. 

Will iams, and ~. Jeung, unpubl ished). The 241 Am studi~s in the monkey 

(~ummarized in Appendix 7) satisfy the requirements of full skeletal 

maturity, shor~ postinjection interval, and absence of bone damage. 

However, the proportions of the monkey skeleton are not the same as 

those of man--the monkey.has a relatively larger torso and heavier fore-

1 imbs, and a relatively smaller pelvic girdle and smaller hind limbs. 

There are therefore some uncertainties in applying the monk~y data to 
I 

the human case. 
241 " . 

The skeletal distribution of Am has also been determined in the 

80 dog, and the results compare reasonably well with those for the same 

element in the monkey and with 239 pu in the dog. (These data are re-

'\ 

produced in Appendix 7.) At least one alkal ine earth elem~ht has been 

studied in each of these animal species, and two have been measured in 

man. 226 Ra has been measured in the dog skeleton/9 the distribution 

of 90Sr has been determined in the' monkey skeleton,81 and data were 

found from which. it was possible to calculate the distribution of 226 Ra 

and 90Sr in the human skeleton. 82- 84 

For all practical purposes, the h~man data are unpu~l ished, so 1t 

is appropriate to describe them and the way in which they were manipu­

lated to obtain fractio~al skeletal isotope distributions. 

226 R . h b a '1 n uman ones 

Evans's group at the Massachusetts Institute of Technology exhumed 

and measured the Ra content of the bones of a large number of exposed 

.. 
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, '82 83 persons.' However, only two cases approached satisfying the re-

quirements of full ~keletal maturity at exposure, a relatively brief 

interval between exposure and death, and a long enough buria!time to 

permit nearly complete soft-tissue decomposition and drying. Case 

MIT-01-434 was 48 years old ~t expqsure and died 2 years after cessation 

of exposure. 83 CaSe MIT-01-501 was 68 years old when exposed, and died 

83 ' 226 
-8 years after cessation of exposure. Both drank a Ra preparation, 

for about 3 years. The data were reported as the ratio of i'sotope 

fraction to bone-mass fraction, fr./fb .• For the purposes of this 
I I 

paper it was n'ecessary to convert to fro by multiplying fr'!fb. re-I ,I I 

ported for each bone (~r grou~ 
, 85 

from the data of Ingalls. * 

90
S . h b r In uman ones 

of qones) by the appropriate fb. taken 
I 

In the course of their investigations of 90Sr i~ fal lout, Kulp and 

84 90 Schulert analyzed Sr in the indivrdual bones of two groups of com-

posited human skeletons. There were seven skeletons (average age 76 

years! in the first group, and thirteen skeletons (average age 69 years) 

in the second group. All the individuals died during 1957 only 3 years 

after 90
Sr began to be present in the environment. The analytical 

results were reported a~ ppCi 90Sr per g.Ca in individual bones. Some 

assumptions about the composition of the samples were needed in order 

to make the conversion to fraction of skeletal 90Sr . The bone ash was 

*lngalls's85 data were used because'the,weights he reported were for 
bones of middle-aged to elderly white males. The bones were macerated 
and externally cleaned but not fat-extracted, and their composition was 
assumed to be most 1 ike these exhumed skeletons. The original data were 
inaccessible, because the MIT records were being moved to Argonne 
National Laboratory. Use of the measured w~ights of the individual bones 
would yield 'more accurate intraskeletal 226Ra distributions. 
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assumed to be 40% C,a. Fema 1 e ske 1 etons were assumed to occur in the 

same proportions in thes,e \samples as in Kulp and Schulert ' s85 main 

collection of ashed skeletons, about one in ten, and it was also 

assumed that the sample contained 10% Negro skeletons. With these. 
, 86 

assumptions, Trotter and Peterson's data were used to calculate an 

average skeleton ash ~eight of 2190 g. Their data on the ash weights 

of ,individual bones of white males more than 60 years old were used to 

calculate fb., and the following equation was solved for each analyzed 
I . 

bone: 

~~Ci 90Sr/bone = (~~Ci 90Sr/g Cal x ( 0 . 4 g C'a I gas h ) x (2190 gash) 

X (fb. ash). 
I 

90· -
The Sr content of Whole long bones was reconstructed from the data 

(reported ~s mid-shaft, elbows, knees, etc.) by using the ash-we1 ght 

. proportions measured for epiphyses ,and diaphyses of the long bones of 

rhesus monkeys (P. W. Durbin, M. H. Will iams, and N. Jeung, unpubl ished). 

Although the other requirements were met--the individuals were adults, 

and skeletons were measured shortly after exposure to a low dose--the 

large analytical errors because of the low 90Sr levels introduce some 

uncertainties. 

These two admittedly crude estimates of the skeletal distributions 

of 226 Ra and 90Srin man (-shown in Appendix 7) agreed s.urprisingly well. 

They also agreed generatly(de5pite some specific species differences} 

with the distributions of 226 Ra and 90Sr in the animals and qual itatively 

with the distributions of the actinide elements in the animals. The 

existence of a common pattern.of intraskeletal di,stribution of such 

seemingly dissimilar ~lements is not too surprising, because the 

initial site of deposition of all the bone-seeking elements is on 

, ./ 

.~ .. 
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anatomical surfaces and deposition is probably rela~ed to vasc~lar­

ization and blood flow. 87 

The last three columns in Table I I I contain the 501utions of 

Eq. (3) forea,ch_available bone 

{a) alkal ine earths in man, (b) 

specimen, based on fro taken from 
I 

241 ~ . 239 Am In the monkey, or (c) Pu 

in the dog. The sources of error in total skeletal isotope calcu-

lated from Eq. (2) are examined for an ideal case in Appendix 8. 

An average PU sk was calculated for the cases in whicH Pu concentra­

tion had been measured in more than bne bone and these appear in 

Table IV. The PU~k of each human case calculated from Eq. (3) is 

compared in Table IV with the results obtained from the mate~ial 

balance. The best agreement ,between the two methods of calculating 

PU sk was achieved when fr i was based on the alkal i~e earth distribu-

t ion' in man. 

~he PU sk calculated was greater than 100% for HP-12, an obvious 

impossibil ity. The bone specimens analyzed in that case ~ere fragments 

re~oved from the radius head and patella during surgical repair of 

comminuted fractures. Surgery occurred 21 days after the bones were 

fractured and 5 days after the Pu injection. Callus formation and re-

sorption of damaged boneowere probably already well under way when the 

. . 'ddl 88 . Pu was InJected. Van M I e,sworth showed that Pu uptake in a heal-

ing fracture was as much as four times as great as in the contralateral 

normal ,bone when partial heal ing had been 'permitted to occur before 

the Pu injection. 

The small piece of femoral metaphysis from Cal-2 ,(designated as 

cortex) was evidently not normal. Even assuming uniform skeletal Pu 
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Table IV. Comparison of Total/Skeletal Pu Calculated by Material Balance and 
by Ponder~l Method by Use of Jntraskel~tal Distributions of Yarious 
Radionucl ides in Man, Monkey and Dog.·a 

Injected Pu (%) 

Days Average of Ponderal Calculations 
" 

Case p.L Material balance based on, --, 
Table 1 Ra, Sr, Am, Pu 

Mana Monkeya , Doga 

HP-12c 4 132 

Cal-l 4 38 39 

Cal-3 4 57 

HP-ll d 5 65 56 71 51 

Chi-2d 17 81 71 150 73 

HP-5 151 42 44 57 38 
-

Chi -1 160 49 42 70 43 

HP-9 456 52 56 42 39 

Cal-2e 7 >100 

a See text and appendix 7. 
bp • d S 1 uln og sternum, tover et a ., in press. 
o " 

Fragments from heal ing fractures. 
d . 

See text for comments on hepatic function of HP-ll and Chi-2. 
e ' . 
Six-year-old boy. 

~ 

. .. ,,~ 
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deposition because of rapid growth, the PU sk calculated from this 

samp 1 e a l?o exceeded 100%. The measured ash content of the "cortex" 

sample"was 37%, the same as that of the specimen designated as tumor . 

The composition of cWildren's bone seems not to have been 

measured, but the humerus shaft of the newborn rhesus monkey is 49% 

ash and that of a one-year old monkey is 58% ash (P. W. Durbin, un-

publ ished)~ Although n6t stated, the biopsy specimen m~y have been 

taken from the lower femoral metaphysis, the site ofa pathological 

fracture 3 months earl ier." 

The 1 iver of Chi-2 was almost nonfunctional, permitting d"iversion 

of a larger,than usual fraction of the injected Pu to the skeleton. 

'For this reason Chi-2 should b~ omitted from any average that purports 

to describe the deposition of Pu in healthy weI I-nourished adults. 

By the same 1 ine of reasoning, PU sk of HP-ll, whose liver was only 

partially functional, should be considered an upper 1 imit for the 

normal case. If the three obviously unusual cases (HP-12, Chi-2, and 

Cal-2) are eliminated, the average Pu deposition in the skeletons of 

seven'cases is calculated to be 52% by the material balante method and 

49% by the ponderal method, with individual values ranging from 38% 

to 65%. 

PLUTONIUM IN BLOOD AFTER INTRAVENOUS INJECTION 

Serial blood samples were drawn at irregular intervals from 
\ 

eleven of the Pu-injected individuals. 19 The first sample was taken 

4 hr after injection in all but one case, Chi-l. 18 The longest post-

injection time at which a reI iable blood sample-was obtained was 46 

days. A semi logarithmic curve of Pu in the blood was prepared for 
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each of the ten individuals from whom more than three blood samples 

were taken. 

Because only a few blood samples were drawn at irregular i,nte'r-

va1s, it was necessary to make some a~sumptions about the general 

properties of the individual curves so that all the blood data could 

be used. Two early blood samples were drawn from Chi-1; 18 whole 

blood contained 3.2 pg Pu/m1 and 2.5 pg Pu/ml, 10 and 45 ~inutes 

after injection of Pu(VI) citrate. Using 7.71% of the body weight 

( 19 the value used for the blood volume by Langham et a1. ), one 

calculates the Pu content of the blood at these two times as 29% and 

23%, respectively. Some early evidence was obtained from rats,88 but 

, b 1 f' d· h d 14,28 su sequent y not con Irme I~ t, e og, that Pu(VI) might leave 
, 

the circulation faster than Pu(IV). However, these two early measure-

14 28 ments in man agree with the observations in both the dog , and the 

sheep39 in that the initial slope of the Pu plasma disappearance curve 

is quite steep. 

For the interval between 4 and 48 hours several of the human Pu 

blood curves could be superimposed on the dog curve, a portion of ~hich 

is shown in Fig. 2. In the absence of information to the contrary, it 

was decided to make the huma'n curves (except for HP-4, whose Pu blood 

cu~ve appeared not to have any short-lived components) conform to the 

dog curve during the first 4 hours. All the human Pu blood curves were 

forced to pass through 66% at 30 minutes, yielding an average initial 

slope with a half-time of 50 minutes~ as shown in Tab1'e V. 

In some cases one of the two key points, 4 or 24 hours, was missing. 

The missing values were estimated from the other cases that most closely 

\ 

) 

V I 

,." 
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Table V. Intercepts and half-times of unanalyzed semi logarithmic curves of Pu in human blood. 
Pu(IV) citrate inj~cted inttavenously • 

. Day of 
last PAl PSI PA 2 PS 2 PA3 PS3 PA4 PS4 PA 5 PS 5 Circulation' 

Case samE.!.!.., (%) (m in) (%) (hr) (%) (da:z:s) (%) (da:z:s) (%) (days) a s ta tus 

HP-l 10 100b 
IOOb 

50b 

50b 53 18 30 2.0 
- \ 2 22 55 16 26 1 .6 5.6 7.4 Cardiac failure c 

3 23 100b 50b 32 22.7 22 1.8 3.5 6.0 Edema 
4 23 100 18.5 44 2.2 13.0 5.5 Hypertension e 

5 23 100b 50b 43 8.5 j 5 0.8 1.1 6.5 
6 22 100b 50b 46 11.5 21.5 1.0 2.4 4.5 0.29 95 f 
7 29 100b 50b 

37 20 24 2.0 3.6 6.0 0.48 Cardiac failure 
8 42 . IOOb 50b 45 14.5 22 1.7 4.3 6.0 0.24 

100b 12 16 6.6 9 36 50b 51 2.6 6.9 0.58 
10 30 100b 50

b 60 18.5 ( 33 2.3 4.8 6.8 0.49 Cardiac failureg 

IOOb 50b 12 46 

Norma 1 c i rculat ion, No. cases 5 5 5 
Mean 47.6 12.9 20.9 
±S.D. 4.2 3.6 6.0 

Impaired circulation, No. cases 5 5 5 
Mean 56.8 19.1 29.8 
±S.D. 26.9 2.5 9.0 

aStatus of circulation obtained from case hi~tories (below). 

bFitted to 100% at t ="0, and to-66% at t = 30 min. 

0.64 82 

5 5 5 4 2 
1.62 3.7 5.9 0.44 88 
0.74 2.5 1.5 0.20 13 

5 4 4 2 
1.98 6.1 6.3 0.48 
0.29 4.0 0.8 0.01 

cHP - 2: "Essential hypertension with hypertensive cardiovascular disease and coronary insufficiency." 

dHP - 3: "Hepatitis with hyproproteinemia and dependent edema." 

eHP - 4: "Cushing's syndrome with hypertension, hypertensive heart disease." 

f HP - 7: "Rheumatic heart with mitral insufficiency and auricular fibrillation, hospitalized for cardiac decol}1pensation." 

gHP-10: "Acute congestive heart failure." 

I 

VJ 
~ 
I 
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resembled the defined-portions of ~he incomplete curves. Blood samples 

were taken from four cases--HP-6, HP-8, HP-9, and HP-12--at long enough 

times after the Pu injection to demonstrate a level ing-off trend; in 

two other cases--HP-7 and HP-10--the intercept of a slower component 

could be- estimated. The intercepts and the half-times of the un-

analyzed Pu blood curves are shown in fable V. In this and subsequent 

discussions of data presented as semilogarithmic plots, the slopes of 

the segments of the experimental curves are presented in terms of 

their half-times: / half-time = O.693/~, where ~ is the,slope in units of 

time-I. Half-times of raw curves are designated as S, and half-times 

of the exponential equations of these curves are designated as T. Inter-

cepts of raw curves are designated as A, and the ~oefficients of the ex-

ponential e9uations as a. Individual Pu blood curves are shown in Fig. 2 

along with the curves for dog and sheep.* Case HP-2 is shown as typical 

of the curves of most of the cases. Case HP-4 was the most unusual--

rapid cdmponents were missing, and Pu remained in the blood for a much 

longer time than in the other areas. The blood curve of case HP-7 is 

shown to demonstrate the level ing trend ,after the fifteenth day. 

The remarkable finding is the similarity of the half-times of the 

individual Pu blood curves. In spite of the variety of their illnesses, 

the Pu kinetics of these, individuals revealed a common pattern. Compari-

son with the animal curves, Fig. 2 and Table VI, revealed an equally 
, ... ", 

"·The Pu blood curve for the dog was constructed from the data given in • 
Figs. 1 and 2 of Stover et al. 28 % Pu per ml plasma was converted to F 

% Pu in the total blood volume by using the blood vol,ume determined f6r 
the beagle. 67 Long-term data were obtained from Table I in Stover et al. 29 

Data for the sheep were read from Fig. 3 of McClellan et al. 39 
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remarkable similarity among the different species, an observation 

that has also been commented upon by Turner and Taylor. 89 As it moves 

out of the circulation, Pu is evidently tracing some fund'amental process 

common to all these species, and one that is only /minimally disturbed 

by the specific pathological conditions of these human cases. 

Although .similar to one another, the individual intercepts and 

half-times of the components designated P2' P
3

, and P4 were not normally 

distributed about their mea~ values. T~erefore, it was necessary to 

seek some aspect of the chemical status of Puor the physiological status 

of the patients (or botr) that would account for the variations of the 

coefficients and half-times. 

Binding and transport of iron 

Pu(IV) has been shown to combine with proteins in the plasma of the 

30~89 d 32,33 d" 31. . 1 h' . rat, .. og, an man --In partlcu ar t e Iron-transport protein, 

transferrin. The properties of transferri~ and its metabol ism, and the 

transport of iron and the release of iron into developing red cells' have 

all been covered in an excellent new review by Katz. 35 Release of iron 

from transferrin is a closely controlled process that proceeds rapidly; 

the plasma clearance of 59 Fe after injection of pre-equil ibrated 59Fe -
, 4 

transferrin has an average half-time of 96 mJn. 3 ,35 Once it is bound 

to transferrin, Pu(IV) appears to be released more slowly, and t~e 

mechanism of release remains to be elucidated. However, because such a 

large fraction of Pu(IV) introduced i!lto the circulation in monomeric 
. ·8' 

form is quicklY,bound to transferrin--85% in 1 hour in the rat 9 and 96% 

by the seventh hour in the dog 33 _-the working hypothesis was adopted 
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that Pu bound to transf~rrin traces, at least in part, the metabol ism 

of the carrier protein. 

The rates of production and destruction of transferrin (hence, 

the ~mo~nt of transferrin circulating 35 ) and the latent binding capacity 

(binding sites no~ already occupied by iron) are closely controlled and 

I d h .. d d' . . k' 36 are re ate to ematopolesls an letary Iron Inta e. For examp Ie, 

both the amount and latent binding capacity of transferrin are increased 

following ac~te hemorrha~e and in ir6n-deficient anemia, and both are 

d d · hI' .' \ h " d h h . 36 re uce In emo ytlc anemias, acute epatltls, an ,emoc romatosls. 

The extent of Pu-transferrin binding and the rate of its release would 

appear to be related to and affected by the status of hematopoiesis. 

That some of the Pu not promptly bound to protein moves into the 

extracellular fluid can be inferred from'the rapidity with which Pu 

initially leaves the circulation, but without appearing in significant 

amounts 63 in the excreta or the major organs of deposition. Nearly 

half the body transferrin and the iron-bound to it are extravascular. 35 

The slow return of Pu to the circulation and ifs nearly complete protein 

binding after the first hour strongly suggest that some Pu escaping 

into the extracellular fluid returns in bound form. The rates of move-

ment of (a) unbound Pu out of the circulation 9nd into the extracellular 
, 

fluid, (b) Pu returning to the circula~ion bound to .transferrin, and (c) 

Pu-transferrin into extracellular fluid 35 and excret~35~O should all be 

influenced by the efficiency of the circulation. 

Effect of circulatory impairment on disappearance of p~ from blood 

\ 
Individual histories revealed that four persons--HP-2, HP-4, HP-7, 

and HP-IO--were suffering from various heart and circulatory ailments, 

.' 
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all of which are associated with increased tissue lymph retention and 

decreased venous return. HP-3 was edematous as a result of hepatitis 

and accompanying pruritic dermatitis, and her rate of tissue fluid 

movement was probably depressed. The parameters of the blood Pu curves 

of these five cases were co~pared with those of the remaining five 

cases, whose cardiovascular sys~ems were apparently ,normal for their 

ages. The blood volumes of those patients with circulatory. impairments 

lost Pu more slowly; the half-times of P2 [PS 2 (normal) = 12.9 ± 3.6 

hour, and PS 2 (impaired) = 19. I ± 2.5 hour] were significantly differ­

ent (p = 0.01) .91 Although they could not be examined, the earl iest 
, 

components ,(combined here as PI) were probably also slowed by circulatory 

impairment. Half-timePS3 was slower in the persons with poor circulation, 

but the difference.was not significant. No effect of circulatory im­

pairment was d~tected on component P4, suggesting that this and lafer 

components are onlY minimally influenced by circulatory status. The 

intercepts PA2 , PA
3

, and PA4 were higher when the circulation was not 

normal, but the scatter was so great that these differences were not 

significant. The amount of Pu circulating is also influenced by the 

extent of transferrin binding (related to eryth~opoietic ~tatus), but 

the ,sample size was too small to permit multivariate a l1 alysis. 

Construction of a Pu blood curve 

A five component exponential Pu blood curve was constructed by use 

of the mean tntercepts and half-times of those individuals who weri 

judged to be free of debil itating heart or vascular disease. Each mean 

component was plotted as a straight-I ine segment, and the equation of the 
. . ~ , 

composite curve was obtained by standard graphic methods. The parameters 
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of the equation 6f the human blood curve are given in Table VI along 

with those of thePu plasma or blood curves of several other species. 

The physiological processes associated with various segments of 

the Pu plasma curve have'not yet been identified. Examination of the 

similarities and differences among the individual human plasma curves 

and between the different species suggest the following possibi1 ities. 

Only components P
1

and P
2 

were affected by impairment of the circu­

lation. Component P1 (not well defined for man, half-times ranging from 

a few minutes to about 1 hour) seems to be associated with circulatory 

mixing, movement of unbound Pu into extracellular fluid, and uptake of 

unbound Pu in bone and 1 iver. Component P2 (half-time 7 to 8 hours, 

somewhat shorter in the sheep) seems to be related to the accumulation 

of bound Pu by bone and liver. 

Iron metabo1 ism suggest~ the mechanisms leading to components P
3 

and P4; Component P
3 

(half-time ,1' to 2 days and not observed in the 

rat) may be related to the return of Pu-transferrin from extracellular 

fluid to the circulation. The last short-term component, P4 (half-time 

S to 6 days) may be related to the destruction of the protein portion 

of the Pu-transferrin complex, or to a slower component of feedback from 

soft tissue. 

Studies of the,materia1 ba1an~e of Pu in swine suggest loss of Pu 

from bone as an important source of plasma Pu after the fir~t few post­

injection days. A long-term component, PS' was found for the dog and 

pig (half-time about 230 days), and is probably related to feedback of 

Pu from short-lived bony structures and from soft tissues. Only the 
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dog has been observed for a long enough time to permit identification 

of a very slow tomponent (half-time about 5500 days), which ~ay be re-

1ated to release of Pu from the 1 iver as well as from slowly metabo1 izing 

portions of the skeleton. 

RENAL EXCRETION OF PLUTONIUM 

The daily urinary excretion of each Pu-injected individual was 

given in Table 6 of Langham et a1. 19 through the end of excretion 

~o11ection or through 138 days after Pu injection. Additional excretion 

data for Chi-1, Chi-3, and Ca1-1 through 155, 163, and 341 days, respec­

tively, were available in the original references. 47 ,53,57 The data for 

each individual were plotted both as power functions and exponential 

functions of time .. No individual's data could be fitted well to a single 

power function over the entire interval of excretion collection; and in 

only a few jnstances could the urine data be fitted by two power functions.", 

24 As Snyder has pointed out, there is a great deal of scatter in the indi-

vidual data; it could be caused by incomplete co11ec.tion, ani,l1ytica1 

errors, or fluctuations in the physical condition of the patients. Ca1-1 

underwent a total gastrectomy 4 days after the Pu injection, and was fed 

intravenously for several days thereafter, to mention only one example. 

Nevertheless, wlth a 1 itt1e imagination and courage, straight-1 ine seg-

,ments;cou1d be drawn on the semi10garithmic plots of daily urinary 

*It seems that the good logarithmic fit of these same data obtained by 
Langham et a1. 19 was due at least in part to (a) neglecting the fi~st 
10 days, (b) using the average d~i1y urine output for the grbup without 
rega rd for the i r med ica 1 status ,.and (c) skewing of daily averages towards 
low values after· the first 30 days; most of tl1.e later urine samples were obtained 
from those individuals who consistently excreted the lowest amounts of Pu. 
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excretion, and the resulting curves analyzed graphically. The indi-

vidual urine curves are shown in Appendix 9. 

Urinary excretion of iron 

Because such a large fraction of the circulating Pu is bound to 

tra~sferrin,33 it is appropriate at this point to summarize what is 

known or can be inferred about the renal excretion of iron, the metal 

normally transported by transferrin. The transferrin-iron binding, 

constant is estimated to be of the order of 1036 , greate~ th~n ~hat of 

any known natural or synthetic cheJate. 35 Under normal physiological 

conditions pn1y a tiny fraction of plasma iron exist~ in forms other 

than bound to transferrin. A small fraction circulates as hemoglobin 

bound to haptog1obin. 92 Che1ates of iron with lower-mo1ecular-weight 

compounds may exist, but have not been identified. Urinary excretion 

of i'ron is low, only 0.1 mg to 0.2 mg daily, and amounts to a urinary 

clearance of about 3% of plasma iron da(ly,93/except in hematUria 

(renal bleedIng), ~hemo~lobinuria (aberrant'red cell destruction), and 

hemosiderinuria (iron overload and some hemolytic anemias associated 

,with excretion of hemosiderin granu1es).36 The normal mechanisms of 

urinary iron excretion probably include (a) filtration of1ow-mo.1ecu1ar-

weight che1ates, (b) exfo1 iation of kidney, bladder, or urethra cells, 

all of which contain small amounts of iron, and (c) leakage of trans-

, ' 
ferrin-bound iron through the glomerulus or tubules. Another possible 

source tif urinary iron may aris~· during transferrin catabo1 ism in the 

kidney, but the mechanism by which some of the liberated iron might pass 

into the urine is obscure. Filtration of low-mo1ecu1ar-weight iron 

che1ates would not appear to be an important normal ~ource of 

, .. 
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Table VI. Disappearance from circul~ting blood of intravenously inj~cted Pu(IV) citrate. 

Parameters of eq~ationsa of exp~rimenta1 p)asma (or who1S" b100d)Pu curves of 

rat, dog, and sheep; and of constructed blood Pu curve for a human being with 
• 1 • " b no clrcu atlon Impairment. 

Species 

Rat 

c Dog 

Dog 

Sheep 

Pig 

a Man 

Day of last 
sample 

8 

5 

3,000 
. 
10 

475 

42 

Pa 
1 ' 

(%) 

60.3 

45 

44 

68 

52.4 

PT 
1 

(m in.) 

58 

Pa 
2 

(%) 

,37.3 

3-111 20.5 

1~-48 19.5 

24 25 

20 27.1 

a Pt(%/day) = ~1=j Pa j exp (-O.693t/pTj): 

b See text and Tab1e.V. 

c Pu(VI) citrate, 0.05 ~Ci/kg. 

PT 
2 

(hr) 

8.2 

7.8 

7.3 

2-5 

7.3 

Pa 
3 

(%) 

44 

30 

5.8 

17.2 

PT ' 
3 

(days) 

1. 7 -. 

~ 1.0 

1.6 

1.2 

Pet , 
4 

(%) 

0.8 

2.1 

1 • 1 

3.3 

PT 
4 

(days) 

6.0 

5.0 

4.9 

5.0 

Pet 
5 

(%) 

PT 

(days) 

0.081 220d 

0.50 

0.44 

230e 

88 

d A'n additional long-term component emerged at 800 days postinjection. Pa6 = 0.045%, PT6 = 5500 days29 

e'Average of two components: PaS = 0.41%, PTs = 66 d; Pa6 = 0.33%, PT6 = 380 d. 

J _<: 

Reference 

89 

14 

28,29 

39 

40 I 
LN 
-.0 
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urinary iron, but the ability of the kidney to excrete ,unbound iron 

can be inferred from the observation by Dub~ch et al. 94 that 1% to 2% 

of injected 59 Fe cou~d be found in the first urine samples when the 

d·· . 1 59 F b ra loactlve tracer was given as comp ex e ascor ate. 

Because urine is a -plasma filtrate, the rate of Pu excretion in 

urine will early reflect by analogy with iron such processes as the 

rates of circulation and tissue deposition, and later the rates of 

tissue feedback. The amount of Pu excreted, in the urine at any time 

will depend at least in part upon the extent of Pu-transferrin binding 

(or binding to other proteins) and the filterabil ity of low-molecular-

weight Pu chelates. 

Effect of renal and hematopoietic function on Pu excretion 

Examination of the original tabulation of the urine data l9 suggested 

that some individuals consistently excreted more Pu than others. In order 

to discover whether urinary Pu excretion could be related to physiological 

status, urinary Pu was summed for the earl iest and' latest 6-day intervals 

in which excreta were collected from all the patients, 1 through 6 days 

and 19 through 24 days, as shown in Table VI I. Excreta were summed over 

intervals to reduce the influences of daily fluctuations, pOQr sampling, 

and missing samples. Missing values were interpolated from the individual 

urine Pu cu~ves in Appendix 9. 

Each medical history was examined for information on renal function, 

hepatic protein synthetic capacity, and hematologic status. Hematological 

examinations were reported for 12 cases (9 of those given Pu(IV) citrate) 

close to the time of their Pu injections. The pertinent data are in-

cluded in Appendix 2. Four patients--HP-l, HP-7, HP-9 and HP~12--could 



Table VII. 

-41-
/ 

Influence of anemia and impaired kidney function on early 
urinary ~uexcretion in man. 

% Pu in urine 

Case 
Red cell 

count 
Kidney 

function 1-6 days 19-24 days, 

Pu ( I V) citrate 

HP-1 
HP-2 
HP-3 
HP-4 
HP-5 
HP-6 
HP-7 
HP-8 
HP-9 
HP-10 
HP-12 

Pu (V I) citrate 
or nitrate 

Chi-1 
Chh2 
Chi-3 
Ca1-1 

Pu(IV) citrate, 
only . 

Low 
N 
N 
N 
N 
N 
Low 
N 
Low 
N 
Low 

Low 
Low' 

? 
Low 

Erythropoietic status 
Anemi c, No. cases 4 
Norma 1 , No. cases 6 
IIp lid 

a N = normal. 

Na 

N 
N 
Abb 
N 
N 
N 
N 
N 
N 
N 

Ab 
Ab 

? 
N 

b Ab ~ Abnormal, not included in calculated means. 

c Urine and feces combined. 

d T-test of Fisher ;91 

0.670 
1.240 
1 • 198 
1.264 
0.641 
0.914 
0.790 
1.038 
0.479 
1.281 
0.482 

3.072 
0.503 
1.231 
0.855 

. Mean 
0.605 
1.052 

<0.01 

± S.D • 
0.'152 
0.236 

0.121 
0.104 
0.091 
0.147 
o. 117 
0.080 
0.057 
0.159 
0.186 
0.108 
0.173 

0.161 

o. ()94 
0.035 

Mean 
0.134 
0.110 

>0.5 

± S.D. 
0.058 
0.027 
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definitely be described as anemic. HP-4 was judged to have abnormal 

kidneys. HP-2, HP-S, HP-6, HP-8, and HP-10.were ju~ged, on the b~sis 

of available information, to have no obvious impairment of renal, -. ~ 

hepatic, or bone-marrow functi.on. HP-3 was also included among the 

normals, because by the time of the Pu injection she had a nearly 

norf11a] hemogram: Ch i -], Ch i -2, and Ca 1-1 (who rece i ved Pu (V I)) as 

citrate or nitrate) were-all anemic, and. two had impaired k(dney 

function. There is no pub] ished information about the physiological 

status of Chi-3, who had an advanced case of Hodgkin1s disease. 

In three c~ses renal function was tonsidered to be abnormal ~ HP-4 

• was suffering from chronic nephritis and ultimately died of uremia. 

Her hemogram suggested a lower-than-normal iron-binding capacity, but 
\ '. . 

her Pu excretion was not excessive, as might have been expected had her 

kidneys been leaking protein. The other ca,ses with renal impairment 

were given Pu(VI) citrate. There are no plasma curves for th~se -cases, 

and 1 ittle is known about the possibil ity that Pu(VI) citrate may be 

filtered by the kidney with greater efficiency in the first few minutes 

after injection and before protein bindirig occurs. Chi-l was suffefing 

from mild chronic ~yelonephritis, but was also anemic. Hi~ very"high 

early Pu excretion is puzzl ing. Apparently Chi-2 had 1 ittle remaining 

functional kidney tissue, but she also was very anemic. Her low initial 

Pu excretion could be the result of impaired renal filtration or elevated 

transferrin binding or both. There is no publ ished information about 

either the fu.nctional status of kidney or marrow of Chi-3. He was 

suffering from Hodgkin's disease at. the time of the Pu injection, and 

died about S months afterward. His sl ightly elevated urinary Pu during 

" 
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the first 6 days after injection suggests that his transferrin binding 

capacity was probably within normal limits. Except after acute 

hemorrhage, patients suffering from Hodgkin1s disease often have a hemo-

lytic anemia which is associated w~th a reduced transferrin saturation. 

It would appear that the effects of most common renal disturbances--

whether caused by infections, hypertension, or mal ignant invasion~-are -

to increase protein excretion and reduce reabsorption of cations. Both 

processes would contribute ,to an elevated urinary Pu excretion. 

The influence on urinary Pu excre~ion of anemia associated with an 

elevated latent, iron binding capacity (reduced transferrin saturat~on) 

is clearer. During the first 6 days p.i. the four anemic Pu(IV)-

iniected patients excreted significantly less Pu in their urine than 

did those whose hemograms were presu~ably normal. Lo0er initial Pu 

excretion is what whould be expected on ,the basis of the increased 

. '- . 36 
binding capacity of transferrin associated with most anemias. During 

\ ' 

the interval of 19 to 24 days, the last 6 days for· which excreta were 

collected from all the Pu(IV)-injected patients, the urinaryPu of the 

anemic patients was sl ightly more than that of the heniatologically 

normal patients though not significantly so. 

Construction of a urinary Pu excretion curve 

Plots of urinary Pu data were prepared and handled in the same way 

as the Pu blood curves discussed in the preceding section. Straight-

1 ine segments were fitted by eye to the data points on the semi logarithmic 

plots collected in Appendix 9. The intercept and half-time of each curve 

segment determined for each individual are shown in Table VI I I. The urine 

curves of the four persons studied longest (HP-12, Cal-I, Chi-I, and 

Chi-3) and the best curves that could be drawn from data for the dog and 



Table VI II. Intercepts and Half-Times of the Unanalyzed Human Urine Pu Curves. 

Case 

Normal 

HP-2 
HP-3 ' 
HP-5d 
HP_.6d , . 
HP-8 
HP~IO 

Anemic --
HP';I 
HP-7 
HP~9 

HP-12 

Day of 
la'st 

sample 

UA I 
%/day 

Pu(IV) citrate 

34 0.58 
23(I,610)c 0.76 
22 0.40 
22(I,698)c, 0.35 
65 0.46 
30 0.55 

25 
37 
36 
58 

0.21 
0.28 
0.24 

Abnormal kidney 

HP-4 26 0.50 

US I 
days 

1.9 
1.1 
1.1 
2.1 
1.25 
1.9 

2.7 
2.6 
1.2 

1.9 

Pu(VI) citrate or Pu02(N03)2 

Anemic 

Ca I-I 341 
Chi-Ie 155 
Chi-2e 15 

0.60 
2.53 
0.27 

No i nformat 10/ 
Chi':'3 164 ' 1.50 

1.0 
0.33 
1.4 

0.7 

UA2 
%/day 

0.105 
0.270 
0.050 
0.092 
0.148 
0.162 

0.097 
0 .. 044 
0.100 
0.112 

0.200 

0.180 
0.220 
0.058 

0.038 

US 2 
days 

8. 
2.8 
9.3 
6.5 
5.1 
5. 

9. 
9. 
5.2 

.7. 

7. 

UA
3 

%/day 

0.0098b 
0;0205b 
0.024g 
0.017 
0.023 

O.OIOOb 
0.0400 
0.0330 

4.6 I 0.012 
3.6, 0.035 
8.0 

9 0.020 

US3 
days 

71 

64 

45 
42 

71 
67 

42 

aRenal function and erythropoiesis judged to be within normal limits. 

UA4 
%/day 

0.0035b 

O.OOSOb 

0.0019 

0.011 

/. 

US4 . UA
5 

days %/day 

460 

440 

O.OOllb 

O.OOISb 

US ' - 5 
days 

1,250b 

bEstimated from constructed curves shown in Appendix 9. US5 of case HP-6 defined ,by two po~nts at 5t5 and 1,61"0 
days. 

,CSingle sample taken at these late post-injection intervals. 

dNo publ ishedhematologic data, but.presumed ,to be within normal 1 imits. 

eKidneys abnormal. 

f Both renal and hematopoietic function can be impaired in the advanced stages of Hodgkin's disease. 

I 

*'" *'" I 
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the pig are compared in Fig. 3. The majority of the individual Pu 

urine curves contained two to four distinct segments, depending upon 

how long excreta ~ere collected. Portions of three urine curves 

(HP-7, HP-8, and Chi-I) could have been resolved into several segments 

with only sl ightly differing slopes. In these instances the best single 

1 ine was drawn through the portion in question; and although this aver­

age slope did not fit the data points so well it did perniit the estimated 

parameters of these curves to be included in the means for .the entire 

group of patients.' 

. The m7ans ± S.D. of the raw intercepts and half-times were calculated 

(see Table~) for the six P~(IV)-injected persons judged to have normal 

kidney and hematopoietic function and for the four Pu(IV)-injected 

persons judged to be anemic. The intercepts of the first two components, 

UAland UA2 , of the Pu urine curves of the presumably normal persons were 

c31most twice as large as UA
I 

and UA2 determined for the anemic. cases. 

The intercept,. UA
3

, of the norma 1 group was substant i a 11 y lower than 

,UA
3 

of the anemic group. The half-times of these three components of 

the Pu urine curves were not affected by anemia or kidney disease. 

Although the amounts of Pu excreted in the urine were altered as a 

result of the various physiological processes associated with anemia, 

the rates of these processes were apparently unaffected. 

The average intercept, UA 1 , of the Pu(VI)-injected cases was 

greater, and the ha 1 f-t ime, US
I

, was 1 ess 'than the va I ues of these 

parameters determined ~or either the normal or anemic Pu(IV)-injected 

group. The S.D. IS of the Pu(VI) parameters are large, reflecting the 

variable physiological status of the individuals. If Chi-2 is omitted 

, 
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(she had little functional kidney tissue or bone marrow remaining), 

the average amount of Pu (V I) at UA I is even greater, and the ha I f-

time of the initial el iminatio~, US I , is even shorter. The greater' 

early urinary excretion of Pu(VI) suggests that Pu in this form, in 

particular Pu(VI). citrate, is more easily filtered by the kidney after in-

jection than is Pu(IV) citrate. The more rapid decay of the initial 

. .. d· h B . I • 95 h urinary component IS In accor Wit rueng~r s suggestion t at 
, 

Pu(VI) protein binding is more stable than that of Pu(IV). 

The average intercepts and half-times of the slower components, 

U2 , U
3

, and U4 ' of the Pu(VI)-injected persons were either the same as 

or not very different from the val~es of these parameters de~ermined 

for. the group of Pu(IV)-injected cases with normal kidneys and normal 

hematopoiesis. 

For radiological protection purposes the need is characterization 

of a Pu urine curve representative of an adult human being in reason-

ably good health .. Previous par~i~ipants in this exercise have worked 

with mean daily urinary Pu values without regard to the health status 

of the individuals contributing data to each mean or to the fluctuating 

S'ample s·lze of each mean. 19 ,24,25 A t t h'b d· thO ,n at emp. as een ma e I n IS 

analysis to exclude data from thosepersohs judged to have obviously 

abnormal kidney function or abnormal plasma Pu binding (the anemic 

persons), and to avoid giving undue weight to data from an individual 

or a smal I group. A five-component exponential curve was constructed; 

the raw intercepts and half-times are shown in Table IX, and the para-

meters of its equation appear in·Table X. The early portions of the 

" 



Table IX. Comparison of, the Half-Times and Intercepts of Unanalyzed Urine Curves of Pu(IV)Citrate-lnjected 
"Normal"a and' Anemic Cases and of Pu(VI)-lnjected Cases, and the Best Estimate of the Half-Times 
and Intercepts of the Pu'Urine Curve of a Normal Adult Human Being. a 

UA l US l UA 2 US 2 
UA

3 
US

3 
UA4 US4 UA US

5 
Day of 

, 5 last 
Pu(IV)citrate %/dai days %/day days %/day ~ %/day days %/day _ ~ sample 

a' 
6 6 6 6 1,645 ,Norma 1 , No. cas~s 5 2 2 2 

Mean 0.54
b 

1.65 0.138 6.1 0.0189 68 0.00425 0.0013 
± S.D. , 0.12 0.44 0.05 2.3 0.006 7 0.0015 0.0004 

Anemic, No. cases 3· 3 4 4 3 2 58 
Mean 0.24 ',,2.1 0.088 7.6 0.0277 44 
± S.D. 0.03 0.58 0.03 1.6 0.005 3 

Pu(VI)c, No. cases 4 4 4 4 3 3 , 2 2 341 

Me,an 1.22 0.86 0.124 6.3 0.0223 60 0.00645 450 
± S.D. 1.01 0.45 0.089 2.6 0.012 16 0.0091 20 

"-

a d Normal man ' -" 

Pu(IV)citrate, No. 
cases 6 9 6 10 5 4 2 0 2' 

Pu(VI), No. cases 0 0 0 4 0 3 0 2 0 

Mean 0.54 1.8 0.138 6.4 0.0189 57 0.00425 450 0.0013 4,000 
± S.D. 0.12 0.56 0.05 2.1 0.006 14 0.0015 20 0.0004 

aRenal function anq,hematopoiesis judged to be within normal 1 imi ts. 

bUnderl ined means were compared with the means iml2lediately below by use of the t-:-test and "P" = 0.05 91 . 

cThree Pu(VI) cases were known to be anemic. The hematologic status of Chi-3 was not known. 

dSelection of parameters of human Pu urine curve described in text. 

, 
*"" -J , 
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Table X. Urinary excretion of Pu by an adult man, young adult beagle, and adolescent 

miniature pig. Parameters of exponential equations of urine curves. a 

Ual UTI Ua2 UT2 Ua3 UT3 Ua4 UT4 Uas UTs 

%/da:i ~ %/dax dax s %/da~ ~ %/dax ~ %/dal days 

Normal man b 0.41 1.23 0.12 5.5 0.013 42 0.003 300 (0.0012) (4,000) 

Dog c 4.6d 0.48d 
0.15 3.3 0.008 450 0.004 3 ;850 

P' e Ig 0.48 0.6 0.23 2.5 0.05 10 0.042 380 

aUt(%/day) = Ln Ua.exp(-O.693t/UT.). 
. n = 1 1 

bKidney function and hematopoiesis presumed to be within normal 1 imits. 

CStover !:l ~.29 and B. J. Stover and D. R. ,Atherton, original data; 0.1 ].lCi/kg and 0.3 ].lCi/kg groups only. 

d Average of two components, Ua 1a = 4.1%/day, UT 1a = 0.2 day; Ua 1b = 1.9%/day, UT 1b = 0.8 day. 

eOata read from Fig. 1 of Clarke !:l ~.40 

, 

I 

"'" 00 
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curve were pieced together from the half-times and intercepts defined 

by the continuous collection of excreta from the Pu-injected individuals. 

The later portions of the curve, after 350 days, were estimated from 

three late urine sampl ings obtained from two Pu-injected persons and 

from animal data. 

Evaluation of half-times 

The half-times of the early components of the Pu urine ~urve were 

not noticeably affected by the physical ~isabil ities of the individual 

Pu(IV)-injected patients, and ~II the half-time determinations derived 

fro~ their Pu urine curves were included in the calculated average 

half-times for each component. Pu(IV) is deemed most likely to be the 

chemical form of Pu encountered in an occupational eXPQsure~ and for 

this reason the values obtained for US I in the Pu(VI)-injected cases 

were omitted from the calculated means. The half-times determined for 

the latercompon~nts of the urine curves of the Pu(VI)-injected indi-

viduals were not different from those determined for ~he persons given 

Pu(IV); therefore, all available half-time determinations have been in-

-eluded in calculation of the half-times, US 2 , and US
3

. Only Ch1-3 and 

Cal-I, who were both injected with Pu(VI), provide any estimate of the 

half-time of the fourth component, US 4 , and it should be emphasized that 

neither was followed long eno~gh to define US 4 closely . 
. \ 

The only human Pu urine data after post inject ion intervals suffi-

ciently long to permit estimation of the slope of the next slow component, 

US
5

, are two samples obtained from HP-6, 525 and 1610 days p. i. The line 

joining these two ~oints' has,a half-time of 1250 aays~ only one-third the 

value of the comp~rable component of the Puurine curve of the dog (see 
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Table X). The half-times of the components US
3 

and US 4 are not defined 

for HP-'6 because continuous collections were terminated too soon. The 

half-times of the two earl iest components, OSI and US 2 , for HP-6 are 

the same as those of the other cases, and there is no reason to suspect 

that US
3 

and US 4 for HP-6 would be different from thqse of the other 

patients. If US
3 

and US
4 

are similar to the other cases, then the urine 

curve for HP-6 should bend betw~en the two late sample points, and the 

half-time of the slowest component should be greater than 1250 days. 

Some long-term urine data from two occupationally exposed persons 

h • F' 4 WBG, DLW' , and WA' 8 19, are s own In, I g. : from whom urine speci-

mens were obt~ined periodically uptol698 days after termination of Pu 

exposure; and LASL-l (described by Foreman et al. 58), who was followed 

for 3500 days afte~ cessation of his initialhigh~level Pu exposure. 

The latter case is compl icated because the individual returned to work 

with Pu, but at much lower levels than previously, 2350 days after the 

end of his first Pu exposure period. The occuoational data suggest that 

the longest half-time of the human Pu urine curve is more than 1250 days, 

I 

a~d perhaps as long as 13,400 days--the least-squares-fitted slope of 
! 
I 

tihe LASL-l urinalysis data.~·~ However, the Pu excretion of LASL-l cannot 
f 
I 

be considered definitive, because after day 2350 his urinary Pu may have 
I ' 
been augmented by re-exposure to small amounts of Pu. In the absence of 

reI iable human data, and because the half-times of comparable early 

*The data points shown in Fig. 4 for case LASL-l are averages of all the 
urinalyses taken during each 6-month interval: the original data appear 
in Table I I I of Foreman et al .58 These averages were not weighted for 
the number of analyses, and zero values were ignored. 
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portions of the human Pu urine curves are similar to those in the 

large species studied (dog and pig), 4000 days (II yr) was selected 

as a working value for US
5 

for man. It is likely that US
5 

is longer 

than 4000 days~ or ihat there is a slower sixth component (approaching 

a constant lev~1 of Pu excretion). The ,source of Pu in the urine after 

long postinjection intervals is feedback of Pu released from tissue 

and bone turnover, and the rates of some of these processes may well be 

longer in man, the longest-I ived of the three spe~ies. 

96 Lagerquist et al. reported an ~ccident involving ¢ontamination 

of a Pu worker designated RF-2075 (S. E. Hammond, private communication). 

He inhaled some Pu, and his body surface was contaminated, but the bulk 

of his internal burden was apparently the result of Pu embedded in an 

injured hand. Twelve days after the accident 134 ].lei (98%) of the total 

of 136 ].lei of Pu in his hand was removed surgically, and his urinary Pu 

level dropped to one-third of the preoperative level. This observation 

suggests that a large fraction of his systemic Pu burden had been acquired 

(whether by absorption from the injured hand, inhalation, or through 

contaminated skin) very shortly after the accident and that he could be 

considered to have had a single acute exposure. Two later operations 

removed all but 0.6 ].lei of the Pu in his hand. DTPA treat;ments, which 

had been given almost continuously, were stopped for a time after both 

later operations, obscuring any further postsurgical drops in urine Pu 

level. 

The urinary Pu excretion of RF-2075 is plotted semilogarithmically 

in Fig. 5 from data read off the curves publ ished by Lagerquist et al. 96 

This is admittedly a compl icated case; it should be emphasized the indi-
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vidual was treated almost continuously with DTPA, and three operations 

were performed to remove the Pu from his hand. Fig. 5 shbws, however, 

that the raw half-times of his Pu urine curve are remarkably close to 

those obtained from the urine curves of the P~-injected persons (see 

Table IX). On the other hand, the intercepts of the Pu urine curves 

of RF-2075 and the Pu-injected cases are quite different, reflecting 

the changes in Pu deposition pattern brought about by prolonged DTPA 

treatment. RF-2075 was 48 years old, weighed 81.7 kg, and was in good 

health at the time of the acciaent (5. E. Hammond, private communication.) 

The similarity of the half-times of his urine curve and those of the 

Pu-injected cases, none of whom could be considered to be in good health, . 

supports the general appl icabil ity of the "normal" human Pu curve de­

rived in this paper. In addition, this ,case supports the view that the 

amounts of Pu entrained in various physiological processes may be 

altered, by illness or' (in RF-2075) by prolonged DTPA chelation therapy, 

but the rates of the processes remain essentially'constant. 

Evaluation of coefficients 

The amounts of Pu excreted in the first two urinary phases, repre­

sented by the intercepts UA I and UA2 , were found to be depressed in 

anemic persons (presumably because of their elevated iron-binding 

capacity) and to be elevat~d when Pu was given as ~u(VI) citrate (pre­

sumably because of the more efficient renal filtration of this form of 

Pu). Therefore, the values selected for UA
I 

and UA2 in the human 

urinary curve were those determined for the Pu(IV)-injected persons 

with presumably normal kidneys and hematopoiesis. 
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The intercepts of the curves obtained from the Pu(VI)-injected 

series were rejected throughout. Each of the four persons in the 

series met one or more of the criteria for altered urinary Pu excre-

tion. One, Ca1-1, was anemic. Two, Chi-1 and Chi-2, not only were 

anemi~ but also had abnormal kidne~ function. Chi-3 may have had im-

paired hematopoiesis and renal function at the time of injection, and 

accordtng to descriptions of the course of Hbdgkin1s disease, his 

renal function was almost certainly not normal towards the end of his 

continuous excreta collections, when he was near death. After the first 

day the average intercepts of these cases were c1~se to those of the 

norm~l pu(IV)-inje~ted group, but the variation among the individuals 

was great. Afeerthe first few days Ca1-1 consistently excreted the 

least Pu. Urinary Pu excretion of Chi-land Chi-3 was consistently in 

the upper one-ihird of all the cases. 

, No Pu(IV)-injected individual provided urine data after 65 days 

p. i.; however, a third component, U
3

, emerged ear1y'enough in the cruves 

of HP75~ HP-8, HP-9, and HP-12 to identify both an intercept, UA
3

, and a 

half-time, US
3

. The last few points on the curv~s of HP~2, HP-3,HP-6, 

and HP-7 suggested an inflection and permi~ted estimation of the i~ter­

cept of the next co~ponent, UA3~ Although they were not included, the 

'va 1 ues of UA
3 

determined for Ch i -1, Ch i"'3, and Ca1-1 substantiated the 

estimates of the mean (UA
3

) , obtained from the Pu (JV) - injected cases. 

Only Ca1-1 was followed long enough to identify ~ither an intercept 

or a half-time of the next component, u
4

. Comparison of his daily urinary 
r, 

Pu, 0.0011 %/day between 300 and 350 days p~i., with the urinary Pu of 

HP-6, 0.002 %/day at 525 days and 0.0011 %/day at 1610 days p.i., suggests 
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that 'the value of UA obtained from Cal~l* is probably too low by at 
4 I 

least a factor of two. Consequently, the graphic construction method 

shown in Appendi~ 9 for'HP-6 was used to estimate UA4 and UAS from 

HP-3 and HP-6. A straight 1 ine is defined by the slope and one point. 

Assuming that the urine samples obtained from Hp·3 a~d HP-6, 0.0008 

%/day at 164S days and 0.0011 %/day at 1610 days p.i. ~ respectively, 

lay ()n parallel straight liries with a half-time of 4000 days (the value 

sel~cted for the half~tLm~, US
S
), extrapolation of these_lines yields 

estimates forUA
5 

of 0.0~11 %/day fo~ HP-3 and ~.0015 %/day for HP-6. 

By the same reasoning, if the urine sample obtained fro~ HP-6 at 525 

days p.i. is on astraight linew/th a half-time of 460 days (the value 

selected for US 4), extrapolation yields an estimate of the, intercept, 
! 

UA4 , of 0.005 %/day for HP~6. If the urinary excretion of Pu by H~-3 

were the same with respect to that of HP-6 at 525 days as it was between 

1610 and 1645 days when both were sampled, then extrapolation of the 

460-day line through the calculated point 

HP-3 Pu = (0.002 x 0.0081)/0.0011 = 0.0015 %/day at 525 days, 

yields an estimated ,intercept of UA4" for HP-3 of 0.0035 %/day. All 

the extrapolated values are shown in Table IX. The values of UA4 

obtained from HP-3 and H~-6 by the extrapolation method described above 

are about twice the measured ~alue of UA4 for Cal-I, in agreement wjth 
I 

/ 

expectation. 
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GASTROINTESTINAL EXCRETION 'OF PLUTONIUM 

The original Pu fecal excretion data for Chi-l andHP~1 through HP-12 

are given in Table 9 of Langham et al. 19 Fecal Pu for Cal-l was read from 

Fig. 1 of Crowley et al. 57 Urine and feces were not separated for Chi-2, 

and fecal data were not reported for Chi-3, During the first two weeks after 

injection some individuals consistently excreted more P~ in their feces than 

did others. In order to determine whether fecal Pu was related to medical 

status;.fecal Pu was summed for each patient over the first and last 6-day 

intervals for which fecal collections were obtained from all the patients. 

The results are shown in Table XI. 

Fecal excretion of iron 

At this point we need to consider the possible mechanism of Pu elimina~fon 

by the gastrointestinal tract. As discussed in the two preceding sections, 

Pu transport in blood and Pu filtration by the kidney are largely determined 

by the percentage of Pu b~nding to the iron-transpott protein, transfer(in. 

The sparingly small gastrointestinal el iminationof ~u by lar~er ariimals 

can also be better understood in light of the stability of ~he complexes of 

Fe and Pu with transfer~in and the high degree of conservation of iron, the 

multicharged cation norm~lly carried by transferrin. 

Approximately 60% (0.6 mg) of the normal daily iron excretion of 1.0 

mg takes place via the gastrointestinal tract. 36 , 92, 97 Recent studies by 

Green et al .97 indicate that secretion in bile accounts for 0.25 mg (33% of 

fecal excretion), and lDss of iron contained in the 50 to 80 gof intestinal 

epithelial cells that are desquamated daily accounts for another 0.1 mg 

(13%). The remaihing 40% of gastrointestinal iron excretion may be assoc-

iated w!th other digestive secretions (gastric, pancreatic, and intestinal 

juices) .36,92 *Crosby91 suggests that the gastrointestinal tract is also an 

important site of transferrin catabolism. 

~Green e; al .97 attributed the remaining portion of gastrointestinal iron 
excretion to blood loss, but their own fai lure to detect occult blood in 
the feces of the same subjects does not support that conclusion. 
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Table XI. Influence of Restricted Food Intake and Abnormal Digestive ,Secretion on 
Gastrointestinal Excretion of Pu in ~an~ 

,% Injected Pu in feces 
Pu(IV) citrate 1 to 6 days 19 to 24 days 

Normal.diet 
HP-2 
HP-4 
HP-5 
HP-6 
HP-9 
HP-12 

Mea'n 

Restricted di~tb . 
HP-l 
HP-7 
HP-:-B 

. HP-10 

Reduced liver function 
HP-3c 
Meand, 

Pu(VI) citrate or nitrate 
Cal-l (restricted diet)e 
Chl-l (diet not known)f 

1.40B 
1.420 
1 .031 ' 
0.BB6 
1.504 
1.700 

1 .325 ±o. 30
a 

, 0.715 
.544 

0.B94 
0.591 

0.596 
0:668 ± 0.14 

0.324 
1.811 

0.231 
0.164 
O. 111 
O.OBO 
0.324 
0.264 

O. 196±0. OBa 

0.094 
0.064 
0.15B 

'.0.072 

0.066 
0.091±0.04 

0.,061 
0.] 02 

aUnderlined means were compared ~ith means immediately below by the Fisher t-test~91 
Single underline P < 0.01; double·underlihe P = 0.05. 

b . 
HP-l and HP-B were being treated for peptic ulcers. Restricted diet is assumed 
for HP-7 and HP-10 because of their severe heart conditions. 

c Probabfy jaundiced. See text. 
d 

Includes four restricted-diet cases and HP-3 with subnormal liver function. 

eTotal gastrectomy on day 4. 'Li ttle fecal output unti ,I day lB. 

fDietary intake may have been vOluntarily'reduced following mouth surgery on 
day 2. 
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Bil iary iron secretion was delayed after injection into normal persons 

of either 59Fecitrate or 59Fe pre-equilibrated with plasma. 96 It was low 
I 

during the first 24 hour~, rose to a maximum at 3 days, and then drQPped to 

a very low level after the fifth day. Peak total, fecal iron excretion was 

delayed even more, rising from about 0.02% of the dose in the first 24 hours 

to a peak at 5 days, and then declining to about the I-day level thereafter. 

Both loss of iron with desquamated cel Is (human intestinal epithelium has a 

life span of about 3.5 days 91) and biliary s~cretion of labile hepatic iron 

(before the iron can react to form less soluble forms of ferritin 36 ) would 

contribute tb delayed peak fecal excretion. After gastrointestinal transit 

time,has been accounted for, secretion of iron into digestive fluids other 

than bile would be expected to parallel the level of circulating labeled 

iron. -

Some iron loss by healthy adults appears to be obligatory .. Adequate 

iron levels a~e maintained by a combihation of conservat1on and close con-

trol of abscirpti~n.91i 92 Neither bodily needs or the amounts of iron stored 

significantly affect iron excretion. In addition, the amount of iron excreted 

is so small that changes go almost undetected. Normally, transferrin is only 

about 30% saturated with iron, and in the prese~ce of this large latent 

binding capacity the amount of iron in the plasma that is not bound to trans-

ferrin is negl igible. Pu, on the other hand, doe~ not form so stable a trans-

ferrin complex, ·nor is, Pu bound so exclusively and quantitatively to transferrin 

as is iron. Stevens et al .33 fo~nd that about,5% of circulating Pu was not 

tr~nsferrin bound from 7 hours to 7 days after intravenous injection of Pu(IV) 

citrate in beagles. 

It was suggested that early urinary Pu excretion was related in a roughly 

reciprocal way to the level of transferrin saturation, insofar as the latent 

binding capacity of transferrin could be inferred from the brief medical 
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histories of the Pu-injected individuals. By the same line of reasoning, at 

lea~t two of the prop~sed gastrointe~tinal excretory mechanisms -- blliary' 
, 

and digestive-juice sectetion -- might als~ be expected to be influenced 6y \ 

the degree of transferrin saturation. If dietary intake were low or con-

sisted of soft, bland, .nonstimulating foods, the volume of digestive secretions 

might be lower an~ fecal Pu consequently reduced. 
I 

Effect of hepatic and digestive function on Pu excretion 

Gastrointestinal tract and liver function and the amounts and varieties 

of foods eaten were judged to be within normal ,limits for HP-2, HP-4, HP-5, 

HP-6, HP-9 and HP-12. HP-l, HP-8, and Cal-l were being treated for peptic 

ulcers and were.probably taking frequent s~all meals of soft bJand foods to 

reduce gastrointestinal stimulation secretion. After a total g~strectomy on 

the fourth day following his Pu injection, Cal-l passed no feces until day 

8; and none were passed from day 10 through day 17. HP-7 and HP-10 were 

being treated for severe cardiac conditions, and it is considered likely that 

they too were taking in less than normal amounts of food and liquids to con-

serve their cardiac output for vital functions and to suppress water retention. 

HP-3was being treated for hepatitis, and although it was not stated in her 

published case history, the presence of pruritic dermatitis strongly suggests 

that she was also jaundiced, and that her bile output was less than normal. 98 

Chi-I had a malignancy that arose in the buccal cavity. Loc~1 surgery was . 
performed to remove the pri~ary tumor 15 days before a~d 2 days after his 

Pu injection. Tables 4 and 5 of Russell and Nickson47 indicate that his out-

put of fecal matter was normal shortly after injection, but that as his con- ~ 

dition deter'iorated, the buccal lesion recurred and ulcerated to the bone, 

apparently making intake of ordinary foods difficult. After the hundredth 

day his fecal bulk was 88g/day -- the lower limit of ~orma1.99 

If only the Pu(IV)-injected cases are considered, the average fecal Pu 
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of those persons judged to have normal gastrointestinal function and normal 
, 

dietary intakes was nearly twice that of the persons with gastrointestinal 

difficulties or restricted dietary intakes.' The difference was significant 

during the first 6 days after injection, but of only borderl ine significance 

between 19 and 24 days p.i. There were no discernible correlations between 

fecal Pu excretion and erythropoietic status. 
, 

Construction of a fecal Pu excretion curve 

The original data from Langham et al .19 are plotted on the urine curves 

in Appendix 9. Analysis of the early portions of m?st of these curves was 

not possible, because feces were not analyzed daily but as 2- to 6-day pools. 

Therefore, a cumulative fecal excretion curve was prepared for each case 

(plotted as a linear function of time). The deri~atives of these curves were 

determined every day for the first 10 days and every fifth day thereafter 

for the duration of collections or through the fiftieth day. Pooling of 

fecal samples or intermittent sampling did not distort the fecal rate curves 
, 

or inhibit their analysis after the fourth week, although the differentiated 

cumulative curves not shown here)were smoother. Fecal lag -- that is, gas-

trointestinal transit time -- ~as estimated fdr each case by extrapolating 

the earl iest defined portion of the ~umulative curve to % dose/day = O. The 

differentiated cumulative fecal Pu curves were replotted on a semi logarithmic 

scale (not shown), and the unanalyzed half-times, intercepts (at t = fecal 

lag), and fecal lag times for each case are collected in Table XII. (See 

the preceding section, on urinary Pu excretion, for details.) The fecal 
; 

Pu curves of the three persons who were followed for the longest time after 

injectio'n (HP-7, Chi-I,' and Cal-I), and the best curves that couJd be drawn 

for fecal excretion of Pu by the dog and the pig are shown in Fig. 6. Except 

for Cal-I, who passed very little fecal matter during the first 17 days after 



Table XI I. Half-times and Intercepts of Unanalyzed Differentiated Cumulative Fecal Pu Curves. 

Pu(IV) citrate 

Normal diet 

HP-2 
HP-4 
HP-5 
HP-6 
HP-9 c 

HP-12c 

Restricted diet 

HP-1 
HP-7

c 

HP-8 
HP-10 

Day of 
last sample 

27 
82 
22 
22 
35 

, 46 

24 
85 
64 
30 

Reduced ,liver function 

HP-3 23 

Pu(VI) citrate or nitrate 

Restricted diet 

Ca1-1 c 341 

Diet not known 

Chi-1 c 138 

a Intercept at t = fecal lag 

b Fecal Lag 
(days) 

2 
1 
1.5 
1.5 
0.5 
1.5 

1.0 
0.5 
1 .0" 
2.0 

2.0 

1.0 

FA . FS 1 FAZ FS 2 FA3 FS 3 , FA4 FS 4 
(%1day) (days) (%/day) (days) (%/day) (days) (%/day) (days) 

0.62 
0.75 
1. 50 
0.60 
0.55 
0.60 

0.33 
0.16 
0.52 
0.26 

0.24 

2.5 
3.1 
0.7 
1.2 
4.0 
2.0 

2.2 
3.8 
1.8 
2.7 

2.7 

undefined 

1.00 1.3 

0.16 
0.35 
0.17 
0.0,67 
0.27 
0.072 

0.049 
0~1 05 
0.76 
0.094 

0.082 

0.18 

0.18 

10.0 
6.0 
6.7 
7.5 
8.0 

16.0 

12.7 
6.5 

16.0 
6.5 

7.7 

4.6 

7.0 

0.012 

0.020 

0.013 68 
0.017 

0.0034 77 

0.008 85 

0.0006 650 

0.0018 

bFeca1 lag determined by extrapolation of cumulative fecal curve. 
cA . nemlc. 

" " 

I 

0' 

r' 
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injection, all the fecal Pu curves contained at least two well-defined compon-

ents during the first 3 to 4 we~ks. At least four components could be defined 

for the case followed longest, Cal-l. 
I 

The mean ± S.D. of the unanalyzed half-times and intercepts ,were calculated 

(see Table XI I I) for the si~ Pu(IV)-lnjected Individuals that were presumed to 

have normally functioning gastrointestinal tracts and to be eating ordinary 
I 

amounts of a mixed hospital diet and for the five Pu(IV)-injected persons 

judged t6 be taking In less than normal amounts of food or to be on soft 

diets (including HP-3, who was judged to have a lower-than-normal bile output). 
J ( 

The intercepts of the first two components, FAI and FA2 , of the fecal Pu 

curves of the persons having nbrmal ~igestive function were almost double 

those of FAI and FA2 calculated for the persons having reduced gastrointestinal 

function, but the differences were not statistically significant, because of 

the wide range of the nqrmal ca~es. The mean intercepts of the third com-

ponent, FA3 , were the same for the two cases in each group for wbich FA3 

could bees.timated,' 

The half-times, FSI and FS2, for the two groups were not different, nor 

were t~e S.D. IS of thelr means. The amount of Pu excreted by the gastro-

intestinal tract appeared to be lower when gastroi.ntestinal secretion was 

reduced, but the rates of the underlying processes' remained unchanged. 

Much less Pu is excreted by the human gastrointestinal tract than b'y 

that of either the dog or the rat.lO,14,28 This fact puzzled the three 

groups of 6riginal investigators29~ 47, 57 because th~ inital Pu tracer studies 

in rats and dogs had indicated that the gastrotntestinal tract would be the 

major excretory route. Complete fecal samples are difficult to obtain and 

difficult to analyze and it Is no wonder that after publication of these human 

investigations, fecal samp~les.were rarely collected from persons suspected of 
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Table XI I I. Comparison of Half-times and Intercepts of Unanalyzed Differentiated 
Cumulative Fecal Pu Curves of Pu(IV) Citrate-Injected Normal Cases 
and Those_with Reduced Gastrointestinal Stimulation, ahd"the Best 
Estimates of the H~lf-times and Intercepts of the Pu Fecal Excretion 
Curve of a Normal Adult HumanrBeing. 

Pu(IV) citrate 
FA FS 1 
(%7day) (days) 

Normal diet and secretionb 

No. cases 
Mean 
± S. D. 

Restricted dietC 

No. cases 
Mean 
± S. D. 

Normal manb 

No. cases d 
Mean 
± S. D. 

a Intercept at t 

6 
0.77 
0.36 

5 
0.30-
0.13 

6 
0.77 
0.36 

6 
2.3 
1.2 

5 
2.6 
0.8 

12 
2.3 
1.0 

= feca 1 lag 

FA2 FS2 
(%/day)' (days) 

6 
0.18 
0.12 

5 
0.081 
0.02 

6 
0.18 
0.12 

6 
9.2 
3.7 

5 
9.9 
4.3 

13 
8.9 
3.7 

FA3 FS 3 
(%/day) (days) 

2 
0.016 

2 1 
0.015 68 

4 3 
0.016 77 
0.004 9 

FA4 FS4 
(%/day) (days) 

1 
(0.003)e650 

I 

FAS FS s 
(%/day) (daY5) 

(0.0012 4000) e 

bL · f . .Iver~ unction and gastrointestinal stimulation and secretion judged to be within normal 
1 imi ts. 

clnclude~ HP-3. hepatitis. 

dMean half-times include Cal-l and Chi-l 

eEstimated; see text 
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having sustained a Pu exposure. 

The method used to construct an exponential model of human Pu fecal 

excretion was the same as describ~d earlier for construction of the urinary 

Pu curve. There are fewer fecal 'Pu measurements. No late fecal samples were 

obtained from any of the Pu(IV)-injected cases. The meager fecal data avail-

able from occupationally exposed persons are complicated either by some in-

halation exposure or by chelate therapy, or both. 96 " 100 Therefore, alL the 

long-term estimates rest on the two cases that were followed longest, Chi-l 

and Cal-I, neither of whom had normal.gastrointestinal function during the 

lat~ collection periods. The long-term data from.the dog and pig were useful 

in predicting long-term trends. 

Evaluation of half times 

The raw half-times of the first two components of the normal Pu fecal 

curve (Table XIII) are the averages of FS 1 and FS 2 det~rmined for all the 

cases. All cases were included, because neither the medical status of the 

individuals nor the chemical form of Pu administered appeared to change the 

rates of the processes leading to these fecal-curve components. Therefore, 

FS
I 

and FS are well defined, and each is the mean of 12 to 13 separate 
, 2 

, determinations. The variabil ity is great, however, and the S.D. IS of these 

half-times are about 50%. 

FS 3 could be determined, only for HP-7, Chi-I, and Cal-I. There was 

good aggreement among the ,three values, and all were used to calculate FS 
3 

shown in Table XI I I: A fourth c:;omponent, F
4

, was observed only for Cal-I. 

FS 4 emerged in the Cal-l fecal curve only 100 days before collections were 

terminated. Although the value shown in Table XIII, 650 days, was fitted to 

the data by least suqares, it is uncertain. However, this portion of the 

Cal-l fecal curve was almost parallel to the urine curve, US = 475 days, which 

is encouraging. The value chosen for FS s ' 400~ days was obtained by least­

squares fitting the fecal data of the O. 1 ~Ci/kg group of Utah dogs from 
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750 through 1750 days postinjection.* 

Evaluation of coefficients 

The intercepts of the first two components of the normal fecal'pu curve 

are the mean values of FAl and FA2 determined for the group of persons whose 

gastrointestinal tracts were judged to be normally stimulated and normally 

functional. The intercept of the third component, FA 3, is the mean of the 

four Pu(IV)-injected cases for whom that 'parameter could be estimated. 

Values for the int~rcept of the longest observed component, FA 4 , were 

avai lable from only two Pu( IV)-injected persons, neither of whom were considered 

to have normal ly f~nctioning gastrointestinal tracts. The last 40 days of 

fecal collections from Chi-l were only one-half normal bulk, and he was near 

death from metastases of his malignancy. Fa 3 taken from his feca] curve was 

one-\lalf th,at either observed or estimated for the less seriously ill Pu(IV)-

injected persons. 

The value obtained for-FA 3 from the fecal curve of Cal-l was even lower 

slightly more than 50% of FA3for Chi-I, ahd 20% of the average FA30f the 

Pu(IV) group. His stomach h?d been completely removed four days after the 

Pu injection. He was postoperative and mildly anemic during the enitre 

period of fecal collections.** In the absence of a stomach, his daily food 

intake was probably low,and gastric juice -- which makes up a significant 

fraction of the total volume of digestive secretions -- was abserit. G~stric 

acid is one of the normal stimulants of the secretion of bilei pancreatic and 

*Feces were collected periodically from some of the 0.1 ~ Ci/kg dogs for 
as long as 2921 days.29 Data for individual dogs as well as the mean' values 
of al~ survivors exhibited a rising trend after 1800 days. 

"-

~'dThe original reference 57 states that fecal and urine samples were o'£en-dried, 
treate~ with cone. HNO 3' redried, and then dry-ashed in a furnace for 4 hours 
at 500 C; and that the resulting ash was soluble. One of the authors recalls 
that the published prodecure yielded completely soluble urine samples but that 
evidently in their hurry to publish the results they failed to remark upon the 
presence ,of insoluble residue in fecal samples. In addit,ion, after 30 days the 
individual himself collected,al 1 the samples in his own home wihtout supervision, 
so some sample loss is possible. Thus it is 1 ikely that some fecal Pu was not 
recover~d, leading to a further systematic reduction of the measured fecal Pu 
output by this individual. 
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intesiinal juices, and intestinal mucus. 98 101 Iron absorption is reported 

to be reduced by as much as 50% after gastrectomy.93 Lack of gastric juice 
\, 

may have played an indirect as well as a direct rple in reducing the quantity 

of gastrointestinal secretions andconcomitaritly the amount of fecal Pu. 

It was assumed that the relationships between the Fa31~ of Chi-I and 

Cal-I and the Pu'(IV)-i~jected group, 
-

FA3(Chi-l) = 0.5 X FAf[Pu(IV)], ,FA3(Cal-l) = 0.21 X FA3[Pu(IV)), 

could be used to estimate FA4 for the Pu(IV)=injected group as follows: 
J 

FA4 = [(0.0018/0.5) + (0.0056/0.21)] +2 = 0.003 %/day. 

An approximation of FAs was obtained ,by assuming that Fs in the human curve 

and in the dog curve emerged at ~bout the same time postinjection. F4 was 

extrapolated to that time (900 days), a line of 40bO-day half-time was drawn 

through the 90,0-day point and its intercept was determined to be 0.0012 %/day. 

The parameters of the equati08 of the Pu fecal excretion curve for normal man 

are given in Table XIV along with the equations for the dog and pig. 
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Table XIV. Fecal ,Excretion of Pu by Adul,t~an, Young Adult Beagle, and Adolescent 
Hormel Miniature Pig. Parameters of exponential fecal excretion equations. a 

Fa FTI Fa2 FT2 Fa3 FT3 Fa .. " FT .. FaS FTs 
,(%7 da:z:) (da:z:s) (%/ da:z:) (da:z:s) (%/da:z:) (da:z:s) (%/day) (da:z:s) (%/day) (da:z:s) 

, 
Normal manb 0.60 2;0 0.16, 6,6 0.012 56 (0.002}C 380 (0.0012 4,000}C 
± S. o. 0.28 0.9 , 0.11 2.7 0.003 6 

Dogd 3.00 2.3 0.31 4.6 0.08 14 0.007 350 0.0046 3,850 

Pige 0.37 1.5 0.18 10.0 0.012 325 

n 
L Faj exp (-0.693t/FTj)' 
n=i 

bL· d d" f' db' h' 1 l' . Iver an Igestlve "tract unctions presume to e Wit In norma Imlts. 

CEstimated; se,e text. 

dStover et al. 29 , 'and B. J.Stoverand O. R. Atherton, original data; 0.1 ],lCi/kg 
ahdO.3 ],lCi/kg groups only. 

eOata read from Fi~. of Clarke etal~O 

\~ 
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URINARY AND FECAL CLEARANCE OF PLUTONIUM 

Having no fecal data beyond 138 days, Langham et al. 19were forced to use 

an estimate of thePu U/F ratio to calculate long-term Pu excretion. However, .. 
both terms of the U/F ratio are subject to change, and clues to the nature of 

some changes -- either in excretory efficiencies or in the chemical state of 

,circulating Pu -~ c~n be obtained from plasma clearances. Accu,rate determin-

ation of urinary clearance requires simultaneous sampling of pl~sma and 

bladder urine. Painter et al. 14 me~sured urinary Pu clearances of dogs 

injected with acutely toxic toses of Pu(VI), citrate. In the absence of such 

precise measurements for man, equations (Sa) and (Sb) given below, were used, 

to estimate excretory cl~arances from the data available for man, namely, 

intermi,ttent plasma samples 24-hour urine samples, and pooled fecal spec-

imens. 

U'cl = 
, (Sa) where 

Pi =n .' 
p(t) = ~ (Pie~lt). 

Pi=l 

Both urinary and fecal clearances were calculated over 6-day intervals for as 

long as blood measurements were made, but only two intervals, at the beginning 

(1 to 6 days) and the end (19 to 24 days) of measurements are shown in Table 

xv. 

Painter et al. 14found that urinary clearance of Pu was very high IS to 

30 minutes after intraven0us Pu(VI) citrate injection into dogs. _ Urinary 

clearance dropped rap~dly to a minimum which persisted from 4 hours to the 

end of the first day. After the first day urinary clearance rose slightly 

to'a l~vel that was sustained tor the next IS days. 



Table XV. Renal and Gastrointestinal Clearance of Circulating Pu. Clearances are expressed as fraction of 
circulating Pu. 

Renal Clearance Fecal Clearance (U/F)a 
Groupb 1 to 6 19 to 24 Groupe 1 to 6 19 to 24 71--to~6~~1~9-t-o~2~4~3~5--to~6~5 

days days __ .__ days__ days_ _ __ days days days 

HP-l 
HP-2. 
HP-3 
HP-4 
HP-5 
HP-6 
HP-7 
HP-8 
HP-9 
HP-10 

,HP-12 

A 

Ab.·K. 

A 

A 

A 

\ 

0.008 
0.017 
0.02Q 
0.009 
0.021 
0.020 

- 0.011 
0.019 
0.007 
0.013 

.031 

.070 

.029 

.098 

.130 

.025 

.066 

.034 

.090 

Kidney and erythropoiesis normal 

Mean 
± S. D. 

0.018 
0.003 

.081 
0.034 

Anemia and/or abnormal kidneyb 

Mean 
± S. D. 
"P" d 

0.0088 
0.0007 
0.01 

.029 

.004 
·0.02 

R 

Ab.L. 

R 
R 

R 

0.009 
0.020 
0.011 
0.010 
0.034 
0.020 
0.008· 
0.017 
0.024 
0.0060 

0.061 
0.037 
0.030 
0.095 
0.100 
0.027 
0.056 
0.055 
0.051 

G.I. function normal 

Mean 0.022 0.068 
± S. D. 0.009 0.029 

Restricted diet and/or abnormal 

Mean 0.010 0.034 
,± S. D. 0.004 0.017 
IIp'' 0.02 0.05 

0.9 
0.8 0.5 
1.8 1.9 
0.9 1.0 
0.6 1.0 
1.0 1.3 
1.4 0.9 
1.1 1.2 1.3 
0.3 0.6 
2.2 1.8 
0.4 0.7 1.2 

1 iver 

aU/ F calculated from ratfos of plasma clearance except for HP-12 and values obtained aftef 35 days for HP-8, 
which are ratios of summed ~xcreta. 

bDiscussion of medical 

c~iscussion of medical 

dT - test of Fisher9f. 

status groups in section on urinary excretion. A = anemic, Ab.K. = abnormal kidney. 

status groups in section on fecal excretion. R = restricted diet,Ab.L. = abnormal liver. 

.: .,'. 

, 
0' 
00 , 
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The,urinary Pu clearances calculated here for man revealed a similar 

-
~attern. The very high initial clearance could not actually be demonstrated, 

because ,the earliest urine samples were pooled for the first 24 hours. How-

ever, the first 12 urine specimens passed by Chi-l wer'e analyzed separately, 

~nd 83% d~ the Pu excreted in the first 48 hours was passed in the first 

(0- to 6~hour) specim~n.47 In the face of his rapidly declining blood level 18 

(also see th'e section on Pu in the ci rculat'ion) , this large urinary output 

would indicate a high initial Pu clearance. 

In every case the average Pu clearances:by the kidney and the gastro-

intestinal tract were lowest on the first day after injection (the mInimum 

lasted through the third day for fecal clearance in some .cases because of, 

fecal lag). Clearance by eit~er route rose to a temporary platea~, better 

defined in some cases than others, of 5 to 15 days duration, and was followed 

by either another increase to a fairly stable plateau or a continued slow 

increase to the end of measurements between the twentieth and thirty-fifth 

day. During the 2 weeks between the two sets of calculations shown in Table 

xv both urinary and fecal clearances increased, so that by 19 to 24 days 

after injection Pu excretion by either route was 3.7 times as efficient as 

it was during the first 6 days after injection . 

. Renal Pu clearance in those persons judged to be anemic was less than 

one-half that in persons considered normal as shown in Table XV. Fecal clear-

ance in those persons judged to have reduced digestive-system function ~as 

less than one-half that of persons 'considered to have normally stimulated 

gastrointestinal tracts. Because of the small groups and the wide ranges of 

values among the so-called normal persons, the difference was significant 

only for the first 6 days I urinary excretion. 

Ratio .of urinary to fecal Pu 

Urine to fecal ratios (U/F) were calculated for each case durjng the 
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two intervals shown in Table XV, using p1a'sma c1earanc'es whenever possible. 

The late value of U/F calculated for HP-B and the three U/F values shown 

for HP-12 were calculated from summed excreta over the intervals indicated. 

The spread of U/F values was wide -- nearly sevenfold. A total of 23 U/F 

determinations was available from the Pu(IV)-injected individuals -- 11 

determinations during the interval 1 to 6 days, 10 determinations during the 

interval 19 to 24 days, and two determinations over 10-day intervals between 

15 and 65 days after the Pu injection. Of these 23 U/F values, 13 were close 

to 1.0 (0.7 to 1.3); five were substantially less than 1.0 (0.3 to 0.6); 

-and five wer~ substantially more than 1.0 (1.4 to 2.2). Six U/F values 

were obtained from the three persons judged to be most nearly n'orma1 with 

respect ot both latent transferrin binding capacity and digestive-system 

function (HP-2, HP-5, and HP-6). Four of the six U/F values from this normal 

group lay between o.B and 1.3, and the other two U/F values were less than 

or equal to 0.6. Of the five U/F values greater than 1;4, all were from 

persons with supressed or impaired digestive~system function (HP-3, HP-7, 

and HP-10). There were not enough cases to permit examination of the influ­

ence on the U/F ratio of anemia alone, but two of the four values of U/F 

less than 0.6 were fro~ an anemic individual. 

The two U/F values obtained from this group of Pu-injected persons 

more than 30 days after injection were from HP-B, an 'individual who presumably 

had been on a restricted diet at the time of injection, and from HP-12, an 

individual who was recovering from acute anemia caused by hemorrhage. By 

35 to 65 days postinjection both may have been approaching normal with re­

spect to protein binding (HP-12) and gastrointestinal secretion (HP-B). 

The only long-term excretion data are the measurements from Chi-1 and Ca1-1, 

and their U/F results have been rejected for the same reasons that their 
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fecal excretion was considered unusually low (see the prece.ding section, 

on fecal excretion). 

It appears that during the first 30 to 60 days afterPu injection the 

U/F ratio for those pe'rsons judged to be most nearly normal was about 1.0 

and possibly as great as 1.3. The anemic cases with normal gastrointestinal 

function (HP-9, HP-12) tended to have a U/F value less than 1.0. Those per-

sons with presumably normal plasma protein binding capacity but with reduced 

gastrpintestinal function (HP-3, HP-10) tended to have U/F values greater 

tha~ 1.0. The anemic cases [in which protein binding capacity was presumed to 

be elevated and gastrointestinal secretion waS also presumed to be suppressed 

(HP-1, HP-7)], exhibited reduced urinary and fecal cleanances of Pu, and thei r 

U/F values were again close to 1.0. ) 

Langham et a1 .19 used Pu U/F ratios varying from 1.8 at 138 days to 

4.4, at 1750 days to estimate total long-term Pu excretion, but these U/F 

estimates were based entirely on data from Chi-l and Cal-I, both of whom 

have been considered in this reanalysis to have s~bnorma11y stimulated or 

subnormally functioning gastrointestinal tracts. The analysis presented 

here indicates that immediately after injection in man, Pu excretion in 

feces slightly exceeded Pu excretion in urine~ and that by the end of the 

second week excretion by the two routes was nearly equal provided that resid-

ual transferrin binding, kidney function, liver function, and gastrointestinal 

secretion remained within nor~al limits. Comparison of the coefficients of 

the long~term components of the exponential urinary and fecal Pu-excretion 

equations (see Tables X and XIV) suggests that at times after Pu injection 

longer than 100 days, U/F for Pu in man probably lies between 1.0 and 1.5. 

Long-term excretory clearances of Pu in man and animals 

Stover et al?8 using power-function equations for Pu in plasma and urJne 

(obtained by combining data from all dose levels) calculated long-term uri-

nary Pu clearanc~s for their dogs~ 
I 

From 22 days to 4 years urinary clearance 
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was 7.5% to 9% of circulating Pu. Fecal c1ea~ance was not calculated, but 

the long-term FlU ratio of 1.4 implied a fetal clearance range (again for 

a 11 dose 1 eve 1 s combj ned) of 10.5% to 12.6% of c i rcu 1 at i ng Pu. Uri na ry and 

fecal Pu clearances have been recalculated here only for the group of dogs 

receiving O. 1 ~Ci/kg, the lowest Pu dose level for which long-term plasma 

and excretion data are available. Using the exponenti~l parameters in Tables 

v, X, and XIV and Eq. (Sa), urinary and fec~l clearances were calculated every 

50 to 100 days for the interval 50 to 600 days (for eventual comparison with 

the pigs). The average urin~ry and fecal Pu clearances thus calculated were 

11.6% and 10.9% respectively of circulating Pu. The differences between 

these values and those of Stover et a1. 28 -- hig~er urinary clearances and 

equal urinary and fecal clearances -- appear to be mostly the result of 

exclcision of the higher-dose-1eve1 dogs, in which liver and bone damage 

occurred after the first year. 

Excretory clearances were calculated in a similar way for the pig, 

using Eq. (Sa) and the exponential parameters shown in Tables V, X, and 

XIV. There were no plasma Pu measurements recorded before 27 days, and 

measurements were terminated at 470 days, so clearances were calculated only 

for t~e interval 50 to 100 days and for 100-day intervals from 100 to 300 

days.* Average urinary and fecal clearances over the interval 50 to 300 

days were 9.8% and 2.8% of cir~u1ating Pu, respectively. Urinary clearance 

was about the same as that calculated over this interval for the dog and 

slightly higher than calculated at 3 weeks for man, but the fecal Pu c1ear-

ance of the pig was much lower than that of the other species. Anatomically 

the porcine 1 iver differs slightly from the livers of dog and man; however, 

*Tests of the dog data showed that lack of longer-liver components in either 
the plasma or excretion equations led to substantial errors in calculated 
~learances at times 10ng~r than one half-time of the last available compon­
ent of the excretion equation. 
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this difference is not known to be related to function. 

There are no late plasma data from which to calculate long-term Pu 

clearances for man, but the ~nimal data provide some clues. The coefficient 

of the last measured component of the human Pu plasma equation is greater than 

the sum of the long-term coefficients of the Pu plasma curve of the dog (low 

dose level~ only), and at the same .time the ~um of the late coefficients of 

the human excretion equ~tion~ are less than those of the dog. It would. 

appear that at long times after Pu injection, Pu clearances by the human 

kidney and gastrointestinal tract are (a) either equal to or less than those 

calculated for the first'3 weeks, and (b) either equal to or less than (but 
, 

certainly not greater than) the excretory clearances calculated for the dog. 

Some thoughts on the mechan ism s of .Pu excret i on 

In the dog and apparently also in man, Pu clearance is most efficient in 

the first few minutes afte~ injection, at which time a significant fraction 

of Pu (about 50% in the dog 33 )* has not yet been protein bound. Minimum 

excretory cleara'nceswere found to coincide with time of maximum Pu-protein 

binding (in the dog about95% of Pu was protein bound 7 hours after ihjection 33).* 

By the end of the first day after ;injection the fraction of Pu circulating 

~ bound was possibly sl ightly greater. The data of Stevens et al .33 suggest 

th~ t less then 10% of circulating Pu was associated with a low-molecular-

weight fraction 7 days after injection. Within 2 weeks after injection both 

the renal and gastrointestinal clearances calculated for man 'increased four-

fo 1 d. If Pu protein binding in human plasma occurrs to the same degree as in the 

dog,· one would not expect any changes in Pu excretor'y clearances. 

*Fractional Pu-protein binding was estimated from the relative heights of the 
elution peaks in Fig. 2. 33 
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Current knowledge suggests that some Pu, .(presumab1y circu11ating as 

a 10w-mo1ecu1ar-weight compound) is cleared by the kidney and gastrointestinal 

tract in ~he usual sense of being moved across cell membrares without partic-

ipating in any process other than transport. But if these mechanisms 
\ 

renal filtration and secretion in digestive juices (like ca1cium102 ) ---

were the only ways Pu could be eliminated, then Pu excretion should remain 

at the low level observed after the first postinjection day and should be 

roughly similar for most species over a wide range of physiological conditions. 

Delayed excretion of some Pu inita11y deposited in renal and intestinal tissues* 

would account for only a temporary rise in excretory efficiency. 
, 

Feedback from bon~ and tissues of a ~ore readily filterable form of Pu 

seems unlikely. During the interval 100 to 600 days after injection, ado1es-

cent pigs 40 ,41.l03 lost a net of 53% of the Pu initially deposited in their 

skeletons. During the time Pu was leaving the ske1~ton, the plasma Pu level 

was sustained, and renal excretion was high; but fecal c1earan~e remained low, 

and renal clearance was the same as it had been in the 50 days preceding the 

start of bone Pu release. Throughout the experiment the renal Pu clearance 

of the pigs remained constant and was similar to the renal clearances of the 

dog and of man. These observations imply that Pu released to the circu1a~ion 

in the course of bone remodeling is associated with plasma proteins to the 

same extent as was the Pu original'ly injected. 

The excretory clearances of Pu in the normal people rose during the first 

3 weeks after injection. During that same time, in the dog, there was no 

apparent change in the fracti~n of unbound Pu in the p1asma. 33 Further, it 

does not appear 1 ike1y that Pu recirculated from bone exists in a more filterable 

>':Autoradiographs of mouse kidney and intestine showed that shortly after 
intravenous or intramuscular injection Pu was present at high concentrations 
in the renal pa'pi11a and the lamina propria and submucosa of the intest.ine. 

These concentrations were nearly gone 30 to 60 days 1atei. 104 
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form in plasma. By analogy with iron, a significant fraction of Pu must be 

e1 iminated by cellular mechanisms involving the Pu-transferrin complex. 

These might include incorporation into and subsequent loss with exfoliating 

cells, especially those of the intestinal epithelium, or release during cat-

abo1ism of the protein moiety of the Pu-transferrin complex in the intestine 

and kidney, or both mechanisms. 

The Pu clearances of the animals raise some interesting questions: 

Why,is the Pu fecal clearance of the pig so low? Why are the Pu excretory 

clearances of the dog higher than those of man? Some tentative answers 

can be supplied from what is known or suspected about (a) the iron intakes 

of the species, and (b) the regulation of iron absorption and excretion. 

There is general agreement that regulation of iron absorption and excretion 

is accomplished by the gastrointestinal tract. 90 ,92,93 The information 

reviewed here indicates that the mechanisms of Pu excretion resemble those 

described for iron, so much so that Pu may be regarded as a tracer of iron 

excretion (as well as iron transport). 

During growth iron balance is positive-- absorptive mechanisms are 

promoted and excretion is supressed. 93 Supression of iron excretion (and 

with it Pu excretion) is one possible reason for the low fecal Pu clearance . , 

in the adolescent pigs. Wild pigs are scavengers feeding mostly on vege-

table matter~ grubs~ insects, etc. They encounter muscle meat only occasionally 

as carrion. Except in areas where the soi 1 has high iron content, the natural 

diet of the pig can De considered to be low in iron. As a consequence of this 

dietary history, the domestic pig probably conServes iron, most 1 i ke1y by 
,< 

secreting very little in bile. Impairment of Pu excretion would be expected 

if one of the mechanisms for iron excretion were supressed or absent. 

Iron is stored in two forms, as soluble dispersed ferritin and as in-

soluble aggregates of hemosiderin. 36 ,90,92-93 It is believed that the labile 



-76-

storage pool of soluble ferri~in in the,liver is t~e source of biliary iron. 36 

The one-way natur~ cif ~he. iron storage system is demonstrated by failure of 

an 55Fe, tracer to equil ibrate with stored iron even after several years. 105 

Recent studies by the Utah grouplO~ 109 iuggest a similar liver-storage path-

way for Pu. Pu in'itially deposited in liver is associated with soluble ferri-

tin, hut after 30 to 60 days a large fraction of liver Pu is insoluble. The 
, . 

rapid transition to insoluble forms that are less amenable to elimi'nation;': 

is substantiated by the rapid decline in fecal Pu ~xcretion by th~ do~s. 

The iron~rlch natural diet of dogs (red me~t, blood, and organs) and their 

high' gastric acidity (which acts to promote iron absorption93 ) suggest -that 

, some of the parameters of iron metabolism in t~e dog may not be the s~me as 

those ,cif man. Transferrin saturation in man is elevated in condition~ of 

iron overload. 36 With a higher iron intake and potentially more efficient 

iron abso rp t i on, .transf~rrin .in dog plasma may normally be more saturated 

than that in human plasma resulting in reduced Pu-protein binding and greater 

Pu excretion in urine and digestive secretions of the dog. As a normal 

measure to prevent iron overload, th~ canine liver may excrete more iron 

in the bile than does the human liver. Both mechanisms would tend to suppress 

iron absorption and enhance iron exc~etion by the dog, and both would con-

tribute to greater efficiency in Pu excretion 6bserved in the specles . 

. Mu~h of the content of the above paragraphs is speCUlation. However, 

the, detai 15 of human Pu excretion are few, and additional inforlTlation on 

Pu excretory m~chanisms in man may not be available for a lon~ time to come. 

Car~ful investiga~ions of com~~rativePu excretory mec~anisms ~nd of com-

parative iron metabolism in several species, to fill some of the knowl~dge 

gaps 'in human Pu experience, are clear~y indicated. 

*At high Pu dose levels there was severe liver damage ~nd lbss of a large 
fraction of the early liver deposit.10 6 In those dogs fecal excretion re­
mained high, and fecal clearance was higher than urina~y clearance. 28 
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HUMAN PLUTONIUM EXCRETION--COMPARISON WITH PREVIOUS ANALYSES 

When excretion rates are expressed,as sums of exponentials, , . 

urinary excreti6nat time t after 'i~jection is 

n 
~ U 0.693/UT. Ut (%/day) ~. ate I , 

n = i '. 

and similarly, fecal excretion rate at ,time t is 

n 
F' (%/day) = ~ 

t 
n 

Fa.e 
I 

-0.693t/FT. 
I 

(6) 

(7) 

The total amounL of Pu excreted in urine or feces 'at time t is obtained 

by integration of Eqs. (6) and (J). 

~ Ut 
(%) =1t Utdt " (8) 

~ F (%) =1t F dt. t 0 t 

Total excretion at time t is the sum of Eqs. (8) and (9). 

( 10) 

ind whole-body retention at time t is 

(11) . 

The fraction of the remaining body burden excreted daily in urine at 

time tis 

( 12) 

Uri na ry and fecal excretion rates (Figs. 7 and 8), total 

PU.excreted in urine and feces (Table XVI), whoiebody retention (Fig. 

9), and the fraction of the body burden excreted in~a 1-day urine sample 

(Fig. 10) were calculated for times after injection from 1 to 14,600 days 

(about 40 years), using Eqs. (6) through (12) and the parameters. of the 
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Table XVI. Comparison of Long-term Pu Excr~tion Predicted From Power Function or 
Sums of Exponenti~ls.a Pu excreted (%of dose) 

Time after injection 
(days) (years) 

10 
20 
40 

,60 
80 

100 
140 
360 
720 

1 ,100 
1,500 
1,800 
3,650 . 
7,200 

14,60,0 

1 
2 
3 
4 
5 

10 
20 
40 

Power functions, 
Langham et a 1 .. 

2.56 
3.17 
3.81 

, 4.21 
4.50 
4.74 
5.10 
6.26 
7.22 
7.83 
8.30 
8.68 
9.96 

12.17 

aSee Tables X and XIV for excretion equation parameters. 
~ 

Sums of exponentials, 
th i s paper, 

4.39 
5.25 
5.95 
6.35 
6.67 
6.96 
7.39 
8.79 

10.23 
11.17 
12.24 
13.00 
15.47 
18.83 
22.49 
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normal Pu urinary and fecal excretion equations given in Tables X and 

XIV. It was assumed for these calculations that an additional component 

(the sixth) with a half-time of 13,400 days (see the discussion of 

accident case LASL-l in the section on urinary excretion) emerged in r 

both ~xcretion curves about 4000 days after injection. Total Pu excre-

tion after a single intravenous injection predicted by the sums of , 

exponentials derived in this paper is compared in Table XVI with Pu 

excreti?n predicted by the power functions originally derived by 
•. 19 

Langham et a1. Sums of exponentials predicted greater Pu e1 imination 

at all post injection times for at least three reaso~s: (a) Ex~onentia1s 

fitted the first 10 days' data better than the power functions. (b) Only 

" the individual urine-curve and fecal-curve coefficients from cases judged 

to be normal with respes:t to the particular excretory function were used 

to calculate the mean coefficients of the exponential equations, and 

they tended to be higher than ~he averages of all cases. (c) The co-

efficients of the exponential equation of human fecal excretion were 

adjusted upward to correct for what was considered to be unusually Jow 

long-term fecal e1 imination by Chi-1 and Ca1-1. 

-
For easier comparison with earl ier analyses, the urinary and fecal 

excretion ~ate equations (in Tables X and XIV) are replotted 10garith-

mica11y in Figs. 7 and 8. At least three power functions were needed 

" . to describe these eq~atlons. The power function fitted to the calculated 

urinary excretion in the time period from 30 to 360 days was almost the 

same as that originally derived by Langham et a1 .19 from the raw 

averages of the data from the Pu-injected cases and some accidentally 
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exposed Los Alamos personnel, and more recently reevaluated by machine­

curve fitting by Robertson and Cohn. 25 

Th·fs paper, U (%/day) = 0.17T-O. 725 
t 

Langham et al. 19 Y (%/day) = 0.2X- 0 . 74 
ua (10::: X::: 1750 days) 

Robertson and Cohn,25 Y (%/day) = 0.193t-0 . 721 (1::: t::: 1750 days) 
u ( 

Fig. 10 is the log-log p,lot of the fraction of the remaining Pu 

burden excreted,dwily in uri~e. The power function fitted to the time 
( 

period 40~ TS 360 days is again nearly the same as that derived by 

, 19 
Langham et al. using a different analytical method. 

None of the power functions needed to fit the values of human Pu 

fecal excretion calculated from i~e exponential equation in Table XIV 

(see Fig. 8) agreed with' the expression derived by Langham et al. 19 __ 
.,j- \ 

probably for the same ~easons a~ 1 isted above for the di~crepancies 

between the two methods of predicting long-term total Pu excretion. 

Most of the difference between the two methods arises from the ways 

fecal data were handled and the assumptions about the long-term trend 

of. fecal Pu output. 
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PREDICTION OF LONG-TERM WHOLE-BODY PLUTONIUM RETENTION 

The currently accepted 1 imits ·of human Pu contamination appear in 

the joint report of the Internal Dose Committees of the International 

Commission on Radio10g~ca1 Protection and the United States National 

C · Rd" P . . d'l n 1 959 . 64 ommlttee on alation rotectlon, Issue The maximum per-

missib1e 239pu contents of the body based o~ skeleton and· river of oc-

cupationa1 workers are given as 0.04 and 0.4 l1Ci, respectively. For 

purposes of dose calculations bio1dgica1 ha1f-1 ives are also given; 

6.SX 104 days (178 years) for the whole body, 7.3 X 104 days (200 

years) for skeleton, and 3 X 104 days (82 years) for the 1 iver. 

These values were ,based on the original analyses of the human Pu data 

19 20 by Langham ~~., ' who estimated that the longest half-time of Pu 

in t'he whole body lay between 85 and 175 years. The lower 1 imit was 

adopted in the ICRP~NCRP report as th~ half-time of Pu in the 1 iVer. 

'The upper 1 imit was assumed to represent Pu in the 'whole body. The upper 

1 Jmit rounded off ,upward was adopted as th.e half-time of PU.in the human 

skeleton, and the lower 1 imit was adopted as the half-time of Pu in human 

1 iver. Use of the term I~retent'ionll is potentially misleading. Retention 

suggests a staticcondition~once deposited in a tissue Pu would be under-

stood to remain fixed until el iminated from the body altogether. Whole-

body retention further would suggest ~hat Pu is e1 iminated from all tissue 

deposits at comparable rates. Studies of pigs and dogs show some important 

featu~es of Pu metabol ism that ap~ear applicable to Pu metabol ism in man, 

but even more importantly, they demonstrate th~ dynamic behavior of Pu. 

Pu turnover in animals 

Pu metabol ism was followed .after injection of Pu(IV) citrate in 
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d 1 . ; . 40,41 a 0 escent miniature sWine. (Swine were yearl ings. This term is 

usually applied to animals J to 1.5years of age (L. K. Bustad, private 

communication). Miniature swine achieve adult bOdy size between 2.5 
, 

and 3 years of age,103 and yearl ings can be considered to be comparable 

to human adolescents.) In the course of 600 days of growth remodel ing, 

their skeletons rel~as~d about .38% of the injected dose (53% of the 30-

day bon~ deposit). Plasma Pu. l~vel and urinary excretion of Pu remained 

high. At 600 days tbe liver contained three times as much Pu (35% of the 

dose) as it contained 30 days after injection (13% of·the dose). 

The lower-dose groups of dogs in th~ Utah experiment are now yielding 

long-term resultsw At this writing there have been enough deaths of dogs 

injected with 0.3 JiCi/kg or less to demonstrate that skeletal Pu retention 

is not affected by dose level below 0.3 ~Ci/kg and'to establ ish a long-

term half-time of > 1500 days for Pu in the beagle skeleton. 110 Jee et al. lll 

examined the disappearance of Pu-labeled trabecular surfaces of dogs given 

Pu doses of 0.015 and 0.3 ~Ci/kg. They found 50% to 64% of trabecular 

surfaces labeled in vertebral bodies and femoral metaphyses, respectively, 

5 days'after injection of Pu. Three months later 0.2% to 3.3% of vertebral 

trabecular surfaces were labeled, and 14% to 20% were burie,d by new bone; 

0.7% to 3.3% of femoral metaphyseal trabecular surfaces were labeled, 

?lnd 24% to 48% Were buried by new bone. These observations show the 

enormous turnover nf trabecular surfaces in these two anatomical loca-

tions in the ypung adult beagle skeleton. 

The long-term Pu content of the 1 ivers of the low-dose dogs has also 

been examined. At level~ less than or equal to 0.1 ~Ci/kg of Pu, net 

loss of Pu from the 1 iver was found to be much less than was originally 

predicted from high-dose animals. At the low dos~ levels, the half-time 

'. 
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of Pu in the 1 i ver was about 3800 days, 113 more than or the same as 

Pu half-time observed in the skeletons of these same dogs. The prolonged 

residence in 1 iver seems to be the end result of a chain of events that 

carries Pu from Pu-transferrin in plasma, to Pu-ferritin in hepatic cells, 

and ~ventua11y to 10ng-1 ived deposits of Pu-hemosiderin in reticu10endo­

the1 ia1 ce11s.106-108 

Pu dynamics can be generally summarized as follows: Pu initially 

present in soft tissues other than 1 iver is cleared rapidly; the major 

fraction ,is redistributed to bone and 1 iver, and a small fraction is 

excreted. Pu deposited in the skeleton is mobil ized in the normal course 

of bone remodel ing; some is redeposited in bone, some is deposited in 

1 iver, and a small fraction is excreted. Pu deposited in 1 iver is eventually 

transformed from relatively soluble forms in hepatic cells into insol-

uble hemosiderin deposits and sequestered in reticu10endothe1 ia1 cells. 

Therefore, liver Pu is likely to be 10st'more slowly than bonePu, but 

at perhaps the same rate as depos i ts of phagoc;:yt i zed Pu-hemos i d~r i n i,n 

other tissues. The loss rate from the 1 iver may eventually become the 

rate-1 imiting .process for Pu disappearance from the whole body. 

The half-times of the earl iest components 'of the plasma and excretion 

curves are similar for the three species studied- dog, pig, and man 

(see Tables VI, X, and XIV). By analogy with iron metabo1 ism, these com-

ponents may represent such processes as the incorporation of Pu into and 

subsequent shedding of intestinal epithe1 ium, and the destruction of the 

protein portion of the Pu-transferrin complex. The slower components 

are evidently the result of Pu feedback -- early from soft tissues and 

later from bone -- and reflect the intrinsic turnover rates of these 

tissues (either the cells themselves or their mineral content) distorted 
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\ 

by redeposition. The effect of redeposition is to reduce the net ~urn-

over.of the nucl ide in question. 113 The observed or effective half~ti~e, 

b ' is related to ihehalf-time of tissue turnover pr physJological o s 

.half-t~me, Tl/2 and to the fraction of circulating radionucl ide. that . phys' 

is redeposited; fr: 

Tl/2 obs = T 1J2 phys/{l - fr). (13) 

Pu turnover in human soft tissues 

T~eb~st estimates of the early distribution of Pu in four major 
~ 

compartments - skeleton, 1 iver, r~sidual soft tissues, and excreta - are 
. 

shown in Table XVII for man, dog, and pig. The original analysis of the 

tissue distribution data by Langham ~~.19 is in~luded for comparison. 

The pigs-were not f~lly grown and the dogs were 1.5 years old (in the 

prime of young adulthood), in Contrast to the Pu-injected human beings, 

who were all unwell, and except for HP-4, middle-aged or older. In the 

dog. only a small fraction of the Pu dose was in soft tissues other than 

liver 21 days after the injection. 28 The value shown iii TableXVllfor 

the~ pig is uncertain. It was obtained by difference, using bone and 1 iver 

determi:nations from two separate experiments. 40 ,42 Even so, the calculated 

value of 8% for Pu in soft tissues at 30 days is lower than the 12% average 

soft-tissue Pu in the Pu-injected people who came to autopsy 5 to 15 

months afte~ injection. 

The half-times of the two-component exponential equation fitted to 

the human soft-tissue data (see Fig .• 1) were 7.2 and 480 days. The first 
~ -

is roughly the same as the earl~ soft-tissu~ clearance in several ~nimals. 

The second component, although its h.alf-time is not so long as that 

measured in the dogs, involves a significantly larger ,amount of the injected 
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Table XVII. Earl y Distribution of Pu in Man, Dog, and Pig. 
Pu content (% of dose) 

Time after Skeleton Liver Soft tissue Excreta 
injection remainder 

Man 
This paper 5 to 17 daysa 47.5 26.8 23.3 2.4 

5 to 15 months b 47.5 31.2 11.2 9.5 

Langham et a1. 4 to 457 days c 
65.7 22.5 6.8 5.0 

Dog d 22 days 54.0 31.0 3.0 12.0 

Pige 30 days 72.0 14.0 8.3 5.7 

aAverage of Cal-I, Chi-2, HP-ll, Cal-3. Livers and skeletons of Chi-2 and 
HP-ll not included. See Tables I and IV. 

b Averages of HP-5, HP-9, and Chi-I. See Tables and I V. 

CAverage of all tissues from all cases in Langham et a1 19 • Excretion estimated 
from power functions. Soft tissues calculated by differences. 

dSkeleton, extrapolation of curves fo~ 0.3 ~Ci/kg group.110 Liver, extrapolation 
of curves for 0.3 ~Ci/kg group60. Soft tissue and excreta from Stover et al. 28 

eSkeleton from Clarke et a1 40 . Liver from ~mith et al 42. Excreta calculated 
from exponential equations in Tables X and XIV. Soft tissue calculated by 
difference. 
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Pu. A component with a half-tim-e of 'the same order of magni.tude, about 

300 days, appears (perhaps fortuitously) in both the human urinary and 

fecal excretion equations but is missing from'the excretion equations 

for. the dog and pig. The large sizi~f the soft-tiss~e compartment in 

these middle-aged people compared with the much smaller soft~tissue com­

partment in the young vigorous animals may be related to species differences. 

or it may be a real effect of age stemming from poorer circulation, more 

fibrous (less cellular) connective tissue, the presence of ectopic calci­

fication and fatty pl~ques, and reduced cell turnover that accompany 

advanc ing age. 

Pu turnover in human bone 

The turnover rate of the adul~ human skeleton is not known. Net 

turnover of bone Pu, in the adolescent p'igs was calculated' to be 52%1. 

yea,r,~': and'that of the young adult dogs, to be 17%/year.;': Assuming a 

coristant redepos~tion in bone of 60% of cjrculating Pu and using Eq. 

03), one can estimate the turnover rates of the bone containing the Pu, 

(most likely the labeled surfaces), to be respectively 140%/year and 68% 

year in the adolescent pigs and young adult dogs. Turnover of both the 

Pu and the Pu-containingboneof mid~le-aged human beings is most certainly 

s 19wer than for the young'experimental animals. 

'Fr6st,114 usirig a tetracycl ine labeling material, estimated the 

rate'of replacement in rib and clavicle cortex of persons 35 to 70 years 

of age to be between 2i5%./year and _6%/year. Kulp ~~.1l5 used fallout 

~': Pig: (0.693 times 365 days/year)/480 d~ys = 52%/year. 

~': Dog: (0.693 times 365 day's/year)/1,500 days '= 17%/year. 
/ 

r -. 
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,90S r analyses of individual bones and whole skeletons to obtain specific 

activity ratios (90S r in,bone/ 90Sr in skeleton) in adult human bones of 

0.45,,1.4, and 2.1 for long-bone cor,tex, whole rib, and vertebrae, re­

spectively. Bryant and Loutit l16 made s.imi1ar measurements on adult 

human bones and obtained n.ear1y identical 'specific activity ratios. From 

these data they calculated the annual rate of bone turhover required to 

produce the observed specific activities 1.1 o/a'yea r to 2.6%/yea r in 

whole femur, 2.1%/y.ear to 6.2% /year in whole rib, and 5%. /year to 

10.4%/yea r in vertebrae. Row1 a nd, 117 us i ng an autorad i og raph i c techni que 

and bone from persons with long-standing burdens of 226Ra, calculated a 

turno,ver rate of .. 1.1%/year for long-bone cortex. 

All the above calculated turnover rates are in good agreement with 

each other. The good agreement between the isotopic methods l16 that are 

known to be distorted by redeposition and the tetracyc1 ine method l14 

in whIch redeposition is not a factor indicate that the isotopic measure-

~ents with 90S r and 226Ra are not significantly distorted by redeposition 

and are probably close to actual rates of bone turnover. A comparative 

metabo1 ic study in an elderly human male by Mays ~~.118 indicates 

-
that long-term redeposition of 90S r is not more than 15%, and 226Ra rede-

position is not more than 5%. 

The best -estimates of the annual replacement rates of certain human 

bones are probably the mid-points of the ranges cited above -- 1.85% 

year for whole long bone, 4.2% /year for whole rib, and 7.7% /year for 

vertebrae. These are mass or volume rep1acemeni rates, and Pu is deposited 

on bone surfaces. May l19 suggested a technique to relate bone surface to 

volume that did not require knowledge 6f the absolute values of the .bone 
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surfaces. He estimated that for a given mass of trabecular bone the surface 

was four times that of the same mass of cortical bone.- Using that ratio, 

4:1, for trabec~lar to cortical bone surface, estimating trabecular bone 

mass to be 23% of .the total (ashed or dried) skeleton, and using the above 

cited estimates of bone turnover, one calculates the average turnover rate' 

of the bone surface of the ent i re human ske1 eton to be 5% "/year 

(0. 23X 4 X 7.7%/year) + (0.77 X 1.85% /year) = 5% /year). The 

associated half-tiMe of the bone surfaces is 13.9 years, slightly less 

tha~ the 15-year half-time observed in long-term 226Ra retention in man,120 

and ~1 ight1y more than the half-time for human bone surface replacement, 

10.8 years, that can be calculated from the dog data and the comparative 

1 i fe spans of the two spec i es .,', 

Assuming that 60% of circulating Pu is redeposited in bone, the 

observed half-time of' Pu in the human .skeleton would be 35 years (12,700 ' 

days), perhaps fortuito~sly close to the 13,400-day half-time that could 

be fitted to the long-term urine data of case LASL-l (see section On 

urinary excretion). 

A model of Pu metabol ism in man 

The half-time of Pu in the human body was estimated in this analysis 
\ 

to be 204 years (from the calculated total Pu excretion in Table XVIII fitted 

over the interval from 1800 to 14,600 days). This estimate of w~ol~-

body Pu half-time is in substantial agreement with the upper 1 imit ca1cu-

lated by Langham ~~.19 The half-time of Pu in the human skeleton was 

est imated to be 35 years. The important consequence of Pu loss from bone 

.. . 

* T1/2 of Pu-labe1ed dog bone = 1.64 years~ Lifespandog = 14 years. 

Lifespan. = 100 years. man 
14 = '10.8 years. 

Tl/2 of Pu-labe1ed human bone = (100 times 1.64)/ 
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faster than from the whole body is .the increase ir: 1 iver Pu with time, 

as shown in Fig. 11. This model of long-term Pu metabo1 ism is in accord 

with most of the available evidence. 

Pu was lost from the skeletons of dogs and pigs more rapidly than 

f rom t h · 1· 4 0, 11 0, 112 elr ,Ivers. , I n the 1 'ivers of dogs and rats Pu tends to 

become sequestered in reticuloendoth~l ial cells chem~ca11~ combined with 

. 106 107 121 insoluble aggregates of stored Iron. ',' Chelation therapy is 

much less efficient in removing Pu from the 1 ivers of pigs and rodents 

after a lapse of time than it is when the chelating agent is administered 

shortly after Pu exposure. 42 ,121,122 As in human experience with cases 

of iron overload, chelating agents apparently cannot solubil ize iron or 

Pu (or both) stored in 1 iver as aggregates. 36 A variab1~ fraction of 

human iron stores is very 10ng-l ived and to a large degree inaccessible. 

Radioactive iron tracers do not equil ibrate' with the iron stores even 

93 105 after periods of many years.' The only ther~peutic ~easure capable 

of depleting iron stores in human ir~n storage diseases is a prolonged 

series of phlebotomies involving replacement of many blood volumes. 36 

More rapid loss pf Pu from bone than from the whole body ~ith net 

transfer of Pu to the 1 iver is consisten,t with the results of the long­

term Pu02 inhalation studies in dogs. 123 ,124 Tissue analyses from dogs 

killed several yea,rs after a single exposure revealed up to two to three 

times as,much Pu in 1 iver as in the whole skeleton.* 

* There is ,some uncertainty about whether Pu in 1 iver and bone of these 

dogs has been solubil ized and distributed as Pu-transferrin, or whether 

some Pu02 can be transferred from lung and tracheobronchial lymph nodes 

directly to-l iver in particulate form. 
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Perhaps even more convincing are the results of tissue analyses of 

persons who have come to autopsy many years after occupational exposure 

to Pu. The best documented case is LASL-I, reported by Foreman ~~.58 

(also discussed in the section on urinary excretion of Pu). This indi-

vidual was exposed to high levels of Pu both by inhalation and bycontami-

nated wounds. Examination of his work history, reconstruction of the 

materials with which he worked, and his working conditions in the middle 
, I 

1940's strongly suggest that he was exposed early to significant amounts 

of soluble Pu. Further examination of his \',Qrk history tndicates that the 

bulk of his exposure occurred in the first two years of his employment 

beginning at the age of 26 years o He died 12 years later at the age of 

38 years in an accident unrelated to hi~ Pu exposure. 

Tissue analysis revealed that his terminal Pu content (excluding 

lu~g and pulmonary lymph nod~s) was roQghly 51% in I iver and 47% in the 

skeleton.* The'combined Pu activity in the livers and skeletons of the 

Pu-.injected cases was initii,lIly partitioned in such a way that 60% was 

in skeleton and 40% was in I iver. The bulk of LASL-I's Pu inhalation 

exposure and all his Pu-contaminated wounds occurred in the first two 

years of his employment. Ten years later his Pu exposure can be considered 

to have been approximately acute. The Pu model predicts that 12 years 

after an acute' exposure to sol ubI e Pu, 48% of the I tver and bonePu wi I I 

be in I iver and 52% in bone. The Pu distribution predicted by the model 

is encouragingly close to the analytical results. - The difference between 

* Total skeletal Pu (including marrow) recalculated for LASL-I, using the 
. ~ 

ponderal method described in the section on skeletal Pu, was 10 8 X 

104 dis/min. Foreman et al. 58 calculated his skeletal Pu content to be 

1.4 X 104 dis/min and h.is liver Pu content to be 1.93 X 104 dis/min. 



-91-

the predicted and measured values suggests that the model may be over-

simpl ified in that bone turnover is Yepresented by a single term. Some 

" of the bone surfaces of a healthy young adult are certainly being re-

modeled faster than the whole-skeleton turnover rate of 5%/year used 

in the model. 

Tissue samples have been obtained from persons whose occupati-ons 
.. -' . - 125 

brought them into prolo.nged contact w.lth small amounts of Pu _. Pu was 

detectable in at least one of the sampled tissues (lung, pulmonary lymph 

"nodes, liver, a nd bone (s ternum» in 25 of 41 ca s)es • Li ver conta i ned Pu 

in '21 cases. Lung or pulmonary nodes or both contained Pu in 19 cases. 

Pu was present in-detectable amounts in only one bone sampl~.* The average 

length of Pu exposure was 6.3 years for the 25 cases in which at least 
) 

one tissue contained Pu, and 4;0 years for the 16 cases for which Pu was 

not detectable. I~is also interesting to note that the one case in which 

Pu was detected in- bone died of cirrhosis of the I iver, and that Pu could 

not be detec ted in his J.iver'samp I e. A I thoug h not prov i di ng d i rec t sl!P-

. port for the P~ model, these data do not 'refute it. 

There is one case, RF-667, reported by Lagerquist!.!. ~., 126 that 

does not fit. This individual was continuously exposed to Pu both by 

inhal~tion (chiefly of PU02) and through several minor puncture wounds 

during a 9-year period beginning at 49 years of age. (C. R. Lagerquist 

and So E. Hammond, private communication.) Exposure may have been somewhat 

* Skeletal burdens less than 80 pCi were below the analytical detection 

I imit because of small sample size. 
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greater during the first 5 years. Death occurred from cardiac failure at 

58 year~. ~t'autopsy there were no gross lesions in other tissues. His 

terminal body burden of 0.0012 ].lCi was distributed as follows:. 8% in 

respiratory structUres, 8% in soft tissues, 19% in 1 iver, and 65% in skeleton. 

The amount of Pu in the tissue samples was small, and large analytical 

errors were possible. There was a fourfold difference in the Pu concen-

trations of separate rib and sternum samples. Several calculations of 

his Pu body content from urinalysis using the Langham equation19 and 

computer techniques, overestimated the Pu found in tissues by a factor of 

five. The authors sugge~t that the overprediction of Pu burden by urin-

alysis may have resulted from his continual exposure pattern. He still 

had 0.016 ].1g (0.001 ].lci) of Pu in an old finger wound, about equal to 

what was found in his tissues. 

The unduly high urinary excretion (for the size of his body content), 

the high soft-tissue content, and the discrepancies in Pu content of dupl i-

cate bone samples suggest some other possible explanations for the failure 

of this case to agr7e with the Pu model. 
I 

If for unknown reasons his 

1 iver was not accumulating and storing Pu released from soft tissues and 

bone, Pu released from these tissues would be redeposited in them. After 

35 years of age bone loss in the human male skeleton (as well as that of 

the female) progresses sufficiently rapidly to produce by age 60 a sig-

nificant reduction in the amount of bone in vertebral bodies, rib, and 

femoral cortex. 128 Thus from age 49 to 58 the preferred Pu deposition 

sites in bone, quiescent and resorbing sites on trabecular and endosteal 

surfaces,127 would appear to be those most 1 ikely to be resorbed. In 

the absence of efficient 1 iver storage of Pu, recirculation from such 

bone sites would lead to sustained urinary excretion, high soft~tissue 
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levels, and redeposition in the same' potentially short-I ived bone sites 

setting the stage for continuous repetition of the entire process. 

Mays ~~.129 have calculated that if the body Pu content were 

partitioned 50% in I iver and 50% in bone, the annual risk of developing a 

I iver tumor would be twice that of developing a bone tumor. The long-

'term Pu distribution predicted by the dynamic Pu model makes it even more 

urgent that we reexamine the critical organ for Pu; The analysis in this 

paper suggests that pver a 50-year working lifetime the ~iver's share of 

the body Pu content gr'ows progressively larger, ~ventually'exceeding 

50%. In the younger members of the population avid iron storage and 

more rapid bone turnover would, according to the model, result in transfer 

of most of the body Pu to the liver withir.l a few years. The consequence 

of these calcu,lations and those of Mays ~~.129 is to indicate that 

I iver is probably the,critical organ for Pu, and as they have suggested 

-
the permissible body content of Pu based on I iver as the critical organ 

may need to be low~red to the same value as (or perhaps less than) the 

0.04 ~Ci pr~sently accepted as the permissible body burden based on 

skeleton as the critical organ. 
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Some' closing thoughts 

In this reexamination of the human Pu data I have tried to present a 
'-:/ . 

cohesive working model of Pu'behavior that would fit the preponderance of 

the evidence and not be impeached by seemingly unexplainable discrepancies 
, 

between prediction and experimental results. The medical hlstories of the 

Pu-inject~d' persons revealed some phy:;iological differences that affected_ 

their metabol ism. Som~e of the variabil ity in the plasma-disappearance curves, 

tisslie distributions, and excretion patterns of the individuals co'uld be ex-

pJaihed in terms of their medical problems,-especially those affecting circu-' 

lation,iron metabol ism, and gastrointestinal function. This success red to 

interpretation of Pu behavior using i'ron as an elemental Il1C?del, and opened up 

what should prove to be a very profitable line of investigation. Some of the 

troublesome problems in treatment of Pu accident cases might well be examined 

in light of Pu part~i,cipationin the iron transport and excretory pathways. 

Th~ uncertainties in interpretation of Pu urinalysis are still'with us. 

It is hoped that the evaluation of the human and large~animal excretion data 

as sums 'of exponentials, a mathematical form that is easily handled by com-

puter techniques, will inspire others to construct computer simulations of' 

such'important problems as multiple exposures, continuous, absorption from a 

wound or lung reservoir, and accident-treatment schedules. 

As the writing progressed, it became clear that the original data were 

good, arid that the original analy~is was sound. The new data from occupa-

tionally exposed persons and from animal experiments, and the use of the iron 
\ , 

analogue, contributed more to understanding the old results than did the dif-

ference in the analytital approaches. The initial tissue distributions, ex-
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cretory patterns, and predictions of long-termPu el imination presented here 

do not differ in substance from the original analysis -- only in detail. The 

collection of human Pu data reported by the Los Alamos group19,20 contains 

much more information than was previously supposed; but we anxiou'sly await 

the results of the current follow-up of Pu-workers exposed in the middle 

1940's. The long-term dog experiments at Utah, whose 20th anniversary we 

mark, this year have contributed greatly to o'ur general knowledge of Pu, 

but additional information from these experi~ents and studies of Pu in other 

spec i es ,is needed. 

Twenty-six years after they were posed, the questions about Pu metabol ism 

,that were put by the Plutonium Project's industrial physicians (see Appendix 1) 

still have far too few answers. New questions have been raised by the potential 

world:"wide use of Pu as an energy' source. Much remains to be done before the 

Pu'story is complete. 
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, 1'33 
·Note added in proof: Since this paper was written, Nenot et al have 

reported that Pu was deposited almost exclusively in the bone of rats 
. / c 

, 134 
injected intravenously with Pu(IV) -transferrin, and Durbin et al con-

cluded from a kinetic analysis of Pu(IV) citrate deposj.tion in the rat 

that the rat skeleton accumulated both free and protein-bound Pu but 

that the rat liver did not take up significant amounts of protein-bound 

Pu. Inasmuch as at times greater than a few hou.rs after injection more 

than 90% of circulating Pu is protein bound, 33, 89 the deposition pattern 
" 

of recirculated Puis more likely to resemble that of Pu-transferrin 

than that of the Pu(IV) citrate originally injected. Thus, Pu redeposi- . 

tioll in bone may be as great as 80% to 90% leading to a longer calculated 

. . 113 - . 
half-time of Pu in the human skeleton, about 70 years, and to a. 'slower 

rate of Pu accumulation in the liver.' 
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APPENDIX 1 

Summary of Requests for Information Desired Concerning Plutonium 

Prepared for a conference on plutonium 

held in Chicago May 14, 15,& 16, 1945 

Drs. L. H. Hemplemann. S. T.Cantril, J. E. Wirth, J. J. Nickson, 

and Mr. S. G. English wrote the letters on which this section is based. 

Immediate problems of importance about which further information is 

needed are emphasized. 

1. Diagnosis and Estimation of the Amount of Plutonium in the Human Body 

A. Detection of amounts in the body in excess of the permissible 

level 
1. Development of a satisfactory means of assay of urine and 

feces 

a. Need more information on elimination rate as a 

function of time 

b. Need more information on elimination rate as a 

function of route of intake 

2. Determination of percentage of plutonium excreted daily 

by humans. 

3. Can blood samples be utilized for this purpose? 

B. Detection of plutonium in the lung 

1. Development of a satisfactory means of estimation of the 

amount of plutonium in the lung 

2. Compounds of interest are +3, +4 nitrate in aqueous solution; 

+6 nitrate in ether solution, tetrafluoride, +4 oxide, 

+4 oxalate} +4 peroxide as slurry 

C. Development of a method for detection and quantitation of 

plutonium in wounds 

. II. Absorption 

A. Skin 

L Need more information on absorption rate of various 

plutonium compounds through the intact skin 

2. Is absorption influenced by use of potassium permanganate 

solution followed by sodium hyposul£ate solution on the skin? 
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B. Gastrointestinal Tract 

1. ' Need more information on absorption rates of various 

plutonium compounds. Specific information is desired 

about those compounds mentioned under "diagnosis" 

2. Can the elimination of plutonium be used in the event of 

gross intake to detect the amount that will be fixed in the bone? 

C. Wounds 

1. The rate of diffusion of plutonium from the wound area 

2. The effect of different plutonium compounds on the rate 

of diffusion 

3. How is the distribution pattern altered by having dif­

ferent sorts of wounds, e. g. punc;ture wounds as 

opposed to lacerations? 

D. Lung 

1. How much of the amount breathed is retained in the 

human lung? 

2. ~How much material is absorbed from the lung to the 

'blood and then to the skeleton? 

III. Permissible'Levels of Plutonium 

A. In the lung 

B. In the bone 

C. What is the minimum amount necessary to produce damage 

in the body? 

,D. Are the rays from plutonium capable of producing damage 

to the skin? 

IV. Metabolism 

A . 

B. 

C. 

D. 

Distribution pattern' as a function of rate of intake 

Distribution pattern as a function of di~t 

What is the rate of elimination of plutonium from bone? 

Are-the differing diets in the different laboratories affect-

ing the results of animal experiments? 

V. Pathology 

!, A: What is the nature of liver damage after intravenous adminis-

tration of plutonium? 
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B. What is the nature of liver damage after sublethal doses given 

through other routes of entry? 

C. Does preexisting kidney damage diminish the elinrlnaHon of 

plutonium from the body? Should persons with kidney damage 

be excluded' from working with plutonium? 

VI. Therapy 

A. Pevelopment of methods of increasing elimination from the body 

1. Effe,ct of diet 

2. Effect of injection of complexing or other agents ' 

B. Methods of covering up material deposited in bone 

C; Development of methods of therapy for plutonium in wounds 

(specific mention is made of those compounds mentioned under 

"diagnosis ") 

1 . The effect of suction 

2. ,The effect of increased venous flow 

D. Formulation of a recommended procedure for treatment in case 

of a known overdosage by inhalation, by mouth, or by wound . " 

E. How much time can elapse before. treatment mU'stbe instituted? 

VII. Protection 

A. Is inactive dust ina work area an additional hazard in that it ' 

increases the probability of breathing plutonium? 

B. Im.provementof existing means of the physical protection of 

personnel from ingestion, inhalation, 01," direct inoculation 

of plutonium 

c. Development of a method for the rapid determination of the 

quantity of plutonium in the atmosphere 

D. Development of a continuous monitoring device for atmospheric 

or dust-borne plutonium which is effective in concentrations 

just above or at tolerance levels 

E. Analysis of masks and respirators for percentage efficiency 

in filtering out various chemical forms of plutonium. Special 

mention was made of +4 and +6 nitrate, +3 and +6 sulfate, 

+3 and +4 chloride, +4, +5 and +6 carbonate. 

'F. Do> various chemical structures pb.y,some part in the efficiency 
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of respirators or is particle size the iITlportant factor? 

VIII. PlutoniuITl-radiuITl Ratios 

A. What ratio for acute effects? 

B. What ratio for chronic effects? 

" 
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APPENDIX 2 

Summary of Plutonium Cases 

HP-1 

White male, 67 yr, 70~3 kg. 

Injected iO/16/45, 0.004 tJ.Ci/kg 239Pu(IV) citrate. 
I 

Nine-year history of peptic ulcer, acute hemordiage, 

Hb = 13.7, RBC = 4.5. 

Lost, to follow-up. 

HP-2 

White male, 49 yr, 69 kg. 

Injected 1 0/23/45, 

Hemoph~ia, hypertension, cardiovascular disease. 

Hb = 14.5, RBC = 4.1 

Lost to follow-up. 

HP-3 

White female, 49 yr, 69.9 kg. 

Injected 11/27/45, 0.0043 tJ.ei/kg 239Pu(IV) citrate. 

aepatitis, pruritic dermatitis with edema, hypoproteinemia, 
, . 

Hb = 14.5, RBC = 4.3 . 

Follow-up 1645 days p. i., lost thereafter. 

HP-4 

White female, 18 yr, 55.5 kg. 

Injected H/27 /45, 0.0054 IJ.Ci/kg 239pu(IV) citrate. 
. , 

Cushing s syndrome, hypertension, nephropathy with uremia, 

osteop·orosis. 

Hb = 15.0, RBC = 5.3 

Died 18 months p. i., autopsy withheld. 

HP-5 

White .male, 56 yr. 

InjeCted1i/30/45, ~0.0044 tJ.Ci/kg239pu(IV) citrate. 

Amyotrophic lateral sclerosis, pneumonia, ;renal cysts 

and adenoma. 

Died 15-1days p. i., autopsied. 
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HP-6 

White male, 45 yr. 

Injected 2/1/46, ~0.0044 jJ.Ci,/kg 239pu(IV) citrate. 

<?ne-year history of Addison's disease, infected skin le,sions. 

Follow-up 523 and 1610days p.i., lost thereafter. 

HP-7 

White female, 59 yr, 68 kg. 

Injected 2/8/16, 0.0057 jJ.Ci/~g 239pu(IV) citrate. 

Rheumatic heart dise~se, cardiac decompensation, toxic 

goiter" Hb = 12.6, RBC = 3.26. 
, 

Died 9 months p. i., autopsy withheld. 

HP-8 

White female, 41 yr, 54.4 kg. 

Injected 3/9/46, 0.0073 jJ.Ci/kg 239pu(IV) citrate. 

Two-year history of duodenal ulcers and scleroderma, 

Hb = 13.9, RBC = 4.7. 

Lost to follow-up. 

HP-9 .' 

White male, 66 yr, 63 kg. 

Injected 4/3/46, 0.0061 jJ.Ci/kg 239pu(IV) citrate. 

i8-month history of muscular atrophy and derma~itis 

(dermatomyositis), Hb = 12.3, RBC == 3,.9. 

Died 456 days p. i., of bronchopneumonia, autopsied. 

HP_iO 

Negro male, 52 yr, 71 kg. 

Injected 7/16/46, 0.0053 jJ.Ci/kg 239pu(IV) citrate 
f ., 

Congestive heart failure, Hb = 13.3, RBC = 5.5'. 

Lost to follow-up. 

HP-11 

White male, 68 yr. 

Injected 2/20/46, ;::: 0.0056 jJ.Ci/kg 239pu(IV) citrate. 

History of ,chronic malnutrition and alcoholism. 

Died 5 days p. i., cirrhosis of liver, edema, acites, 

autopsied. ';-

\ 
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HP-12 

Negro male, 53 yr. 

Injected 4/10/45, :::: 0.0044 I-LCijk.g 239pu(N) citrate. 

Multiple comminuted fractures, Hb = 8.9, RBC = 2.85. 

Biopsy 4 days p. i., lost to follow-up. 

(Also designated E. C. in Ref.{~). 

Chi-1 

White male, 68 yr, 76.4 kg. 

Injected 4/26/45,' 0.0052 I-LCi/kg 239pu(VI) citrate. 

Metastasizing buccal epithelioma, mild pyelonephritis, 

Hb = 10.9, RBC = 3.56. Mouth surgery 2, days p. i. 

Died 160 days p. i., autopsied. 

(Also de~ignated MX_100 in Ref. 48). 

Chi-2 

White female, 55 yr, 38.6 kg. , 

,Injected 12/2:7/45,' 0 .1.5 ~Cijk.g 239pu(vt)' citrate. 

Metastasizing breast carcinoma and lymphoblastoma, 

both tumors invading liver, kidneys, and. bone marrow, 
. " / I· 

healing p~thological rib fractures, Hb = 12, RBC = 3.5. 

Died 17 days p. i., autopsied. 

(Also designated WX-300 in Ref. 49). 

Chi-3 

, White, male, young adult. 

Injected12/2'7/45, ::::0.085I-LCi/kg 239pu(VI) citrate. 

Hodgkin's disease, no other infbrmation. 

Died ::::170 days p. i. , autopsy withheld. 

(Also' designated as MX-200 in Refs. 49-53). 

Ca1-1 

White male, 58 yr, 58 kg 

Injected5/t4/45, 0.0896 I-LCijk.g 238pu, 
239 ' 

Pu as Pu02 (N03)2' 

and 0.002 I-LCijk.g 
) 

Diagnosed as gastric carcinoma, gastrointestinal hemorrhage, 

Hb = 12"; RBC = 4:1'. 

Biop'sy4 days p. i. revealed huge gastric ulcer and adhesions. 

", 
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Total gastrectomy and spleneCtomy. 

Followed for 340 days, died 1/9/66 (21 yr. p. i.) of 

cardiovascular disease. 



-104-

APPENDIX 2, CONT'D 

-Case Cal-2a 
;". ~ 

This case, a 4-yr-1O-mo'='old white male of slight build, was 

suffering fro~ osteogenic sarcoma with pathologiC: fractures. He was 

injected 4/26/46 i. v. with 0.169jJ.Ci of239pu(VI) nitrate~ and tissue 

samples were obtained 7 days p. i. during a biopsy. ' Body weight was 

estimated to be 15.5 kg from Muhlmann 's Tables'~:3Ranc;l Bayer and 
. ·131 ' , ." 
Bayley's curve \ . , of retarded growth. Blood volume was estimated 

. - ' 
to be 7 .50/0 of the body weight with a p<:<:y;= 0.4. Skeletal weight was 

estimated to be 2300 g, and the weight of the femora to be 0.125 of the 

skeletal weight from Theile's m~asurements 132 of children's b9nes . , . 

Died, 1/6/47, no autopsy. 

SamE1es Wet weisht 0/0 Dose %LS. 
Corl:tbt' . 4:'05- 0.237 0.0585 

Tumor an~ adjacent 3,7 0.129 0.0349 
tra becula+bone 

Tumor adjacent to 3.7 0.59 0.159 
cortex 

Calcified tumor and 0.61 0.0285 0.047 
muscle 

Soft tumor and 0.92 0.00085 0.0009,2 
muscle 

Periosteum 0.65 0.00056 0.00086 

Plasma - 1 hr 5.78 0·.0043 

" - 1 days .077 0.00063 

Reconstruction of whole bone (femur) 

(0.237 + 0.00056 + 0.129.) % 
"'-- -- - '. 

= 0.372 0.04360/0/g 

(4.05 +0.65 +3.7)g 8.4 

a Data of J. G. Hamilton, K. G. Scott, and B. V. A. Low-Beer,­

Unpublished. 

- ", . 
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ApPENDIX 2, CONT'D 

Case Cal_3
a 

, This case, a 73.3-kg, 36-yr old Negro 'male, was diagnosed.from 

biopsy as having an osteo-fibro myxochondrosarcoma involving the 

'distal f,emur, patella and proximal tibia. He was injected 7/18/47 

with 0.095 J.1Ci 238pu(VI) nitrate intramuscularly at an ink-marked 

locatio? on the gastrocnemius muscle. A mid-thigh amputation was 

perf~rmed four days p.i. "Alive and well 7/17/68,' 21 yr. p.i. 

0/0 of absorbed 

Samples Wet wt. ( g) Ash wt. (g) dose 

Tumor 29.5 0.37 0.60 

Bone and tum:or 
b I 

31.5 12.6 0.144 

Marrow 4.0 0.05 0.063 

Normal cortex 50.5 20.0 0.063 

Muscle from 27;5 0.345 0.025 
'normal bone 

Injection site 69.5 0.87 46.6
c 

Whole femur reconstruction: 

(Bone + tumor) + (marrow) + (normal cortex)% 

(Bone + tumor) + (marrow) + (normal cortex)g 

a . 
DataofJ. G. HamiltonandJ. C. Crowley, unpublished. 

bpart of distal femur; patella, and proximal tibia. 

C% of administered dose. 

0/0 of absorbed 

dose/g 

0.0203 

0.0046 

0.0158 

0,.00124 

0.0009 

=0.003130/0/ g 
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APPENDIXeS 

Errors in original Pu source materials 

Langham et al. (Ref. 19). . 
Table 5. HP-12 value for 1/6-day blood is probably 53 ';rather' 

than 5.3.0/0. 

This patient, also designated as E,. 'C., was report~d at four hours 

after injection to have -"about 50%. . . ... . . still in the circulating 

blood" . 

12 
fTab,le 6. Urine in column/should read Chi-IIi; column 1,3 should 

read Chi-I; and column l4should read Chi-IL 

Table 6 (footnote 1). Should read, casesChi~1, 2, and 3 received 

Pu0
2 
++,in.s~dium citrate, Cal-1received Pu0

2
(N0

3
)2 . 

" 

Table 6 (footnote 1). Should read Cal-I re,ce'ived 238pu equivalent 
. " . 239 

to 61 .... g of Pu. 

Table' 3, . column 8 Make changes listed for Cal-1 shown below. 

Crowley' et al. (Ref. 57) 
Page 2, lines 7 and 8. The original data sheets' show the injected 

dose to have been 69,000 counts/sec-of a' particles. At counting 
, .' 238 239 

geometry of 500/0 this would be 3;73 .... Ci of Pu plus Pu. 

Table I, Column 5. Recalculated from the original data sheets, 

bone cortex should read O.0072%/g and marrow' should r~ad 

o .0:190/0/g. 

, . 
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APPENDIX 4 
F, 

Organ weights used to calculate total tissue plutonium content 

Adult male Adult female 

70 kg, .174 cm 58 kg, 162 cm 

Weight (g) % body weight Weight (g) % body weight 

Tissue a 

Muscle 28,000 40. 17,000 29.3 

. Skin 4900 7.0 3500 6.0 

Liver 1800 2.6 1400 2'.4 

~ung 1000 1.43 800 1.38 

Large intestine 500 .72 500 .86 

Small intestine 500 .72 500 .86 

Heart 350 ' .50 300 .52 

Kidneys 310 .44 260 .45 

Spleen 180 .26 130\ .22 

Pancreas 100 .14 85 .15 

Gonads 60 .09 10 .02 

Thyroid 16 .02 14 .02 

Adrenals 14 .02 14 .02 

Lymph tissue 700 1 .0 580 1.0 

Skeleton 
b 10,200 14. 6 7300 11.9 

- - - - - - '- -

aSoft_tissue weights and body proportions from ICRP Standard Man. 65 
, ' 

bSkeletal weights and body fractions were calculated from dis sections 
, '75 

of 20 male skeletons: Bischoff,73 one; Dursy,74 two; Volkmann, 

five; Mechanik,66 eight; Mitchell..e.La.l. 76-78 four; and n:ine female 
, 73 66 

skeletons: Bischoff, one; Mechanik, eight.. The wet skeleton 
, 64 65 

of ICRP, Standard Man, ' includes a 'full set of teeth, 

articular and costal, cartilages, periosteum, and marrow. 
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APPENDIX. 5 

Original data 
v 

Reconstruction of whole rib from. divided sam.p1es. ,-

were consulted and com.putationa1 and typographic errors corrected. 

Pu conc Sampl~ % dose 
weight in 

Case No. Sam.p1e (%/g) (gt sam.p1e 

Chi-1 Sternum. 0.0047 4.38 

Rib, cortex 0.0016 1.0125 0.001,6 

Periosteum. 0.0046 0.1215 0.00056 

Marrow & spicules a 0.0160 0.8292 0.0133 

Whole rib (calculated) 0.0079 1.963 0.0155 

'Chi-Z Rib, cortex 0.0210 0.43 0.0090 

Marrow 0.0196 0.2065 0.0040 

Who1e'rib (calculated) 0.020 0.6365 0.0013 

Cal-1 Rib, " cortex 0.0072 9.0 0.0,65 

Periosteum. 0.0048 0.445 0.00216 

Trabeculae 0.0319 0.84 0.0269 

Marrow ,0.0190 0.019 

Whole rib (calculated) 0,0081 
b 14..0 , 0.113 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
. 'and 

aO~igin of m.arrow sam.p1e noted as rib in Russell/Nickson (Ref. 41). 

bWho1e'rib sam.p1e ·weighed before division into four separate sam.p1es . 

..... ' 
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APPENDIX 6 
Wet weight of the human male skeleton and of the individual bones I 

Author Volkman75 Mechanik66 Marei and Borisov72 

Location & date Leipzig (1873) Lenigrad (1926) Moscow (1967)a 
No. of cases 5 6 7 
Mean age (yr) - 47.6 41.5 43 
Mean body wt (kg) 56.6 6L9 Not reported 

Wet wt (~) % of total Wet wt (~) % of total Wet wt (~) % of total 

Mandibleb 112 1.4 141 1.7 132 1.2 
IC~aniumb 808 9.8 848 '10.2 1,193c 11.3 
Humeri 493 6.0 547 '6.6 596 5.6 
Radii 136 1.6 153 1.8 {390 

d 3.7 , 
Ulnae 158 1.9 181 2.2 
Femora 1,528 18.6 1,493 17.9 1,635 15.5 
Tibiae 888 10.8 886 10.6 

J {1,185 11.2 
Fibulae 1174 ' 2.1 166 ' 2~0 
Patellae 52 0.6 58 0.7 , 71 0.7 
Clavicles 72 0.9 80 1.0 91 0.9 
Scapulae, 224 2.7 253 3.0 360 3.4 
Hands 222 2.7 232 ,2.8 277 2.6 
Feet 591 7.2 629 7.5 677 6.4 
Pelvis 897 10.9 808 9.7 1,193c 11.3 
Ribs 568 6.9 615 7.4 655 6.2 
Vertebrae 947 11.5 929 11.1 {1,961 c 18.6 
Sacrum 282 3.4 238 2.8 
Sternum 74 0.9 76 0.9 147c 1.4 

Total skeleton 8,226 8,333 10,563 

aOriginal tabulation was the average for 7 males and 6 females. These values were scaled up to 
males only, using male-female skeleton and bone relationships derived from the data of 
Mechanik66 and Trotter and Peterson86. " 

bIncludes teeth. 

cDissection was apparently less thorough than thoseby anatomists Volkmann 75 and Mechanik,66 
and these samples probably include much more periosteum and cartilage. 
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APPENDIX 7 

DiatributioD of Skeletal BU1'.den of· Various Radio'isotope. ~ Man. Monkey. and Dog 

Percent of skeletal burden 

Head
a 

Vertebrae and 
sacrum 

Sternum 

Scapulae and 
clavicles 

Ribs 

Radii. ulnae. 
humeri 

Femora. tibiae. 
. fibulae . 

Pelvis' 

Hands and 
feet 

.. - . . - - - -
a 

Includes teeth. 

Man 
226R b . 90

S 
c a. r 

H.4 

25.7 

. 9.0 

11.3 

.. 8.9 

15.2 

tz.Z 

22.9 

1.8 

6.3 

13.4 

7.0 

18.5 

18.8 21.1 

7.8 8.5 

b Evans (Refs. 82. 83) 

'cKulp and Schulert (Ref. 84) 

d. . 

MonkeiI 
9tSsr a Z41 Am e 

17.8 ~0.9 

Z6.4 . Z8.9 

Z.7 1.5 

S.6 4.Z 

6.4 5.9 

9.9 10.8 

12.8 11.4 

H.S 8.4 

5.4 6.2 

Dog 
-~6~-£Z4I 'g Z39

Pu
h 

~~ Ra Am 

14.5 

27.2 

4.5 

4.8 

10.6 

11.1 

11.3 

7.1 . 

.6.8 

9.4 

45.0 

6.0 

3.5 

8.5 

8.6 

9.1 

4.9 

2.0 

7.7 

35.3 

1.8 

6.3 

11.7 

12.0 

12.8 

7.4 

2.4 

,-:",,-' 

P. W. Durbin. M. H. Williams, and N. Jeung, Unpublished. Adult rh6sus monkeys (Macaca mulatta), 
No. 40F, 99 days p. 1. and No. G8M, 2 days p. i. 

e p . W. Durbin, M. H. Williams, andN. Je~g,unpublished; Eight adult female cynomolgus monkeys 
(Macacairus phUippen.is) killed I to 63 days p. i. ' 

f . . . 
Athertonetal. (Ref. 79). 

h Lloyd et alo (Ref. 80). '. 
" 

.( 

j 
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. APPENDIX 8 

Assessment of Errors in Calculation of Skeletal Pu from Eq. (3) 
241 

The Am monkey studies provided material with which to assess 

the errors in PU
sk 

calculated from Eq. (3). Eight female cynomolgus 

monkeys (Macaca irus philippensis) were killed from 1 to 63 days 

ft '. t .;. f 241A ' 1 d ·th d· ·t t a er an In ravenous InJectlon 0 m comp exe WI so Ium CI ra e. 

Bones were dissected, cleaned of soft tissue, weighed fresh, and 

analyzed for 24lAm . The variations in body size and skeletal weights 

were small, respectively 10.40/0 and 13.70/0. 

0/0 error = S. D: '. X 100 
I 

i 

where i is the measured average, and S. D .. is its standard deviation. 
I 

The error in the fraction body weight skeletal weight was 11.40/0. The 

errors in the weight' fractions of individual bone groups were 100/0, on 

the a'verage. The errors in the calcula:ted averages of the fractional 

bone distribution of ,241 Am ranged from 60/0 to 200/0. Individual variation 

of 241 Am uptake in the skeleton accounted for an additional error of 

140/0 in the average skeletal 241 Am of the group. The combined error 

in skeletal 241 Am ~f an individual monkey based on a single bone 

calculation from Eq. (3) was of the order of210/0.* The total skeletal 
241 . " - " 

Am of an individual monkey based on the average of several single 

bone calculations more closely a'pproximated the measured value; if 

four bones wer,e used the total error was reduced to ±80/0 of the 

measured value. 

~~According to, the theory of propagation of errors, 

S.D. 
=[~ (S~D·irr/2. tot and in this case 

tot 

0/0 e t = [(1104)2 + (10)
2 

+ (15)2 ]1/2. 
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CAPTIONS 

Fig. 1. Pu loss from soft tissues (other than liver) ·after intr~venous 

_injection of Pu{IV) citrate or Pu{VI) citrate. Rat data are from Scott 

et al. IO and Carritt et al. 62 ; toxicity dogs were those of Painter et 

al.14 ; mongrel dogs injected with Pu{NO) were those of Rysina and 
3 4 

Erokhin59 ; beagles were those of Stover et al. 28 . 

Fig. 2. Disappearance of Pu from the blood of man, dog, and'sheep. Dog 

data are from Stover et al ~8,29 all dose levels combined; sheep data are 

from McClellan et al. 38 , 39 

Fig. 3. Rate of urinary Pu excretion by several Pu-injected persons, dogs 

and miniature swine. Swine data are from Clarke et a1. 40 ; dog data are 

from B. J. Stover and D. R. Atherton (original data, 0.1 ~Ci/kg and 0.3 

~Ci/kg groups only).· 

Fig: 4. Comparison of urinary excretion rates of four occupationally exp~sed 

persons and the rates predicted by the exponential Pu urine curve constructed 

in this paper (bold line) and the Langham equation I9 (dashed line). Occu-

pationally exposed persons: o--W. B.G., 6--D. L. W. ,0 --W.A. B .19; (> --LASL-l , 

Foreman et a1. 58 . Injected persons: .--HP-J and .--HP-6I9~ 

Fig. 5. Comparison with the normal Pu urine curve of urinary Pu excretion 

after an accidenta~ exposure and treatment with DTPA. Data for RF-2075 

we~eread from Fig~. 1-6 in Lagerquist et al. o --DTPA treatment two 

to seven times a week, .--no DTPA treatment, ---no DTPA treatment values 

mUltiplied by 10. 

Fig.' 6. Rates of feca~ Pu excretion by Pu-inJected persons, dogs, and 

miniature swine. Dog data are from B. J. Stover and D. R. Atherton {orig-

inal data) O. 1 ~Ci/kg and 0.3~Ci/kg groups only; swine data are from 

Clarke et al. 40 • 
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Fig. 7. tomparison of human urinary Pu excretion for from 1 day to 40 

years predicted by the normal .Pu urine curve with the Langham equation I9 . 

Points shown were calculated from the parameters in Table 10. 

Fig. 8. Comparison of human fecal Pu excretion for from 1 day to 40 years 

predicted by the normal Pu fecal curve and the equation given by Langham 

et al. 19 . Points shown were calculated from the parameters inTable 14. 

Fig. 9. Predictedwh?le-body content of Pu from 1 day to 40 years after 

,intravenous injection during adulthood; Points shown were Galculated 

from total excretion shown in Table 16. 

Ffg. 10. Comparison of the percent of the Pu body content excreted daily 

in urrne from 1 day to 40 years predicted by the normal Pu urine and 

fecal'curves in this paper and the equations of Langham et al. l9 . Points 

shown were calculated from the parameters given in Tables 10 and 14. 

Fig. 11. Predicted Pu content of the human liver following an acut~ expo­

sure to Pu' in soluble form. 
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Captions for Appendix Figures 

App. Fig. 9a. Urinary and fecal excretion of Pu by injection cases 

HP-1 through HP-6. 

App. Fig. 9b. Urinary and fecal excretion of Pu by injection cases 

HP-7, HP-8, HP-9, HP-10, HP.12, and Chi-II. 

App. Fig. 9c. Urinary and fecal excretion of Pu by injection cases 

Chi-II, Chi-Ill, and Cal-i. 
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r------------------LEGALNOTICE---------------------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees,makes. 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or. process disclosed, or represents 
that its use would not infringe privately owned rights. 
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