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~
»e rate on the induction of Palricia W. Durbin *
Environmental Effects of
¢ on Atomic Energy. 9lst i
= 11 {Oct and Nov. 1969).

f Dase: ICRP Publication

. B. ]. STCVER, W. S. S. JEE,
STEVENS, JR, C. J. NABORS,
: incidence vs. doye: in En-
‘ouer: Joint Committec on
zd Suates: Part 2. Vol. 11, :

Research in Radiobiolegy, i P LUT O NIUM 1 N M A N )

5401 (1970). A NEW LOOK AT THE OLD DATA

D. Evans, July 1367.

w-Hill, New York, . . . . .
» -vew York, Chaps ABSTRACT: In order to determine the relationships between urinary Pu

d o excretion end body Pu contenl, 18 persons (15 over the age of 45) were
anc migrated descendants: injectel in 1945 and 1946 with tracer doses of ***Pu. The original data

mne National Laboratory, .. .
e q mpe A ha: e been critically revicived and re~analyzed.
37-18, ANL-7060 (July ! . e ) .
A few days after injection, human soft tissues (other than blood
' and liver) contained as much as 205¢ of the Pu dose. Five to 15 months

R. D. Evans, June 2, 1970. L .
» June 2, 1370 afier injection the average liver Pu content wwas 314 of the dose for three

1aled {ndon d"‘“:" products ' cases with presumably normal liver function. Four to 437 days after in-
i Miners, H-c:.\'nngs, Joint jectlor mean total skeletal Pu was 49¢ for the seven cases judzed to kate
wess of the United States: . .
mof: nearly normal licers and skeletons.
vs: Stadies of di;: retention ‘ Pu Lf‘rrans/.o.rtcd n b.looa‘ co.mbi.ned u'i{.iz l.mmfe"rrin, the ::ron-traru-
s, and ¥Sr in adult beagles: : pol: protein, and is s.'arcc.i in the Iu:'e.r :n association with :fored iron. A/{er
(T. F. Dougherty et a, be: g bound to trensferrin, Pu partiaily lracc.s the behavior of the carrier
1962). frytein. The early phases of Pu transport which are apparently associated
2d Corments on a National wi .h exlfa-cel[x.zlar fluid mixing, were prolonged in individuals with im-
tadioactivity Center Annual pered cxrculahon.. ‘
im Poisoning, AEC contract Maximum urinary Pu excretion occurred before the bulk of Pu was
1968). : prbtein-bound. Minimum urinary excretion coincided with the time of
) méximum Pu-transferrin binding. These observations were taken lo mean
thbt some Pu is filtered by the kidney in the form of a low-molecular-
® Division of Biology and Merdicine. Lawrence Berkeley Laboratory, University
of California. Berkeley. Catifornia 91720
Work sponsored by the U. 5. Atomic Energy Commiission.
469
YT "“""an~-~—-7-— S | g AP YR p— e —— ———

)

™" DO HQ #

L P - R R . - p
' D b b O 3 u . et e < N SR 7 D LT RS L GA AT e e de syl
. L - Ve



106b035

b
i
3
]
{
X
4
:
1
{
|
]
!
.
1
1

PP LY I SRR U T WL Sy ST v o 2

T AL T LT Y TP LI LR IRIL I WER < R % S, DUt WS

PENNPFIS W

LT

470 ° PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

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

Fecal excretion of Pu apparently represents secretion in bile and
other digestive juices. Fecal excreiion 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 inlercepts 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

e - —————

X TR

net loss of Pu from soft tissues and bone exceeds whole-body Pu loss, in-
dizating 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 turnocver for the whole adult human skeleton was estimated to be
about 55, 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.

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 urinalvsis 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 bodyv content based on urinalysis. Langham’s method has been
rcanahized many times.*>"** There have been mathematical refinements,
and analyvtical chemical and a-particle detection techniques have been im-
proved.”” 7" but the underlving 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 nearly all our human Pu experience.
Study of the behavior of Pu in cach 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
newer knowledge. Long-term ex:retion data are now available from the
Juwer-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 element normally carried by transferrin, have
beeen worked out in detail.**" Now, there is also some information on
the behavior of Pu in two other large animals, the sheep™ ** and th

Ty 4043 .

pig

® The rodent tracer studies and inkalation 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 et al.** Bloom™ and
Abrams et al.*}) arc the foundation of our knowlcdge of the biological behavior
of Pu. Photocopies of the unpublished Meiallurgical Laboratory reports are
available at cost from the Division of Technical Information, P. O. Box 62,
Oak Ridge, Tennessee, 37830,
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472 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA

MATERIALS AND METHODS

The following bricf description of the original ¢ - sources is in-
. cluded to eliminate confusion about the Berkeley and . licago 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 cascs are also included in Appendix 1.
Langham et al.”” Cascs HP-1 through HP-12 are described, includ-

D it ot i TBZIMRGDM I A% TR 7 D

h ing medical historics, injection data, hematologic data, blood chemistry,
!5 and Pu analyses of blood, urine, feces, and tissue specimens. Pu analyses
L{ of urine, feces (fecal data from Cal-1 were not included), and tssue
'1 specimens are reported for Cal-1, Chi-1, Chi-2, and Chi-3. Pu urinalyses
% are reported for three occupationally exposed persons. Pu radiochemical
5 methods are reported in detail elsewhere.**=¢

\ Russell and Nickson' < %" All the original data from Chi-1 and
$ Chi-2 are contained in Ref. 47, which includes case histories, injection
o 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
3 obtained from E. R. Ruscell for Chi-3.) Pu radiochemical techniques can
3 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 analvses of urine, feces, blood, and biopsy specimens. Radio-
chemical techniques are also included. Additional informaton 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 analvses of urine and autopsy specimens.
Radiocheniical 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.

e e
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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 1.

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{I\") citrate.

The movement of Pu out of the soft tissues of the six human cases is
shown in Figure . 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

SOfl-tlsSuc Pu=8Cce® ™ 4+ 16G5c¢0, (1)

where t is days, The initial rate of Pu loss from the soft tissues of the
Lich-dime 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 fint few davs after injection. Thus, the amount of Pu initially in
the «oft tissues of the dog ‘at least 205 can be accounted for in blood
Lome’ was substantially more than the 35 measured at 22 davs.®® Most
of the Pu that leaves the soft tissues of either dog or man does not leave
Lir bady, but is redistributed to the liver and skeleton. It appears that
mast of the Pu originally in the soft tissues of the dog is sufficiently labile
1o parucipate in this redistribution, but that nearly two-thirds of the Pu
initaliy found in the soft tissues of man is more firmly bound. ‘

" Plitonium 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
samples by 10 kg, the estimated average bone mass of “Standard Man”,*
yielding a calculated total skeletal Pu of 65%. '

Since 1'951, 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, ail organs except liver, blood and other
body fiuids except bladder urine, and gastroiniestinal contents. Thus the whole
bedy consists of liver, bone and soft tissue.
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474 PLUTONIUM IN MAN: A NEW LOCK 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 skelctal content of the human Pu cases was probably over-
estimated. )

One method of estimating skeletal Pu uses the material balance,

Puu=100% - (Pu; + Pu.c + Pu.), (2)

where Puw, Pi, Pui, and Pu. are the percent of injected dose in the
skeleton, liver, soft tissues, and excreta, respectively. The maximum Pua
— that is, thc amount of Pu left over after accounting for Pu,, Pu,,
and Pu. of each individual human Pu case — appears in the bottom row
of Table 1.*

The mean Pua for all six cases, regardless of their health status, was
559 — 109¢ less than was originally calculated. Some of the reasons
for this change arc 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 hepatc failure cirrhosis resulung 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 Pusi is 4795 — nearly
18%¢ less than originally estimated.?

Total skelctal 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

Puw = BW X fsk >‘<nfb. X (Pu)) ’ | (3)

W EIA Rte B I AL A 00 T WAL TP AL B8 Py PR i 0 L AR R IR 0 AR A

PO VR

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 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 arc from Scott et al.** and
Carritt et al7; toxicity dogs were those of Painter et al.}*; mongrel dogs
injected with Pu(NO,), 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),
(Pu,) is the measured Pu concentration (5z/g) in bone i, and fri 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 scveral parts, e.g.,
periosteurn, marrow, spicules, cortex, etc. In order to make use of
published whole-bone weights and intraskeletal radionuclide distributions,
it wzs necessarv to reconstruct whole-bone samples from the reported
parts.®

The literature contains records of 29 complete dissections of fresh
skeletons from weizhed cadavers.® - The best estimates of sk for the
human skelcton are 14.6 = 3¢¢* and 11.9 = 1.76% of the body weight
for the aduit male and female. respectively. The weights of the individual
shcletdns of thr Pu cases were calculated and appear at the bottom of
Tcbls I. Marci and Borisov™ dissected seven male and six female cadavers
of perwons who died in 1967, Groups of bones were weighed on modern
equipmert, and dnving was avoided. Their dissections included only
“cardfil preliminany removal of soft tissue”, about what might be ex-
pected in the case of autopsy samples. The fbi’s derived from these data™
wire multplicd by the caleulated weights of the skeletons of the Pu cases
1o obrain 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-

vred only in the dog.* ** The use of the dog data to describe Pu distri- -

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 cach of these animals; “°Ra in the dog skeleton,’” and *Sr
in the monkey skelcton.” Data were found from which it was possible to

® ©\Mean * standard deviation (S.D.).
S.D. = [Z(dev)¥/ (o-n]"0
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Tatle 1. Summary of Pu concentration in human bone samples (Pu,)
and calculation of total Pu in the sampled bones and total skeleton based
on intraskelctal distribution of Ra and Sr in man, Am in monkey and Pu '

in dog.*

RSB

% of Pu in total i
skeleton, based on®
(Pu;) % of PuRa, Sr Am  Pu Material
Case Bone sampled St/g (calc.) ~man monkey dog balance

3
2
|
%
3
7 HP-5  Vertebra 00071 136 56 47 38
3 Rib (whole) 0.0070 447 36 76 38
g Sternum 0.0050 072 40 48 40
Mean 4 57 38 42
HP-¢  Venebra ~ 00080 136 56 47 39
Rib (whole) 0.0038 216 17 37 18
4 Mean 56 42 39 52
.
HP-11  Vertebra 0.0070 134 55 46 38
‘ Rib (whole) 0.0068 434 35 74 37
; Stermum 0.0096 1.38 77 92 77
Mean 5._6 71 51 . 65
HI'2 Radiusend 0.0187 2.36° 103
: Patellae 0.0109 0.78¢ 162 \
- Mean 132
: . Chi-1  Rib* 0.0079 544 44 92 46
2] Sternum 0.0047 0.73 40 49 40
‘ Mean 22 70 ¢ 9 i
: :' Chi-2 Rib* 0.0200 884 71 150 76 81
i, Cal-l  Rib* 00081 473 38 80 40
N Cal-2  Femur® 0.0436 125 >100
o - emur 0. .
f Cal3 F 0.0031 609 57
§ (cortex)*
‘: ¢ Sccllcxt and Refs. 72.77.
4 ¥ Omitted from average.
-i ‘ E;:ds of radii and ulnae of adult rhesus monkeys contribute 33% of the whole-
‘et weight.
{ ¢ I\Z::lcu\.\“r:mcncxlgoft patellac separate fiom leg bones was made only for St in the
% monkey and represented 0.48¢% of the skeletal burden. !
_f * Results published for subdivided samples. Whole bone reconstructed, see Rel. 64. .
T
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P. W. DURBIN , 481

calculate the distributions of ***Ra and *°Sr in the human skeleton.™ "
(Details are published elsewhere.*) The estimates of the skeletal distribu-
tions of ***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 distnibutions of the
actinide clements in the animals. The existence of a common intraskeletal
distribution pattern among scemingly dissimilar elements is not too sur-
prising, because the initial site of deposition of all the bone-seeking cle-
ments is on surfaces and initial deposition is related to vascularization and
blood flow." .

Table IT contains the solution of Equation (3) for each bone speci-
men, based on fri 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
materal balance. The best agreement between the two methods of cal-
culating Pu., was achieved when fri was based on the alkaline earth
dutribution in man. .

The calculated Pu. was greater than 100¢¢ for HP-12, an im-
possibility, 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
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.

The small picce of femoral metaphysis from Cal-2 (designated as
cortex) was evidently not normal. Even assuming uniform skeletal Pu
deperition during rapid growth, the Pusk calculated from this sample also
exceeded 100G%. Although not stated, the biopsy specimen may have been

taken from the distal femoral metaphysis, the site of a pathclogical frac-

turc threc months earlier. .

If these two cascs are excluded, the mean skeletal Pu of the remaining
X cases is 49 + 8.3%.
Plutonium in blood after intravenous injection

Serial blood samples were drawn at irregular intervals from 11 of

* The sources of ervor in total skeletal isotope calculated from Eq. (3) have been
examined for an ideal 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 rcliable blood sample was obtained was 46 days. A semilog-
anthmic 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 cunves of most
of the cases. Case HP-4 was the most unusual — rapid components were
mussing, 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 varicty 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 patholegical conditons. There was an equally remarkable
similarity among the diffcrent species. The individual intercepts and hall-
times of the components designed Pz, Ps, and Py (see Table I11) 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
paticnts {or both) that would account for these variations.
u{IV') has been shown to combine with proteins in the plasma of
the gut*** dog,’** and man ¥ — in particular the iron-transport
protgn, transferrin. The propertes of transferrin and its metabolism,
and the transport of iron and its release into developing red cells have
been| recenty reviewed by Katz.** Plasma clearance of pre-equilibrated
*’Feqransferrin has an average half-time of 96 minutes.** ** Once bound
to trinsferrin, Pu{IV') appears to be released much more slowly than
iron) and the mechanism of rclease remains to be elucidated. However,
becajise such a large fraction of Pu(IV) introduced into the circulation
in mpnomeric form is quickly bound to transferrin — 85% in 1 hour in
the it * and 969 by the scventh hour in the dog* — the working hypo-
thesiy was adopted that Pu bound to transferrin traces, at least in part, the
metaholism of the carrier protein.

4 The Pu blood cunve for the dog was constru~ted for the data given in Figures I
and 2 of Stover et al.® Pcrcent 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. . Disappearance of Pu from the blood of man, dog, and sheep. Dog
data hre from Stover et al.?, all dose levels combined; sheep data are from

McClllan et al 28 %
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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 semilozarithmic plots, the slopes of the segments of the ex-
perimental cunves are presented in terms of their half-times: half-time =
0.693/A, 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
cocfMicients of the exponential equations as a.

It can be inferred from the rapidity with which Pu initally leaves
the circulation without appearing in significant amounts in the excrcta or
the major organs of deposition,®® that some of the Pu not promptly bound
to protcin moves into the extracellular fluid. Half the body transferrin
and the iron bound to it are extravascular.®® The slow return of Pu to the
arculation and its ncarly complete protein binding after the first hour
strongly suggest that some of the Pu that escapes into the extracellular
fluid retumns in bound form. The rates of movement of (a) unbound Pu
out of the circulation and into the extracellular fluid, (b) Pu returning
to the circulation bound to transferrin, and (¢) Pu-transferrin into extra-
cellufar fluid™* and excreta®™ ** should all be influenced by the efficiency
of the circulation.

Four persons were suffering from various heart and /or) circulatory
allnt:nts, all of which are associated with increased tissue fluid retention
and| decreased venous return. HP-3 was edematous, and her rate of
tissd= fluid movement was probably depressed. The parameters of the
blodd Pu cunves of these five cases were compared with those of the re-

maihing five cases, whose cardiovascular systems were apparently normal

for pheir ages. The blood volumes of those patients with circulatory im-
paignents lost Pu more slowly;* the half times of P: [PS: (normal] =
12.4 = 3.6 hour, and PS: (impaired) = 19.1 == 2.5 hour] were signifi-
can{ly different (P = 0.01).** Component P; was slower in the persons
with poor circulaticn, but the differcnce was not significant. No effect of
circplatory impairment on component P was detected, suggesting that
thisfand later components are only minimally influenced by circulatory
statps. Intercepts PA;, PA;, and PA, were higher when the circulation
was| not normal, but the scatter was so great that these differences were
pot fignificant.

as P,) were probably also slowed by circulatory impairment.
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P Although they could not be examined, the earliest components {combined here’
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s; 486 PLUTONIUM IN MAN: A NEW LOOK AT THE OLD DATA
A A five-component exponential Pu blood curve was constructed by
‘ usc of the mean intercepts and half-times of those individuals who were
2 judged to be free of debilitating heart or vascular disease. Each mean
& componcnt was plotted as a straight-line segment, and the equation of the
3 composite curve was obtained by standard graphic methods. The para-
2 meters of the cquations of the human blood curve are given in Table IV
with those of the Pu plasma or blood curves of several other species.
i Components Py, P; and P; were affected by impairment of the cir-

culation. Component Py (not well defined for man, half-times ranging
from a fcw 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 bene and liver. Component P: {half-time 7 to 8 hours) seems
“ to be related to the accumulation of Pu by bone. Iron metabolism sug-
R gets the mechanism leading to components Py and P.. Component Ps
(hal-ime 1 to 2 davs and not observed in the rat) may be related to
the return of Pu-transferrin to the circulation from extracellular fluid.
: The 1zst short-term component, Py (half-time 5 to 6 days) may be related
o to the detruction of the protein portion of the Pu-transferrin complex,
or tc a slower component of feedback from soft tissue.

! The material balance of Pu in swine suggests loss of Pu from bone
as fn important source of plasma Pu after the first few days post injec-
tin{. A long-term component, Ps, was found for the dog and pig (half-
tirge about 230 davs), and is probably related to feedback of Pu from

sh{ r-lived bony structures and soft tissues. Only the dog has been observed
o fof a long enough time to permit identification of a very slow component
o (HU-time about 5300 davs), which may be related to release of Pu from
: liver as well as from slowly metabolizing portions of the skeleton.

LR

et s A

Rinal excretion of plutonium

The daily urinary excretion of each Pu-injected individual was given
though the end of collections or through 138 days after Pu injection in
bele I’I of Langham et al.** Additional excretion data for Chi-1, Chi-3,
afd Cal-1 through 153, 163, and 341 days, respectively, were available in
the original references.*™ ** ** There is a great deal of scatter in the in-
diidual data; it could be caused by incomplete collection, analytical
chors, or fluctuations in the physical condition of the patients.” The best
st
u

-

Faicht-line scgments were drawn on scmilogarithmic plots of daily
L‘imry excretion, and the resulting curves (shown in Appendix 2) were
apalyzed graphically.
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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 recnal excretion of iron. Under normal physiological
conditions onlv 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¢5 of plasma iron.**
The normal mechanisms of urinary iron excretion probably include
(2) 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 15 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 alreidy occupied by iron) are related to hematopoiesis and dietary
iron intzke.** Both the amount and latent binding capacity of transferrin
are increased following acute hemorrhage and in iron-deficient anemia,
and both are’reduced in hemolstic anemias, acute hepatitis, and hemo-
chromatesis.** The extent of Pu-transferrin binding and the rate of its
release also appear to be related to and afected by the status of hema-
topoiesis.

Some individuals consistently excreted more Pu than others. In order
to discover whether urinany Pu excretion could be related to physiological
status, urinary Pu was summed for the earliest and latest 6-day intervals
in which excreta were collected from all the patients. Medical histories
were examined for information on renal function, hepatic protein synthetic
capacity, and hematologic status.

The influence of anemia associated with an elevated latent iron
binding capacity {reduced transferrin saturation) on unnary Pu ex-
cretion was clear, During the first 6 dayvs post injection the four anemic
Pu(IV)-injected patients excreted significantly less Pu in their urine
(0.6095% = 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)-injcctcd
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 cunves 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 {sce Table 17) 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 cases.
CA, 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 urinc were altered as a result of the various physiologi-
cal proceses associated with anemia, their rates were apparcml) 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 unnan 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 unnary 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
hematopoiess.

For radiological protection purposes the need is characterization of
a Pu urine cune representative of an adult human being in reasonably
good health. Therefore, in this analysis data were excluded from those
persons judged to have obsiously 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 paramcters of its equation appear in Table VI.
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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

T T not noticeably affected by the physical disabilities of the individual
N patients, and the half-times of all the Pu(IV) urine curves were included

- in the calculated averages for each component. Pu(IV) is deemed most

< 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 mcan of US,. The half-times of the later components

Ny 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 decterminations 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 {ollowed long enough to define it closely.

_: The onlv human Pu urine measurements at post-injection intervals

- suTiciendy long to permit estimation of the slope of the next component,

R US., arc two samples obtained from HP-6, 525 and 1610 days post injec-

tio.. The Yine joining these two points has a half-time of 1250 days, only

. onc-t1ird the vidue of USs in the Pu urine curve of the dog. US; and US.

were non defined for HP-6 because collections were terminated too soon,
but i US. and US, for HP-6 are similar to the other cases, then the

= urinz cunve for HP-6 should bend between the two late sample points, and
- 4 US_ shnuld be greater than 1250 days.
S — - . ’ .
T Some lonz-term urine data from four occupationally exposed persons

are sh.own in Figure 4: WBG, DLW, and WAB, from whom urine speci-
mers 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
HP-6 ~ cessation of his inital high level Pu exposure.®” The latter case is com-
plicated because the individual retumed to work with Pu, but at much
lower levels, 2330 days after the end of his first Pu exposure period. The
600 700 occupational data suggest that the longest half-time of the human Pu
urine curve is perhaps as long as 13,400 days — the least-squares-fitted
slope of the LASL-1 urinalysis data.* In the absence of reliable human
serons, doge ad data, and becausc of the hali-times of comparable early portions of the
\ta are from B. J. human Pu urine curves are similar to those in the dog and pig, 4000 days
i only. (11 years) was selected as a working value for USs for man.

® The data points shown in Figure 4 for LASL-1 are average of all the urinalyses
taken during each 6.month interval: the original data appear in Table 3 of
Foreman et al.® These averages were not weighted for the number of analyses,
and zzro values were ignored.

————
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