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Patricia W. Durbin *

PLUTONIUM IN MAN:
A NEW LOOK AT THE OLD DATA

ABSTRACT: In order to determine the relationships between urinary Pu
excretion and body Pu content, 18 persons (15 over the age of 45 were
injected in 1945 and 1946 with tracer doses of ***Pu. The original data
have been critically reviewed and re-analyzed.

A few days after injection, human soft tissues (other than blood
and liver) contained as much as 2055 of the Pu dose. Five to 15 months
after injection the average liver Pu content was 315 of the dose for three
cases with presumably normal liver function. Four to 457 days after in-
jection mean tolal skeletal Pu was 495 for the seven cases judged to have
most nearly normal livers and skeletons.

Pu is transported in blood combined with transferrin, the iron-trans-
port protein, and is stored in the liver in association wilh stored iron. After
being bound lo transferrin, Pu partially traces the behavior of the carrier
protein. The early phases of Pu transport which are apparently associated
with extra-cellular fluid mixing, were prolonged in individuals with im-
paired circulation.

Maximum urinary Pu excretion occurred before the bulk of Pu was
protein-bound. Minimum urinary excretion coincided with the time of
maximum Pu-transferrin binding. These observations were taken to mean
that some Pu is filtered by the kidney in the form of a low-molecular-

® Division of Biology and Medicine, Lawrence Berkeley Laboratory, University
of California, Berkeley, California 94720

Work sponsored by the U. S. Atomic Energy Commission.
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470 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

weight chelate. Urinary Pu excretion was reduced by one-half in those
persons who were anemic, presumably because of their more efficient Py-
transferrin binding.

Fecal 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.

Semilogarithmic curves of Pu disappearance from plasma and of
daily Pu excretion were prepared for each individual. “Normal” human
Pu plasma and excretion equations (sums of exponentials) were con-
structed 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 function was judged to be within
normal limits were included in the mean intercepts.

Daily Pu excretion rates and total cumulative Pu excretion predicted
from exponential equations were somewhat greater than predicted from
the power functions of Langham et al., chiefly because only data from
normally functioning excretory systems were included in the coefficients,
but also because the fecal excretion assumed in the exponential model is
higher than in other models.

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
net loss of Pu from soft tissues and bone exceeds whole-body Pu loss, in-
dicating continuous accumulation of Pu in the liver. Average soft-tissue
release half-time was estimated to be not less than 480 days, and bone
surface turnover for the whole adult human skeleton was estimated to be
about 59, per year. For an individual on a diet adequate in iron and with
normal iron stores, this model predicts that bone and liver will contain
equal amounts of Pu 15 years after exposure.
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INTRODUCTION

. Plutonium was recognized as potentially dangerous even when the
total amount of Pu in existence was only a few milligrams.? If the Metal-
lurgical Laboratory efforts were successful, enormous amounts of plu-
tonium — hundreds of times the world supply of radium — would be
produced. The urgent need for biological studies of Pu was appreciated,
and these were begun as soon as Pu could be spared from essential
chemical investigations. On November 4, 1943, A. H. Compton® an-
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nounced to the Metallurgical Laboratory Project Council that the Clin-
ton pile had “taken off.” By January 19, 1944, 0.5 g of Pu had been
scparated,® and three weeks later, on February 8, 1944, Hamilton’s group
at Berkeley received 11 mg to begin tracer studies in rats.*

Pu contamination of Metallurgical Laboratory installations and per-
sonnel was a chronic problem,* ¢ and one of the Health Division’s pressing
tasks was to devise a method of determining whether a Pu burden had
been acquired. The first approach was analysis of Pu in urine,”* and
tracer data from rodents¥ were used to relate Pu in urine to the body
burden. If urinalysis was to be a reliable assay for Pu, characterization of
its behavior in man was essential. For this reason, 18 hospitalized persons
were injected with tracer amounts of Pu in 1945 and 1946.%°

The power-function curves of human Pu excretion constructed by
Langham et al.®® * used data from both the hospital patients and from
scveral occupationally exposed persons, and provided a method of pre-
dicting Pu body content based on urinalysis. Langham’s method has been
recanalvzed many times.**"* There have been mathematical refinements,
and analytical chemical and «-particle detection techniques have been im-
proved,* ** but the underlying assumptions are unchanged.

It seemed appropriate that this anniversary volume include a re-
cxa.r\ilination of the onginal data, gathered nearly 25 vears ago, because
mecazer as they are, they represent nearly all our human Pu experience.
Stucy of the behavior of Pu in each patient might reveal differences in
Pu metabolism (as a result of their various illnesses) that could be used
to  redict the behavior of Pu in healthy persons.

A retrospective study has the advantage of being able to draw on
newer knowledge. Long-term excretion data are now available from the
lowcr-dose dogs in the Utah experiment.® ** The protein that binds Pu in
plasma has been identified as transferrin, the iron-transport protein*
Thz kinetics of iron, the element normally carried by transferrin, have
beoen worked out in detail.** Now, there is also some information on

the behavior of Pu in two other large animals, the sheep®® *° and the
p‘lg,lo—l3

® The rodent tracer studies and inhalation cxpenments (Hamilton et al™ ™)
and attempts at Pu decontamination (Copp et al.™) by the Bcrkelcy group,
and the tracer and toxicity and inhalation studies in several specxcs by Cole’s
group in Chicago (Finkle et al.® Painte- et al.,* Brues et al.,® Bloom™ and
Abrams et al.¥) are the foux\dalion of our knowledge of the bio\ogical behavior
of Pu. Photocopies of the unpublished Metallurgical Laboratory reports are
available at cost from the Division of Technical Information, P. O. Box 62,
Oak Ridge, Tennessee, 37830.
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MATERIALS AND METHODS

The following brief description of the original data sources is in-
cluded to eliminate confusion about the Berkelev and Chicago cases for
which fragmentary reports have appeared more than once. Summaries of
the histories of the published cases and histories of two previously unpub-
lished cases are also included in Appendix 1.

Langham et al.”* Cases HP-1 through HP-12 are described, includ-
ing medical histories, injection data, hematologic data, blood chemistry;,
and Pu analyses of blood, urine, feces, and tissue specimens. Pu analvses

[LRORCLIMNIO | T A oo LAY SRS
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t of urine, feces (fecal data from Cal-1 were not included), and tissuc
5 specimens are reported for Cal-1, Chi-1, Chi-2, and Chi-3. Pu urinalyses
- are reported for three occupationally exposed persons. Pu radiochemical
: ~ methods are reported in detail elsewhere. **¢

3

Russell and Nickson'-+** All the original data from Chi-1 and
Chi-2 are contained in Ref. 47, which includes case histories, injection
data, hematologic examinations. and Pu analyses of urine, feces, and
tissue specimens. Ref. 48 contains the original data for Chi-3 and frag-
mentary data from the other two cases. (Additional information was
obtained from E. R. Russell for Chi-3.) Pu radiochemical techniques can
be found in Refs. 49-51.

Crowley el al’’ Most of the information obtained from Cal-1 is
included in this report, which includes a brief medical history, injection
data, and Pu analyses of unine, feces, blood, and biopsy specimens. Radio-
chemical techniques are also included. Additional information was
obtained from raw data sheets, hospital records, and death certificates.

Foreman et al*’ This report contains all the information from a case
of occupational Pu exposure (designated herein as LASL-1).¥ Included
are Pu exposure history and Pu analyses of urine and autopsy specimens.
Radiochemical techniques are described elsewhere.™

Data from the laboratory animals were obtained from published
curves and tables: dog,** * ¢ sheep,** * swine‘*™* and rat.’® *" ** B.
J. Stover and D. R. Atherton kindly supplied original data for Pu excre-
tion of individual dogs.
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RESULTS

Plutonium in soft tissues

Organ and tissue weights were estimated from the recorded body

® Now designated as LASL-1-038 by the Los Alamos Scientific Laboratory.
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.weight and the weight proportions of “Standard Man.”*" ¥ The analyti-

cal results and calculated weights of tissues and organs and their total
calculated Pu contents are shown in Table I.

The calculated Pu content of the soft tissues® of the six human
beings is considerably greater than the 3% reported present in soft tissucs
of the beagle 22 days after intravenous injection.*® It was possible to cal-
culate from the data of Smith et al.** that the soft tissucs of vearling minia-
ture swine contained as much as 25% of thc injected dose 6 days after
intravenous injection of Pu(IV) citrate.

The movement of Pu out of the soft tissues of the six human cases is
shown in Figure 1. Extrapolation of the initial steep portion 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 injec-
tion. The equation of the exponential curve in Figure [ is

Soft-tissue Pu = 85%e°%% + 165%™ ™, (1)

where t is days. The initial rate of Pu loss from the soft tissues of the
high-dose dogs studied by Painter et al.** and from rats'™ ** appears to be
about the same as estimated for man. There is some indirect evidence from
the Utah dogs that Pu continued to be deposited in liver and bone dur-
ing t];ic first few days after injection. Thus, the amount of Pu initially in
thc sfft tissues of the dog (at least 209% can be accounted for in blood

ont) was substantially more than the 39 measured at 22 days.®® Most
of the Pu that leaves the soft tissues of cither dog or man does not leave
the >ody, but is redistributed to the liver and skeleton. It appears that
mos: of the Pu originally in the soft tissues of the dog is sufficiently labile
to farticipate in this redistribution, but that nearly two-thirds of the Pu
init'ally found in the soft tissues of man is more firmly bound.

Plu onium in the skeleton

The initial Pu content of the entire human skeleton was originally
calculated by multiplying the mean Pu concentration of all the bone
sam ples by 10 kg, the estimated average bone mass of “Standard Man”,*
yielding a calculated total skeletal Pu of 65%.

Since 1951, when the human Pu cases were reported, Pu has been
measured in all the individual bones of the dog,* and in several bones of

* Unless otherwise specified, soft tissue inciudes muscle, skin, connective, lymp-
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phatic, and nervous tissue, {at, glands, all organs except liver, blood and other
body fluids except bladder urine, and gastrointestinal contents. Thus the whole
body consists of liver, bone and soft tissue.
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474 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

the rat,* rabbit,*® and pig.** The results are all the same: vertcbrae, ribs,
and sternum — the bones sampled in the human cases — have higher
initial Pu concentrations than the skeleton as a whole, which means that
the total skeletal content of the human Pu cases was probably over-
cstimated.

One method of estimating skeletal Pu uses the material balance,
Puw=100% - (Pui + Pus: + Pu.), (2)

where Pus, P, Pus:, and Pu. are the percent of injected dose in the
skeleton, liver, soft tissues, and excreta, respectively. The maximum Pu
— that is, the amount of Pu left over after accounting for Pui, Pus,,
and Pu. of each individual human Pu case — appears in the bottom row
of Table I.*

The mean Pu.x for all six cases, regardless of their health status, 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)
excretion between the end of collections and death; (b) Pu in all soft
tissues whether sampled 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.

The livers of two cases were not normal. The liver of Chi-2 had been
almost completely replaced by tumor. When HP-11 was injected, he was
dying of hepatic failure (cirrhosis resulting from chronic alcoholism and
malnutrition). If only the three cases with presumably normal livers are
considered, the mean Pui is 31.2¢, and the mean Pus is 47% — nearly
18% less than originally estimated.*®

Total skeletal Pus can also be estimated from (a) the concentration
in individual bones, (b) the ponderal (weight) relationships between in-
dividual bones and the whole skeleton, and (c) the distributional relation-
ships between a radionuclide in individual bones and in the entire skeleton
according to the equation

Pua. = BW X fsk >;rfb‘ X (Pui) , (3)
i

where BW is the body weight in grams, fsk is the fraction of the body
weight contributed by the skeleton, fb, is the fraction of the skeletal

® Pu, was not measured for Cal-1, so the range of Pu. shown for him uses as
limits the highest and lowest measured values of Pu; from three other cases
that were considered to have approximately normal livers.
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Fig. 1. Pu loss from soft tissue (other than liver) after intravenous injection
of Pu(IV) citrate or Pu(VI) citrate. Rat data are from Scott et al}* and
Carritt et al.>"; toxicity dogs were those of Painter et al.’*; mongrel dogs
injected with Pu(NQO,), were those of Rysina and Erokhin®*; beagles were
those of Stover et al.*®
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weight contributed by the individual bone i (or a group of similar bones),
(Pwi) is the measured Pu concentration (% /g) in bone i, and fr, is the
fraction of the skeletal radionuclide contributed by bone i.

Bone specimens were obtained from nine cases. The analytical results
are shown in Table II. The bone samples of the two Chicago cases and
the three California cases had been subdivided into several parts, e.g.,
periosteum, marrow, spicules, cortex, etc. In order to make use of
published whole-bone weights and intraskeletal radionuclide distributions,
it was necessary to reconstruct whole-bone samples from the reported
parts.”

The literature contains records of 29 complete dissections of fresh
skeletons from weighed cadavers.®® **"° The best estimates of fsk for the
human skeleton are 14.6 = 3%* and 11.9 = 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. Marei and Borisov*! dissected seven male and six female cadavers
of persons who died in 1967. Groups of bones were weighed on modern
equipment, and drving was avoided. Their dissections included only
“careful preliminary removal of soft tissue”, about what nught be ex-
pected in the case of autopsy samples. The fbi’s derived from these data™
were multiplied by the calculated weights of the skeletons of the Pu cases
to obtain estimates of the wet weight of each sampled bone or group of
bones.

Fractional distribution of Pu in the human skeleton introduces the
greatest uncertainty into the ponderal calculation, because it has not been
evaluated. Distribution of Pu in all the individual bones has been meas-
ured only in the dog.’* > The use of the dog data to describe Pu distn-
bution in the human skeleton has serious disadvantages. Differences in
bone weight distribution, and presumably also the functional differences
resulting from different patterns of weight bearing, are likely to be reflected
in the radionuclide distributions in the skeletons of man and dog. The
skeletal distribution of ***Am has been determined in the dog,” and the
results compare reasonably well with those for ***Pu in the same species
and with *'Am in the monkey (P. W. Durbin, M. H. Williams, and N.
Jeung, unpublished). At least one alkaline earth element has also been
studied in each of these animals; ***Ra in the dog skeleton,” and *°Sr
in the monkey skeleton.”™ Data were found from which it was possible to

® Mean * standard dewviation {S.D.).
S.D. = ['Z(dcv}’/(.-x)]’/l.
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Table II. Summary of Pu concentration in human bone samples (Pu, }
and calculation of total Pu in the sampled bones and total skeleton based
on intraskeletal distribution of Ra and Sr in man, Am in monkey and Py

in dog.*
(Pu;)
Case Bone sampled Gofg
HP-5 Vertebra 0.0071
Rib (whole) 0.0070
Sternum 0.0050
Mean
HP-9 Vertebra 0.0080

Rib (whole) 0.0038

Mean

HP-11  Vertebra

HP12

Chi-1

Chi-2
Cal-1
Cal-2

~

Cal-3

Rib (whol
Sternum
Mean

Radius end
Patellae

Mean
Rib®
Sternum

Mean

Rib®
Rib®
Femur®

Femur
(cortex)*®

0.0070
e) 0.0068
0.0096

0.0187
0.0109

0.0079
0.0047

0.0200
0.0081
0.0436
0.0031

* See text and Refs. 72.77.
® Omitted from average
€ Ends of radit and ulnae of adult rhesus monkeys contribute 33% of the whole-

bone wet weight.

¢ Measurement of patellae separate from leg bones was made only for Sr in the
monkey and represented 0.48% of the skeletal burden.
* Results published for subdivided samples. Whole bone reconstructed, see Ref. 64.
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% of Pu in total
skeleton, based on®
% of Pu Ra, St Am Pu Material
(calc.) man monkey dog balance
13.6 56 47 38
447 36 76 38
072 40 48 40
&% 57 38 42
13.6 56 47 39
216 17 37 18°
56 42 39 52
134 55 46 38
434 35 74 37
138 77 92 77
56 71 51 65
2.36° 103
0.78¢ 162
132
544 44 92 46
073 40 49 40
42 70 43 49
884 71 150 76 81 \
473 38 80 40 .
125 >100 ‘g
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calculate the distributions of ***Ra and *Sr in the human skeleton.™ "

(Details are published clsewhere.**) The estimates of the skeletal distribu-
tions of 2**Ra and *Sr in man agreed well. They also agreed generally
(despite some specific species differences) with the distributions of ***Ra
and ®Sr in the animals and qualitatively with the distributions of the
actinide elements in the animals. The existence of a common intraskeletal
distribution pattern among seemingly dissimilar elements is not too sur-
prising, because the initial site of deposition of all the bone-seeking ele-
ments is on surfaces and inijtial deposition is related to vasculanization and
blood flow.”

Table II contains the solution of Equation (3) for each bone speci-
men, based on fr\ taken from alkaline carths in man, ***Am in the monkey,
or *Pu in the dog.* The Pusx of each human case calculated from Equa-
tion (3) is compared in Table II with the result obtained from the
material balance. The best agrcement between the two methods of cal-
culating Puax was achieved when fri was based on the alkaline earth
distribution in man.

The calculated Pu. was greater than 100% for HP-12, an im-
pmsibisity. The bone specimens from that case were fragments removed
during surgical repair of comminuted fractures. Surgery occurred 21 days
after the bones were fractured and 5 days after the Pu injection. Callus
formuyion and resorption of damaged bone were probably well under way
when the Pu was injected. Van Middlesworth™ showed that Pu uptake
in a  caling fracture was about four times as great as in the contralateral
nomul bone when partial healing had been permitted to occur before Pu
njecton.

"The small piece of femoral metaphysis from Cal-2 (designated as
cortex) was evidently not normal. Even assuming uniform skeletal Pu
depesition during rapid growth, the Pusx calculated from this sample also
cxceeded 1009%. Although not stated, the biopsy specimen may have been
tsker from the distal femoral metaphysis, the site of a pathological frac-
ture hree months earlier.

_ If these two cases are excluded, the mean skeletal Pu of the remaining
ux cascs 849 + 839,

Plut>nium in blood after intravenous injection
Serial blood samples were drawn at irregular intervals from 11 of

® The sources of error in total skeletal isotope calculated from Eq (3) have been
rxamined for an idea) case.*
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482 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

the Pu-injected individuals.?® The first sample was taken 4 hours after
injection in all but one case, Chi-1.** The longest post-injection time at
which a reliable blood sample was obtained was 46 days. A 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 was 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 illnesses, the blood curves of these in-
dividuals revealed a common pattern. As 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 individual intercepts and half-
times of the components designed Pz, Ps, and P, (see Table IIT) were not
normally distributed about their means, and it was necessary to seek some
aspect of the chemical status of Pu or the physiological status of the
patients (or both) that would account for these vanations.

Pu(IV) has been shown to combine with proteins in the plasma of
the rat’>® dog,** 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 developing red cells have
been recently reviewed by Katz.** Plasma clearance of pre-equilibrated
**Fe-transferrin has an average half-time of 96 minutes.*** ** Once bound
to transferrin, Pu(IV) 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 — 85% in 1 hour in
the rat ® and 96% by the seventh hour in the dog® — the working hypo-
thesis was adopted that Pu bound to transferrin traces, at least in part, the
metabolism of the carrier protein.

® The Pu blood curve for the dog was constructed for the data given in Figures 1
and 2 of Stover et al.® Percent Pu per ml plasma was converied to % Pu
in total blood volume by using the blood volume for the beagle.* Long-term
data were obtained from Table I in Stover et al.® Data for the sheep were read
from Figure 3 of McClellan et al.®
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Fig. 2. Disappearance of Pu from the blood of man, dog, and sheep. Dog
data are from Stover et al.?, all dose levels combined; sheep data are from
McClellan et al38: 3¢

[l

—~ e LTT R me s—mire oy Ese= o SRTT T o v = s amew s ey e

N R Y kel S TP S -

PO cayas o ot s

v e .y St 2. o . L

o



o

EORY 23w ey AR ST S AEIET ORI B ATIS VE Lo p ot T R 0 A S+ S R

o EhR RV B @ R a AT ORE B

coefficients of the exponential equations as a.

RATICAT & o > IS LA Few £ R 3 N

"~ s,
BT e

484 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

The intercepts and the half-times of the unanalyzed individual Pu
blood curves are shown in Table I11. In the subsequent 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 A is in units of time™. Half-times of raw curves are de-
signated as S, and half-times of the exponential equations of these curves
are designated as 7. Intercepts of raw curves are designated as A, and the

It can be inferred from the rapidity with which Pu initially lcaves
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 transferrin

“: and the iron bound to it are extravascular.*® The slow return of Pu to the
c circulation and its nearly complete protein binding after the first hour
= strongly suggest that some of the Pu that escapes into the extracellular
i‘ fluid returns in bound form. The rates of movement of (a) unbound Pu
f:‘ out of the circulation and into the extracellular fluid, {b) Pu returning
° to the circulation bound to transferrin, and (c) Pu-transferrin into extra-
.ﬁ cellular fluid® and excreta®: ** 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
1 and decreased venous return. HP-3 was edematous, and her rate of

:

LIWNER) e

[}
o

5 tissue fluid movement was probably depressed. The parameters of the
blood Pu curves of these five cases were compared with those of the re-
maining five cases, whose cardiovascular systems were apparently normal
for their ages. The blood volumes of those patients with circulatory im-
pairments lost Pu more slowly;* the half times of P, [PS: (normal] =

.

;’S 12.9 +-3.6 hour, and PS. (impaired) = 19.1 # 2.5 hour] were signifi-
:§ cantly different (P = 0.01).** Component P: was slower in the persons
:: with poor circulation, but the difference was not significant. No effect of
? circulatory impairment on component P. was detected, suggesting that

e

'%z"‘zf'w
‘IRl a AN

-~

this and later components are only minimally influenced by circulatory
status. Intercepts PA:, PA;, and PA. were higher when the circulation
was not normal, but the scatter was so great that these differences were

ed not significant.

I

Sy * Although they could not be examined, the earliest components (combined herc
2 as P,) were probably also slowed by circulatory impairment.
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Table II, Intercepts and half-times of unanalyzed semilogarithmic curves of Pu in human blood. Pu(IV) citrate injected
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486 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

A five-component exponential Pu blood curve was constructed by
use of the mean intercepts and half-times of those individuals who were
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-
meters of the equations of the human blood curve are given in Table IV
with those of the Pu plasma or blood curves of several other species.

Components P, P, and Ps were affected by impairment of the cir-
culation. Component P, (not well defined for man, half-times ranging
from a few minutes to about 1 hour) seems to be associated with circula-
tory mixing, movement of unbound Pu into extracellular fluid, and uptake
of Pu in bone and liver. Component P. (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 Ps and P«. Component P;
(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 tissue.

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-
time 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-ime about 5500 days), which may be related to release of Pu from
the liver as well as from slowly metabolizing portions of the skeleton.

Renal excretion of plutonium

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 al.** Additional excretion data for Chi-1, Chi-3,
and Cal-1 through 155, 163, and 341 days, respectively, were available in
the original references.*™ **- *2 There is a great deal of scatter in the in-
dividual data; it could be caused by incomplete collection, analytical
errors, or fluctuations in the physical condition of the patients.** The best
straight-line segments were drawn on semilogarithmic plots of daily
urinary excretion, and the resulting curves (shown in Appendix 2) were
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) leahage of transferrin-bound iron through the glomerulus or
tubules. Another possible source of urinary iron may arise during trans-
ferrin catabolism in the kidnev. The ability of the kidney to excrete un-
bound iron can be inferred from the observation that 1% to 2% of in-
jected **Fe-ascorbate could be found in the earliest urine samples.**

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 transferrin, hence, the amount
of transferrin circulating™ 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
are increased following acute hemorrhage and in iron-deficient anemia,
and both are reduced in hemolytic anemias, acute hepatitis, and hemo-
chromatosis.” The extent of Pu-transferrin binding and the rate of its
release also appear to be related to and affected by the status of hema-
topoiesis.

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 eardiest and latest 6-day intervals
in which excreta were collected from all the patients. Medical historics
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 transferrin saturation) on urinary Pu ex-
cretion was clear. During the first 6 days post injection the four anemic
Pu(IV)-injected patients excreted significantly less Pu in their urine
(0.60% =+ 0.15%) than did those whose hemograms were presumably
normal (1.05 == 0.25%.) Lower initial Pu excretion is what would be
expected on the basis of the increased binding capacity of transferrin as-
sociated with most anemias.** During the interval of 19 to 24 days, the
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last 6 days for which excreta were collected from all the Pu(IV)-injected
patients, the urinary Pu of the anemic patients (0.139% = 0.06%) was
slightly more than that of the hematologically normal patients (0.11% =
0.03% ), though not significantly so.

The urine curves of the four persons studied longest and the best
curves that could be drawn for 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 long excreta were collected.

The means =+ standard deviation of the raw intercepts and hali-times
were calculated (see Table V) for the ten Pu(IV)-injected persons, six
judged to have normal kidney and hematopoietic function, and four
judged to be anemic. The intercepts of the first two components, Uy
and UA., of the Pu urine curves of the presumably normal persons were
almost twice as large as UA: and UA: determined for the anemic cases.
UAs of the normal group was substantially lower than UA; of the anemic
group. The half-times of these three components of the Pu unne 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 physiologi-
cal pric&&s associated with anemia, their rates were apparently un-
affected.

The average intercept, UA,, of the Pu(VI)-injected cases was
greater, and the half-time, US,, was less than the values of these para-
meters determined for either the normal or anemic Pu(IV)-injected
group. The greater early unnary excretion of Pu(VI) citrate suggests
that ™u in this form is more readily filtered by the kidney than is Pu(IV)
citrat>. The more rapid decay of the initial urinary component is in
accord with Bruenger’s suggestion®® that Pu(VI) protein binding is more
stable than that of Pu(IV). The average intercepts and half-times of Us,
U,, and U, of the Pu(VI)-injected persons were either the same as, or
not very different from, the values of these parameters determined for
the group of Pu(IV)-injected cases with normal kidneys and normal
hems: topoiesis.

For radiological protection purposes the need is characterization of
a Pu urine curve representative of an adult human being in reasonably
gooc health. Therefore, in this analysis data were excluded from those
persens judged to have obviously abnormal kidney function or abnormal
plasma Pu binding (the anemic persons). A five-component exponential
curv: was constructed; the raw intercepts and half-times are shown in
Tab ¢ 17, and the paramicters of its cquation appear in Table T'1.
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be associated with other digestive secretions (gastric, pancreatic, and in-
testinal juices).** *® Crosby®* suggests that the gastrointestinal tract is also
an important sitc of transferrn catabolism.

It was suggcested that early urinary Pu excretion was related in a
roughly reciprocal way to the level of transferrin saturation. By the same
line of reasoning, at lcast two of the proposed gastrointestinal excretory
mechanism — biliary and digestive-juice secretion — might also be cx-
pected to be influenced by the degree of digestive tract secrction. If dictary
intake were low or consisted of soft, bland, nonstimulating foods, the
volume of digestive secretions might be lower and fecal Pu consequently
reduced.

During the first two weeks after injection some individuals 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 sununced
for each patient over the first and last 6-day intervals for which fecal
collections were obtained from all the patients. Gastrointestinal tract and
liver function and the amounts and varieties of foods ecaten were judged
to be within normal limits for six Pu(IV)-injected patients. Three patients
were being treated for peptic ulcers and were probably taking small meals
of soft bland foods to reduce gastrointestinal stimulation and sccretion.
After a total gastrectomy on the fourth day following his Pu injection,
Cal-1 passed little fecal matter through day 17. Two patients were being
treated for severe cardiac conditions, and it was 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 normal.*® Chi-1 was operated on twice (15 days before and
2 days 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, ap-
parently making intake of ordinary foods difficult. After the hundredth
day his fecal bulk was below the lower limit of normal.®

If only the Pu{IV)-injected cases are considered, the average fecal
Pu of those persons judged to have normal gastrointestinal function and
normal dietary intakes was 1.32% == 0.30, nearly twice that of the persons
with gastrointestinal difficulties or restricted dietary intakes, 0.67% =
0.14. The difference was significant (P<0.01)** during the first 6 days
after injection, but of only borderline significance between 19 and 24
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days post injection; normal diet, 0.20% = 0.08; restricted dict, 0.09%
=+ 0.04 (P=0.05). 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 lincar
function of time. Fecal lag — that is, gastrointestinal transit timec — was
estimated for each case by extrapolating the earliest defined portion of
the cumulative curve to 9% dose/day = (. The differentiated cumulative
fecal Pu curves 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 longest time after injection,
and the best curves that could be drawn for fecal excretion of Pu by the
dog and the pig are shown in Figure 6.

The means = standard deviation of the unanalyzed half-times and
intercepts were calculated (sce Table VII) for the six Pu(IV)-injected
individuals that were presumed to have normally functioning gastroin-
testinal tracts and to be eating ordinary amounts of a mixed hospital dict
and for the five Pu(IV)-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 curve are the averages of
FS: and FS; determined for all the cases, because neither the medical
status of the individuals nor the chemical form of Pu administered ap-
peared to change the rates of the processes leading to these fecal-curve
components.

FSs could be determined only for HP-7, Chi-1, and Cal-1. 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 curve
only 100 days before collections were terminated, so it is uncertain. How-
cver, this portion of the Cal-1 fecal curve was almost parallel to the urine
curve, US, = 475 days, which is encouraging. The value chosen for FS;,
4000 days, was obtained by least-squares-fitting the fecal data of the 0.1
1Ci/kg group of Utah dogs from 750 through 1750 days post injection.*

® Feces were collected periodically from some of the 0.1 #Ci/kg dogs for as long

as 2921 days™ Data for individual dogs as well as the mean values of all
survivors exhibited a rising trend after 1800 days.
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The intercepts of the first two components of the fecal Pu curves of
the persons with normal digestive function were almost double those of
FA: and FA. 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 FA; and FA. determined for only those persons whose
gastrointestinal tracts were judged to be normally stimulated and norm-
ally functional. FA; is the mean of the four Pu(IV)-injected cases for
whom that parameter could be estimated.

Values for FA,, the intercept of the longest observed component,
were available from only two Pu{VI)-injected persons, 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. FA; of his fecal
curve was one~half that either observed or estimated for the less seriously
il Pu(IV)-injected persons. FA; from the fecal curve of Cal-1 was even
lower — slightly more than 509 of FAs for Chi-1, and 20% of the average
FAs 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 gastric juice — which makes up a
significant fraction of the total volume of digestive secretions — was
absent. Gastric acid is onc of the normal stimulants of the secretion of
bile, pancreatic and intestinal juices, and intestinal mucus.*” ** Iron ab-
sorption is reported to be reduced by as much as 509 after gastrectomy.®
Lack of gastric juice may have plaved 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 FAs’s of Chi-1 and
Cal-1 and the Pu(IV)-injected group,

FA4(Chi-1) = 0.5 FA;[Pu(IV)] and FA;(Cal-1) = 0.21 FA;[Pu(IV)],
could be used to estimate FA. for the Pu(IV)-injected group as follows:
FA.=[(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 about the same time post injec-
tion. F. was extrapolated to that time (900 days), a line of 3850-day

hd T!lerc is a possibility that systematic errors in collection and analysis also con-
tributed to the Jow fecal Pu values of Cal-1.5 *
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half-time was drawn through the 900-day point, and its intercept was
determined to be 0.0012 % /day. The parameters of the five-component
“normal” human fecal excretion curve appear in Table V1.
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Urinary and Fecal Clearance of Plutonium

Having no fecal data beyond 138 days, Langham et al.'® were forced
to use an estimate of the Pu U/F ratio to calculate long-term Pu excre-
tion. 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—can be obtained from plasma
clearances. Accurate determination of urinary clearance requires sim-
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ultaneous sampling of plasma and bladder urine. In the absence of precise
measurements for man, Equations (4) and (5) were used to estimate ex-
cretory clearances from the data available for man, namely, intermittent
plasma samples, 24-hour urine samples, and pooled fecal specimens.

t2
3 Ex Pen
Exa = ‘*t (4) where P(t) =§ fP,c At). (5)
¥4 =
{ P(t)dt
t1

Both urinary fecal clearances 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(VI) citrate. Urinary clearance of Pu was very
high 15 to 30 minutes post injection, but dropped rapidly 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 level that was sustained for the next 15
days.

"~ The urinary Pu clearances calculated for man revealed a similar pat-
tern. The very high 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 analyzed
separately, and 83% of the Pu excreted in the first 48 hours was passed
in the first (0- to 6-hour) specimen.*” In the face of his rapidly declining
blood level® this large urinary output would indicate a high initial Pu

clearance.
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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 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 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
persons judged to have reduced digestive system function was less than
one-half that of persons considered to have normally stimulated gastro-
intestinal tracts.

Urine to fecal ratios (U/F) were calculated for each case during the
two intervals shown in Table VIII, using plasma clearances whenever
possible. Of these 23 available 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 were
substantially more than 1.0 (1.4 to 2.2). The six U/F values obtained
from the threc persons judged to be most nearly normal with respect to
both latent transferrin binding capacity and digestive system function
were all less than 1.3. Of the five U/F values greater than 1.4, all were
from persons with suppressed or impaired digestive system function. The
long-term excretion data are only from Chi-1 and Cal-1, 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 days after Pu injection the
U/F ratio for those 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 normal plasma protein binding capacity but with
reduced gastrointestinal function tended to have U/F values greater than
1.0. The anemic cases (in which protein binding capacity was presumed
to be elevated and gastrointestinal secretion suppressed ) exhibited reduced
urinary and fecal clearances of Pu, and their U/F values were again close
to 1.0,

Langham et al.” 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
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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 reanalysis to have subnormally stimulat- i
ed or subnormally functioning gastrointestinal tracts. The analysis pre- v
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 :

"
%
j of the second week excretion by the two routes was nearly equal, provided
é : that residual transferrin binding, kidney function, liver function, and i
£ i3 gastrointestinal secretion remained within normal limits. Comparison of -
- Z: the coefficients of the long-term components of the exponential urinary and
:-’: '7:“ fecal Pu-excretion equations (see Table VI) suggests that at times after
. I Pu injection longer than 100 days, U/F for Pu in man probably lies
2 £ =z between 1.0 and 1.5.
z E: < Human plutonium excretion — comparison with previous analyses ]
) § S § g- 9 ER When excretion rates are expressed as sums of exponentials, urinary ]
'S To oo : : R excretion at time t after injection is
s < i n -0.693t/Ur,,
o T o e s o U: (%/day) = = Uase (6)
‘g 38z ¢ 7 n=i
e geee - oii and similarly, fecal excretion rate at ime t is
1?_ :.:_ ¢ n -0.693t/F ..
e R o < - F. (%/day) = = Ealc (7)
¢ T84t il n=i
o dls z ; 7 The total amount of Pu excreted in urine or feces at time t is obtained by
£ s integration of Equations (6) and (7). |
£ = < t .
RN B+ uiw) - § v ® :
[a2) o™ 8 (a2} ] = ,
< (=2 o = P t .
< L 32 Fu(%) = § Fudt (9 :
. R ° i
: § % g § _ : Total excretion at time t is the sum of Equations (8) and (9). .
'S 3388 % iF TEB (%) =3IV +IF (10)
< - =4 . -
g £ Il and whole-body retention at time t is
o — < v o
E S BT R (%) = 1009% - 3 E. (11) :
. é ? : LT The fraction of the remaining body burden excreted daily in urine at time '
3 E tis i
< L I
C5 eeil Us(%/day) = (U. X 100)/R.. (12) »‘
a % 3 a e 00T Urinary and fecal excretion rates (Figures 7 and 8), the total amount ‘
S = HE of Pu excreted in urine and feces (Table I.X), whole body retention and z

33 }xi’i‘?\'i’?ra,?@umv’-}w(:‘f“))?‘ 0.9 gg-bﬁviw L Dy ndy, iy . v
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the fraction of the body burden excreted in a 1-day urine sample (Figure
9} were calculated for times after injection from 1 to 14,600 days (about
40 years), using Equations (6) through (12) and the parameters of the
“normal” Pu urinary and fecal excretion equations given in Table V1.
It was assumed for these calculations that a sixth component with a half-
time of 13,400 days (see the discussion of case LASL-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 IX
with that predicted by the power functions derived by Langham et al.?
Sums of exponentials predicted greater Pu elimination at all post-injection
times for at least three reasons: (a) Exponentials 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 re-
spect to the particular 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-
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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 V1.
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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
fecal curves in this paper and the equations of Langham et al** Points
shown were calculated from the parameters given in Table V1.
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tion of human fecal excretion were adjusted upward to correct for what
was considered to be unusually low long-term fecal elimination by Chi-1
and Cal-1.

B0 S5 S0 AP 1 VAU oI SR P o TN BT, Y AR & AL L AWMl Wt £ a s,

PR

Table IX. Comparison of long-term Pu excretion predicted from power
functions or sums of exponentials.* i

Time after injection Power functions, Sums of exponentials;
(days) (years) Langham et ol.** this paper
10 2.56 4.39
20 3.17 5.25
40 3.81 5.95
60 4.21 6.35 :
80 4.50 6.67 !
100 4.74 6.96
140 5.10 7.39 '
360 1 6.26 8.79 i
720 2 7.22 10.23
1,100 3 7.83 11.17 ;
% 1,500 4 8.30 12.24 :
= 1,800 S5 8.68 13.00 '
b 3,650 10 9.96 15.47 *
Iy 7,200 20 12.17 18.83
14,600 40 22.49
M * See Tables X and XIV for excretion equation parameters.
o For comparison with earlier analyses, the urinary and fecal cxcrctién
B rate equations are replotted logarithmically in Figures 7 and 8. At least

= taree power functions were needed to describe these equations. The power

k, function fitted to the calculated urinary excretion in the time period from

% 50 to 360 days was almost the same as that originally derived by Lang-

‘ ham et al.*® from the raw averages of the data from the Pu-injected cases

& and some accidentally exposed persons and more recently reevaluated by !
3 machine curve fitting by Robertson and Cohn.*

3 This paper, U. (%/day) = 0.17T" (30<T< 360 days) |
,;; Langham et al,»® Yu (% /day) = 0.2X*™" (10<X< 1750 days) |
,\_%' Robertson and Cohn,? l

g Yu(%/day) = 0.193t°= (1<t< 1750 days) i
!
.
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Figure 9 is the log-log plot of the fraction of the remaining Pu
burden excreted daily in urinc. 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 analytical method.

None of the power functions nceded 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 al*® Most of the
differencc between the two methods arises from the ways 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 ***Pu contents of the
body of occupational workers, based on skeleton and liver, are 0.04 and
0.4 uCi, respectively.® For purposes of dose calculations biological half-
lives are also given; 6.5 x 10* days (178 vears) for whole body, 7.3 x 10
days (200 years) for skeleton, and 3 x 10* days (82 vears) 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 demonstrate the dvnamic behavior of Pu. In the course of 600 dayvs
of growth remodcling, the skeletons of adolescent miniature swine'™ *'
rcleased about 389 of the injected Pu(IV) citrate dose (539 of the 30-
day bone deposit). Plasma Pu level 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 days after injection (13% of the dose).

At this writing there have been enough deaths of Utah dogs given
0.3 uCi/kg or less to establish a long-term half-time for Pu in the beagle
skeleton of more than 1500 davs®® (perhaps as long as 5000 davs). 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 remodeling.® At
these same low dose levels, the half-time of Pu in the dog liver was about
3800 days.® 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

cventually to long-lived deposits of Pu-hemosiderin in reticuioendothelial
cells.®e-s8
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512 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 course of bone remodeling; some
is redeposited 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 hepatic cells into insoluble hemosiderin deposits and
sequestered in reticuloendothelial cells. Therefore, liver Pu is likely to be
lost 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 the
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 (3% to 8% ) 22 to 30 days after

SN a (O (B VIS« PEETRAT DAY ST Y SV T TR €2 it s A WO P Y A S

SO & XN

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

Injected Pu (%)

Time after Soft tissue
injection Skeleton Liver remainder Excreted
i Man i
i This paper 5 to 17 days* 475 268 23.3 24 {
o 5 to 15 months® 475 31.2 11.2 95 |
34 !
- Langham et al*® 4 to 457 days* 65.7 225 6.8 50 ;
i Dog* 22 days 510 340 20 130 '
. Pig® 30 days 72.0 14.0 8.3 5.7 .
e * Average of Cal-1, Chi-2, HP-11, Cal-3. Livers and skeletons of Chi-2 and HP-11
i not included. See Tables I and I1.
f} ® Averages of HP-5, HP-9, and Chi-1. See Tables I and I1.
X © Average of all tissues from all cases in Langham et al.* Excretion estimated from
T % power functions. Soft tissues calculated by difference. ;
. ‘ff‘f ¢ Stover et al ™ ]
'f 3 * Skeleton from Clarke et al.* Liver from Smith et al.® Excreta calculated from i
W3 exponential equations in Table VI. Soft tissue calculated by difference. J
. A, en?
A 1
caerad

E . - .. ! - - SN
; %—tﬂi LR T Y W A e e AR T SRR, T BT BT ~



AR W e NIN T T Ty,

OK AT THE OLD DATA

: Pu initially present in
: miajor fraction is redis-
s excreted. Pu deposited
f bone remodeling; some
. and a small fraction is
wformed from relatively
mosidenin deposits and
s, liver Pu s likely to Ie
but at perhaps the sune
in other tissues. The los
te-limiting process for Pu

f Pu in four major com-
and excreta-are shown
anadvsis of the tisue dis-
pigs were not fully grown
thood, in contrast to the
il and, except for HP-1,
vsmall fraction of the Pu
895) 22 10 30 days after

wd pig.

‘cled Pu (S5)
Soft tissue

dver  remainder Excreted
26.8 23.3 24
31.2 11.2 9.5
225 6.8 5.0
340 2.0 13.0
14.0 8.3 5.7

d «keletons of Chi-2 and 1{P-11

and [/,

*t al.” Excretion estimated from
ice.

<t al.” Fxcreta calculated fram
alculated by difference

- . P NS 720 W
m\dmwiww««a-@%&‘u 8‘ ‘ ..f,f«ezga, T Ry G SRE 3 S e ety

- e i

N

o WL e e R o v i o

e e L aeiseen . o

-

e

t

b H A At L Wal Cue et mads 42

P. W. DURBIN 513

injection.” An average of 11.29 of the Pu dose was calculated to be in
the soft tissues of the Pu-injected people who came to autopsy 5 to 15
months post injection. The large soft-tissue compartment in these middle-
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.

Frost™ used a tetracycline labeling method and estimated the rate
of bone replacement in rib and clavicle cortex of persons 35 to 70 vears of
age to be between 2.5% /vear and 6% //year. Kulp et al.** used fallout
*°Sr analyses of individual bones and whole skeletons to obtain specific
activity ratios (*"Sr in bone/*°Sr in skeleton) in adult human long-bone
cortex, whole nb, and vertebrae. Bryant and Loutit calculated the
annual rate of bone turnover required to produce those observed specific
activities — 1.1% /vear to 2.6%/vear in whole femur, 2.1 /vear to
6.2% /year in whole rib, and 5% /vear to 10.4% /vear in vertebrae. Row-
land*** using an autoradiographic technique and bone from persons with
long-standing burdens of ***Ra, calculated a turnover rate of 1.1 /vear
for long-bone cortex. All the above calculated tumnover rates are in good
agrccmcnt with each other.

The best estimates of the annual mass replacement rates of certain
Fuman bones are probably the mid-points of the ranges cited above —
".85% /year for whole long bone, 4.2% /year for whole rib, and 7.7%/
year for vertebrae. Pu is deposited on bone surfaces, and May*®* has
tuggested that the surface of a mass of trabecular bone is four times the
surface of an equal mass of cortical bone. Using a ratio of 4:1, for
rrabecular to cortical bone surface, estimating trabecular bone mass to
x 23% of the total (ashed or dried) skeleton, and using the above
sstimates of bone turnover, one calculates the average turnover rate of the
»one surface of the entire human skeleton to be 59, /year.

[(0.23 x4 x7.7% /year) + (0.77 x 1.85% /year)] = 5% /year.

The associated half-time of the bone surfaces is 13.9 years, slightly less
than the 15-year hali-time observed in long-term °**Ra retention in
man.** Assuming that 50% of circulating Pu is redeposited in human
bone,** the observed half-time of Pu in the skeleton would be 88 years¥

®Since this paper was written, Nenot et al.™ have reported that Pu was deposited

almf)st exclusively in the bone of rats injected intravenously with Pu(IV)-trans-
ferrin, and Durbin et al.”” concluded from a kinetic 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-].

The half-time of Pu in the human body was estimated in this
analysis to be 204 years in substantial agreement with the upper limit
calculated by Langham et al.™ The important consequence of Pu loss
from bonc faster than from the whole body is an increase in liver Pu
with time. '

Mays et al.’® 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 analysis
in this paper suggests that over a 50-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 al.'* are that liver is as critical an organ for Pu as is the skeleton.

DEDICATION

This 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 Chemistry, University of
California, Lawrence Radiation Laboratory, who with L. B. Werner

rst prepared plutonium in pure form and who developed on a micro-
chemical scale the chemical techniques that were later used in the pun-
dcation of large quantities of plutonium. I remember with pleasure and
ippreciation many conversations with Dr. Cunningham on matters of
olutonium and actinide chemistry.

APPENDIX 1

Summary of Plutonium Cases

HP-]: White male, 67 yr, 70.3 kg, injected 10/16/45, 0.004 nCi/
kg ***Pu(IV) citrate. Nine vear history of peptic ulcer, acute hemorrhage,
Hb=13.7, RBC=4.5. Lost to follow-up.

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 likelv to resemble that of Pu-transferrin than that of the
Pu(lV) 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 years, and to a slower rate of Pu accumulation in the liver.
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HP-2: White male, 49 yr, 69 kg, injected 10/23 /45, 0.0045 nCi/kg
239Py(IV) citrate. Hemophilia, 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
uCi/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 *°Pu(IV) 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 11/30/43, ~ 0.0044 nCi/kg
2*Pu(IV) citrate. Amyotrophic lateral sclerosis, pneumonia, renal cysts
and adenoma. Died 151 days post injection, autopsied.

HP-6: White male, 45 vr, injected 2/1/46, ~ 0.0044 pCi/kg
#9Pu(IV) citrate. One-year Addison’s discase, infected skin lesions.
Follow-up 523 and 1610 days post injection, lost thereafter.

HP-7: White female, 59 vr, 68 kg, injected 2/8/46, 0.0057 uCi/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 2*Pu(IV) citrate. Two vear history of duodenal ulcers 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
*Pu(IV) citrate. 18-month history of muscular atrophy and dermatitis
(dermatomyositis). Hb = 12.3, RBC = 3.9. Died 456 days post injection,
of bronchopneumonia, autopsied.

HP-10: Negro male, 52 yr, 71 kg, injected 7/16/46, 0.0053 nCi/kg
*#*Pu(IV) citrate. Congestive heart failure. Hb = 13.3, RBC = 5.5. Lost
to follow up.

B L AL, LLETER TR L AEI e s

m"l"&"" "ﬂ"r \A;r; ¥, 1‘_.;-@“ lp POy

PR W .,\,. T

TR A ~ary
K. MMI v ""\‘mm w2 “ h"' e

™o
ol )

L

~ VT R T,

us

Y

-

[ A aitaa L i bl i

- c—-



5

TLITE U ARD T LI V3K 1 it RAT AT £t 66 WP PARM ety g vy A

LR U ST N

v

R RS

B R ~E-k

QRETE 7 £ RPEN

"
Feken 61 > Loy

y:

..
Lt

)
AN
YR

At v Ahs

A
K
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HP-11: White male, 68 yr, injected 2/20/46, ~ 0.0056 nCi/kg
29Pu(IV) citrate. History of chronic malnutrition and alcoholism. Died
5 days post injection, cirrhosis of liver, edema, acites, autopsied.

HP-12: Negro male, 53 yr, injected 4/10/45, ~ 0.0044 pCi/kg
#9Pu(IV) citrate. Multiple comminuted fractures. Hb = 8.9, RBC =
2.85 Biopsy 4 days post injection, lost to follow-up. (Also designated E.
C.in Ref. 18).

Chi-1: White male, 68 yr, 76.4 kg, injected 4/26/45, 0.0032 nCi/kg
2*Pu(VI) citrate. Metastasizing buccal epithelioma, mild pyelonephritis.
Hb = 10.9, RBC = 3.56. Mouth surgery 2 days post injection. Died 160
days post injection, autopsied. (Also designated MX-100 in Ref. 48a).

Chi-2: White female, 55 yr, 38.6 kg, injected 12/27/45, 0.15
pCi/kg ***Pu(VI) citrate. Metastasizing breast carcinoma and lympho-
blastoma, both tumors invading liver, kidneys, and bone marrow, heal-
ing pathological rib fractures, Hb = 12, RBC = 3.5. Died 17 days post in-
jection, autopsied. (Also designated WX-300 in Ref. 48b).

Chi-3: White male, voung adult, injected 12/27/45, ~ 0.085
pCi/kg #*°Pu(VI) citrate. Hodgkin’s disease, no other information. Died
~ 170 days post injection, autopsy withheld. (Also designated as MX-
200 in Ref. 48).

Cal-1: White male, 58 vr, 58 kg, injected 5/14/45, 0.0896 nCi/kg
#%Pu, and 0.002 pCi/kg *Pu as PuO:(NO;).. Diagnosed as gastric
carcinoma, gastrointestinal hemorrhage. Hb = 12, RBC = 4.1. Biopsy 4
days p.i. revealed huge gastric ulcer and adhesions. Total gastrectomy and
splenectomy. Followed for 340 days, died 1/9/66 (21 yr. post injection)
of cardiovascular disease.

Case Cal-2*

This case, a 4-yr-10-month-old white male of slight build, was suffer-
ing from osteogenic sarcoma with pathologic fractures. He was injected
4/26/46 iv. with 0.169 pCi of ***Pu(VI) nitrate, and tissue samples
were obtained 7 days post injection during a biopsy. Body weight was
estimated to be 15.5 kg from Miihlmann’s tables’” and Bayer and Bay-
ley’s curve'® of retarded growth. Blood volume was estimated to be
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7.5% of the body weight with a pcv = 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 measurements*®® of children’s bones. Died, 1/6/47,

no autopsy.
Samples Wet weight % Dose %fg
Cortex 4.05 0.237 0.0585
Tumor and adjacent 3.7 0.129 0.0349
trabecular 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  0.00092
muscle
Periosteum 0.65 0.00056  0.00086
Plasma - 1 hr 5.78 0.0043
Plasma - 4 days 077 0.00063
Reconstruction of whole bone (femur)
(0237 + 0.00056 + 0.129)% _ 0372 _ 0.0436% /g
(405 + 0.65 + 3.7)g 8.4

*Data of J. G. Hamilton, K. G. Scott, and B. V. A. Low-Beer, unpublished.

Case Cal-3*

This case, 2 73.3 kg, 36-yr old Negro male, was diagnosed from
biopsy as having an osteo-fibro myxochondrosarcoma involving the distal
femur, patella and proximal tibia. He was injected 7/18/47 with 0.095
pCi **Pu(VI) nitrate intramuscularly at an ink-marked location on the
gastrocnemius muscle. A mid-thigh amputation was performed four days
p-i. Alive and well 7/17/68, 21 yr. post injection.
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: Wet Ash Percent of absorbed
Samples wt. (g) wt (g) dose dose/g

Tumor 29.5 0.37 0.60 0.0203
Bone and tumor® 315 12.6 0.144 0.0046
Marrow 4.0 0.05 0.063 0.0158

Normal cortex 50.5 20.0 0.063 0.00124

Muscle from 27.5 0.345 0.025 0.0009
normal bone

Injection site 69.5 0.87 46.6°

Whole femur reconstruction:

(Bone + tumor) + (marrow) + (normal cortex)% _ :
(Bone + tumor) + (marrow) + (normal cortex)g 0.00313% /¢

* Data of J. G. Hamilton and J. C. Cowley, unpublished.
® Part of distal femur, patella, and proximal tibia.
© % of administered dosc.
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Percent of absorbed

dose dose/g APPENDIX 2

0.60 0.0203
0.144 0.0046
0.063 0.0158 e
0.063 0.00124
0.025 0.0009 ars

. . Cordrvosavinr  Gronene H 1ntectiony  Regeiiies, seema
S T : PulT cotonse N Put IR 1 eneors
P carete .

.
PP PR Y

Fa,c %4, 73 -6 A6 Uk el e
vaen,us, B Ve .

wApe-ET, Uiyt 28N =

:' c. M PR \ T A R <
— . 0T, car bs, ene .
- - ¢ . ua,’ Oar, U3, e
» B
6.6° 2 : D
s QO - = R E
® : -
T e T e -
« Potes . , ® feten . .
) ue2 s eae

-
?)!Efa = 0.00313%% /¢

000! e - : =

. M - L3400 3 Garos
Costhengs smause. weong : : Samporropnc  sciecnes 1 Pul T ) cvivore

PulIX) crvere Pul ) covern
*

v e.30 38
-

CTRS TR R X

Plutonium excretion per doy

A 032, US, e
By C2a, a3yt P20
\vapeass, £3,00
\
201 ~ ‘N - =

- —_—— :
T e T eunm B
T wteen ° Poxee

L1EX) L1ER)

oo - . . . . . . . . . —_
0 20 40 60 [¢] 20 40 60 [¢] 20 40 60
Oays after injection

Afrvendix Fig. 2a. Original urine and fecal data of Pu(IV)-injected in-
dividuals HP-1, HP-2, HP-3, HP-4, HP-5, and HP-6.

”A“Wﬁ Ub‘q ?ﬂssﬂﬂ-aum*?&&m&« T L o T e e S T e AR | BN S MY s S R e

LM LAY A A RIS

. e Ay - —————te

| e~ N —

P

- e oo wiema oo - 4t e



[ I LN

.8
B
.
Eaed
- =
o7
V3

e
)

3

'Y

TS VR

»
h

,:",,. v

o ﬁ :&%bq “u, VN T G R PR m‘?‘““‘*“ﬁgww‘\ﬁ%‘?}v}%-ﬁ%})& R

L0 5 et A At < 1 5

ST S Ben it R g e e fuan i TR T an e ot St - e .
A - AR T R UL it SRy S e R A it BB i e BT ¢ s N ey AR O e L

520 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

: CHrmn wswtiicooncy, byguethrrodiam, . Viesrs, wiedems .
N Shoma - - PelIX) caoass - N

. PulR cavese .

va v.a4, vle 1 230
ua,.2a. Ul e 2.0¢
ol - .
AR : :
Yay 012, Wiyt ide * .
.
..... it P s S TR
- 4

- . — 2
© =, B —_— .
b4 Qot - = - e L =
© : ta 043, @ . : M
- - - s ene : . :
° « breee . [ L. e unes R
2t . * fesan . . tecen N o Fozon
= w7 -8 ue-v
=
)
- 0001
s 0.« . .
- Congattens  aeerr tactus 1 .
& T oo e, omema 1D e cemr tpmeeniins, s
c - Put X < . PulTN} conere -
o - . . 4.
E US, «.33, U, 09 e ane, 03,0 a
<
x
X o1 ot VA .27, vs, - e
R = - -
€ . : : :
k] - Z Z
‘o: Iyt 0034, v, 8
>
a
o0 - - -~ *a,- £33 03,240 - - -
B R N . B
. e tazee o . ® Ures et feces
"o 12 Che=2

Q00! ’
o 20 40 &0 (o] 20 40 60 o] 20 40 60

Days ofter 1njection

Appendix Fig. 2b. Original urine and fecal data of Pu(IV)- injected
individuals HP-7, HP-8, HP-9, HP-10, and Pu(VI)<itrate injected
Chi-2.

(% / doy)

Py eacrrhion



CLea et gy .
v : opin g e T 0 T W
eae STy o Ze TP AW V' - s
e PSRN X SO 27 S o esind “W et " et en A b ¢ = LA T SR L X KN ke
L3

-~

oy

¢ AT THE OLD DATA

.
.
.
foom
. Poene
i orey
00000 carenr, lymptobasions . emvee
1
PutT I ceare
s
sa 0 3%, e, e
i
'
H R SR
+

a of Pu(IV)- injected
u(VI)<citrate injected

-

PO

R £ NI 1

Faube ;,r Z

PO VIR PR T L SRR -\ Y I R

R S

- R S T e L SRl SRR L G S S
.
P. W. DURBIN 51
.
[ S R s C .
Mewtionimy  oprtasiang, stymw . Hotquen y  deatene 4 Caotraciomy . onomek M
Putll) eneare - Pul T 3 entvare - Pt ) crivmve -
4 N o130, U35 07 -
w233, U3,70.30¢ va, 130 43,0078 Ua, .60, US, 1.0¢
Feamao.rsenae
[eA N Tor =
: I :
: - - VA, 100, U3, cabe -

Yaye0Q US,eTee
e Se 2
A :

- .
>
o
- ® Usas
~ - Facen
a gact :
® .. ..
| n oI t

20 o 20 40

$ Doys atter mection
I
e P .
= S :
L - . -
2 - -
a
033 Ul 67
puene = e WA HO.UB edete
1 5 <
i . :
oce. €3, -034 . B
.
Q01 - - - -
. yreas T et M
» Focen [{IXE |
Che =1

100 200 300 ©
Days after injection

Agpendix Fig. 2¢. Original urine and fecal data of Pu(VI)- injected
individuals Chi-1, Chi-3, and Cal-1.

e B Sy — e . .
e ek dpepgy B LI o “Hw“":‘."»ﬂ'mmivw-a?lﬂr-' RTE. 0
T N IR IR T T S Sos” B o WA - Q"""""‘" - s S aal 6L

-

s T

Rt L

v ® o e

an.

N

wi,

-~y

-




s, .any-;v_\.g,_‘ T g NMP MA- - athuy; ...mmmqg’ e D

S LN © i R AN L BT e O 35

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

0

e
SIS

L0 Y LI RO

i

-
L2 3

N L)
PRI

REFERENCES

1. R. 5. sTONE: in Industrial Medicine on the Plutonium Project (R. S.

Stone, editor), National Nuclear Energy Series, Division IV, Vol. 20, ‘
McGraw Hill, New York, p. 9 (1951). '

ot
o

2. A. H. coMPTON: Minutes of the Project Council: Metallurgical Labora- .
tory CS-1137 (Dec. 8, 1943). ;

3. M. p. wHITAKER: Minutes of the Project Council: Metallurgical Labora-
tory CS-1262 (Jan. 9, 1944).

4. J. 6. HaMiLTON: Health Division: Metallurgical Laboratory Report )
CH-1459 (Feb. 29, 1944). ‘

5. R s. sToNE: Health Division: Metallurgical Laboratory CH-1459
(Feb. 29, 1944).

6. H. M. PARKER: Medical Division: Metallurgical Laboratory CN-1892
(Sept. 1944).

7. 1. 6. HAMILTON (quoted by N. Hilberry) : Project Council Health In-
formation Meeting: Metallurgical Laboratory CS-1329 (Feb. 1, 1944).

8. J. J. NICKSON AND ]. E. ROSE: Monthly health report on problems re-
lating to product: Metallurgical Laboratory CN-2238 (Sept. 31, 1944).

9. E. R RUSSELL AND ]. J. NICKSON: Distribution and excretion of plu-
; tonium: in Industrial Medicine on the Plutonium Project (R. S. Stone,

editor) , National Nuclear Energy Series, Division IV, Vol. 20, McGraw-
Hill, New York, 256-263 (1951).

B R "E’Mu
R, AR MR T LAY Y N B kaz*lfw"umm«

10. K. SCOTT, H. FISHER, D. AXELROD, ]. CROWLEY, A. J. BARBER, AND J. G.
HAMILTON : Metabolism of plutonium in rats: Metallurgical Laboratory
CN-2383 (Oct. 15, 1944). Declassiied As MDDC-1018. Partially
published under the same title in J. Biol. Chem. 176: 283-293 (1948).

11. K. G. SCOTT, D. AXELROD, J. CROWLEY, AND J.'G. HAMILTON: Deposition
and fate of plutonium, uranium and their fission products inhaled as
aerosols by rats and man: Arch. Pathol. 48:31-54 (1949).

¢

... v
TP CRL AL RO LR

e
pe

12.-p. H. COPP, D. M. GREENBERG, ]. G. HAMILTON, M. J. CHACE, L. VAN )

v} MIDDLESWORTH, E. M. CUTHBERTSON, AND D. J. AXELROD: The deposi-
3 % tion of plutonium and certain fission products in bone as a decontamina-
- % tion problem: Metallurgical Laboratory CH-3591 (1946). Declassified
i as AECD -2483.

A%‘%

.

13. R. H. SNYDER, R. D. FINKEL, L. O. JACOBSON, W. KISIELESKI, B. LAW-
RENCE, AND E. L. SIMMONs: The toxicity and metabolism of plutonium

in laboratory animals: Metallurgical Laboratory CH-3783 (Aug. 1946).
Declassified as MDDC-1140.

y ;&,,1‘.,:5 7 o
4%

3
Ay e

RIETEIRIR <
frwi A e ~edE ST

i o s - ——
0 0 ﬁ?w ’Dg-u..., TSR YT U pome g .,m,.s(.‘”w—q.a;w% AR vr”qurﬂw‘ﬁg ey W



. .. . oy s
OISR P PR S Ty ..,_“,3%& Ve
v

OK AT THE OLD DATA

lutonium Project (R, 8.
es, Division 1V, Vol. 20,

il: Metallurgical Labora-
iI: Metallurgical Labora.
wical Laboratory Report
-l Laboratory CI-1454
ical Laboratory CN-18492
ruject Council Health In-

- CS-1329 (Feb. 1, 1910

th report on problems 1e-
SN-2238 (Sept. 31, 1911,

ion and excretion of plu-
wtum Project (R. S. Stone,
aon IV, Vol. 20, McGraw-

e —

. L .. ST
S . DY b St ,.A,-._.,-_Y",..n.r-..q_ : . ;
e f’ ’dﬁu :-’u-- B e il - e
"‘H ‘_,'u.. e R .

Do T gm SR o

P. W. DURBIN 523

14.

15.

16.

17.

18.

19.

N
S__

E. PAINTER, E. RUSSELL, C. L. PROSSER, M. N. SWIFT, W. KISIELESKI,
AND G. sacHER: Clinical physiology of dogs injected with plutonium:
Metallurgical Laboratory CH-3858 (June 1946). Declassified as AECD-
2042.

A. M. BRUES, H. LISCO, AND M. P. FINKEL: Carcinogenic action of some

substances which may be a problem in certain future industries: Man-

hattan District Declassified Document MDDC-145 (July 1946).

w. BLooM: Histopathology of Irradiation from External and Internal
Sources: National Nuclear Energy Series, Division IV, Vol. 22-1, Mc-
Graw-Hill, New York (1948).

R. ABRAMS, H. C. SEIBERT, A. M. POTTS, L. L. FORKER, D. GREENBERG, S.
POSTEL, AND W. LOHR: Metabolisn and distribution of inhaled plu-
tonium in rats: Metallurgical Laboratory CH-3655 (Oct. 1946). De-
classified as MDDC-677.

W. H. LANGHAM AND E. R. RUSSELL: Excretion studies: in Report of
Conference on Plutonium (J. ]. Nickson, editor), Metallurgical
Laboratory CN-3167 (July 1945).

W. H. LANGHAM, S. H. BASSETT, P. S. HARRIS, AND R. E. CARTER: Dis-
tribution and excretion of plutonium administered to man: Los Alamos
Scientific Laboratory LA-1151 (Sept. 1950).

W. H. LANGHAM: Determination of internally deposited radio-active

isotopes from excretion analysis: Am. Ind. Hyg. Assoc. Quart. 77:305-
318 (1956).

X, A. J. BARBER, AND J. 6. 2 . w. H. LaNGHAM: Excretion methods: The application of excretion
Metallurgical Laboraton analyses to the determination of body burden of radioactive isotopes:
s MDDC-1018. Partially Brit. J. Radiol. Suppl. 7:95-113 (1957).
cm. [76: 283-293 (1948). 2% 3. w. neALy: Estimation of plutonium lung burden by urine analysis:
G. maMiLToN: Deposition Am. Ind. Hyg. Assoc. Quart. 18:261-266 (1957).
f‘;::"(‘lg:g‘;“c's inhaled as 23. W. H. LANGHAM: Physiology and toxicology of plutonium-239 and
. its industrial medical control: Health Phys. 2:172-185 (1959).
TON, M. J. CHACE, L. VAN 4 w. s. snypER: Maior ¢ .. . nalvsis data
.} axrizop: The depon- ¢ . ajor sources of error in interpreting urinalysis da
. . to estimate the body burden of Pu®®: a preliminary study: Health
sin bone as a decontamina- Phys. 8:767-772 (1962)
(-3591 (1946). Declassitiend .. ’ )
4J. J. S. ROBERTSON AND S. H. cOHN: Evaluation of plutonium exposures
N, W. KISIELESKL, B. LAV- in man: Health Phys. 70:373-389 (1964).
26

d metabolism of plutonium
tory CH-3783 (Aug. 1946).

- L. C. SCHWENDIMAN, ]. W. HEALY, AND D, L. REID: The application of

nuclear track emulsion to the analysis of urine for very low level plu-
tonium: Hanford Laboratories HW-22680 (1951).

R

e T

iy, an

—~ - =
3 Y -
\ . . i L ~al - - k-, - e kT A — R o R
LY R 3 m@,-—-\‘.\.-@m‘m g TR e I e e T L LIS Sk oy - TEMASAA o e SR A T Ay W7 BT D w P SR Y
i B A o I e A papergp v L X LY AN, . Ar—my—— .~
4



ks
Aedray =~

el T T P S L . R . " .
g et e R R o P I s S B St i e Ay Laindbacs
: { ‘t _i - ]

%
-

AN

524 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

. ‘;;:\\.. N

AT S ‘.
ELTIR- X B VPR S

27. 6. H. coLEMAN: The radiochemistry of plutonium: Natl. Acad. Sci.-
Natl. Res. Council NAS-NS-3058 (1965).

28. B. J. STOVER, D. R. ATHERTON, AND N. KELLER: Metabolism of #*°Pu
in adult beagle dogs: Radiat. Res. 10:130-147 (1959).

o d ot

29. B. J. STOVER, D. R. ATHERTON, F. W. BRUENGER, AND D. S. BUSTER: |
Further studies of the metabolism of **°Pu in adult beagles: Health
Phys. 8:589-598 (1962).

30. G. BOOCOCK AND D. S. POPPLEWELL: Distribution of plutonium in serum ;
proteins following intravenous injection into rats: Nature 208:282-283
(1965).

31. D. s. POPPLEWELL AND G. BOOCOCK: Distribution of some actinides in
blood serum proteins: in Diagnosis and Treatment of Deposited Radio-
nuchdes (H. A. Kornberg and W. D. Norwood, editors), Excerpta
Medica Foundation, Amsterdam, 43-55 (1967).

32. B. J. STOVER, F. W. BRUENGER, AND W. STEVENS: The reaction of _.
Pu(IV) with the iron transport system in human blood serum: Radiat. i
Res. 33:381-394 (1968).

IO T PRI 1 7 R T Y N

33. w. STEVENS, F. W. BRUENGER, AND B. ]. STOVER: In vivo studies on the
interactions of Pu(IV) with blood constituents: Radiat. Res. 33:490-
500 (1968).

34. }. H. KATZ AND J. H. JaNDL: The role of transferrin in the transport
of iron into the developing red cell: in Iron Metabolism (F. Gross, i
editor), Springer-Verlag, Berlin, 103-117 (1964).

£AREE @M s

Ayl

35. 3. H. xarz: Transferrin and its functions in the regulation of iron
metabolism: in Regulation of Haematopoiesis (A. S. Gordon, editor),
Appleton-Century-Crofts, New York, 539-577 (1970).

36. M. poLLYcovE: Hemochromatosis: in The Metabolic Basis of Inherited
Disease (J. B. Stanbury, J. B. Wyngaarden, and D. S. Fredrickson,
- . editors) , McGraw Hill, New York, 780-810 (1966).

37. M. POLLYCOVE AND R. MORTIMER: The quantitative determination of ’
iron kinetics and hemoglobin synthesis in human subjects: J. Clin. In- ‘
vest. 40:753-782 (1961).

g

PRV
s TSR 2

i 38. R. 0. MCCLELLAN, H. W. CASEY, AND L. K. BUSTAD: Transfer of some

c transuranic elements to milk: Health Phys. 8:689-694 (1962).

'7 39. R. O. MCCLELLAN, H. W. CASEY, J. W. CABLE, AND L. K. BUSTAD: Transfer
B of heavy radionuclides to milk: Hanford Biology Research Annual Re-
1 port HW-72500, 44-49 (1962).

e, i
000008 -

Y T 4 oty N LY ¥ N P D T e o e PP ~ . v - .
T A T AT 54 R S T T T 6T 00 S p D R iy T
S T AR R



SR - A st oW e e S o AP

e Treant 32 3 co e Y s L S LU B > e Yy B e JTAS b B AR © 4L mar s T At
a‘.'.ms}}.?-li" T RS Y et g g R RO P i PRSP TSR P I ZENEIERLTL L B CUL (5 o A NP TR Y U < s b 2w e
K L P

DK AT THE OLD DATA P. W. DURBIN 525

oium: Natl, Acad. Sci.-

w: Metabolism of %Py

1959).

iER, AND D. S. BUSTER:
v adult beagles: Health

n of plutonium in scrum
ts: Nature 208:282-2843

on of somc actinides in
ent of Deposited Radio-
ood, editors), Excerpta

vEns: The reaction of
in blood senum: Radiat.

- In vivo studics on the
«: Radiat. Res. 33:4490-

e e ———— " ———— ——

40.

41.

42.

43.

W. J. CLARKE, J. R. MCKENNEY, V. G. HORSTMAN, L. J. SEIGNEUR, }J. L.
TERRY, AND L. K. BUSTaD: Plutonium metabolism in miniature swine:
Hanford Biology Research Report, HW-59500, 54-60 (1939).

L. K. BUSTAD, W. ]. CLARKE, L. A. GEORGE IL, V. G. HORSTMAN, R. O.
MCCLELLAN, R. PERSING, L. J. SEIGNEUR, AND J. L. TERRY: Preliminary
observations on metabolism and toxicity of plutonium in miniature
swine: Health Phys. 8:615-620 (1962).

V. H. SMITH, ]. E. BALLOU, W. J. CLARKE, AND R. C. THOMPSON: Effec-
tiveness of DTPA in removing plutonium from the pig: Proc. Soc.
Exptl. Biol. Med. 107:120-123 (1961).

L. A. BULDAKOV: The behavior of plutonium (#*°Pu) in young pigs:
Radiobiologiya 8:1, 62-64 (1968). English translation AEC-tr-6930
(1968).

- W. H. LANGHAM, A. MURRAY M., A. M. PERLEY, AND R. W. MATTISON:

Monitoring of certain personnel for internal plutonium contamination:
U. S. Atomic Energy Commission Document AECD-4075 (1945).

. W. H. LANGHAM: Determination of plutonium in human urine: Man-

hattan District Declassified Document MDDC-1555 (1945).

E. MAXWELL, R. FRYXELL, AND W. H. LANGHAM: Determination of plu-
tonium in human feces: J. Biol. Chem. 172:185-190 (1948).

wlemin in the transport 4. E. R. RUSSELL AND J. J. NICKsON: The distribution and excretion of
Metabolism (F. Giow, plutonium in two human subjects: Metallurgical Laboratory CH-3607
. {1946).
the regulation of iton 43. J. ]J. NICKSON, E. R. RUSSELL, AND J. E. ROSE: Medical Industrial
(A. S. Gordon, editor}, Hazards Section and Biochemical Survey Section Reports, Metallurgical
.970). Laboratory (a) MUC-HG-1088 (May 1945), (b) MUC-HG-1187
. . . ‘ (Jan. 1946), (c¢) MUC-HG-1194 (Feb. 1946), (d) MUC-HG-1203
1bolic Basis of Inherited ! (Mar.-Apr. 1946), (e) MUC-ERR-206 (May 1946), (f) MUC-ERR-
:(l;;(l D. S. Frednckson, : 211, (June 1946).

) o ; 4. E. R. RUSSELL, J. SCHUBERT AND J. A. JACKsoN: The quantitative deter-
tatve .dctcrnun:\t.mn of ' mination of plutonium in biological materials. I. The analysis of urine:
in subjects: J. Clin. In- Metallurgical Laboratory MUC-HG-1217 (June 1946).

. . 5). E. r. RUSSELL: The quantitative determination of plutonium in biolo-
»;;‘AIDGG-{ nl';ﬁ;r of some gical materials. II. Analysis of stools: Metallurgical Laboratory MUC-
9-63+ (1962). ERR-210 (June 1946).
L. K. BUsTAD: Transfer 5

« Rescarch Annual Re-

T als: FAmTE

. E. R. RUSSELL: The quantitative determination of plutonium in biolo-

gical materials. IT1. The analysis of tissues: Metallurgical Laboratory
MUC-HG-1218 (June 1946).

—_ Y

B‘if qw/_‘ SRSy A ::r.;L S!Wtw—-w.'w “-"""" 2R e TR, AT,y MR o LT S e e =

-

A o

P e W = e o A o




.

N

[ . 2
[ S A
PRI 2 22,

R I L et ¢ s OFPTS . S Y R Y W L I TA S -CR b S P T s '-.«'V.“' N
fmu-um e T S it T S o B 0 A ot bt v SR b

AW RN LBV SIVED AN i RN AR PATR AL L WYY, 7 SRy

(3T & SEXPLN LWL AN

,. ,
FRRLS A3y

R

pd
3

‘:§w

{’f?{‘-ﬁ e
. E{Q -"3\ O ot

526

52.

53.

54.
55.
56.
57.
58.

59.

60.

61.

62.

A L

0090100

PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

J. CROWLEY, H. LANZ, K. SCOTT, AND ]. G. HAMILTON: A comparison

of the metabolism of plutonium (Pu®®) in man and the rat: Metal- ~

lurgical Laboratory CH-3589 (Sept. 1946).

H. FOREMAN, W. MOSS, AND W. LANGHAM: Plutonium accumulation
from long-term occupational exposure: Health Phys. 2:236-353 (1960).

T. N. RYSINA AND R. A. EROKHIN: The distribution and elimination of
plutonium in pigs in the long-term periods after introduction: in
Biological Effects of Radiation and Problems of Radioactive Isotope
Distribution (A. V. Lebedinskii and Yu. I. Moskalev, editors), Medgiz,
Moscow (1961). English translation AEC-tr-5265, 117-126.

B. J. STOVER, D. R. ATHERTON, F. W. BRUENGER, AND DAWN S. BUSTER:
Plutonium-239 in liver, spleen and kidneys of the beagle: Health Phys.
14:193-197 (1968).

B. ]. STOVER, D. R. ATHERTON, F. W. BRUENGER, AND DA\WN S. BUSTER:
#%Pu(IV): its distribution in the beagle: in Delayed Effects of Bone-
Seeking Radionuclides (C. W. Mays et al., editors), University of Utah
Press, Salt Lake City, 109-123 (1969).

]. CARRITT, R. FRYXELL, J. KLEINSCHMIDT, R. KLEINSCHMIDT, W. LANG-
HAM, A. SAN PIETRO, R. SCHAFFER, AND B. SCHNaP: The distribution
and excretion of plutonium administered intravenously to the rat: J.
Biol. Chem. 171:273-283 (1947).

J- SCHUBERT, M. P. FINKEL, M. R. WHITE, AND G. M. HIRsCH: Plutonium
and yttrium content of the blood, liver, and skeleton of the rat at differ-
ent times after intravenous administration: J. Biol. Chem. 182:635-642
(1950).

International Commission on Radiological Protection Report of Com-
mittee I1 on Permissible Dose for Internal Radiation: Health Phys. 3:15
(1959).

International Commission on Radiological Protection Task Group Re-
port on Standard Man (in preparation).

N. MECHANIK: Untersuchungen iiber des Gewicht des Knochen-
markes des Menschen: Z. Anat. Entwick.-Gesch. 79:58-99 (1926).
English translation NIH-tr-2-13-67, 67.2106.

D. M. TAYLOR, F. D. SOWBY, AND N. F. XKEMBER: The metabolism of
americium and plutonium in the rat: Phys. Med. Biol. 6:73-86 (1961).

. YU. A. BELYAYEV, V. V. KONSTANTINOVA, AND N. I. YELKINA: Plutonium

distribution in rabbits: in Plutonium-239: Its Distribution, Biological
Effects and Accelerated Elimination (A. V. Lebedinskii and Yu. L

i . ; T o e+ = TN
S TRy T T RN DR T A T A TR TR i BT e g AT oo > .

gy, - -
el T



o ye-:ﬁa&'a. IR R

K AT THE OLD DATA
MILTON: A comparison
n and the rat:

lutonium accumulation

*hys. 2:236-333 (1960).

tion and elimination of
after introduction: in
of Radioactive Isotope
alev, editors), Medgiz,
55, 117-126.

AND DAWN S. BUSTER:
e beagle: Health Phys.

AND DAWN S. BUSTER:
elayed Effects of Bone-
rs), University of Utah

EINSCHMIDT, W. LANG-
iNAP: The distribution
venously to the rat: J.

M. HIRSCH : Plutonium
:ton of the rat at differ-
ol. Chem. 182:633-642

‘ection Report of Com-
tion: Health Phys. 3:15

ection Task Group Re-

rewicht des Knochen-
sch. 79:58.99 (1926).

R: The metabolism of
1. Biol. 6:73-86 (1961).

I. YELKINA: Plutonium
Distribution, Biological
Lebedinskii and Yu. L

Th RMe | 4TS e o Tk TOR AT g T

Metal- -

iy ,,mu.'::w.u~ &

ditaans aramtanraried o

S '_0 th_, .

4w —.—— —

!
006010

P. W. DURBIN

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

I

,.-'. “Aebadesnrrs. =

- PRy
2Lar St

e TR AN ik i S

PRS2 IR L 9S-I - SNY

,‘xu ——

527

Moskalev, editors), Mediz, Moscow (1962). English Translation U. S.
Air Force FID-TT-63-559, Dept. Defense AD-430440, 1-7 (1963).

P. w. DURBIN: Plutonium in man-n 25-year review: Lawrence
Berkeley Laboratory, UCRL-20850 (1971).

E. BiscHOFF: Einige Gewichts und Trocken-Bestimmungen der Organe
des menschlichen Kérpers: Z. Rat Med. 20:75-118 (1863).

E. DURSY: Lehrbuch der Systematischen Anatomie: in Cyclus Organ-
tsch Verbundener Lehrbiicher Sammtlicher Medicinischem Wissen-
schaften (C. H. Schauenberg, editor), Verlag von M. Schauenberg
& C., Lahr, 507-511 (1863).

A. w. voLKMANN: Uber die relativen Gewichte der menschlichen
Knochen: Ber. Sichs. Gesell. Wissen. Math-Phys. 25:267-305 (1873).

H. H. MITCHELL, T. S. HAMILTON, F. R. STEGGERDA, AND H. W. BEAN:
The chemical composition of the adult human body and its bearing on
the biochemistry of growth: J. Biol. Chem. 158:625-637 (1945).

R. M. FORBES, A. R. COOPER, AND H. H. MITCHELL: The composition of
the adult human body as determined by chemical analysis: ]. Biol.
Cem. 203:359-366 (1934).

R M. FORBES, H. H. MITCHELL, AND A. R. COOPER: Further studies on
the gross composition and mineral elements of the adult human body:
J Biol. Chem. 223:969-975 (1956).

4. N. MAREI AND B. K. BORISOV: Methods of mass survey of the Sr*° con-
fent in adults: State Commission for Atomic Energy, Moscow {un-
wublished). (Copies of English translation available from P. W. Dur-
)in on request).

. R. ATHERTON, C. W. MAYS, AND B. J. STOVER: Radionuclide distribu-
-ion in adult beagle bones: University of Utah Radiobiology Labora-
ory CO0-217, 118-125 (1938).

X D. LLOYD, D. R. ATHERTON, SUSAN S. GAUFIN AND C. W. MAYS: Dis-
ribution of injected ?**Am in the beagle skeleton: Research in Radio-
siology, University of Utah COO-119-244, 151-158 (1971).

. W. DURBIN, M. W. PARROTT, M. H. WILLIAMS, M. E. JOHNSTON, C. W.
ASLING, AND J. G. HAMILTON: Metabolic studics with strontium-20 in
‘he rhesus monkey (preliminary report) : in The Shorter-term Biological
fHazards of a Fallout Field (G. M. Dunning and J. A. Hilcken, editors),
Supt. of Documents, U. S. Government Printing Office, Washington,
J.C. 173-184 (1956).

e e ——— AM“J\ O

T g ¢ A% s e At iy Riam r An ml T ek b

S vy —— - - s

u&:-“

e

g Ladar

————

P L TN

e L

v h e

P

*ra————

ttn



fﬂ&-w%ﬁ;ﬂ: 2 82 R s O L L AU TR, T T R SIENERIL v I LS e a0 T B TEN .-
- pAT WO o
P YT

'3 528 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA
g
: 75. R. D. EVANS: Measurements on whole bone radium and mesothorium
f activities: Radium and Mesothorium Poisoning Project Annual Re-
port MIT-952-2, 26-31 (1965).
- z 76. R p. EVANs: Measurement of macroscopic variations in the skeletal
¥ distribution of radium and mesothorium: Radium and Mesothorium
§ Poisoning Project Annual Progress Report MIT-952-4, 34-36 (1967).
; 77. J. L. KULP AND A. R. SCHULERT: Sr*® in man and his environment. II.
i Analytical data. Table II-4. Intraskeletal distribution of Sr**: Lamont
§ Geological Observatory NY0-9934, 219-22 (1961).
; 78. r. E. ROWLAND: Exchangeable bone calcium: Clin. Orthop. 49:233-
$ 248 (1966).
’ 79. L. VAN MIDDLESWORTH : Study of plutonium metabolism in bone: Doc-
: toral dissertation, Physiology, University of California, Berkeley, (1947).
i (Also issued as MDDC-1022, 1947) . '
; 80. J. H. DOUGHERTY AND K. SEYMOUR: Hematology report: hematological
f values for 188 adult beagles: University of Utah Radiobiology Labora-
tory AECU-3522, 57-65 (1937).
H 81. G. A. TURNER AND D. M. TAYLOR: The transport of plutenium, americium
; and curium in the blood of rats: Phys. Med. Biol. 13:535-546 (1968).
f 82. w. H. crosBY: Regulation of iron metabolism: in Regulation of Hema-
: topoiests (A. S. Gordon, editor), Appleton-Century-Crofts, New York,
519-537 (1970). !

83. M. 3. MORONEY: Facts from Figures, Penguin Books, Harmondsworth, |
Middlesex (1951).

84. T. H. BOTHWELL AND C. A. FINCH: Iron Metabolism, Little-Brown &
Co., Boston (1962).

85. R. DUBACH, C. V. MOORE, AND S. CALLENDER: Studies in iron transporta- '
tion metabolism. IX: The excretion of iron as measured by the isotope
technique: J. Lab. Clin. Med. 45:599-615 (1955).

86. F. w. BRUENGER: Discussion following paper by Stover et al., ref. 56,
122-23.

N

87. ©. R. LAGERQUIST, E. A. PUTZIER, AND C. W. PILTINGSRUD: Bio-assay and
body counter results for the first two years following an acute plutonium
exposure. Health Phys. 13:965-972 (1967).

X
Ay

ARG o, AT T THA O AR N W s AT P v ARt

88. c. V. MOORE AND R. DUBACH: Iron: in Mineral Metabolism Vol. 2B '
(C. L. Comar and F. Bronner, editors), Academic Press, New York,
287-348 (1962).

' .
e

0009702 o

R
e el T TEL T, - —am - . - -es . - e .



ar

OK AT THE OLD DATA

idium and incsothonium
ntr Project Annual Re-

anations in the skeletal
dium and Mesothotiam

195244, 34-36 (1967).

wnd his environment. 11.
ibution of Sr*: Lament
).

(llﬁn. Orthop. 49:233-

etabolism in bone: Doc-
fornia, Berkeley, (1947).

o report: hematological

h Radiobiolngy Labora-

+f plutonium, amenicium

Siol. 13:535-546 (1968).

in Regulation of Hema-
atury-Crofts, New Youk,

Books, Harmondsworth,
abolism, Little-Brown &

udics in iron transporta-
measured by the isotope
5).

by Stover et al., ref. 56,

fINGSRUD: Bio-assay and
wing an acute plutonium

ral Metabolism Vol. 2B
demic Press, New York,

S eram L gk ke

PR P T R USROG UL RO A A, -

N s A o TR
PR

m st otk e aar dr €L0 S 2 e 5

! P. W. DURBIN

89.

90.

91.

92.
93.

95.

97.

98.

99.

100.

101.

102.

oooa00algd

PRy N S

529

R. GREEN, R. CHARLTON, H. SEFTEL, T. BOTHWELL, F. MAYET, B. ADAMS,
C. FINCH, AND M. LAYRISSE: Body iron excretion in man: Am. J. Med.
45:336-353 (1968).

C. H. BEST AND B. TAYLOR: Pancreas, liver and biliary system: in The
Phystological Basis of Medical Practice, 7th Edition, Ch. 39, The
Williams and Wilkins Co., Baltimore, 629-664 (1961).

Ibid., Ch 42. Movement of the alimentary canal, continued. Small and
large intestines, p. 719.

Ibid., Ch. 40. Secretion and absorption in the intestine, 665-681.

B. J. STOVER, D. R. ATHERTON, AND D. S. BUSTER: Retention of »°Pu(IV)
in the beagle: This volume.

. W. S. S. JEE, H. Z. PARK, AND R. BURGGRAFF: Estimates of residence time

of #*Pu in trabecular bones of beagles: Research in Radiobiology,
University of Utah COO-119-240, 188-197 (1969).

B. J. STOVER, D. R. ATHERTON, AND D. S. BUSTER: Protracted hepatic,,
splenic and renal retention of 2*°Pu in the beagle: Health Phys. 20:369-
374 (1971).

- G. N. TAYLOR, W. S. s. JEE, N. L. DOCKUM, E. HROMYK, AND L. BREW-

sTER: Translocation of Pu®® in beagle livers: Research in Radio-
biology, University of Utah COO-119-234, 70-84. (1966).

G. N. TAYLOR, W. S. S. JEE, N. L. DOCKUM, AND E. HROMYK: Transloca-

tion of ***Pu and *'Am in beagle livers: Radiat. Res. 371:554 (1967)
Abstract.

B. J. STOVER, F. W. BRUENGER, AND W. STEVENS: The subcellular dis-
tribution of plutonium in the liver and its association with ferritin:
Research in Radiobiology, University of Utah COO-119-144, 131-144
(1970).

H. H. FROST: Measurement of human bone formation by means of
tetracycline labelling: Can. J. Biochem. Physiol. 47:31-42 (1963).

J. L. KULP, A. R. SCHULERT, AND E. J. HODGES: Strontium-90 in Man.
IV: Science 132:448-454 (1960).

F. J. BRYANT AND J. L. LouTIT: Human bone metabolism deduced from

strontium assays: Atomic Energy Research Establishment, Harwell,
AERE-R-3718 (1961).

R E. ROWLAND: Resorption and bone physiology: in Bone Biodynamics
(H. H. Frost, editor), Little-Brown and Co., Boston, 335-351 (1964).

- IR

Rt R el T el ot T T T
B e I TV S S - )

Nt o N Aokl TN S TN e S i
a sl - ooy - - - -
AN PN S " LU R  Se EERCS X T TN SN 3 1) D N SR KM ASOALTANS | "l TaEr m

ST LY TR T DM R T

- ampeon e SphTy

R R e LT R L LR N

e v

Yo repren

R i

~—7



fpge & Dot e st PRI e LR . T P e oren s e
f-..,-’-'"";""‘— Va2 D L AR AR T g e A N LR 4 u@‘«q;,,:__cm i N Lgin, B LS e

i
4
o 530
4 0.
: 104.
.3

4
¥ 105.
N
%
2
; 106.
2
£
: 107.
i
3 108.
;
£
: 109!
H 11).
%
8
:,‘é 111.
;:;i
2

-
-

Bhsvainats

000704

PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

H. A. MAY: Preliminary report on the distribution of americium-241
following accidental inhalation: Argonne National Laboratory, Radio-
logical Physics Division Annual Report ANL-7489, 19-23 (1968).

C. E. MILLER, AND A. J. FINKEL: A re-examination of retention patterns

LIRS NI e

n S

in patients who received radium by multiple injections 33 years earlier: -

Health Division Gamma-Ray Spectroscopy Group Annual Report ANL-
7217, 5-90 (1965).

P. W. DURBIN, N. JEUNG, AND M. H. WILLIAMs : Dynamics of 2*Am in
the skeleton of the rat. A study of the relationship between behavior of
bone-seeking elements and bone-growth status: in Delayed Effects of
Bone Seeking Radionuclides (C. W. Mays et al., editors), University
of Utah Press, Salt Lake City, 137-156 (1969).

C. W. MAYS, G. S. TAYLOR, W. S. JEE, AND T. F. DOUGHERTY: Speculat-
ed risk to bone and liver from #*°Pu: Health Phys. 19:601-610 (1970).

M. MUHLMANN: Wachstum, Altern, und Tod. Uber die Ursache des
Alterns und des Tods: Virchow’s Erg. Anat. 27:1-245 (1927).

L. M. BAYER AND N. BAYLEY: Growth Diagnosis. Selected Methods for
Interpreting Physical Development from One Year to Maturity: Univ.
Chicago Press, Chicago (1956).

F. w. THEILE: Gewichtsbestimmungen zur Entwicklung des Muskel-
systems und des Skelettes beim Menschen. II. Das Skelett: Nova Acta
Ksl.-Leop.-Carol.-Deut., Halle, Akad. Naturforsch. 46: No. 3, 437-471
(1884).

J. C. NENOT, R. MASSE, M. MORIN, AND ]. LAFUMA: An experimental
comparative study of the behavior of**’Np, 2**Pu, 2**Pu, ?**Am, and
2¢2Cm in bone: in Symposium on the Biological Implications of the
Transuranium Elements, Richland, Washington, Sept. 26-29, 1971.
Health Phys. {in press).

P. W. DURBIN, M. W. HOROVITZ AND E. R. CLOSE: Plutonium deposition
kinetics in the rat: in Symposium on the Biological Implications of

the Transuranium Elements, Richland, Washington, Sept. 26-29, 1971.
Health Phys. (in press).

— wr’ B el W L R T Y. ST B R e D S

. I W——



	It was assumed for these calcuIations that a sixth component with a half-
	time of 13,400 days (see the dixusion of case LASL1 in the section on
	with that predicted by the power functions derived by Langham et a].™™
	Sums of exponentials predicted pter Pu elimination at all past-injection
	times for at least three reasons: (a) Exponentials fitted the first 10 days‚
	curve and fecal-curve coefficients from cases judged to be normal with re-
	Fig 7 Comparison of human urinary Pu excretion (from 1 day to 40 years)

