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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 20% of the Pu dose. Five to 15 months
after injection the average liver Pu content was 319 of the dose for three
cases with presumably normal liver function. Four to 457 days after in-
jection mean total skeletal Pu was 499 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 with stored iron. After
being bound to 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. T hese observations were taken to mean
that some Pu is fitered by the kidney in the form of a low-molecular-

® Division of Biclogy 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 Pu-
transferrin binding.

Fecal excretion of Pu apparently represents secretion in bile and
other digestive juices. Fecal excrelion 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 limils were included in the mean inlercepls.

Daily Pu excretion rates and total cumulative Pu excretion predicled
from exponential equations were somewhal 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 estimaled to be not less than 480 days, and bone
surface turnover for the whole adull human skeleton was estimated to be
about 5% per year. For an individual on a diel adequale in iron and with
normal iron stores, this model predicts that bone and liver will contain
equal amounts of Pu 15 years afler exposure.

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 studics 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
separated,’ 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 thc 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
several occupationally exposed persons, and provided a method of pre-
dicting Pu body content based on urinalysis. Langhant’s mcthod has been
rcanalyzed many times.?"** There have been mathematical refinements,
and analytical chemical and e-particle detection techniques have been im-
proved,*® ?” but the underlying assumptions are unchanged.

It seemed appropriate that this anniversary volume include a re-
examination of the original data, gathered nearly 25 vears ago, because
meager as they are, they represent necarly all our human Pu experience.
Study 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 predict the behavior of Pu in healthy persons.

A retrospective study has the advantage of being able to draw on
ncewer knowledge. Long-term excretion data are now available from the
lower-dose dogs in the Utah experiment.® * The protein that binds Pu in
plasma has been identified as transferrin, the iron-transport protein.®***
The kinetics of iron, the clement normally carried by transfernin, have
beeen worked out in detail.**=*" Now, there is also some information on
the behavior of Pu in two other large animals, the shecp®™ * and the
pig.ﬁHl

* The rodent tracer studies and inhalation experiments (Hamilton et al® )
and attempts at Pu decontamination (Copp et al.”} by the Berkeley group,
and the tracer and toxicity and inhalation studies in several species by Cole’s
group in Chicago (Finkle et al. Painter et al.," Brues ct al.,* Bloom™ and

Abrams ct al.¥) are the foundation of our knowledge of the bhiological 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, Tennessce, 37830.
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472 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

MATERIALS AND METHODS

The following bricl description of the original data sources is in-
cluded to eliminate confusion about the Berkeley 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 analyses
of urine, feces (fecal data from Cal-1 were not included), and tissue
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.**™*¢

Russell and Nickson'* *" 4" All the original data from Chi-1 and
Chi-2 are contained in Ref. 47, which includes case histonies, 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. Russcll for Chi-3.) Pu radiochemical techniques can
be found in Refs. 49-51.

Crowley et 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 urine, 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.!> 3" %* B,
J. Stover and D. R. Atherton kindly supplied original data for Pu excre-
tion of individual dogs.

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 T'able I.

The calculated Pu content of the soft tissues* of the six human
beings is considerably greater than the 3% reported present in soft tissues
of the beagle 22 days after intravenous injection.* It was possible to cal-
culate from the data of Smith et al.** that the soft tissues of yearling minia-
ture swine contained as much as 25% of the 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 249 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 curvein Figure I is

Soft-tissue Pu = 8%¢™%* + 16¢5e %M, (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 the first few days after injection. Thus, the amount of Pu initially in
the soft tissucs of the dog (at least 209% can be accounted for in blood
alone) was substantially more than the 3% measured at 22 days.?* Most
of the Pu that leaves the soft tissues of either dog or man does not leave
the body, but is redistributed to the liver and skeleton. It appears that
most of the Pu originally in the soft tissues of the dog is sufficiently labile
to participate in this redistribution, but that ncarly two-thirds of the Pu
initially found in the soft tissues of man is more firmly bound.

Plutonium in the skeleton

The initial Pu content of the entire human skelcton was originally
calculated by multiplying the mean Pu concentration of all the bone
samples 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 includes muscle, skin, connective, lymp-
phatic, and nervous tissue, fat, glands, all organs except liver, blood and other
body fluids except bladder urine, and gastrointestinal contents. Thus the whole
bedy 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: vertebrae, 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-
estimated.

One method of estimating skeletal Pu uses the material balance,

Puaw=100% - (Pui + Pusc + Pue), (2)

where Pu., Pi, Pus, and Pu. are the percent of injected dose in the
skeleton, liver, soft tissues, and excreta, respectively. The maximum Pug
— that is, the amount of Pu left over after accounting for Pui, Pu,,,
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 norm:l. 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 Pu, is 31.2%, and the mean Pus is 47% — nearly
189 less than originally estimated.”®

Total skeletal Pusk 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

Puw = BW X fsk >f<nfb| X (Pui) ’ (3)

where BW is the body weight in grams, fsk is the fraction of the body
weight contributed by the skeleton, fbi is the fraction of the skeletul

® Pu, was not measured for Cal-1, so the range of Puu shown for him uses as
limits the highest and lowest mcasured values of Pu, from three other cases
that were considered to have approximately normal livers,

LA

-
-

Table I. (Part 1) Material balances of soft tissue and excreta. Six persons injected i.v. with Pu(IV) citrate, Pu(V1)

nitrate, or Pu(V1) citrate.
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Fig. 1. Pu loss from soft tissue (other than liver) after intravenous injection
of Pu(lV) citrate or Pu(VI) citrate. Rat data are from Scott et al.?® and
. Carritt et al.*"; toxicity dogs were those of Painter ct al*; mongrel dogs
. injected with Pu(NOy), were those of Rysina and Erokhin®*; beagles were
AE N those of Stover et al.*®
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wcight contributed by the individual bone i (or a group of similar bones;,
{Pui) is the measured Pu concentration {S¢/g) in bone i, and fr; is the
fraction of the skeletal radionuclide contributed by bone 1.

Bone specimens were obtained from nine cases, Fhe anadvtical resulis
arc shown in Table 1. The bone samples of the two Chicagzo cases and
the three California cases had been subdivided into several parts, e.g.,
periosteum, marrow, spicules, cortex, ctc. 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 = 39:* and 11.9 = 1.7¢¢ of the body weight
for the adult male and female, respectively. The weights of the individua]
skeletons of the Pu cases were calculated and appear at the bottom of
Table 1. Marci and Borisov™ dissected seven male and six female cadavers
of persons who died in 1967. Groups of hones were weighed on modern
cquipment, and drving was avoided. Their dissections included onlv
“carclul preliminary removal of soft tissue”, about what might be ex-
pected in the case of autopsy samples. The {b.'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 distri-
bution in the human skelcton 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 carth clement has also been
studied in cach 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 deviation (S.D.).
S.D. = [S(dev)*/ -l
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. and calculation of total Pu in the sampled bones and total skeleton based : h
' on intraskeletal distribution of Ra and Sr in man, Am in monkey and Pu caleu :.nc the
i1 dog.t {Details arc
Gl tions of **°R
€o of Pu in total (despite son
skeleton, based on® and *Sr in
. (Pu;) % of Pu Ra, Sr Am Pu Material actinide clen:
}. Case Bone sampled Sb/g (calc.) man monkey dog balance distribution
HP5  Vertebra 00071 136 56 47 38 prising, bec:
| Rib (whole) 0.0070 447 36 76 38 ;‘;‘::0",;
T Sternum 0.0050 072 40 48 40 T ‘;‘l“l
SR Mean 44 57 38 42 ave
: - men, based «
5 i HP9 Vertebra 0.0080 13.6 56 47 39 or **Pu in ¢
é, R Rib (whole) 0.0038 2.16 _1_7b 37 Eb . tion (3) is
2 . Mean 56 42 39 52 material bal
C HP-11  Vertebra 00070 134 55 46 38 culating Pu
Rib (whole) 0.0068 434 35 74 37 distribution
Sternum  0.0096 138 77 92 77 The ca
Mean 56 71 51 65 ])Giﬁ'lbllll_\'. ']
kL during surgi
e HP12 Radiusend 0.0187 2.36¢ 103 after the bo
‘ . : Patellae 0.0109 0.78° _1_22_ formation ar
. - Mean 132 when the P
Chi-l  Ribs 0.0079 544 44 92 46 ' in a healing
N Sternum  0.0047 073 40 49 40 _“‘3”*:15“ bone
Mean 42 70 43 49 Hjecon.
The sm
.- Chi-2  Rib*® 0.0200 884 71 150 76 81 cortex) was
Call  Rib® 0.0081 473 38 80 40 deposition dt
= ; exceeded 10X
f - N ..4 Cal°2 chur' ‘0-04'36 12.5 > 100 takcn from t
$ Cal-3  Femur 0.0031 609 57 ture three mc
(cortex)® If these
six cases is 49
* Sce text and Refs. 72-77.
* Omitted from average. Plutonium in
¢ Ends of radii and ulnae of adult rhesus monkeys contribute 339 of the whole- .
% bone wet weight. Serial b.
N A T * Measurement of patellac separate from leg hones was made only for Sr in the D
N monkey and represented 0.48% of the skeletal hurden. * The sou
r 34 ¢ Results published for subdivided samples. Whaole bone reconstructed, see Ref. 64, exaniinec
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calculate the distnibutions of ***Ra and *"Sr in the human skeleton.™
(Details arc published clsewhere.®) The estimates of the skeletal distribu-
tions of ***Ra and *'Sr in man agreed well. They also agreed gencrally
(despite some specific species differences) with the distributions of ***Ra
and *'Sr in the animals and qualitatively with the distributions of the
actinide clements in the animals. The existence of & common intraskeletal
distribution pattern among secemingly dissimilar clements is not too sur-
prising, because the initial site of deposition of all the bone-sceking ele-
ments is on surfaces and initial deposition is related to vascularization and
blood flow.™

Table 11 contains the solution of Equation (3) for each bone speci-
men, based on fr; taken from alkaline earths in man, ***Am in the monkey,
or **Pu in the dog.* The Pu« of each human case calculated from Equa-
tion (3) is compared in Table II with the result obtained from the
material balance. The best agreement between the two methods of cal-
culating Pus was achieved when fri was based on the alkaline carth
distribution in man.

The calculated Pus was greater than 1009, for HP-12, an.im-
possibility. The bone specimens from that casc 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
formation and resorption of damaged bone were probably well under way
when the Pu was injected. Van Middlesworth™ showed that Pu uptake
in a healing fracture was about four times as great as in the contralateral
normal bone when partial healing had been permitted to occur before Pu
injection. N

The small piece of femoral metaphysis from Cal-2 (designated as
cortex) was evidently not normal. Even assuming uniform skeletal Pu
deposition during rapid growth, the Pusk calculated from this sample also
exceeded 1009z. Although not stated, the biopsy specimen may have been
taken from the distal femoral metaphysis, the site of a pathological frac-
ture three months carlier,

If these two cases are excluded, the mean skeletal Pu of the remaining
six cases is 49 =+ 8.3%.

Plutonium in blood after iniravenous injection
Serial blood samples were drawn at irregular intervals from 11 of

® The sources of error in tolal skeletal isotope calculated from Eq. (3) have been
examined for an ideal case.
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the Pu-injected individuals.” The first sample was taken 4 hours after
injection in all but one case, Chi-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. Casc 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 fiftcenth
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 intereepts and half-
times of the components designed P2, Ps, and P's {sec T'able 111) were not
normally distributed about their means, and it was necessary to scek some
aspect of the chemical status of Pu or the physiological status of the
patients (or both) that would account for these variations.

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

the rat** dog,” ** and man *' — in particular the iron-transport

protein, transferrin. The properties of transferrin and its metabolism,
and the transport of iron and its relense into developing red cells have
been recently reviewed by Katz.™ Plasma clearance of pre-cquilibrated
“Ie-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 clucidated. However,
hecause such a large fraction of Pu(1V) introduced into the circulation
in monomeric form is quickly bound to transicrrin — 85% in 1 hour in
the rat ** and 969¢ 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 |
and 2 of Stover ct al.™ Percent Pu per ml plasma was converied 1o % By
in total blood volume by using the blood volume for the beagle.™ Long-term
data were obtained {rom 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. Disappcarance of Pu from the blood of man, dog, and sheep. Dog g
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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
usc 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 cquations of the human blood curve arce given in T'able IV
with those of the Pu plasma or hlood curves of several other specics.

Components P, P. and P: 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 P: and Py, Component P;
(half-time 1 to 2 days and not observed in the ratj may be related to
the return of Pu-transferrin to the circulation from extracellular fiuid.
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 fisst few days post injec-
tion. A long-term component, P;, was found for the dog and pig (half-
time about 230 davs), and is probably related to feedback of Pu from
short-lived bonv structures and soft tissues. Only the dug has been observed
for a long cnough time to permit identification of a very slow component
(half-time about 5500 days), which may be related to releasc of Pu from
the liver as well as from slowly metabolizing portions of the skeleton.

Renal excrelion of plutonium

The daily urinary excretion of cach Pu-injected individual was given
through the end of collections or through 138 davs 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.*™ '™ %% There is a great deal of scatter in the in-
dividual data; it could be caused by incomplete collection, analvtical
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
analyvzed graphically.

.r

Table I'". Disappearance from circulating blood of intravenously injected Pu(IV) citrate. Parameters of equations® of

experimental plasma (or whole hload) Pu rurves of rat dece and ol
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488 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

It is appropriate at this point to summarize what is known or can be
inferred about the renal excrction 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 39t of plasma iron.*
The normal mechanisms of urinary iron cxcretion probably include
(a) filtration of low-molecular-weight chelates, (b) exfoliation of kidney,
bladder, or urethra cells all of which contain small amounts of iron,
and (c) leakage of transferrin-bound iron through the glomerulus or
tubules. Another possible source of urinary iron may arise during trans-
ferrin catabolism in the kidnev. The ability of the kidney to excrete un-
bound iron can be inferred from the observation that 195 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
arc increased following acute hemorrhage and in iron-deficient anemia,
and both are reduced in hemolytic anemins, 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 carliest and latest 6-day intervals
in which excreta were collected from all the patients. Medical histories
were examined for information on renal function, hepatic protein synthetic
capacity, and hematologic status.

The influcnce of anemia associated with an clevated 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 ancmias.®® Dunng the interval of 19 to 24 days, the
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P. W. DURBIN 489

last 6 days for which excreta were collected from all the Pu(IV)-injected
patients, the urinary Pu of the anemic patients (0.13% =+ 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 scgments, depending upon how long excreta were collected.

The means + standard deviation of the raw intercepts and half-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 ancmic. The intercepts of the first two components, UA,
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 cascs.
UA; of the normal group was substantially lower than UAs of the anemic
group. The half-times of these three components of the Pu urine curves
were not affected by anemia or kidney disease. Although the amounts of
Pu excreted in the urine were altered as a result of the various physiologi-
cal processes 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 urinary excretion of Pu(VI) citrate suggests
that Pu in this form is more readily filtered by the kidney than is Pu(IV)
citrate. The more rapid decay of the initial urinary component is in
accord with Bruenger’s suggestion®® that Pu(VI) protcin binding is more
stable than that of Pu(IV). The average intercepts and half-times of U.,
Us, and U, of the Pu(VI)-injected persons were either the same as, or
not very diffcrent from, the values of these paramecters determined for
the group of Pu(IV)-injected cases with normal kidneys and normal
hematopoiesis.

For radiological protection purposes the nced is characterization of
a Pu urine curve representative of an adult human being in reasonably
good health. Therefore, in this analysis data were excluded from those
persons judged to have obviously abnormal kidney function or abnormal
plasma Pu binding (the ancmic persons). A five-component exponential
curve was constructed; the raw intercepts and half-times are shown in
Table V, and the parameters of its equation appear in Table V1.
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Fig. 3. Daily urinary Pu excretion by several Pu-injected persons, dogs and
miniature swine. Swine data are from Clarke et al.**; dog data are from B. J.

Stover and D. R. Atherton (original data) 0.1 uCi/kg groups only.
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The half-times of the early components of the Pu urine curve were
not noticeably affected by the physical disabilitics of the individual
patients, and the hall-times of all the Pu(IV') urine curves were included
in the calculated averages for cach component. PulIV') is deemed most
likely to be the chemical form of Pu encountered in an occupational ex-
posure, and for this reason the Pu(VI)-injected cases were omitted from
the calculated mean of US,. The half-times of the later components
of the urine curves of the Pu(VI)-injected individuals were not different
from those determined for the persons given Pu(IV); therefore, all half-
time determinations have been included in calculation of US., and US;.
Only Chi-3 and Cal-1, who were both injected with Pu{VI), provide any
estimate of US,, but neither was followed long cnough to define it closely.

The only human Pu urine measurements at post-injection intervals
sufliciently long to permit estimation of the slope of the next component,
US;, are two samples obtained from HP-6, 525 and 1610 days post injec-
tion. The line joining these two points has a half-time of 1250 days, only
one-third the value of USs in the Pu urine curve of the dog. US: and US,
were not defined for HP-6 because collections were tenminated too soon,
but if US; and US, for HP-6 arc similar to the other cases, then the
urine curve for HP-6 should bend between the two late sample points, and
US:; should be greater than 1250 days.

Some long-term urince data from four occupationally exposed persons
are shown in Figure 4: WBG, DLW, and WAB, from whom urine speci-
mens were obtained periodically for as long as 1698 days after termina-
tion of Pu exposure;™ and LASL-1 who was followed for 3500 days after
cessation of his initial high level Pu exposure.®® The latter casc s com-
plicated because the individual returned to work with Pu, but at much
lower levels, 2350 days after the end of his first Pu exposure period. The
occupational data suggest that the longest half-time of the human Pu
urine curve is perhaps as long as 13,400 days — the least-squarcs-fitted
slope of the LASL-! urinalysis data.* In the absence of reliable human
data, and because of the half-times of comparable early portions of the
human Pu urine curves arc similar to those in the dog and pig, 4000 days
(11 yvears) was sclected as a working value for US:; for man.

® The data points shown in Figure ¢ for LASL-1 arc average of all the urinalyses
taken during each 6-month intenval: the original data appear in Table 3 of
Foreman et al.® These averages were not weighted for the number of analyses,
and zero values were ignored.
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496 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

Lagerquist ct al.*” reported an accident involving contamination of a
Pu worker designated RF-2075 (S. E. Hammond, privatc communica-
tion). He inhaled some Pu, and his body surface was contaminated, but
the bulk of his internal burden was apparently the result of Pu embedded
in an injured hand. Twelve days after the accident 989¢ of the Pu in his
hand was removed surgically, and he could be considered to have had
a single acute exposure.

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

1.0 g T T I F 1 . B 3
F 9 O OTPA being given J
C s ® No trectment E
N us, ® !l doys 1 0\-:o treatment x 10 ]
Ol |- 1.0 <
OOOQ{XD US,=80 days : - 3
oo [ > ]
P s H ]
[ 0] o . o g -+
(2]
® Fe [ T ]
0.0t Normol Pu urine . o é 6T 15 2.0Duys-
Fo curve ° ° . ]
@ L3 -OO-O ° T 3
£ 5 0 gope A T
s 3 US,*460 days—+ o
c ] ° - . ]
- i 61 S Y o] ‘i
& 0.001" a®s Se o
. ° - 3
.. .o 3
> HE T % ]
& 5t 5’3"4\."»\'
b";’ H 3? .o ° :
0.0001 T ] 1 L l 1 ¢
0] 100 200 300 400 500 600

Days aofter accident

Fig. 5. Comparison of urinary Pu excretion after an accidental exposure
and treatment with DTPA with the normal Pu urine curve. Data for RF-
2075 were read from Figures 1-6 in Lagerquist et al.® O — DTPA treatment
two to seven times a week, ® — no DTPA trecatment, © — no DTPA
trecatment vilues multiplied by 10.
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other hand, the intercepts of the Pu urine curves of RF-2075 and the Pu-
injected cases are quite diferent, reflecting the changes in Pu deposition
pattern brought about by prolonged DTPA treatment.

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

No Pu(IV)-injected individual provided urine data after 65 days
post injection; however, a third component, Us;, emerged early enough in
the curves of four cases to identify UA;. The last few points on the curves
of four additional cases suggested an inflection and permitted estimation
of UA,.

Only Cal-1 was followed long enough to identify the intercept, UA..
Comparison of his daily urinary Pu, 0.0011 €% /day between 300 and 350
days post injection, with the urinary Pu of HP-6, 0.002 9% /day at 525
days and 0.0011 9% /day at 1610 days post injection, suggests that the
value of UA, obtained from Cal-1 is low by at least a factor of two. Con-
sequently, the graphic construction method shown in Appendix 2 for HP-6
was used to estimate UA, and UAs. Details of the construction are re-
ported elsewhere.**

Gastrointestinal excretion of plutonium

The original Pu fecal excretion data for Chi-1 and HP-1 through
HP-12 are given in Table 9 of Langham et al.’® Fecal Pu for Cal-1 was
read from Figure 1 of Crowley et al.** Urine and feces were not separated
for Chi-2, and fecal data were not reported for Chi-3.

As discussed in the preceding sections, Pu transport in blood and Pu
filtration by the kidney are largely determined by Pu binding to trans-
ferrin. The small gastrointestinal elimination of Pu by larger animals
can also be better understood in light of the stability of the complexes of
Fe and Pu with transferrin and the high degree of conservation of iron.
The human gastrointestinal tract normally cxcretes approximatcly 0.6
mg/day of iron.>” **®" Recent studies® indicate that secretion in bile ac-
counts for 33% of fecal excretion, and loss of iron contained in the 50 to
80 g of intestinal epithelial cells that arc desquamated daily accounts for
another 13%. The remaining 40% of gastrointestinal iron excretion may
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498 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

be associated with other digestive secretions {gastric, pancreatic, and in-
testinal juices).’™ ® Crosby®® suggests that the gastrointestinal tract is also
an important site of transferrin catabolism.

It was suggested 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 least two of the proposed gastrointestinal excretory
mechanism — biliary and digestive-juice scerction — might also be ex-
pected to be influenced by the degree of digestive tract secretion. If dietary
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-
cntly 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 summed
for each paticnt 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 eaten were judged
to be within normal limits for six Pu({1V)-injected patients. Three patients
were being treated for peptic ulcers and were probably taking small meals
of soft bland foods to reduce gastrointestinal stimulation and secretion.
After a total gastrectomy on the fourth dav 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 davs 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 dictary intakes was 1.329% == 0.30, ncarly 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 davs
after injection, but of only borderline significance between 19 and 24
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days post injection; normal diet, 0.209 = 0.08; restricted diet, 0.09%
=+ 0.04 (P=0.05). There were no discernible corrclations between fecal
Pu excretion and erythropoietic status.

The original fecal Pu data are plotted along with the urine curves in
Appendix 2. Analysis of the early portions of most of these curves was
not possible, because feces were sampled as 2- to 6-day pools. A cumula-
tive fecal excretion curve was prepared for each case plotted as a linear
function of time. Fecal lag — that is, gastrointestinal transit time — was
estimated for each case by extrapolating the earliest defined portion of
the cumulative curve to % dose/day = 0. The differentiated cumulative
fecal Pu curves were replotted on a semilogarithmic scale (not shown),
and the unanalyzed half-times, intcrcepts (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 (see 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 diet
and for the five Pu(IV)-injected persons judged to be taking in less than
normal amounts of food or to be on soft dicts (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 lcading to these fecal-curve
components.

FSs could be determined only for HP-7, Chi-1, and Cal-1. There
was good agrecment among the three and all were used to calculate
an average I'Ss. I'S, obscrved only for Cal-1 emerged in his fecal cunve
only 100 days before collections were terminated, so it is uncertain. How-
ever, 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 I'S;,
4000 days, was obtained by least-squares-fitting the fecal data of the 0.1
pCi/kg group of Utah dogs from 750 through 1750 days post injection.®

® Feces were collected periodically from some of the 0.1 uCifkg 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
T 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
i gastrointestinal tracts were judged to be normally stimulated and norm-
ally functional. FAs 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
ill Pu(IV)-injected persons. FA; from the fecal curve of Cal-1 was even
E lower — slightly more than 50% of FAs for Chi-1, and 209 of the average
: FAs of the Pu(IV) group. His stomach had been completely removed
l 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
1 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 50% after gastrectomy.*
Lack of gastric juice may have played an indirect as well as a direct role
in reducing the quantity of gastrointestinal secrctions and concomitantly
the amount of Pu excreted in feces by Cal-1.%*

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

1]
|
k]
i
i FA:(Chi-1) = 0.5 FA.[Pu(IV)] and FA,(Cal-1) = 0.21 FA,[Pu(IV)],
t could be used to estimate FA4 for the Pu(IV)-injected group as follows:
]
%
&

1 [

Ll

oo
° |
] llllllll

|

p ol

FA.=[(0.0018/0.5) + (0.0056/0.21)] = 2=0.003 %/day.

An approximation of FAs was obtained by assuming that F; 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 linc of 3850-day

nd miniature
wiginal data)
.iarke et al.4°

® There is a possibility that systematic errors in collection and analysis also con-
tributed to the low fecal Pu values of Cal-1.# ¢
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504 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

half-timec was drawn through the 900-day point, and its intercept was
determined to be 0.0012 9% /day. The parameters of the five-component
*normal” human fecal excretion curve appear in T'able V1.

Urinary and Fecal Clearance of Plutonium

Having no fecal data beyond 138 days, Langham et al.’® were forced
to usc an cstimatc 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-
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 P.=n
Exei = -—‘t—~ (4) where P(1) = X (Pie “At). (5)
2 =1
{ P(t)dt
t:

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 measurcments, 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
scparately, 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.

Urinc to fecal ratios (U/F) were calculated for each case during the
two intervals shown in Table V1II, using plasma clearances whencever
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 three 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 ancmic 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/T valucs 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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P. W. DURBIN 507

s U/F estimates were based entircly on data from Chi-1 and Cal-1, both of
-.9‘; whom have been considered in this reanalysis to have subnormally stimulat- _ #
" ed or subnormally functioning gastrointestinal tracts. The analysis pre- :
o sented here suggests that immediately after injection in man, Pu excre-
-2 tion in feces slightly exceeded Pu excretion in urine, and that by the end
;, of the second week cxcretion by the two routes was nearly equal, provided
g:'- s that residual transferrin binding, kidney function, liver function, and "
R S astrointestinal secretion remained within normal limits. Comparison of
5 &5 g P
- BE the coeflicicents of the long-term components of the exponential urinary and
z ¢ . . .
S §5 fecal Pu-excretion equations (see Table VI) suggests that at times after
S £ Pu injection longer than 100 days, U/F for Pu in man probably lies
& 54 between 1.0 and 1.5.
T ¥y Human plutonium excretion — comparison with previous analyses
£ g5 . . .
Saeld <3 i When excretion rates are expressed as sums of exponentials, urinary
S3l° £ ; excretion at time t after injection is
Z E% ! n -0.693t/Ur;,
> ouy 4 U (%/day) = = Umc (6)
FTulB tx ; n=i
2Ql® g¢ q . . . .
Solx 3 2 and similarly, fecal excretion rate at time t is
U ) .
=Y n -0.693t/Fri.
. § oo F. (%/day) = £ Faie (7)
2 L~ 58 n=;j
2Ls £&
H z % 3 g The total amount of Pu excreted in urine or feces at time t is obtained by
o ki . . .
g S¢ ; integration of Equations (6) and (7).
£ e H
d .8°5 d t
E Eé ! 3 U(%) = } U.dt, (8)
§ Co\l é .8 £ t
"Sli &8 2 F(%) = § Fdt (9)
= 2§ . .
3 T %, { Total excretion at time t is the sum of Equations (8) and (9).
o e " ; 3 >
222 S§& ; SE (%)=SU+ = F (10)
So|lg =% : ) ) ]
g RS . and whole-body rctention at time t is
2= {
f TEL R. (%) = 100% - S E.. (11)
& K]
fﬂz 48 “6-2‘ : The fraction of the remaining body burden excreted daily in urine at time
3 E - - t lS
TEIE 0
"{': EREN Us(%/day) = (U. X 100)/R.. (12)
g .22
3. P E laly Urinary and fecal excretion rates (Figures 7 and 8), the total amount
Z A of Pu excreted in urine and feces (Table 1.Y), whole body retention and
A 19
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508 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

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 hailf-
time of 13,400 days (sec 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 threc 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
cocfficients of the exponential equations, and they tended to be higher
than the averages of all cascs. (¢) The cocflicients of the exponential cqua-
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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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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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510 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

tion of human fecal excretion were adjusted upward to correct for what
was considered to be unusually low long-term fecal climination by Chi-1
and Cal-1.

Table 1X. Comparison of long-term Pu excretion predicted from power
functions or sums of exponentials.®

Time efter injection Power functions, Sums of exponentials,

(days) (years) Langham et al.** 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
720 2 7.22 10.23
1,100 3 7.83 11.17
1,500 4 8.30 12.24
1,800 5 8.68 13.00
3,650 10 9.96 15.47
7,200 20 12.17 18.83
14,600 40 22.49

* See Tables X and XIV for excretion equation parameters,

For comparison with carlicr analyses, the urinary and fecal excretion
rate cquations arc replotted logarithmically in Figures 7 and 8. At least
three power functions were needed to describe these equations. The power
function fitted to the calculated urinary excretion in the time period from
30 to 360 days was almost the same as that originally derived by 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
machine curve fitting by Robertson and Cohn.**

Ue (%/day) = 0.17T°™ (30<T< 360 days)
Langham et al,*® Y (%/day) = 0.2X*™ (10<X< 1750 days)

Robertson and Cohn,*
Y.(5%/day) = 0.193¢7%

This paper,

1<t 1750 days)
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Figure 9 is the log-log plot of the fraction of the remaining Pu
hurden excreted daily in urine. The power function fitted to the time period
40<T< 360 days is nearly the same as that derived by Langham et al.**
using a different analytical method.

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

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 years) for whole body, 7.3 x 10
days (200 years) for skeleton, and 3 x 10* days (82 years) for liver.

The term “retention” is potentially misleading, because it suggests
a static condition. Once deposited in a tissue, Pu would be understood to
remain fixed until eliminated from the body altogether. Studies of pigs and
dogs demonstrate the dvnamic behavior of Pu. In the course of 600 days
of growth remodeling, the skeletons of adolescent miniature swine* *!
released about 389 of the injected Pu(IV) citrate dose (53% of the 30-
day bonc 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 davs after injection (139 of the dose).

At this writing there have been enough deaths of Utah dogs given
0.3 xCi/kg or less to establish a long-term half-time for Pu in the bheagle
skeleton of more than 1500 days®™ (perhaps as long as 5000 days). Bone
remodecling 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

eventually to long-lived deposits of Pu-hemosiderin in reticuloendothelial
cells.®®®

e LANL




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 skeleton is mobilized in the normal course of bone remodcling; 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 estimatcs of the early distribution of Pu in four major com-
partments-skelcton, liver, residual soft tissues, and excrcta-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
dosc was in soft tissucs other than liver (3% to 89 ) 22 to 30 days after

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

Injected Pu (%)
Time after Soft tissue
injection Skeleton Liver remainder Excreted

Man
This paper 5 to 17 days* 47.5 26.8 23.3 2.4
5 to 15 months® 47.5 31.2 11.2 9.5

* Averages of HP-5, HP-9, and Chi-1. Sce Tables I and 11.

¢ Average of all tissues from all cases in Langham et al.™ Excretion estimated from
power functions. Soft tissues calculated hy difference.

¢ Stover et al'*®

* Skeleton from Clarke et al.® Liver from Smith ¢t al.*® Excreta calculated from
exponential equations in Table V1. Soft tissue calculated by difference.
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injection.® An average of 11.255 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 specics difference, or it may be a real
cffect 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 years of
age to be between 2.59; /ycar 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 rib, and vertebrae. Bryant and Loutit'® calculated the
annual rate of bone turnover required to produce those observed specific
activities — 1.1% /year to 2.6%/vear in whole femur, 2.19% /year to
6.2% /year in whole rib, and 5% /vear to 10.4%5 /vear in vertcbrae. Row-
land** using an autoradiographic technique and bone from persons with
long-standing burdens of ***Ra, calculated a turnover rate of 1.1%/year
for long-bone cortex. All the above calculated turnover rates are in good
agreement with each other.

The best estimates of the annual mass replacement rates of certain
human bones are probably the mid-points of the ranges cited above —
1.85% /year for whole long bone, 4.29% /year for whole rib, and 7.79/
year for vertebrae. Pu is deposited on bone surfaces, and May'® has
suggested 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
trabecular to cortical bone surface, estimating trabecular bone mass to
be 23% of the total (ashed or dried) skeleton, and using the above
estimates of bone turnover, one calculates the average turnover rate of the
bone surface of the entirec human skeleton to be 5% /year.

[(0.23 x4 x 7.7%/year) 4 (0.77 x 1.85% /ycar)] = 5% [year.

The associated half-time of the bone surfaces is 13.9 years, slightly less
than the 15-year half-time observed in long-term ***Ra retention in
man.’® Assuming that 509 of circulating Pu is redeposited in human
bone,*® the ohscrved half-time of Pu in the skeleton would be 88 years*

* Since this paper was written, Nenot et al.™ have reported that Pu was depasited
almost cxclusively in the bone of rats injccted intravenously with Pu{IV)-trans-
ferrin, and Durbin et al.’” concluded from a kinetic analysis of Pu(IV) citrate
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514 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

(10,220 days), rcasonably close to the 13,400-day half-time that could
he fitted to the long-term urine data of case LASL-1.

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 conscquence of Pu loss
from bone 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 509 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 Scicntist of the Department of Chemistry, University of
California, Lawrence Radiation Laboratory, who with L. B. Werncr
first prepared plutonium in pure form and who developed on a micro-
chemical scale the chemical techniques that were later used in the puri-
fication of large quantitics of plutonium. I remember with pleasure and
appreciation many conversations with Dr. Cunningham on matters of
plutonium and actinide chemistry.

APPENDIX 1
Summary of Plutonium Cases

HP-1: White male, 67 yr, 70.3 kg, injected 10/16/45, 0.004 .Ci/
kg **°Pu(IV) citrate. Nine year 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 likely to resemble that of Pu-transferrin than that of the
Pu(IV) citrate originally injected. Thus, Pu redeposition in bone may be great
as 80% to 90¢c lcading to a longer calculated halftime of Pu in the human
skeleton,™ about 70 years, and to a slower rate of Pu accunulation in the liver.
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HP-2: White male, 49 yr, 69 kg, injected 10/23/45, 0.0045 uCi/kg
#Pu(1V) citrate. Hemophilia, hypertension, cardiovascular discase. Hb =
14.5, RBC=4.1. Lost to follow up.

HP-3: White female, 49 vr, 69.9 kg, injected 11/27/45, 0.0043
nCi/kg *°Pu(1V) citrate. Hepatitis, pruritic dermatitis with edema,
hypoprotcinemia. Hb = 14.5, RBC = 4.3. Follow-up 1645 days post injcc-
tion, lost thereafter.

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

HP-5: White male, 56 yr, injected 11/30/45, ~ 0.0044 pCi/kg
*Pu(1V) citrate. Amyotrophic lateral sclerosis, pneumonia, renal cysts
and adenoma. Died 151 days post injection, autopsied.

HP-6: White male, 43 yr, injected 2/1/46, ~ 0.0044 nCi/kg
**Pu(IV) citrate. One-year Addison’s discasc, infected skin lesions.
Follow-up 523 and 1610 days post injection, lost thereafter.

HP-7: White female, 59 yr, 68 kg, injected 2/8/46, 0.0057 uCi/kg
2°Pu(1V) citrate. Rheumatic heart discase, 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
@Ci/kg ***Pu(IV) citrate. Two year 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 uCi/kg
*Pu(IV) citrate. 18-month history of muscular atrophy and dermatitis
(dermatomyositis). Hb = 12.3, RBC = 3.9. Dicd 456 days post injection,
of bronchopneumonia, autopsied.

HP-10: Negro male, 32 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.

L ANL
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HP-11: White male, 68 yr, injected 2/20/46, ~ 0.0056 nCi/kg
229Py (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 nCi/kg
#39Pyu(IV) citrate. Multiple comminuted fractures. Hb = 8.9, RBC =

2.85 Biopsy 4 days post injection, lost to follow-up. (Alse designated E.
C.in Ref. 18).

Chi-1: White male, 68 yr, 76.4 kg, injected 4/26/45, 0.0052 n.Ci/kg
239Ppy{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
uCi/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, young 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 yr, 58 kg, injected 5/14 /45, 0.0896 nCi/kg
#%Pu, and 0.002 uCi/kg **°Pu as PuO.(NOs:):. 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 discasc.

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 1v. with 0.169 uCi 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 tahles’® and Bayer and Bay-
ley's curve’® of retarded growth. Blood volume was estimated to be

i
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7.5% of the body weight with a pcv = 0.4. Skcletal 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 %/g
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) s
(0.237 + 0.00056 + 0.129)% _ 0.372 _ 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, a 73.3 kg, 36-yr old Negro male, was diagnosed from
biopsy as having an osteo-fibro myxochondrosarcoma involving the distal
fernur, patclla and proximal tibia. He was injected 7/18/47 with 0.095
pCi #%Pu(VI) nitrate intramuscularly at an ink-marked location on the : s
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° |
3t
Whole femur reconstruction: -
o (Bone + tumor) + (marrow) + (normal cortex)% , :
(Bone + tumor) + (marrow) + (normal cortex)g = 0.00313%/¢ ;
* Data of J. G. Hamilton and J. C. Cowley, unpublished. 2
® Part of distal femur, patella, and proximal tibia. £
* % of administered dose. 5
ool |
000!
0 2
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4
PLUTONIUM IN THE EXCRETA OF THREE SUBJECTS 10 DAYS AFTER INJECTION

J. Rundo, P. M. Starzyk, J. Sedlet,* R. P. Larsen, R. D. Oldham,
and J. J. Robinson*

Substantial amounts of 239Pu were found in the daily excreta of two
subjects who had been injected intravenously with plutonium citrate (239py)
104 days previously. The urine of a third subject injected intramuscularly
with 238py contained just measurable amounts of this nuclide.

Introduction

Three persons who had received injections of plutonium in 1945-1947
were hospitalized on a metabolic ward in 1973. Complete collections of
urine and feces were made for periods of 8 to 14 days, and these excreta were
shipped to ANL for plutonium analysis. Two of the individuals received intra-
venous injections of about 0.3 pCi of plutonium (IV) citrate; the third individual
received an intramuscular injection of 0.095 uCi of plutonium (VI) nitrate. The

2
intravenous injections were of 39Pu, while the intramuscular injection was of

238Pu.

The intramuscular injection was made in the gastrocﬁemius muscle of
a leg having a bone sarcoma four days after the injection, the leg was ampu-
tated. Analysis of a 69-g sample of tissue from what was described as the
“injection site" showed that it contained 0.044 uCi. Because of the possi~
bility that tissue adjacent to the "injection site" also contained unabsorbed
plutonium, it is impossible to establish an accurate value for the initial systemic
burden.

This report is confined to the description of the methods used for the
analyses of these unique and important samples, together with the results.
Interpretation will be presented elsewhere. For a description of the early
experiments and their results, the reader is referred to the extensive review
prepared by Durbin. (1)
out in Table 1.

Some pertinent details of the three subjects are set

*
Occupational Health and Safety Division.
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TABLE 1. Some Details of the Three Subjects Who Survived Their Primary Diseases.

@)

CHR Literature QOriginal diagnosis Age in Amount
case No. case No. Sex ) 1973, yr injected, uCi
238
40-003 Cal-3 M Osteo-fibro myxochondrosarcoma 62 0.095 (" "Puw
2
40-009 Hp-3 F Hepatitis, dermatitis, hypoproteinemia 77 0.301( 39Pu)
40-012 Hp-6 M Addison's disease 72 0.331 (239Pu)

(a)l.nerature case numbers are those in Reference 1.

Urine: Sample Treatment, Aliquoting, and Analysis

During each 24-hr collection period the individual urine specimens
were transferred to a polyethylene bottle; at the end of the collection period
the urine was frozen. The samples were shipped to ANL and kept frozen until
they were aliquoted.

To aliquot a 24-hr urine specimen, it was thawed and transferred, along
with several concentrated nitric acid washes of the original container, to a
tared mixing cylinder. The amount of nitric acid used was such that the final
acidity of the urine was about 2.0 N. After the urine had been mixed with the
acid and the mixing cylinder reweighed, the solution was apportioned about
equally to 12 tared polyethylene bottles. The bottles were then retared and
their contents frozen. These portions were individually analyzed; the fraction
factor for each portion was calculated from the weight of each portion and the
total weight of acidified urine.

The plutonium content of the urine was determined by alpha spectro-
metric-isotope dilution analysis using 242Pu as the spike isotope. The ali-
quot was thawed, the 242Pu spike was added, the urine was transferred,
along with nitric acid washes of the container, to an erlenmeyer flask and the
urine was wet~ashed. The ashing was considered to be complete if the salt
residue was white when evaporation wa's carried to dryness. The salts were
then dissolved in 2 N nitric acid. .

The plutonium was separated from the other inorganic constituents of
the urine by first coprecipitating it with cerous fluoride and then subjecting it

to an anion exchange separation procedure. Hydroxylamine was added to the
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nitric acid solution, the solution was heated to reduce the plutonium to the
trivalent state, cerous nitrate was added, and cerous fluoride was precipitated
by the addition of hydrofluoric acid. After separation of the cerous fluoride by
centrifugation, it was dissolved by heating with B N nitric acid that had been
saturated with aluminum nitrate. This solution was passed through a column
of Dowex 1 X 8, and the column was washed, first with 8 N nitric acid and
then with 12 N hydrochloric acid. The plutonium was eluted from the column
with 0.1 N hydrochloric acid-0.01 N hydrofluoric acid.

The plutonium was transferred from solution to the surface of a polished
stainless steel planchet for alpha spectrometric assay by an electrodeposition
procedure. Sulfuric acid was added to the eluant solution, the solution was
evaporated to fumes of sulfuric acid, diluted with water, and neutralized with
ammonia gas to a pH of 2.0. The electrodeposition was carried out for 1.5 hr
at 1.2 amp. The planchets were counted until about 300 counts had been
accumulated in the 23gPu peak. The amounts of activity in the aliquots ranged
from about 0.3 pCi to 0.75 pCi; the counting efficiency was about 35%.

The alpha spectrograms ranged in quality from good to excellent, a
"good spectrum” being defined as one in which the FWHM of the 242Pu peak
is 0.12 MeV and an “"excellent spectrum" as one in which the FWHM is the
same as that obtained in the electrodeposition of standards, i.e., 0.06 MeV.

As the analysis of several aliquots of the urine from case 40-003 showed
that there was too little plutonium for measurement, the aliquots that had been
made from each of three 24-hr collection periods were recombined and analyzed.
In the alpha spectrograms, integration of the 238Pu peak at 5.48 MeV was
impeded by the presence of a peak at 5.43 MeV. The radionuclide producing

this peak was identified as 228Th. By counting the plates after 3.62-day

224Ra had reached secular equilibrium with its 228Th parent and integrating

224 228

the counts in the Ra peak at 5.68 MeV, we could calculate the Th
contribution to the 228Th—z‘?’BPu peak. This contribution ranged from 20 to
25% of the total. It was subsequently established that 228Th as well as 230Th

and 232Th were present in the reagents. The hydrochloric acid wash of the

anion exchange column, although extensive, had not been sufficient to wash
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all the thorium away from the plutonium.

Feces: Sample Treatment and Analysis

At the time the fecal samples were obtained they were bagged and
frozen. They were kept in this condition until the time of analysis.

To prepare the samples for analysis, they were thawed, the 242Pu
spike was added, and the organic matter destroyed by first dry~ashing them
for 16 hr at 500°C and then wet-ashing by repeated additions of nitric acid and
evaporation to dryness. When the residues from the nitric acid treatment were
judged by their appearance to contain no residual organic material, they were
dissolved by adding concentrated hydrochloric acid and heating to 80°C. These
solutions were analyzed by the radiochemical procedure described above for
the urine samples.

For 22 of the 24 samples analyzed, the 242Pu recovery ranged from 66
to 100%. Although the recoveries in two of the analysés were only 10%, the
239Pu excretion rates obtained did not appear to be significantly different from
the rates obtained where the recoveries of 242Pu were much higher. From this
it is inferred that isotopic exchange between the 239Pu and 242Pu had been

established in all the samples during the operations used to destroy the organic

material.

Results

To establish the precision of the analysis three aliquots from each of
three urine samples were analyzed, and the values were compared. In each
comparison all values were within the 95% confidence limits calculated from
the average value and the number of counts in the 239Pu peak.

The amounts excreted in the 24-hr urine samples are summarized in
Table 2, while the results for the fecal samples are given in Table 3. One
aspect of the entries in these tables calls for comment. For cases 40-009 and
40-012 the statistical errors on the results in Table 3 are all substantially
lower than on those in Table 2, yet the numbers are lower in Table 3. This is

because only small aliquots (5—~10%) of the 24-hr urine samples were analyzed,
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while the whole of each fecal sample was assayed.

Day-to-day variations in the urinary output of plutonium-239 were com-
paratively small; the ratio of highest to lowest daily output was 1.48 for case
40-009 and 1.36 for case 40-012. There were much larger sample-to~sample
variations in the fecal output. The number of days of excretion represented
by the sample was determined by identifying the beginning and end of each of
two periods when a carmine dye appeared in the stool. For case 40-012 the
results for the two periods were in complete agreement, and the daily fecal
excretion was 38% of the mean daily urinary excretion. The results for case
40-009 were not so straightforward; the mean daily fecal excretion was sub-
stantially higher in the first period than in the second period, and a sample
voided just before the start of the first period contained a remarkably large

amount of plutonium (sample

2, Table 3). This patient

TABLE 2. Plutonium in the 24<hr Urine Samples.

Plutonium content of urine samples, pCi/day had been suffering from

Day Case 40-003(@) Case 40-009 Case 40-012
(238pu) diverticulitis with paralytic
1 - 6.50+0.24 4.6220.25 ileus which ended the day be-
2 - 9.00 + 0.34 3.940.28 £ le 1 llected
3 - 8.23%0.21 4.56 £ 0.26 ore sample 1 was collectied.
4 - 7.91%0.25 5,332 0.26 It seems likely that the high
5 0.062 = 0.005 7.63 £0.54 4,42 %0.3
2 2 excretion rate of plutonium
6 - 7.7220.37 4.9080.28
7 - 7.47 2 0.39 5.35 # 0.34 just prior to and during part
8 - 7.3820.38 4.4620.25 of the first marker period
9 0.059 % 0.005 6.59 % 0.34
10 0.055 £ 0.010 7.37 £ 0.47 reflected the voiding of feces
u y 6.4120.49 containing plutonium which
12 7.77 £ 0.38 had 4 4
13 6.09 4 0.43 ad continued to be secrete
14 8.05%0.39 into the gastrointestinal tract
Weighted ,
mean during the period of constipa-
£S.E. 0.060 % 0.003 7.60 £ 0.21 4.68%0.17 )
Time tion. The mean daily excretion
since
e ion, during the second period may
d 9474 9934 .
ays 10.008 thus be our best estimate of the
@ 238

Small aliquots did not provide sufficient “” Pu for analysis of true fecal elimination rate;
samples from case 40-003; only 3 of the 11 samples were

analyzed n toto. it was 42% of the mean daily
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TABLE 3. Plutonium in the Fecal Samples from the Two Patients Who Received Z”Pu

Weijghts and plutonium contents of fecal samples

Sample Case 40-009(‘) Case 40-012(a)

No. Wet weight, ¢ pCi Wet weight, g pCi

1 20 1.9420.06 33.5% 0.43%+0.02

2 222 18.7 £0.4 50.5 0.77 £0.03

3 135.5 9.18 £ 0.30 178.5 1.87 £ 0.06

4 75 2.92e00.11 217 2.09£0.08

5 167 4.960.16 269.5® 1.46 £ 0.08

6 161.5 6.27£0.10 g0 ® 0.91 % 0.06

7 95.5 2.79£0.11 88 2.2120.09

8 170 3.90+£0.10 53 0.85+0.03

9 94.5 3.1000.15 125 1.72 2 0.06

10 83 2.5120.08 132.5 2,29+£0.10

11 324 7.34 £ 0.50

12 54 2.18 £ 0.10

13 143 3.30x0.10

14 §3.5 1.35+0.08
Mean for period 1 5.22 pCi/d (5 days) 1.78 pCi/day (4 days)
Mean for period 11 3.17 pCi/d (6 days) 1.77 pCi/day (4 days)
(a)

The horizontal lines indicate the starts and stops of time periods defined by the
appearance of a dye marker in the stool.

{b)

Combinations of 2 or 3 smaller samples voided at short intervals.

urinary excretion. This is similar to the result for case 40-012.

Because of the importance of these analyses, large numbers of aliquots
of the urine samples were analyzed by two of us independently, and also by
the Bio-Analytical and Chemical Section of the Industrial Hygiene Group at the
1os Alamos Scientific Laboratory. With only two exceptions all the values
from the aliquots of one 24-hr urine sample agreed within the statistics of
counting. The averages of the three sets of values also agreed within this
limit.
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