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surgical repair of comminuted fractures. Surge?- occurred 2 1 da!-s 
Ole bones were fractured and 5 days after the Pu injection. Callus 
.ion and resorption of damaged bone were probably well under \\.a). 
the Pu was injected. Van hliddlesworth" showed that Pu uptake 
czling fracture IVZ about four times as great as in the contralateral 
11 bone whcn partial healing had been permitted to occur before Pu 
on. 

small piece of femoral metaphysis from Cal-2 (designated as 
wn5 evidently not normal. Even assuming uniform skeletal Pu 

lte 33% of the whole 

adc only for Sr in t lw  

mtructcd, see Ref. 64. 

cxCc( 
hkcr  
W ~ C  

Pful 

dc@ition during rapid growth, , the P u , ~  calculated from this sample also 
dcd 100%. Nthough not stated, the biopsy specimen may have been 
froni the distal femoral metaphysis, the site of a pathological frac- 

hrce months earlier. 
I f  t h m  two cscs  are excluded, the mean skeletal Pu of the remaining 

6 X c . ~ v s i s 4 9  r 8.3y0. 

miurn in blood after intravenous injection 
Scrid blood samples were drawn at irregular intervals from 11 of 

' l'h+ swrces of error in total skeletal isotope calculated from Eq. ( 3 )  have bcen 
rumincd for an ideal case,'' 
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the Pu-injected individuals.'* The first sample was taken 4 hours after 
injection in all but one case, Chi-l.'* The longest pmt-injection time at 
which a reliable blood sample was obtained was 46 days. -4 semilog- 
arithmic curve of Pu in the blood was prepared for each of the ten 
individuals from whom more than three blood samples were taken. Details 
of the construction of the blood curves appear elsewhere."' 

Individual Pu blood curves are shown in Figure 2 along with the 
curves for dog and sheep.* Case HP-2 was typical of the curves of most 
of the cases. Case HP-4 Gas the most unusual - rapid components were 
missing, and Pu remained in the blood for a much longer time. The blood 
curve of HP-7 is shown to demonstrate the leveling trend after the fifteenth 
day. 

In spite of the variety of their iUnesses, the blood cunes of these in- 
dividuals revealed a common pattern. -4s it moves out of the circulation, 
Pu is evidently tracing fundamental processes that are little disturbed by 
the specific pathological conditions. There was an equally remarkable 
similarity among the different species. The indicidual intercepts 'and hdf- 
times of the Components daigned Pz, PJ, and Pd (see Table 111) were not 
normally distributed about their means, and it was necessary to seek some 
aspect of the chemical status of Pu or the physiolo5cal status of the 
patients (or both) that would account for these variations. 

Pu( IV) has been shown to combine with proteins in the plasma of 
the rat,3o* dog,Jz* 33 and man '' - in particular the iron-transport 
protein, transferrin. The properties of transferrin and its metabolism, 
and the transport of iron and its release into deveIoping red cells have 
been recently reviewed by Katz." Plasma clearance of pre-equilibrated 
"gFe-transferrin has an average half-time of 96 35 Once bound 
to transferrin, Pu(1V) appears to be released much more slowly than 
iron, and the mechanism of release remains to be elucidated. However, 
because such a large fraction of Pu( IV) introduced into the circulation 
in monomeric form is quickly bound to transferrin-- 85y0 in 1 hour in 
the rat - the working hypo- 
thesis was adopted that Pu bound to transferrin traces, at least in part, the 
metabolism of the carrier protein. 

. 

~ 

and 96% by the seventh hour in the 

Tbe Pu blood curve fDr the dog was constructed for the data given in Figurer I 
and 2 of Stover et a].= Percent Pu per ml plasma war converted to So Pi1 

in total blood volume by using the blood volume for the beagle.= Long-term 
data were obtained from Toble Z in Stover et aI.= Data for the sheep were read 
from Figuru 3 of McClellan et al." 
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H P -  t Gushing's syndrome with 

and hemophilia 

Heart disease 

Days after injection 

Fig. 2. Disappearance of Pu from the blood of man, dog, and sheep. Dog 
data arc from Stover et al.zs, all dose levels combined; sheep data are from 
McClellan et d.". 30 
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The intercepts and the half-times of the unanalJzed indi\idual Pu 
blood curves are shown in Table ZII. In the suhsequent discussions of data 
presented as semilogarithmic plots, the slopes of the segments of the ex- 
perimental curves are presented in terms of their half-times: half-time = 
0.693/X, where X is in units of time-’. Half-times of raw cunes are de- 
signated as s, and half-times of the exponential equations of these cunes 
are designated as 7.  Intertepts of raw curves are designated as A, and the 
coefficients of the exponential equations as a. 

It  can be inferred from the rapidity with which Pu initially leaves 
the circulation without appearing in significant amounts in the excreta or 
the major organs of deposition,” that some of the Pu not promptly bound 
to protein moves into the extracellular fluid. Half the body transfemn 
and the iron bound to it are extrava~~dar .~’  The slow return of Pu to the 
circulation and its nearly complete protein binding after the first hour 
strongly suggest that some of the Pu that escapes into the extracellular 
fluid returns in bound form. The rates of movement of ( a )  unbound Pu 
out of the circulation and into the estracellular fluid, ( b )  Pu returning 
to the circulation bound to transfemn, and ( c )  Pu-tramfemn into extra- 
cellular fluid3’ and e x ~ r e t a ~ ’ * ~ ~  should all be influenced by the efficiency 
of the circulation. 

Four persons were suffering from various heart and (or) circulatory 
ailments, all of which are associated with increased tissue fluid retention 
and decreased venous return. HP-3 was edematous, and her rate of 
tissue fluid movement was probably depressed. The parameters of the 
blood Pu c w e s  of these five cases were compared with those of the re- 
maining five cases, whase cardiovascular sytems were apparently normal 
for their ages. The blood volumes of those patients with circulatory im- 
pairments lost Pu more slowly;“ the half times of Pz [PSt (normal] = 
12.9 * 3.6 hour, and PSZ (impaired) = 19.1 c 2.5 hour] were si*pifi- 
candy Merent  ( P  = 0.01).83 Component P3 was slower in the persons 
with poor circulation, but the difference ~ 3 s  not significant. No effect of 
circulatory impairment on component P, was detected, suggesting that 
this and later components are only minimally influenced by circulatory 
status. Intercepts PA,, PA,  and P A  were higher when the circulation 
was not normal, but the scatter was so great that these differences were 
not signrficant. 

~ 

Although they could not be examined, the earliest components (combined here 
i Y PI) were probably also slowed by circulatory impairment. 

- - -- 
‘ . .  . . .  . 
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A fivecomponent exponential Pu blood curve was constructed by 
use of the mean intercepts and half-times of those individuals \vho werc 
judged to be free of debilitating heart or vascular disease. Each mean 
component was plotted as a straight-line segment, and the equation of the 
composite curve was obtained by standard graphic methods. The para- 
mttexs of the equations of the human bIood curve are given in Table ZV 
with those of the Pu plasma or blood cun-es of several other species. 

Components PI, P, and P3 were affected by impairment of the cir- 
culation. Component PI (not well defined for man, half-times raging 
from a few minutes to about 1 hour) seems to be associated with circda- 
tory mixing, movement of unbound Pu into estraceUular fluid, and uptake 
of Pu in bone and liver. Component P2 (half-time 7 to 8 hours) seems 
to be related to the accumulation of Pu by bone. Iron metabolism sug- 
gests the mechanism leading to components Pj and PI. Component Ps 
(half-time 1 to 2 days and not observed in the rat) may be related to 

the return of Pu-transferrin to the circulation from extracellular fluid. 
The last short-term component, P, (half-time 5 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 h u e .  

The material balance of Pu in swine suggests loss of Pu from bone 
as an important source of plasma Pu after the first few days post injec- 
tion. A long-term component, Ps, was found for the dog and pig (half- 
t h e  about 230 days), and is probably related to feedback of Pu from 
short-lived bony structures and soft tissues. Only the dog has been observed 
for a long enough time to permit identification of a very slow component 
(half-time about 5500 days), which may be related to release of Pu from 
the liver as well as from slowly metabolizing portions of the skeleton. 

c 

- Renal excretion of plutonium 
. f  The daily urinary excretion of each Pu-injected individual was given 

through the end of collections or through 138 days after Pu injection in 
Table VI of Langham et Additional excretion data for Chi-I, Chi-3, 
and CaI-1 through 155, 163, and 341 days, respectively, were available in 
the original references.'T, ' "7  ' z  There is a great deal of scatter in the in- 
dividual data; it could be caused by incomplete collection, analjticd 
errors, or fluctuations in the physical condition of the patients." The best 
straight-line segments were drawn on semilogarithmic plots of didy 
urinary excretion, and the resulting curves (shown in Appendix 2)  were 

-: t *I 
B 

analyzed graphically. 
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It is appropriate at this point to summarize what is known or can be 
inferred about the renal excretion of iron. Under normal physiological 
conditions only a tiny fraction of plasma iron exists in forms other than 
bound to transferrin. Urinary excretion of iron is only 0.1 mg to 0.2 mg 
daily equivalent to a urinary clearance of about 3% of plasma iron?' 
The normal mechanisms of urinary iron excretion probably include 
(a) filtration of low-molecular-weight chelates, ( b )  exfoliation of kidney, 
bladder, or urethra cells all of which contain small amounts of iron, 
and (c) leakage of transferrin-bound iron through the glomerulus or 
tubules. Another possible source of urinary iron may arise during trans- 
femn catabolism in the kidney. The ability of the kidney to excrete un- 
bound iron can be inferred from the obsewation that 1% to 2% of in- 
jected 59Fe-ax~rbate could be found in the earliest urine samples.ss 

The amount of Pu excreted in the urine at any time should depend 
at least in part upon the extent of Pu-transferrin binding (or binding to 
other proteins) and the filterability of low-molecular-weight Pu chelates. 
The rates of production and destruction of transfenin, hence, the amount 
of transferrin cir~ulating'~ and the latent binding capacity (binding sites 
not already occupied by iron) are related to hematopoiesis and dietary 
iron intake." Both the amount and latent binding capacity of transferrin 
an increased following acute hemorrhage and in iron-deficient anemia, 
and both are reduced in hemolytic anemias, acute hepatitis, and hemo- 
chrornatosi~.~~ The extent of Pu-transfenin binding and the rate of its 
rtlease also appear to be related to and affected by the status of hema- 
topoiesis. 

Some indikiduals 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 earliest and latest 6-day intervals 
in which excreta were collected from all the patients. Medical histories 
were examined for information on renal function, hepatic protein synthetic 
capacity, and hematologic status. 

The influence of anemia associated with an elevated latent iron 
binding capacity (reduced trandemn saturation) on urinary Pu ex- 
cretion was clear. During the first 6 days post injection the four anemic 
Pu(N)-injected patients excreted si,pificantly less Pu in their urine 
(O.6OY0 & 0.1570) than did those whose hemogram were presumably 
normal (1.05 -+. 0.2570.) Lower initial Pu excretion is what would be 
expected on the basis of the increased binding capacity of transferrin as- 
sociated with most anemias.36 During the interval of 19 to 24 days, the 

8 0 0 4 5 8 2  
I 



{E @LD DATA 

own or can IX 
I physiologknl 
ms othcr th:in 
nig to 0.2 nig 
plasma iron.”‘ 
t)nbly inclridc 
tion of kidney, 
ounts of iron, 
gIonwulus or 
. during tmns- 
to cscrcte un- 
to 270 of in- 

should Jepcnd 
(or binding to 
ht Pu chelatcx. 
ce, thc amount 
. (binding sitrs 
sis and dietar?; 
y of tramfcrrin 
ficient nncniia. 
itis, and hcnitr 
the rate of its 

Sam ples.8’ 

,tatus of hcrlin- 

othcn. In ordcr 
to physiolo$c;il 
6-day intcn.:iIs 

Icdicd historic; 
rotcin synthetic 

tcd latent iron 
urin‘uy Pu cs- 
:hc four ancniic 

in their urinc 
;ere presumably 
what worild t>c 

d transfcmn s- 
to 21 dny~;, thc 

8 0 0 4 5 8 3  

1 
P. W. DURBIN 

i 
409 

last 6 days for which excreta were collected from all the Pu (IV) -injected 
patients, the urinary Pu of the anemic patients (0.13% 2 0.0670) was 
slightly more than that of the hematologicidly normal patients (0.1 170 
0.03 % ) , though not significantly so. 

The urire curves of the four persons studied longest and the best 
curves that could be drawn f6r the dog and the pig are shown in Figure 3. 
The majority of the individual Pu urine curves contained two to four 
distinct segments, depending upon how Iong excreta were collected. 

The means k standard dekiation of the raw intercepts and half-times 
were calculated (see Tabte V )  for the ten Pu(1V)-injected persons, six 
judged to have normal kidney and hematopoietic function, ‘and four 
judged to be anemic. The intercepts of the first two components, U.41 
and UAt, of the Pu urine cuwes of the presumably normal persons were 
almost twice as large as U-L and UX, determined for the anemic cases. 
UG of the normal group was substantidly Iower than UAJ of the anemic 
group. The half-timer of these three components of the Pu urine cuwes 
were not affected by anemia or kidney disease. .Although the amounts of 

the urine were altered as a result of the various physiologi- 
associated with anemia, their rates were apparently un- 

U-L, of the Pu(V1)-injected cases was 
St, was less than the vaIues of these para- 

d for either the normal or anemic Pu( 1V)-injected 
er early urinar). excretion of Pu(V1) citrate suggests 

is more readily filtered by the kidney than is Pu( IV) 
apid decay of the initial urinary component is in 

th Bruenger’s s~ggestion’~ that Pu( 1’1) protein binding is more 
an that of Pu( IV) . The average intercepts and half-times of U:, 

u(V1)-injected persons were either the same as, or 
, the values of these parameters determined for 

jected cases with normal kidneys and normal 

or radiological protection purposes the need is characterization of 
ntative of an adult human being in reasonably 

health. Therefore, in this analysis data were excluded from those 
judged to have obviously abnormal kidney function or abnormal 

emic persons). A five-component exponential 
raw intercepts and half-times ar.e shown in 
of i t s  equation :<ppenr in Table T’Z. 
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- Fig. 3. Daily urinary PU excretion by several Pu-injected persons, d o g  and 
miniature swine. Swine data are from Clarke et aI.*O; dog data are from B. J. 
Stonr and D. R Atherton (original data) 0.1 pCi/kg groups only. 
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The half-times of the early Components of the Pu urine curve were 
riot noticeably affected by the physical disabilities of the indibidual 
patients, and the half-times of all the Pu( IV) urine curves were included 
in the calculated averages for each component. Pu( IV) is deemed most 
Ucdy to be the chemical form of Pu encountered in an occupational ex- 
potsure, and for this reason the Pu(V1)-injected c'ases were omitted from 
the calculated mean of US1. The half-times of the later components 
of the Urine curves of the Pu-fVI)-injected individuals were not different 
from those determined for the persons given Pu( IV) ; therefore, d half- 
time determinations have been included in calculation of US2, and USJ. 
O n l y  Chi-3 and Cal-1, who were both injected with Pu( VI ) ,  provide any 

The only human Pu urine measurements at post-injection intends 
suffciently long to permit estimation of the slope of the nest component, 
USs, are two samples obtained from HP-6, 525 and 1610 days past injec- 
tion. The line joining these two points has a half-time of 1250 day,  only 
one-third the value of CSs in the Pu urine cune of the dog. US3 and US, 

! 
i 

f MII 
1 'Wit 

1 
t 

d m a t e  of US,, but neither was followed long enough to define it closely. 

t 
1 

_. 

were not defined for HP-6 because collections were terminated too soon, 
but if US3 and US, for HP-6 are similar to the other cases, then the 

HP-6 should bend between the two late sample pints, and 
be greater than 1250 dqs.  

e long-term urine data from four occupationally exposed persons 
n Figure 4 :  IVBG, DLIY, and IY=\B, from whom urine speci- 
obtained periodically for as long as 1698 days after terrnina- 
sposure;19 and L:ISL-l who was followed for 3500 days after 

of his initial high level Pu exposure.J3 The latter case is com- 
awe the individual returned to work with Pu, but at much 
2350 days after the end of his first Pu exposure period. The 
data suggest that the longest half-time of the human Pu 

is perhaps as long as 13,400 days - the least-squares-fitted 
MSL-1 urinalysis data." In the absence of reliable human 
awe of the half-times of comparable early portions of the 

urine curves are similar to those in the dog and pig, 4000 days 
selected as a working value for US5 for man. 

average of all the urinalyses 
data appear in Table 3 of 
for the number of analyses, 

d zero values were ignored. 

I I .  
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Longham equation 
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Fig. 4. Comparison of urinary excretion rates of four occupationally exposed 
 person^ and the rates predicted by the exponentid Pu urine curve construct- 
ed in this paper (bold line) and the Langham equationlg (dashed line). OC- 
cupationally exposed persons: 0 - W.B.G., A - D.L.W., 0 - W.A.B.lD; * -- LASL-1 .53 Injected pemns: - HP-3 and A - HP-6.’* 
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Lagerquist et al.” reported an accident involving contamination of 
Pu worker designated RF-2075 ( S .  E. Hammond, private communicn- 
tion). He intided some Pu, and his body surface was contaminated, but 
the bulk of his internal burden was apparently the result of Pu embeddcd 
in an injured hand. Twelve dajs after the accident 98% of the Pu in his 
hand was removed surgically, and he couId be considered to have had 
a single acute exposure. 

The urinary Pu excretion of RF-2075 is plotted in Figure 5 from data 
read off the published curves.”s This is a complicated case; the indhidud 
was treated almost continuousIy with DTP.4, and three operations were 
performed to remove the Pu from his hand. Figure 5 shows, however, that 
the raw half-times of his Pu urine curve are very close to those obtained 
from the urine cumes of the Pu-injected persons (see Table V ) .  On the 

Days ofter accident 

Fig. 5. Comparison of urinary Pu excretion after an accidental exposure 
and treatment with DTP.4 with the normal Pu urine curve. Data for RF- 
2075 were read from Figures I 4  in Lagerquist et 0 - DTPA treatment 
two to seven times a wveek, 0 - no DTPA treatment, - no DTPA 
treatment values multipIied by 10. 
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’ 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 DTP.4 treatment. 

The values selected for UAl and U-A2 in the human urinary curve 
were those determined for the Pu( 1V)-injected persons with presumably 
normal kidneys and hematopoiesis. The intercepts of the curves obtained 
from the Pu (VI )  -injected series were rejected throughout, because the 
four persons in that series met one or more of the criteria for altered 
urinary Pu excretion. 

No Pu(1V)-injected indkidual provided urine data after 65 da)s 
post injection; however, a third component, U3, emerged early enough in 
the curves of four cases to identify UX3. The last few points on the CURS 

of four additional cases suggested an inflection and permitted estimation 
of UG. 

Only Cal-1 was followed long enough to identify the intercept, U-44. 
Comparison of his daily U I - ~ M ~  Pu, 0.001 1 %/day between 300 and 350 
days post injection? with the urinary Pu of HP-6, 0.002 %/day at 525 
days and 0.0011 %/day at 1610 days post injection, suggests that the 
value of UA, obtained from Cal-1 is Iow by at least a factor of two. Con- 

y, the graphic construction method shown in Appendix 2 for HP-6 
to estimate UX4 and u.4~ Details of the construction are re- 

.- . 

retion of plutonium 
u fecal excretion data for Chi-1 and HP-1 through 
Table 9 of Langham et al.I9 Fecal Pu for Cal-1 was 

of Crowley et d.’* Urine and feces were not separated 
for 2hi-2, and fecal data were not reported for Chi-3. 

As discussed in the preceding sections, Pu transport in blood and Pu 
filtration by the kidney are largely determined by Pu binding to trans- 
fen n. The small gastrointestinal elimination of Pu by larger animals 
Car. also be better understood in light of the stability of the complexes of 
FC and Pu with transferrin and the high degree of conservation of iron. 

h m a n  gastrointestinal tract normally excretes approximately 0.6 
mglday of &n.3B. 921 S7 Recent studiess9 indicate that secretion in bile ac- 
co~nts  for 33% of fecal excretion, and loss of iron contained in the 50 to 
80 g of intestinal epithelial cells that are desquamated daily accounts for 

ther 13%. The remaining 40% of gastrointestinal iron excretion may 
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be associated with other digestive secretions (gastric, pancreatic, and in- 
testinal juices) .367 '' Crosbf3 suggests that the gastrointestinal tract is also 
an important site of transferrin catabolism. 

It was suggested that early urinary Pu excretion was related in n 
roughly reciprocal way to the level of transferrin saturation. By the smie 
line of reasoning, at least two of the proposed gastrointestinal excretory 
mechanism - biliary and digestive-juice secretion - might also be es- 
pected to be influenced by the degree of digestive tract secretion. If dietary 
intake were low or consisted of soft, bland, nonstimulating foods, the 

b14k 
kk&i 

volume of digestive secretions might be lower and fecal Pu consequently 
reduced. 

During the first two weeks after injection some indiLiduals consist- 
ently excreted more Pu in their feces than did others. In order to deter- 
mine whether fecal Pu was related to medical status, fecal Pu was s u m e d  
for each patient over the first and last 6-day intervals for which fecal 
collations were obtained from dl the patients. Gastrointestind tract and 
Ever function and the amounts and varieties of foods eaten were judged 
to be within normal limits for six Pu( 1V)-injected patients. Three patients 
were being treated for peptic ulcers and were probably taking small meab 

f soft bland foods to reduce gastrointestinal stimulation and secretion. 
ter a total gastrectomy on the fourth day following his Pu injection, F Cal-1 passed little fecal matter through day 17. Two patients were being 

treated for severe cardiac conditions, and it \vas considered likely that 
they too were taking in less than normal amounts of food and liquids. 
HP-3 was being treated for hepatitis, and the presence of pruritic dermati- 
tis strongly suggests that she was also jaundiced and that her bile output 
was less than Chi-I was operated on twice ( I5 days before and 
2 dajs after his Pu injection) to remove tumorous tissue from his buccal 
cavity. His output of fecal matter was normal shortly after injection," but 
as his condition deteriorated, the buccal lesion ulcerated to the bone, a p  
parmtly making intake of ordinary foods difficult. After the hundredth 
day his fecal bulk was below the lower limit of normal?' 

If onIy the Pu(1V)-injected cases are considered, the average fecd  
Pu of those persons judged to have normal gastrointestinal function and 
n o d  dietary intakes \vas 1.32% k 0.30, nearly twice that of the persons 
with gastrointestinal difficulties or restricted dietary intakes, 0.67% C 
0.14. The difference was significant (P<0.01)a3 during the first 6 dn!s 
after injection, but of only borderline significance between 19 and 2-l 
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days post injection; normal diet, 0.20% f. 0.08; restricted diet, 0.09% 
f 0.04 (P4.05) .  There were no discernible correlations between fecal 
Pu excretion and erythropoietic status. 

The original fecal Pu data are plotted along with the urine curves in 
Appendix 2. Analysis of the early portions of most of these curves was 
not possible, because feces were sampled as 2- to 6-day pools. A cumula- 
tive fecal excretion curve_was prepared for each case plotted as a linear 
function of time. Fecal lag - that is, gastrointestinal transit time - was 
estimated for each case by extrapolating the earliest defined portion of 
the cumulative curve to 70 dase/day = 0. The differentiated cumulative 
fecal Pu cuwes were replotted on a semilogarithmic scale (not shown), 
and the unanalyzed half-times, intercepts (at t = fecal lag), and fecal lag 
times for each case are collected in Table VII .  The fecal Pu curves of 
the three persons who were followed for the Iongest time after injection, 
and the best curves that codd be drawn for fecal excretion of Pu by the 
dog and the pig are shown in Figure 6. 

The means 2 standard deviation of the unanalyzed half-times and 
intercepts were calculated (see Table VIZ) for the six Pu(1V)-injected 
individuals that were presumed to have normally functioning gastroin- 
testinal tracts and to be eating ordinary amounts of a mixed hospital diet 
and for the five Pu( W)-injected persons judged to 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). The half-times of the 
first two components of the normal Pu fecal cun-e are the averages of 
FSr and FS2 determined for all the cases, because neither the medical 
status of the indhiduals nor the chemical form of Pu administered ap- 
peared to change the rates of the processes leading to these fecal-curve 
components. 

FSa could be determined only for HP-7, Chi-I, and Cd-I. There 
was good agreement among the three and all were used to calculate 
an average FS,. FS, observed only for Cal-1 emerged in his fecal cune 
only 100 days before collections were terminated, so it is uncertain. How- 
ever, 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 FSs, 
4000 days, was obtained by least-squares-fitting the fecal data of the 0.1 
ptB/kg group of Utah d o g  from 750 through 1750 dajs post injection.* 

Fees  were collected periodically from some of the 0.1 gCi/kg dogs for as long 
as 2921 daysm Data for individual dogs as well as the mean values of all 
survivors exhibited a rising trend after 1800 days. 

i 
I 

.- . b 



! 

tz 
hl - 
8 0 01 

c 



eo 
(0 

0 
rr) 
(0 

u¶ 
0 
0 

8 

c 

.T . 

i 

u- 
'10 . .  



- - 
I 502 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

! 

- 
x 
0 
'p 

a3 
CL 

L- 

W 
v) 
0 
'p 

+ 
0 

u) 
a3 
0 
W 

e 
+ 

.- 

0 

Fii 

0.1 
sw: 

8 0 0 4 5 4 b  

, - D a y s  a f t e r  inject ion 

6. Daily fecal Pu excretion by Pu-injected persons, dogs, and miniature 
?. Dog data are from B. J. Stover and D. R. Atherton (original data) 
.Ci/kg and 0.3 &;/kg groups only; swine data are from Clarke et aLio 

L 

.i 



. .THE OLD DATA P. W. DURBIN 503 

The intercepts of the first two components of the fecal Pu curves of 
the penom with normal digestive function were almost double those of 
FAI and FA2 calculated for the persons having reduced gastrointestinal 
function, but the differences were not statistically significant. However, 
the intercepts of the first two components of the normal fecal Pu curve are 
the mean values of FA1 and FA2 determined for only those persons whose 
gastrointestinal tracts were judged to be normally stimulated and norm- 
ally functional. FA3 is thc'mean of the four Pu( 1V)-injected cases for 
whom that parameter could be estimated. 

Values for FA,, the intercept of the Iongest observed component, 
were available from only two Pu (VI) -injected penom, neither of whom 
was considered to have a normally functioning gastrointestinal tract. The 
last 40 days of fecal collections from Chi-1 were only one-half normal bulk 
and he was near death from metastases of his malignancy. FA3 of his fecal 
curve was one-half that either observed or estimated for the less seriously 
ill Pu(1V)-injected persons. FAs from the fecal curve of Cal-1 \vas even 
lower - slightly more than 50% of FA3 for Chi-1, and 2070 of the average 
FA, of the Pu(IV) group. His stomach had been completely removed 
four days after the Pu injection. In the absence of a stomach, his daily 
food intake. was probably low, and *"dStric juice- which makes up a 
significant fraction J f  the total voIume of digestive secretions-was 
absent. Gastric acid is one of the normal stimulants of the secretion of 
bile, pancreatic and intestinal juices, and intestinal mucus.w* 32 Iron ab- 
sorption is reported to be reduced by as much as 5070 after g,xtrectorny." 
Lack of gastric juice may have prayed an indirect as well as a direct role 
in reducing the quantity of gastrointestinal secretions and concomitantly 
the amount of Pu excreted in feces by Cal-1 .* 

It was assumed that the relationships between the FA3's of Chi-1 and 
Cal-1 and the Pu( IV) -injected group, 

.. 

. 

FA*(Chi-I) = 0.5 FA~[Pu(N)]  and FAs(Cal-1) = 0.21 FA~[Pu(IV)], 

could be used to estimate FA for the Pu( 1V)-injected group as follows: 

FA, = [ (0.001 8/0.5) + (O.OO56/0.2 1 )]  f 2 = 0.003 %/day. 

An approximation of FA5 \vas obtained by assuming that FJ in the human 
CUIVC and in the dog c w e  emerged at about the same time post injec- 
tion. F4 was extrapolated to that time (900 days), a line of 3850-day 
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There is a possibility that systematic errom in collection and analysis also con- 
tributed to the low fecal Rt values of CAI.= - 
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half-time was drawn through the 900-day point, and its intercept w,2s 
determined to be 0.0012 %/day. The parameters of the five-component 
"normal" human fecal excretion curve appear in Table V I .  

: I  - 

! 

1 

i 

Urinary and Fecal Clearance of Plutonium 
Having no fecal data beyond 138 days, Langham et al." were forced 

to *JSC an estimate of the Pu U/F ratio to calculate long-term Pu excre- 
tion. However, botbterms 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-can be obtained from plasma 
clearances. Accurate determination of urinary clearance requires sim- 
ultaneous sampling of plasma and bladder urine. In the absence of precise 
measurements for man, Equations (4) and ( 5 )  were used to estimate es- - 
cretory clearances from the data available for man, namely, intermittent 
plasma samples, 24-hour urine samples, and pooled fecal specimens. .* 

t 
L Ex 

- tl 

Both urinary fecal clearancg were calculated over 6-day intervals for as 
long as blood measurements were made, but only two intervals, at the 
beginning and the end of measurements, are shown. 

Painter et aL" measured urinary Pu clearances of dogs injected with 
acutely toxic toses of Pu(V1) citrate. Urinary clearance of Pu \vas very 
high 15 to 30 minutes past injection, but dropped rapidly to a minimum 
which persisted from 4 hours to the end of the first day. ,Vter the first day, 
urinary clearance rose slightly to a level that was sustained for the next 13 
days. 
% \  The urinary Pu clearances calculated for man revealed a similar pat- 
tern. The very fiigh initial clearance could not actually be demonstrated, 
because the earliest urine samples were pooled for the first 24 hours. 
However, the first 12 urine specimens passed by Chi-1 were anal)zed 
separately, and 83% of the Pu excreted in the first 48 hours was passed 
in the first (0- to 6-hour) ~pecimen.'~ In the face of his rapidly declining 
b l d  IeveP this large urinary output would indicate a high initial PU 
clearance. 

I 
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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 either route rose to a temporary plateau of 5 to 
15 d a p  duration, and was followed by either another increase to a fairly 
stable plateau or a continued slow increase to the end of measurements 
between days 20 and 35. During the 2 weeks between the two sets of cal- 
culations 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 effi- 
cient as it was during the first 6 days. 

Renal Pu clearance in those persons judged to be anemic was less 
than one-half that in persons considered normal. Fecal clearance in those 

onc-half that of persons considered to have normally stimulated gastro- 
intestinal tracts. I 

two intervals shown in Table VIII ,  using plasma clearances whenever 
possible. Of these 23 available U/F  values, I3 were close to 1.0 (0.7 to 
1.3); five were suhtantidy less than 1.0 (0.3 to 0.6); and five were 
substantially more than 1 .O ( 1.4 to 2.2). The six U/F values obtained 
from the three persons judged to be most nearly normal with respect to 
both latent transferrin binding capacity and digestive system function 
were all I e s  than 1.3. Of the five U/F values greater than 1.4, all were 
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i 

pus0"s judged to have reduced digestive system function \vas less than 

Urine to fecal ratios (U/F)  were calculated for each case during the 
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from persons with suppressed or impaired digestive system function. The 
long-term excretion data are ody from Chi-1 and CaI-I, and their U/F 
results have been rejected for the same reason that their fecal excretion 
was considered low. 

It appears that during the first 30 to 60 d a p  after Pu injection the 
U/F ratio for thme persons judged to be most nearly normal was about 
1.0 and possibly as great as 1.3. The anemic cases with normal gastro- 
intestinal function tended to have U/F values less than 1.0. Those per- 
sons with presumably n o d  plasma protein binding capacity but with 
reduced gastrointestinal function tended to have U/F values greater than 
1.0. T h e  anemic cases (in which protein binding capacity was presumed 
to be'elevated and gastrointestinal secretion suppressed) exhibited reduced 
u h m y  and fecal clearances of Pu, and their U/F values were again clase 
to 1.0. 

Langham et al." used Pu U/F ratics varying from 1.8 at 138 days 
to 4.4 at 1750 days to estimate total long-term Pu excretion, but these 
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U/F estimates were based entirely on data from Chi-1 and Cal-1, both of 
whom have been considered in this reanal+ to have subnormally stimulat- 
ed or subnormally functioning gastrointestinal tracts. The analysis pre- 
sented here suggests that immediately after injection in man, Pu excre- 
tion in feces slightly exceeded Pu excretion in urine, and that by the end 
of the secand week excretion by the two routes was nearly equal, provided 
that residual transferrin -binding, kidney function, liver function, and 
gastrointestinal secretion remained within normal limits. Comparison of 
the coefficients of the long-term components of the exponential urinary and 
fecal Pu-excretion equations (see Table V I )  suggests that at times after 
Pu injection longer than 100 days, U /F  for Pu in man probably lies 
between 1 .O and 1.5. 

Human plutonium excretion - comparison with previous analyses 

excretion at time t after injection is 

( 

When excretion rates are expressed as sums of exponentials, urinary 

n -0.693t/U~r , 
( 6 )  Ut (%/day) = Z Uaie 

and s y h r l y ,  fecal excretion rate at time t is 

Ft (%/day) = Z Fale 

n = i  

n -0.693t/F~i. 

n = i  
(7) 

The total amount of Pu excreted in urine or feces at time t is obtained by 
intq ration of Equations (6)  and ( 7 ) .  

Z Ut(%) = 1' Utdt, (8) 

(9) 

(10) 

(11) 

Z Ft(%) = / Ftdt. 

- TOLJ excretion at time t is the sum of Equations 18)  and (9).  

and whole-body retention at time tis 

The fraction of the remaining body burden excreted daily in urine at time 
t i s  

ub(%/day) = (ut X 100)/Rt. 

S Et (%)  = Z  Ut + 2 Ft 

Rt (%) = 100% - Z Et. 

(12) 
Urinary and fecal excretion rates (Figures 7 and 8 ) ,  the total amount 

excreted in urine and feces (Table IX) , whole body retention and 
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the fraction of the body burden excreted in a l d a y  urine sample (Figure 
9) were calculated for times after injection from 1 to 14,600 days (about 
40 yeaw), using Equations (6)  through ( 12) and the parameters of the 
"normal" Pu urinary and fecal excretion equations given in Table VI. 
It was assumed for these calculations that a sixth component with a half- 
time of 13,400 days (see the discussion of case LXSL-1 in the section on 
urinary excretion) emerged in both excretion curves about 4000 days after 
injection. Total Pu excretion after a single intravenous injection predicted 
by the sums of exponentials derived in this paper is compared in Table ZX 
with that predicted by the power functions derived by Langham et a1.l' 
Sums of exponentials predicted greater Pu elimination at all post-irijection 
times for at least three reasons: (a) Exponentials fitted the first 10 da!s' 
data better than the power functions. (b) Only the individual urine- 
curve and fecal-cuxve coefficients from c a k  judged to be normal with re- 
spect to the particdar excretory function were used to calculate the mean 
coefficients of the exponential equations, and they tended to be higher 
than the averages of all cases. (c ) The coefficients of the exponential equa- 

0.001 I I a L I , , , I  I I I I I # I t 1  I I I I I l  

I IO 1 0 0  1.000 I opoo 

Days otter injection 

Fig. 7. Comparison of human urinary Pu excretion (from 1 day to 40 years) 
predicted by the normal Pu urine curve with the Langham equation." 
Points shown were calculated from the parameters in Table VI .  

. c  



THE OLD DATA 

I 

4 I < 14.600 days 

: sample (Figurc 
,600 days (about 
)ammeters of the 
en in Table VI. 
nent with a half- 
in the section on 
t t  4000 days after 
ljection predicted 
< s e d  in Table IX 
Langham et al." 
. all pat-injection 
the first 10 da!s' 
individual urine- 

alculate the mean 
Lded to be higher 
exponential equa- 

,e normal with re- Days after injection 

Fig. 8. Comparison of human fecal Pu excretion (from 1 day to 40 years) 
predicted by the normal Pu fecal cume and the equation given by Lang- 
ham et al.lS Points shown were calculated from the p a m e t e n  in Tubie VI. : 
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Fig. 9. Comparison of the percent of the Pu body content excreted daily 
in the urine from 1 day to 40 years predicted by the normal Pu urine and 
f-1 curves in this paper and the equations of Langharn et d." Points 
shown were calculated from the parameters given in T u b b  VI. 
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tion of human fecal excretion were adjusted upward to correct for what 
was considered to be unusually low long-term fecd elimination by Chi-1 

. and cal-1. 

Table ZX. Comparison of long-term Pu excretion predicted from power 
functions or sums of exponentials.' 

Time after injection Power functions, Sum of exponentiak, 
(days) (years) Langham et a1.I' this paper 

10 256  4.39 
20 3.17 5.25 
40 3.81 5.95 
60 4.2 1 6.35 
80 450 6.67 

100 4.74 .. 6.96 
140 5.10 7.39 
360 1 6.26 8.79 
720 2 7.22 10.23 

1,100 3 7.83 11.17 
1300 4 8.30 12.24 
1,800 5 8.68 13.00 

10 9.96 15.47 
20 12.17 18.83 
40 22.49 

See Tables X and X I V  for excretion equation parameters. 

For comparison with earlier analyses, the urinary and fecal excretion 
rate equations are replotted logarithmically in Figures 7 and 8. At least 

power functions were needed to describe these equations. The power 
tion fitted to the calculated urinary excretion in the time period from 

360 d a p  was almost the same as that orignally derived by Lang- 
1.m et al." from the raw averages of the data from the Pu-injected cases 
and some accidentally exposed persons and more recently reevaluated by 
: nachine curve fitting by Robertson and C ~ h n . ' ~  

This paper, Ut (%/day) = 0.171'0-7*" (30<T< 360 days) 
Langham et al:* Yu.( %/day) = 0.2X+'.'4 ( l O l X <  1750 days) 

RobJ.tson and Cohn," 
Y.( %/day) = 0.193t4~'*' ( l < t <  1750 days) 
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Figure 9 is the log-log plot of the fraction of the remaining Pu 
burden excreted daily in urine. The power function fitted to the time period 
40_<T< 360 days is nearly the same as that derived by Langham et al.” 
using a different anal) tical method. 

None of the power functions needed to fit the values of human Pu 
fecal excretion calculated from the exponential equation in Table 1’1 
agreed with the expression derived by Langham et aI.” Most of the 
difference between the two methods arises from the wa)s fecal data were 
handled and the assumptions about the long-term trend of fecal Pu 
output. 

Prediction of long-term whole-body plutonium retention 
The currently accepted maximum permissible 239Pu contents of the 

body of occupational workers, based on skeleton and liver, are 0.0-1 and 
0.4 pCi, respe~tively.’~ For purposes of dose calculations biological half- 
live are also given; 6.5 x IO‘ days ( 178 years) for lvhole body, 7.3 x 10’ 
dais (200 years) for skeleton, and 3 x IO’ days (82 years) for liver. 

The term “retention” is potentially misleading, because it suggests 
a static condition. Once deposited in a tissue, Pu would be understood to 
remain fixed until eliminated from the body altogether. Studies of pigs and 
dogs demoristrate the d!namic beha\-ior of Pu. In the course of 600 d a y  
of growth remodeling, the skeletons of adolescent miniature swine‘” ’* 
released about 38% of the injected Pu( IV) citrate dose (53% of the 30- 
day bone deposit). Plasma Pu lmel and urinary excretion of Pu remained 
high. At 600 days the liver contained three times as much Pu (35% of 
the dose) as it contained 30 da!s after injection ( 13 % of the dose). 

At this writing there have been enough deaths of Utah dogs given 
0.3 pCi/kg or less to establish a long-term half-time for Pu in the beagle 
skeleton of more than 1500 dayP  (Ferhaps as Iong as 5000 da)s). Bone 
remodeling in these 14- to 18-month-old dogs proceeded rapidly during 
the first two years but slowed thereafter. By 3 months post injection nearly 
one-half of the trabecular surfaces that had initially been labeled with Pu 
had disappeared. The remaining one-half had been buried by apposition 
of new bone, and were presumably less accessible for rern~deIing.~* -At 
these m e  low d w  levels, the half-time of Pu in the dog liver was about 
3800 days95 The prolonged residence in liver is the end result of a chain 
of events that carries Pu from plasma to Pu-ferritin in hepatic cells, and 
eventually to long-lived deposits of Pu-hemosiderin in reticuloendothelial 
celh- 

L 

. r  

. 



W 
0 
0 
.s 
6 
a 
0- 

- . .  . 

. . -  .v. . . .- 

51 2 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA 

Pu dynamics can be summarized as follows: Pu initially present in 
soft tissues other than liver is cleared rapidly; the major fraction is redis- 
tributed to bone and liver, and a small fraction is excreted. Pu deposited 
in the skelcton is mobilized in the normal coune of bone remodeling; some 
is redepited in bone, some is deposited in liver, and a small fraction is 
excreted. Pu deposited in liver is eventually transformed from relatively 
soluble forms in hepitic cells into insoluble hemosiderin deposits and 
sequestered in reticuloendothelial cells. Therefore, liver Pu is likely to be 
last as slowly as, or more slowly than, bone Pu, but at perhaps the same 
rate as deposits of phagocytized Pu-hemosiderin in other tissues. The loss 
rate from the liver may eventually become the rate-limiting process for Pu 
disappearance from the whole body. 

The best estimates of the early distribution of Pu in four major com- 
partments-skeleton, liver, residual soft tissues, and excreta-are shown 
in Table X for man, dog, and pig. The original analysis of the tissue dis- 
tribution data is included for comparison.*' The pigs were not fully grown 
and the dogs were in the prime of young adulthood, in contrast to thc 
Pu-injected human beings who were all unwell and, except for HP-4, 
middle-.aged or older. In the dog and pig only a small fraction of the Pu 
dose was in soft tissues other than liver (370 to 8%) 22 to 30 days after 

Table X .  Early distribution of Pu in man, dog, and pig. 

L 

.- 

~~ 

Injected Pu (%) 
Time ufter Soft tisJue 

injection Skeleton Liver remainder Excreted 
I 

Man 
This paper 5 to 17 days' 47.5 26.8 23.3 2.4 

5 to 15 monthsb 47.5 31.2 11.2 9.5 
Langham et all' 4 to 457 days' 65.7 22.5 6.8 5 .O 

2.0 13.0 DO@ 22 days 51.0 34.0 
- P i p  30 daw 72.0 14.0 8.3 5.7 

~~ 

* Average of Cal-I. Chi-2, HP-11, CaI-3. Livers and skeletons of Chi-2 and HP-I I 

' Averages of HP-5, HP-9, and Chi-I. See Tables I and II. 
Average of all tissues from all cases in Lanyham et al." Excretion estimated from 

' Stover et duo 
'Shleton from Clarke et al." Liver from Smith et aLU Excreta calculated from 

not included. See Tables I and XI. 

power functions. Soft tissues calculated by difference. 

exponential equations in Table VI. Soft tjssue calculated by difference. 
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I1 fraction of thc P i t  

22 to 30 days ikftrr 

Pu (4'0) 
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remainder Excrrtctl 
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23.3 2.4 
11.2 9.5 
6.8 5.0 
2.0 13.0 
8.3 5.7 

- 

t r i m  of Uii-2 and I I P- I I 

Excretion r~tianatcd firm 

I 
I 

' Excrcta calcuiatrd fnl~it 

:rd by difTcrcnrr. 
i 

I 
f 
i 

' injection.*" An average of 11.2% of the Pu dose was calculated to be in 
the soft h u e s  of the Pu-injected people who came to autopsy 5 to 15 
months p t  injection. The large soft-tissue compartment in these middle- i 

i 
aged people compared with the smaller soft tissue compartment in the 
young vigorous animals may be a species difference, or it may be a real 
effect of age stemming from poorer circulation, more fibrous (less cellular). 
connective tissue, the presence of ectopic calcifications and fatty plaques, 
and reduced cell turnover that accompany advancing age. 

of bone replacement in rib and clavicle cortex of persons 35 to 70 years of 
age to be between 2.5%0/year and 6%/year. KuIp et al.loo used fallout 
wSr anal)ses of individual bones and whole skeletons to obtain specific 
activity ratios ("Sr in b ~ n e / ~ ~ S r  in skeleton) in adult human long-bone 
cortex, whole rib, and vertebrae. Bryant and Loutit"' calculated the 

t 

&la i; Fmt- used a tetracyche labeling method and estimated the rate 
p!:, bi@$ k 

- 
annual rate of bone turnover required to produce those obsewcd specific 

6.2%/year in whole rib, and 5y0/!-ear to lO.-l%/year in vertebrae. Row- 
landxo2 Using an autoradiographic technique and bone from persons with 
long-standing burdens of 22eRa, calculated a turnover rate of I. 1 %/}ear 
f long-bone cortex. ~111 the above calculated turnover rates are in good 
a ment with each other. 

The best estimates of the annual m a s  replacement rates of certain 
man bones are probably the mid-points of the ranges cited above- 

.85%/year for whole long bone, 4.2%/year for whole rib, and 7.770/ 
ear for vertebrae. Pu is depasited on bone surfaces, and May1"' has 
uggested that the surface of a mass of trabecular bone is four times the 
urface of an equal mass of cortical bone. Using a ratio of 4: 1, for 
mbccular to cortical bone surface, estimating trabecular bone mass to 

23% of the total (ashed or dried) skeleton, and using the above 
timates of bone turnover, one calculates the average turnover rate of the 
ne surface of the entire human skeleton to be 5 %/year. 

* '  

activities- l.l%/year to 2.6Y0/)-ear in whole femur, ?.l%/year to - N@ 

[( 0.23 x 4 x 7.7%/year) + (0.77 x 1.85%/year)] = 5%/year. 
The associated half-time of the bone surfaces is 13.9 yem, slightly less 
than the 15-year half-time observed in long-term 2Z6Ra retention in 
man?w Assuming that 50% of circulating Pu is redeposited in human 
bone,'OS the observed half-time of PJ h the skeleton would be 88 years* 

1 
Since this paper was written, Nenot et al.llo have reported that Pu was deposited 
almost exclusi\rly in the bone of rats injected intravenously with Pu(IV)-trans- 
f e h ,  and Durbin et d."' concluded from a h e t i c  analysis of Pu(IV) citrate 
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(10,220 days), reasonably close to the 13,400-day half-time that could 
be fitted to the long-term urine data of case LASL-I. 

The half-time of Pu in the human body was estimated in this 
andyS;S to be 204 yea= in substantial agreement with the upper limit 
calculated by Langham et al.” The important consequence of Pu loss 
from bone faster than from the whole b o d y  is an increase in liver Pu 
with time 

Mays et a1.l- have calculated that if the body Pu content were 
partitioned 50% in liver and 50% in bone, the annual risk of developing a 
liver tumor would be twice that of developing a bone tumor. The anal:sis 
in this paper suggests that over a SO-year working lifetime the liver’s 
share of the body Pu content grows progressively larger, eventually ap- 
proaching 50%. The consequences of this model and the calculations of 
Mays et a.I.lo” are that liver is as critical an organ for Pu as is the skeleton. 

DEDICATION . 
Thio chapter is dedicated to the memory of Dr. Burris B. Cunning- 

ham, Professor of Chemistry, University of California at Berkeley, and 
Senior Staff Scientist of the Department of Chemist?, University of 
Califorgia, Lawrence Radiation Labra toy ,  who with L. B. \Verner 
/xst prepared plutonium in pure form and who developed on a micro- 
hemical scale the chemical techniques that were later used in the puri- 
[cation of large quantities of plutonium. I remember with pleasure and 
.pprcciation many conversations with Dr. Cunningham on matters of 
llutonium and actinide chemistry. 

. 
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LPPENDIX 1 

kmmary of Plutonium Cases 
HP-I: White male, 67 yr, 70.3 kg, injected 10/16/45, 0.004 pCi/ 

g.’”Pu( N) citrate. Nine year history of peptic ulcer, acute hemorrhage, 
3b= 13.7, RBC = 4.5. Lost to follow-up. I 

_. 

~ 

deposition 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 hours after injection more 
than 90% of circulating Pu is protein bound,”.” the deposition pattern of 
recirculated Pu is more likely to resemble that of Pu-transferrin than that of the 
Pu(1V) citrate originally injected. Thus, PU redeposition in bone may be great 
as 80% to 90% leading to a longer calculated halftime of Pu in the human 
skeleton,‘ about 70 yean, and to a slower rate of Pu accumulation in the liver. 

1 
I -  
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HP-2: White male, 49 yr, 69 kg, injecfed 10/23/45,0.0045 pCi/kg 
'=Pu ( IV) citrate. Hemophilia, hypertension, cardiovaxuiar disease. Hb = 
14.5, RBC = 4.1. Last to follow up. 

HP-3: White female, 49 yr, 69.9 kg, injected 11/27/45, 0.0043 
pCi/kg "'Pu( IV) citrate. Hepatitis, pruritic dermatitis with edema, 
hypoproteinemia. Hb = 14.5, , RBC = 4.3. Follow-up 1645 days post injec- 
tion, lost thereafter. 

HP-4: White female, 18 yr, 55.5 kg, injected 11/27/45, 0.0054 
pCi/kg 23'JPu ( 11') citrate. Cushing's syndrome, hypertension, nephro- 
pathy with uremia, osteoporosis. Hb = 15.0, RBC = 5.3. Died 18 months 
post injection, autopsy withheld. 

HP-5: White male, 56 yr, injected 11/30/45, z 0.0044 &i/kg 
*"Pu( IV) citrate. Amyotrophic lateral sclerosis, pneumonia, renal cysts 
and adenoma. Died 15 1 days post injection, autopsied. 

HP-6: White male, 45 yr, injected 2/1/46, - 0.004-4 pCi/kg 
='Pu( IV). citrate. One-year Addison's disease, infected skin lesions. 
Follow-up 523 and 16 10 d a y  post injection, lost thereafter. 

HP-7: White femde, 59 yr, 68 kg, injected 2/8/46, 0.0057 pCi/kg 
'"Pu( IV) citrate. Rheumatic heart disease, cardiac decompensation, toxic 
goiter. Hb = 12.6, RBC = 3.26. Died 9 months post injection, autopsy 
withheld. 

HP-8: White female, 41 yr, 54.4 kg, injected 3/9/46, 0.0073 
pCi/kg 2s'Pu( IV) citrate. Two year history of duodenal ulcezs and sclero- 
derma. Hb = 13.9, RBC = 4.7. Lost to follow-up. 

HP-9: White male, 66 yr, 63 kg, injected 4/3/46, 0.0061 pCi/kg 
='h(N)  citrate. 18-month history of muscular atrophy and dermatitis 
(dumatomyositis). Hb = 12.3, RBC = 3.9. Died 456 days post injection, 
of bronchopneumonia, autopsied. 

HP-IO: Negro male, 52 yr, 71 kg, injected 7/16/46,0.0053 pCi/kg 
'"p~( w )  citrate. Congative heart failure. Hb = 13.3, RBC = 5.5. Lost 
to f d o w  up. 


