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PLUTONIUM IN MAN: A TWENTY-FIVE YEAR REVIEW

Patricia W, Durbin

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

Work done under the a.uspice‘s of the U.S. Atomic Energy
Commission. ‘



DEDICATION

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

s

Cunningham, Professor of Chemistry, 'Uriiversity of California at

Berkeley and Senior Staff Scientist of the Departmeﬁt of Chémistry,

- University of California, Lawrence Radiation Laboratory, who with

L. B. Werner first prepared plutonium in pure form and who developed
on a microchemical scalé the chemical techiques that were later used
in the Ipurification of large quantities of plutonium. I remember with
pl‘easure and appreciation many conversations with Dr. Cunningham

on matters of plutonium and actinide chemistry.
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© exposure to Pu. In order to determine the relationships between
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ABSTRACT: Urinalysis was the me thod choseh to monitor internal Pu

N

contamination of the chemists who separated the first batch of reactor-

. produced PU’in late 1943, and it is'stiil the only way of detetting

239

1

urinary excretion and body'Pu'content, 18 persons (15 over the age of
MS) were injected in 1945 .and 1946 with tracer doses of 239Pu. The
original data have been.coilected and critically reviewed and re-

anélyzed in this paper.

Early tissue distribution. Four to 17 days after injectibn,
human soft tissues (other than blood and liver) coﬁtained as much as
20% of ;he Pu ﬂoée.- Five to 15 months after injection th¢ average
liver Pu content was 31% of the dose for three}caseg with presumably.
normal ]iver‘function: Data were collected on weights of fresh. human

26

Ra and 90Sr in man,

Am in dogs, and 9OSr and 2L‘”Am in monkeys.

bones and the intra;keletai distributions of 2
226Ra,_239ba,'and 241
Weight reiationships of individual bones and their fractional radioT
nuclide contents were used to convert Puvconcentrations in small-bone
sampies.to Pu in the whéle skeleton. Four to 457 days after injectioﬁ
toial skeletal Pu ranged from 38% to 65% of the dose, with a mean of
49% for the seven cases judged t§ have most nearly normal livers and
skeleton§. — |

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

4

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

stored in the liver in association with stored iron. Examination of

animal data and the individua] medical histories with particular atten-

tion to clues about the status of iron metabolism suggested the following:
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After being bound to transfefrin, Pu tracesvthe behavior;of the
carrier protein. The early phases of Pu transport nhiéh afg apparently
associated with éXtra-ceiiuiar Fluid,mixing, were prolonged in those
individuais suffening from circuiatory'impairmentf

Max imum urinéry Pu excretion doincided with the earliest phase'df
Pu transport (before the bulk of Pu was protein-Bodnd). Minimum urinary
v excrétion coincided with thé time of maximum PUftranSFerrin binding.
These observations were taken to mean thdtisome Pu can be filtered by
the kidney in tne form Qf a low-molecular-weight cheiate.‘ Urindry Pu
excretion was reduced by one-half in those pérsons who weré anemic,
presumably because/of'their more efficient Pu-tfansierrin binding.

Early fecal éxcretion of Pu.apparently represents sécretinn in‘biie
and otnér‘digestive juices. Fecal excretion was reduced»by Qne-half or
more in those persons whose gastrointestinal tracts weie judéed not’to
be normally stimulated (those on restricted diets and one.caseuqfw' ‘
hepatitis). |

Renal clearance increased from 1.8% td 8.1% of circuiating'Pd and
Fecai\c]earénCe rose from 2.2%.to 6.8% ofbcircuiating Pu‘between the
sixth and nineteenth days aiter injection, It is suggested that some
Pu may be lost by desquamatidn of cells containing Pu (especially in-
testinal éthheiiumi, or that some Pu is excreted by both tne kidnéy
and gastrointestinal tract during catabolism of the protein moiety of
Pu-transférrin, or both.

Excretion curves. Semilogarithmic curves of Pu disappearance from

plasma and daily Pu excretion were prepared for each individual case.

So-called normal human Pu plasma and excretion equations (sums of

C e

@
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expoﬁentials) were constructed.froh tHe'méan half-times>and intercepts
for tHe individual cases. All cases were iﬁcluded in the mean half-
‘times -- rates were apparently not affecﬁed by the individuais' various
illnesses. Only the fntercepts for those persons for whom a particular
function,Wa§/jpdged to be Qithin normal limits were inéleed in the
mean iﬁtercepts == urine intéfcepts were reducea by ‘anemia or kidney
dysfunction, and fecal intercepts weré reddced'by dietary restrictibn

v

or liver-maffu@;tion.

| Daily Pu exﬁretion rates andxtofal cumﬁiative Pu excretion pée- .
dicted frdm‘these e*ponent{ai equations were slightly greater than pre-
éicted from the power functions of Langham et al. (1951), éhiefly
becausé only data from normally functiOning excretory systems were
includéd»jn ;he éxpoﬁehtial coefficients, but.also becédsevthe fecai
excret}on assumed in the model.pfesented here i; signffjcantlyvhigher
than in other ﬁodels.

Proposed metabolic model. Turnover of Pu in bone and soft tissues,

storage of Pu in liver of the dog and pig; and'storage of iron in man
were reviewed. At tracer levels of Pu (défined»ég the abééncé of gross
damage during_the time of observatipn) net ioss of Pu fromléoft tissues
and bone exceeds whole-bod? Pu Ioss; indicafing‘continuous accumu]étion»
of Pu in thé liver. AQerage éoftjti55ue reléase hé]f-time was.estimated
to be no Iesé than:h80 days, and bone-éurfacé turnover‘for the whole
adult:human skeleton was/estimatéd to be about 5% bér year. For an indi-
vidual on é'diet édequafe in iron aﬁd.with ﬁormal iron stofes,,this

model predicts that bone and liver will contain equal amounts of Pu.

15 years after exposure. This model fits the available data from
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animals and for occdpational*?u éxposures, and supports the.view of
Mays etral. (1970) that the liver rather than the ékeleton may be the
criticai organ for Pu. -
INTRODUCTION

Plutoniumfwaé recognized'as‘potentially'dangerous even when the |
total amount of Pu in exiétencelwas énlg a‘few milligrams. |If the
Metéllurgica] Laboratory efforts‘were'successful, enormous amounts of
plutonium--hundreds of time§ the world supply of radium--would be
,'produce&. THe urgent'need for biological studies of Pu w;% appréciated
and these were begun as soon as Pu could be spared from essent}al
'chgmicai investigations. On'November/h, 1943, Dr. Arthur H. Compton
announced to the Metallurgical Laboratory (Piutonipm) Project Council
that the Clinton pile hﬁd '""taken off,'"* and plutonium was being pro-
duced iﬁ weighable quantities.] By Janﬁary }9, 1344, 0.5 g of Pu had
béeﬁ separated,2 and three weeks later, on February 8, 1944, Hamilton's
gron at Berkeley received 11 mg to begin tracer studies in rats.3

Wifh only preliminary results of the initial tracer studies in hand,
Dr. Robert Stone,h Director of the Metallurgical Laboratofy Health
Divisién, wrofe in early 194L: "'} must emphasize the serious health
hazard of plutonium itself. Before it was ayai}able,\we regafded it as
simflar from a radiation standpoint to the alpha-emitting decayvproducts
in the radium series. Now Qe find its behavior places it among sub-
stancés that will remain in tHe lungs for long periods if not indefinitely.
Théf which enters'thelblood probably becomes fixed in bone. The only’

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

*The verbatim entry in the Minutes of the Project Council] is
""Nov. k4, 1943--Clinton pile takes off--production now on experimental

scale."
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. problem,
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- Despite precautions, Pu contamination of laboratories and per-
sonnel at several Metallurgical'Laboratory'instal]ations was a chronic

5,6

and one of the Health Division's pressing tasks was to

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

The first approach was analysis of Pu in urine,7_9 Aand 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 in contaminated human

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

this reason, l8 hospitalized persons [12 at Rochester, N.Y., and

3 each at Chicago, I11., and San‘Francnsco (Berkeley), Ca]ufornla]

were injected W|th tracer amounts of Pu in 1945 and 1946.

’

In May 1945, a few weeks after the flrst two studies of human Pu
excretion-were begun, a conference was held to. bring together what was

then known about the bidlogy of’Pu.]8. Before the conference the in-

dustrial physicians responsiblekfof the radiological protection of

\

the personnel -at Metallurgical Laboratory installations were asked to

~indicate what kinds of information about Pu behavior were needed most.

R. S. Stone's summary of their questions is reproduced in full as
Appendix 1. Some of their requests have been partially satisfied,
but we are still Seeking’much of the informatfon about Pu behavior that

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

tection of Pu workers.

*The rodent tracer studies and inhalation experiments (Hamilton et al.lo’]])

* and attempts at Pu decontamination (Copp et al.!2) by the Berkeley group,

and the tracer and toxicity and inhalation studies in several species by
Cole's group in Chicago (Finkle et al.13 , Painter et al.l , Brues et al.l>
Bloom!® and Abrams et al.17’are the foundation of our knowledge of the
biological behavior of Pu. Photocopies of the unpublished laboratory
reports, available at cost from the Division of -Technical Information,

P. 0. Box 62, 0ak Ridge, Tennessee, 37830 belong in the library of every
student of Pu biology.

[
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The power-function curves of human Pu excretion published by .

19,20 which were constructed by using data from the

Langham et al.
hospital patients and excretion data from several occupationally ex-
posed persons, provided a method of predicting Pu body content based

on urinalysis. Langham's method has been reanalyzed many t‘imes.ZI_25

A}

There have been mathematical refinements, and analytical chemical and

& 6,27

o-particle detection techniques héve been greatly improved,2  but
~ the underlying assumptions are unchanged.
f’u may_ soon be widely used as reactor fuel. It is timely
" to reexamine the original dafa, gathered nearly 25 years ago, be-
‘cause meager as they afe,vthey répfesent neanly all our human Pu
expérience. The details of the,radfochemical techniqﬁes, the pertinent
detailé of the individual case histories, and the original data are for
practical purposes buried iﬁ privately briﬁted Manhattan District and
AEC project reports.* (Data for th cases had not previously been re-
ported.) In this reexamination | have attempted to bring together
under one cover as much as pqssible of the original detéil, and to im-
prove the usefulness of the information. Study of the behavior of Pu in
each patient, rather than averages for the group, should reveal differ-
ences in their Pu metabolism.(as a result qf their various. illnesses)
that might be used to predict the behavior of Pu in healthy persons.

A retrospective study has.tﬁe additional advantagé of being able
to draw on newer knowledge. Long-term excretion data are now available

28,29

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

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

~
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.binds Pu in pfasma has been identified as transferrin by groups at
32,33

Harwell30’31 and Utah. The kinetics of iron, the element nor-

mally carried by tranéferrin, have been.worked out in detai].Bh_37
Now, there is also some informa£ion on the behavior of Pu in two
other large anjmals,vthe sheep38’39'and the big.ho-43 All ﬁheée-
recent observations provide a framework, not ‘available to the original
investigators, in which to examine and interpret the hﬁman Pu data.
MATERIALS_ANb METHODS

| Wifh two;minér_éxceptions,vthe data examined for‘this report have
Eeen publfshed in one form'orvanothér. Thevfollowing brief description
-of the é;igiﬁél ‘data soﬁrtes i§ included chiefly to eliminate'confusion
about the Berkeley‘and<Chicégo céses (Cal-1, Chi-i, Chi-2, 'and Chi-3),
for whiéh fragmentary reports have appeared moke than once. "Summaries
'§ffthe histories of the publéshedrcasés and complgte éasé histories of
two prevfous1y uppublished cases are included as Appendix 2.

19

Langham et al.

Al the information obtained for HP-1 through HP-12 is contained

in this reference, which includes medical histories,-injection data,
: 4

hematologic data, blood chemistry, and Pu analyses of blood, urine,
feces, and biopsy and autopsy specimens. Pu analyses of urine, feces

(fecal data from Cal-1 were not-included), and biopsy and autopsy

specimens are reported for Cal-1, Chi-1, Chi-2, and .Chi-3. Pu urinalyses

are reported for three occupationally exposed persons. Pu radiochemical

Ll-46

methods are described briefly and reported in detail eréwhere.

18,47-53

Russell and Nickson

A1l the original data from Chi-1 and Chi-2 are contained in Ref. 47,
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which inClqdes case histories, injeCtion'déta, hemato]ogic examinations,
and ?u analyses‘of uriﬁe, feces, aﬁd autopsy specimens. >fhe.remaining
references. contain the original data for Chi-3 and'Fragﬁentary dafa from

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

‘. By

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

group can be found in Refs. 54-56.
. 57

- Crowley et al.

Most of the information obtained from Cal-1 is included in this
N . . / :
report, which includes a brief medical history, injection data, and Pu
analyses of urine, feces, blood, and biopsy specimens. Radiochemical

techniques are also included. Additional information was obtained from

raw data sheets, hospital records, and death certificate.

58 ‘ ' ,

Forehan et al.

.This réport‘contains all the inférmafio& from a case of occupational
Pu exposure (designated herein as LASL-])? Included ére Pu exposure
history and Pﬁ analyses of urine and autopsy specimens. Radiochemiﬁal

technigues are described elsewhere.26

Hamilton et al. (unpublished)

All the information about two previously'unreported cases 'injected
by the Berkéley group Cal-2 and Cal-3, are iné]udedin Appendix 2,
| Copies of all’the original reports were obpainéd, and wefg com-
pared for omissions and errors of transcribtion.v The Pu contents of ‘ “m,
the autopsy specimens of Chi-1 and Chi-2 were originallybreported és .
ug Pu per-g tissqe. These data were converted tqr% dose per g. The
original -data sHeets were still available fqr Cal-1l, and these were
checked for numerical correctness. The transcription and numerical .

errors that were found are collected in Appendix 3.

T LASL-1 is now designated LASL-10038 by the The Los Alamos
Liaboratory Health Group (L. J. Johnson, private communication).
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Details of the calculationvof total tissﬁe Pu or bone éu are
déscribed)in conjunétion wfth the tabulated resGlts of these calcyla-
tions or in the Appendices.» The semilogarithmic curves of Pu in blood
and excreta were fitted by eye to the original data points and analyzed
by standard graphic ﬁethods. Straight-line segments were fiited by the
least-squares method. These are admittedly subjective procedures, but
there were often ;o few data for each _patient that machine curve fitting
seemed\inapproprfate. |

Data from the Iéboratory animals were obtained from bUblished curve§

28,29,59-61 38,39 4o-43 '.10,62,63]'

and tables: [dog, sheep, swine rat

Data points were read from curves by reconstructing the grid lines,

measuring the distances from the horizontal and vertical origins with a

millimeter scale, and calculating (as closely as this rough technique

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

: !
and D. R..Atherton kindly supplied original data for Pu excretion by

individual dogs.
PLUTONIUM IN SOFT TISSUES

Soft tissue* speciﬁens from five cases that came to autopsy were
analyzed, aﬁd a small sampliné of soft tissues was obtained during |

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

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

64,65 tabulated

body weighf and the weight proportions of ”Sténdard Man'!
in Appende 4. The calculated weights of tissues and organs and their

total calculated Pu contents are also shown in Table I.

~ *Unless otherwise specified, soft tissue includes muscle; skin;

connective, lymphatic, and nervous tissue; fat; glands; all organs
except liver; blood and other body fluids except bladder urine, and

'gastrointestinal contents. Thus the whole body consists of liver,

bone, and soft .tissue.



‘Table 1. (Part1)

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

Liver
Spleen
Kidney
Lung
Pancreas
Intestines
Téstes '
Thyroid
Adrenals
Muscle
Skin

Residual soft
tissue.

Excreted®
Total (accounted for)
Skeleton (calc.)

<}

HP-5, 151 days p.i.

Male, 56 yr.
70.8 kga Calc.
%Pu/g  wt(g) (%) dose
0.032 1,340  42.8
0.0007 184 0.13
0.0002 312 0.062
0.0005 1,000 0.50
0.0002 100 ©  0.02
0.00015 1,020 0.15
0.0003 64 0.018
0.0001 16 0.0016
0.0004 14 . 0.0056
0.0002° ~ 28,400  6.67
4,950
0.0001¢ 23,080 2.31
5.20
57.9
10,300  42.1

.

Pu(lV) Citrate
HP-9; 456 days p.i.

HP-11; 5 days p. i.

a
70.8 kg Cale.

12.3
0.89
0.47
1.60

0.46
0.077
0.014"
0.031
5.68
0.99
2.22

2.00
34.7
65.3

Male, 66 yr. . Male, 68 yr.
63 kg Calc. |
%Pu/g  wt(g) (%) .dose % Pu/g  wt(g)
0.0144 '1,'6oob_ 23.0 "~ 0.0053 © 2325
0.0015 162 0. 24 0.0048 184
0.0002 277 0.055 0.0045 " 312
R 0.0016 1,000
0.0002 90 0.018 |
0.00045 1,020
0.0012 64
0.0009 16
0.0022 14
0.0002° 25,200  5.92 0.0002 28, 400
| 4,410 0.0002 4,950
“0.000% 22,280 2.23 0.000% 22,200
16.5
 48.0
9,166  52.0 10, 300

_0';_
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Table 1. (Part 2) € ’
_ * Material balances of soft tissues and excreta. Six persons injected i.v.
g with Pu(lV) citrate, Pu(VI) nitrate, or Pu(VI) citrate - -
. o Pu(VI) Citrate Pu(VI) Nitrate
Chi-1; 160 days p.i. - Chi-2; 17 days p. i ‘ " Cal-1; 4 days p. i.
Male, 68 yr. , Femalé, 55 yr. = ‘ Male, 58 yr.
76.4 kg 38.6 kg - " . 58 kg
. Calc. ' Calc. ' : - Calc.
- % Pu/g® wt (g) (%) dose. = %o Puﬁﬁ wt (g) (%) dose %o Pu/gi wt (g) (%) dose,

Liver . 0.0135 2,050b 27.8 0.0024 1,110 ©2.70 : 1508 -
Spleen o -~ 0.0025 260" 0.65 : 0.0012 © 85°  0.10 0.0019 167°  0.32
Kidney - 0.00038 340° 042 - 0.0054 490° _ 1.03 '

Lung 0.00058  ~ 1,950" 1.13 0.0016 . 490° 0.78

Pancreas - - | 0.0022 60° 0.3

Intestines _ B 0.00065 555 0.36 .

Testes _ 0.06052 C .66 0.034 _

Thyroid ' ’ . 0.0034 14 0.048

Adrenals » ,‘ o . ‘ )

Muscle 0.00025¢ 30,560.  8.98 0.0006 11,310  6.79 0.0004° 23,200 9.28 :»:
Skin o 5,348 0.0006¢ 2,320 1.39 . 0.00058 4,550 2.64 ' -
Heart o 0.00028 382 0.14 0.00105 250 0.26. )

Diaphragm 0.00023 '

Lung tumor ~0.0017 32 0.054 ‘

Lymph node . - 0.0015 " 164 1.46 : 0.00074 390 . 0.29

Ovaries : 0.00094 10 0.009 |

Omentum ’ | ) : ©0.0004

Subcutaneous . : _ ‘ - 0.0004

tissue )

~Scar tissue , v ' . ) . 0.0011

Residual soft tissue ~  0.00012% 23,800  2.98 0.0003¢ 14,700 . 4.41 ~ 0.0002¢ 16,690  3.34"
Blood » ) ' . o . 5.66
Excreted® 6.74 S 0.70 , _1.19
Total accounted for ' ‘ 49.8 19.0 _ 25.7

Skeleton (calc.) 9,428 50.2 - ‘7,125 " 81.0 9,428

/ ‘ {mid-range 42.5)

- e e m m M m m W e e e m m = e e = = e e e m E e @ e = m m o m = = @ m e m e e . s = m = om m e wm e e o w = m wm om = w m e = = = -



" Footnotes to Table I

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

- b;

Measured tissue we1ght

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

Pu concentration of residual soft tissue was estimated to be one-half the concentration in skin and muscle.

®Measured totals are used when available. Excretion betweeén the cessation‘jof collections and deaths of HP-5"and HP-9 was
estimated from extrapolation of the last available measurements and the slopes of the U and F curves of persons followed for
longer times. Excreta from HP-11 were estimated to be the mean for. all the other Pu(IV) citrate-injected cases.

¢ .

Includes 7.95%, theaverage Pu content of blood of the two s1ckest persons (HP-4 and HP-10), from whom blood samples
were obtained at this time.

g%/g of Pu recalculated from original data.
h v :
Includes 3.25% estimated from the tissues of Chi-2, and HP-14.

1 Chi-2 was emaciated; her skeleton was assumed to be the average reported by Mechanik®® for slightly built females.
Cal-1 had lost 15 1b during his illness; his skeletal weight was calculated from his body weight in good health, 64.8 kg.

-2¥V-

il
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In order to estimate total body Pu as closely as possible, it was
necessary to make some assumptions about tissues that were not samplied;

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

- thoracic organs of Cal-1. When skin and muscle were not measured, the

average Pu concentrations Qf‘other tiésues suchAas heart, diaphragm,

or pancreas were uséd. Details of thése estimated values appear in the
footnétes to Table 1. Iﬁ every instance it was neEessary to estimate
thé Pu content of the soft?tissue rémaiﬁder, c;nsisting of fat, fascia,
nerve, teﬁdon, etc. Thé total weight of the soft-tisgue remainder was
cé}culated by sﬁbtracting from the body weight the sum of the weights
of the ;ampled tissue§ and the calculatéd skeletal weight. For Cal-l
‘the Pu cohcentrations in-omentum-and subcutaneous tissue were almost as
great as that in skin. The Pu concentration in the fat sample obtained
from ChffZ was the séme ag that in intestine, muécle,_or tumor. The fat
sampfe obtained from Chi-1 had a Pu céncentratioh about pne-fifth that
in musqle,or skin. BaSed»on'these obsérQations, the average Pu concen-
tration in thé soft-tissue remainder was e;timated tq'be one-half that
in the average of muscle‘and skiﬁ.

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

befngs (shown in Table 1) is consjderably_greater than has béen reported
~in the dog. About 3% was present in soft tissues of the beagle 22 days
éfter intravenous injection.28 It was possible toycaléulate from the
data of Smith et aﬂ.hz that the soft tissues of yearling miniaturé

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

venous injection of Pu(IV) citrate.
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in their original report of Pu toxicify in dogs Painter et al.

fncluded a tabulation of Pu concentrations in a large number of soft
tissues of individual dogs. Complete excretion data and periodic blood
sambiings~were;also reported for two of these dogs that died 15 or 16
déys-after intravenous injection of Pu(Vl) citréte. These data pré-
vided a means of testing the aﬁcuracy of the balancé-shéet method of
caTculating whole-body Pu distribution in large animals when 6n]y'a
small number of tissues have been sémp]ed.

L

The recorded body weights of the individual dogs (corfrected for

radiation-induced weight loss of 10% to 16%) and the weight proportions

'of the bve.agle67_69 were used to estimafe individual tissde weights. The
" sums of the Pu analyses of excrgﬁé, the estimated Pu content of. the
ASkélefon (calculafed'aé described in the next section) aﬁd of the liver
vband soft tfssuesvwere 94% and 99% for the two dogs--an encouraging
result. 1Early soft-tissue distribution of Pu in man is compared in
Table 11 with Pu distribution lin dog, pig, and rat.

The movement of Pu out of the soft tissues of the six human cases
is shown in Fig. 1. Extrapolation of the initial stéeb’pbrtidn of the
curve indicates that aboutbzh% of the injected Pu was present in these
tissues {and their céntained blood and extracel}ular fluid) 24 hours

after injection. The equation of the exponential curve in Fig. 1 is

Soft-tissue Pu= 8% e-0'096t + 16% e-O'OOIAt, . (1)

where t is days_]. The initial rate of Pu loss from the soft tissues
of the toxicity dogs and from ratslo’62 appears to be about the same as
estimated in Fig. 1 for man (T]/2 = 7.2 days). Although there are no

’

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

.;7
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dose) in Soft Tissues of Man, Dog, Rat and‘Pig_.a

"Early Distribution 6f'fntravenously'lnjécted Pu (as % of injected

dog, Pu data average of dogs #33 and #42, Tables 25 and2
rati0; pigh2.
Average of HP-5 and Chi-1 only..

organ weights

67-69.
’

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

6~

Form of Pu Pu(1V) citratel Pu(Vl) citrate Pud,Cly  Pu(IV) citrate
Days p.i. k to 5 15 to 16 h 6
Liver .35.3b 29.6 27.7 14.0
Sp]eep 0.60 0.7] » 0.40 0.24
Kidneys 0.47 0.33 2.08 0.20 .
Lung 1.60 0.12 0.15

Pancreas 0.13 0.015

G.l. tract . 0.46 0.23

Testes 0.077 0.15 10,10
Thyroid 0.014 .0010

Adrenals 0.031 .0085 0.0017
Muséle 7.48 7.38 1.50

Skin 1.82 1.33 1.68

Heart 0.26¢ 0.023 0.13

‘Lymph tissue C.ZSC 1.59 _:

Brain 0.004 0.011

Thymus 0.015

Blood 6.80 0.21" “0.62

Remainder 2.78 0.39 3.48

Ovaries .009° 0.002

3pata sources: man, average of HP-5, Chi-1, and Cal-1, see ngle | this paper;

tissue and
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or pigs shortly after injectioh, Fhere is some indirect evidence from
'fhe Utah experiments that Pu continued to be deposited in the liver"
and Bone duriﬁg.thé fFirst Week to 10 days after injectidn.u Thus, the
-amount Qf Pu ihiﬁially in the soft tissues (at least 20% can be accéunted

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

\

measUfed at 22 dayS.28» Most Qf:fhe'Pu tHat leaveg the soft tfssues of
either dog or ﬁan does nét(leéve the body, but fs(rédi;tributed to the
]iQer and skélé£on. It appears that most of'thé Puk(at least 80%)
vbriginally in the's0ft tissues §f the dog is sufficiently labile to
partiéipate Tﬁ this redistribution. On the other hand; nearly fwo;‘
thifds of the Fu initially found in the soft fissues of man seems to
be more fi}mly bound. |

The two low-dose dog studies yield compéréble long-term rates of
removal of Pﬁqffom goft tissues. The half-times of the soft-tissue
curves ranged from ?OO days.for lUng to 1050 days for skeletal'mQ§cle59
through the first 4 years psst injection, and from 950 days for spleen
to 1500 days for kidneys pf Tow-dose dogs followed for_8 years.60
A half-tihe’§F/9OO days can be calculated for Pu in total soft tissue
of the beégTe from data of Stover ef al;28‘ Two of the three human

’

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

N

Pu phase of loss were suffering from diseases associated with tissue’

wasting. It is likely, therefore, that the curve fitted to their data

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

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

for the soft tissues of the low-dose dogs.
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- Two general impressions emérge: first,‘during the first few days
after injectién the soft tissues of the human beings Had thhef Pu con-
centrations and contained greater total amounts of Pu than haé been
observed for two othér moderate;sized specigs;_and second, a larger
fraction of the Pu {nitially present in the soft tissues of man re-
mained in those tissues for a lohg time.

PLUTONIUM IN THE SKEtETON
The Pu content of the entire skeléton has been measured in several

13, 10,13,62 61 42

species: mouse, t dog, and pig. The results are con-

sistEnt--about.one-half_of parenterally administered c;mplexed monomeric
?u is;initially_deposjted4in the ;keletén. For many keasons\the Pu
content of a whdleﬁhuman ékeleton has not been measured;_ In the original
réporf of the human Pu cases fotal skeletalAPu'Mas calculatedvby a I
stra{ghtforward me thod--the mean bu concentrétion of all the bone samﬁles
was4mUltiplied by 10 kg, the estimated average bone mass of ''Standard
Man“,64 yielding a calculated total ékelefal Pu of 65%.

1_¢$ince 1951,'wben-the human Pu cases were reported, Pu has been
measured in all the individual bones of the dog;6]"and in séveral bones

70 nabbit,7]'and pig.L’3

of the rat, The results ére all the same:
vertebrae, ribs, and stefhum—-the bones sampled in the>Human cases--
have higher initial Pu contentraﬁions than the skeleton as a whole,
which means that the total skeletal content of the human Pu cases was

probably overestimated.

-Balance-sheet method !
The first method of estimating skeletal Pu uses the“material balance

described in the section on soft tissues,
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Pu_, = 1004.- gPu] + Pu_, +\R“e)’4 (2)

, Pu,, Pu ,vand Pu_ are the percent of injected dose.in the
sk ] st e :

skeleton; liver, soft tissues, and excreta, respectively. .Equation (2)

where Pu

assumes that the calculated values for Pu] and PuSt are accurately known.

The maximum Pu_ --that is, the amount of Pu left over after

sk
~accounting for Pu ., Pust’ and Pue of -each individual human, Pu case--

_ appears in the bottom row of Table 1. 'Pu] was not measured for Cal-1,
so.ra possible range of Pusk shqwn for him used as limits the highest

and lowest measured values of Pu] from three other cases that were

: c&nsidered to have approximately ndrmal.]ivers.

The mean Pu_, for all six cases, regardless of their health status,
was 55%--10% less than was driginélly calculated. Some of the reasons
for this‘chénge 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 samples or ﬁbt; and\(C) Pu remaining in the circulation
of the two cases from whom tissue samples were obtained 4 to 5 days
after injection.

19

"As Langham et éi. pointed out, the livers of .two o% the cases
‘were highly abnormal. The liver of Chi-2" had been almost completely
replgéed by tumor. Her Pu]vwas less than 2%, and her calculated PuSk
was 81%. When case HP-11 was injected, hé was dying of hepatfc failure
Acirrhosis resulting from éhronic alcoholism and ma]nutritjon), and his
liver was only partially functional. His Pu] was 12%, and his calculated
PuSk was 65%. The range of calculated PuSk was L42% to 52% and of Pu]

23% to L43% for the three cases whose livers were presumably healthy.

With respect to Pu'kinetjcs, it would appeér that liver and bone compete

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

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

presumably normal livers are considered, the mean Pq] is 31.2%, and

the mean PuSk is b7%--nearly 18% less than originally estimated by

Langhém et}»a].19

Ponderal method

The gecond approaéh to estimation of Pusg has been called the
""ponderal method' by Marei and,Borisov.7? Total skeletal radionuclide
is calculated from the concentration in individual bones and from (a)
the pondéral (weight) relationships between individual bones and the :
whole skeleton, and (b) the distributﬁénéi relationships between the

radionuclide in individual bones and in the entire skeleton according

to the equation .

BW X fsk X fb. X (Pu;)

. Pusk-= T ,
| .

(3)
where BW is the body weight, fsk.is the fraction of the body weight
contributed by .the skeleton, fbivis the fraction of the skeletal'weight

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

(Pui) is the measured Pu concentration (%/g) in bone i, and fro is the

‘fraction of the skeletal radiqnuélidé contributed by bone . Al weights

are in grams. Body weight and (Pui) are measured quantities; fsk, fb.,

and fri must be evaluated independently.

Plutonium concentration in bone samples
" Bone specimens were obtained from the five autopsied cases and
from four other cases during biopsies or surgery. Results are shown in

Table 1. The bone samples of the two Chicago cases and the three
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Table 11l Summary of Pu Concentration in Human Bone Samples (Pu{) and
Calculation of Total Pu in the Sampled Bones and Total Skele-
ton Based on Intraskeletal Dlstrlbutlon of Ra and Sr in Man,
Am in Monkey and Pu in Dog.?

. % of Pu in total
skeleton, based on

_ ) (Pui) Wt (g) % of Pu Ra, 'Sr Am " Pu
Case Bone sampled - %/g- (calc.) (calc.) man monkey  dog
HP-5  Vertebra 0.0071 1916 13.60 56 b7 38
Rib (whole) 0.0070 639 b.L47. 36 76 38
~ Sternum 0.0050 144 0.72 40 48 4o
HP-9 Vertebra 0.0080 1705 . 13.6h 56 47 39
Rib (whole) 0.0038 568 2.16  17° 37 18P
HP-11  Vertebra 0.0070 1916 13.41 55 . k6 38
Rib (whole) 0.0068 639 h.34 3% Tk 37
Sternum 0.0096 144 1.38 77 92 77
HP-12  Radius end 0.0187 126 2.365¢ 103
Patel lae "~ 0.0109 72 0.789:¢ 162
Chi-1  Rib 0.0079 689 5.4k bl 92 L6
Sternum 0.0047 156 S 0.73 o k9 4O
Chi-2  Rib| 0.0200 42 8.8l 7 150 76
Cal-1 Rib 0.0081 584 4,73 38 80 40
Cal-2 Femur 0.0436 286 12.47 ~ >100g
Cal-3  Femur 0.0031 1946 6.09 57

%See text and appendix 7.
“Omitted from average.
Ends of radii and ulnae of adult rhesus monkeys contribute 33% of the whole-bone
dwet weight. i
oP- W. Durbin (unpublished).

Measurement of patellae separate from leg bones was made only for Sr in the monkey
and represented 0.48% of the skeletal burden.

Results published for subdivided samples See appendix 5 for reconstruction of
whole bone. ; ' :

(
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Californi; cases were subdivided‘fnto several parts, e.g., peridsteum,
marfow,»spicules, cortex, eté.x Tabufétioné.of f}esh wéighfs.of‘human
bones and radionuclide contents of human and aniﬁal boﬁes were all
rebqrted*in terhs of whole boﬁé, which inciudes periosteum, articular
cartiiage;‘and marrow. In 5rder'to make use of the published‘bone
weights and intraskeletal radioﬁuclide distributions, it was necessary
410”recons§ructvthe whole-boné samples from their reported parts. Both
the weights ofbthe bone subéamples and'fheir Pu cdncéntrations were
published for the Chicago cases. Much 6f the originaT_Califorhia
data w§s>still in our Laboratoryvfi}es. ‘The samples were all small. .
If we assume that the ;riéinai-investigators tried to avoia sample
losées,vthen whole-boﬁe weight can be talcﬁlated ag the suh of the
subsémples, and (Pué),thé average Pu Concen;ration in the whole bone,
can be calculateé froﬁ |
o ’ W, x (Pu.)

(Pu.) = Z

, - (4)

" where Wi and (Pui) are the weights and Pu concenfrations, respectively,

of\the individual subsamples. ‘Details of the calculations are shown in
Appendices 2 and 5.

Fractional weight of the skeleton

A literature search revealed 29 complete dissections of fresh

66,73-78

skeletons from weighed cad;vefsﬁ (see Appen@ix 6). The best
estimates of fsk for the'humanbskeleton are Ih.GfB%*and 11.9%1.7% of
the body weight for Lhe adult male and female, respectively. The
weights qf the 4ndfvidual skeletons of .the Pu caséS'werg calculated -
and appear at the bottom of Table I. |

Mean £ S. D.: S.D. =[summation (dev)z/(n—i)] 1/2
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Fractional weight of the bones ’ L o

Threé of the early investigatjons66’»7l}’75 included the wgights-of
all .the freshly dissected bones of the human skeleton. Vo]kmarin75 and o
Mechanik66 reported data for several individuals and included complete %

descripFiOns of methods and-experimentaliconditions; The average weighfs
.gﬁd weight fractions were calculated for each bbne.or.group qfisimilar ,
bones from their raw &ata, and the results are collected iﬁ Appendix 6.
These ﬂis;ectioné were the work of skilled anatomists.who cleaned the

bones carefully and completely. Thése dissect{ons were probably much

more thorougﬁ‘than mfght be egpected of the busy autobsy surgeons who
remoVéd the bone sbecimens from the human Pu cases. Questioﬁs mfght

also be raised about the accuracy of the old balances and about ppssible

differences between the size and proportions of the earlier skeletons

\

and those of middle-aged personé in the United States in ]945.
"An unpublished paper by Marei and Borisov72 (made ava}lab]e by the
late J. L. Rivgré) provided at léést partial answers to somé of these
prab]ems. They dissected seven male and six female cadavers of per;ons':
who had died near Moscow in 1967; Groﬁps oF‘bonés were weighed on
médern equipment; and'drying was avoided. Their dissections iﬁcluded
only ”carefui preliminary removal o% soft tissue.'" Skeletal weight
fracf}ons, fbi’ calculated from thé data in_the two éld investigations,
agree completely with each other. However, the modéfn skeletons are

~about 2,000 g heavier, and the fbi of the skull and vertebral column v

are somewhat greater than those calculated from the earlier dissections.

«

th only did the new data take care of the problems»df experimental

conditions and modern vs. earlier skeletons, but the dissection tech-
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72

niques were not so precise--just what was needed.. Marei and Borisov's

data for fresh weigHts of individual bones and therfbi's calculated

~ from them are also included in Appendix 6. - s

. The fbi's derfveq from(the Maréi and Borisov72 data were_multi-
pligd by the‘éa]cu]ated weights of the skeletons of the Pu cases to
obtain an estimate‘of'thé'wet wéight of eadh sampled bone or group of
bones as shémnxih Tébb .

A4

Intraskeletal distribution of Pu

Fractional distribution of Pu introduces the greatest uncertainty

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

Distribution of Pu in all the individual bones has been meaéuredvonly

61,79

in the dog. The use of the dog data to describe Pu distribution in

. !
the ‘human skeleton has two serious disadvantages. First, because the
dog is a quadruped, the fbifs of many of the bones differ from those

of the same bones of man; for example, those of the skull,_hfnd 1imb

bones, and pelvis are too small, and those of the ribs, sternum, and

mandible are too large. These differences in weight distribution. and

presumab]yvélso the functional differences resulting from diffefent
batterns of weight bearing, are likeiy tokbe_reflectea in the raaio4
nuclide distributions in the skeletons of man and ddg.. The secona
disadvantage f§ a consequence of the design of the dog expériments.

A1l the measured dog skeletons were either (a)‘those oflhigh-dose dogs
that lived 1ohg enough after injection to»Bavé‘accumulafed variable |
amoun;s of damage fo bone or liver, or both, or (b) those of low-dose
dogs that lived for»severa] 9eérs after injection, long enough to havé

remodeled a great deal of bone.
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"The distribution of Am, an actinide element with principal

valence +3 and chemical properties qualftatively similar to those of
-Pu, has been measured in the bones of the monkey (P. W. Durbin, M. H.

e 2[”Am studies in the monkey

Williams, and Nu:Jeung, unpublished). Th
(summarized in Appendix 7) satisfy the requirements of full skeletal
maturity, shoftkpostinjection interval, éndvabsence qf bone damage.
However, the proportions of the monkey skeleton are not the same as
those of man--the monkey has a relatively larger torso and heavier fore-
limbs, and a relatively smaller,pélvic gifdlé and smaller hind\limbs;
There are therefore Some'uncertainties in applying the ménkéy data to
the humén case. | 7

The skeletal distribution‘of 2l”Am.hés aléo been détermined in the

’ dog,80 and the results compare reasonably Wel] with those for the same

239

i

element in*tHe monkey and with Pu in the dog. '(These data are re-

produced in ApBendix 7.) At least one alkaline earth element has been

studied in each of these animal species, and two have been_measured in

226 79

man. Ra has been measured in the dog skeleton;

¢ 90

o -

the distribution

Sr has been determined in theAmonkey'skeleton,S] and-data were
226,

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

82-84 : i

and 90Sr in the human skeleton.

For all practical purposes, the human data are unpublished, so it

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

lated to obtain fractional skeletal isotope distributions.

226Ra in human bohes .

Evans's group at the Massachusetts Institute of Technology exhumed

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

B



"8 years after cessation of exposure.

‘results were reported as puCi

-25-,
2,83

pérsons.8 However, only two cases approached satisfying the re-

“quirements of fdll skeletal maturity atvexposure, a relatively brief

AN

interval between exposure and death, and a long enough burial tlme to

permit nearly complete soft tissue decomp05|t|on and drying. Case

" MIT-01-434 was h8 years old at exposure and died 2 years after cessation

1

of e-xposure.83 Case MIT-01-501 was 68 years old when exposed, and died
83 Both drank a 226Ra preparétionw
for about 3 years. The data were reported as the ratio of isotope
fraét}dh to bbne-mass fraction, fri/fbi° ‘For the purposesléf this
paper-it was necessary to convert to fri by multiplying fri/fbi re-
ported fof éach bone (6r group of bones) by the aﬁproprjate fb. taken
from the data of Inga]ls.85*'

,90

Sr in human bones

In .the codrse of their investigationsvof 90Sr in fallout, Kulp an& '
Schu]ertgé analyzed 90Sr in-the individual bones of two groups of com-
posited human skeletons. Tﬁefe were seven skeletons (average age 76
yearst in the first group, and thirteen skeletons (average age 69 yeérs)
in the second group. All the individuals died during 1957 only 3 years
after 90Sr began to be present in the environment. THe analytical
‘ 9osr per g.Ca in individual bones. Some
assumptions about the composition of the samples were néeded in order

90

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

*Inga]ls'sBS data were used because the.weights he reported were for
bones of middle-aged to elderly white males. The bones were macerated
and externally cleaned but not fat-extracted, and their composition was
assumed to be most like these exhumed skeletons. The original data were
inaccessible, because the MIT records were being moved to Argonne

 National Laboratory. Use of the measured weights of the individual bones

would yield more accurate intraskeletal 226Ra distributions.
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assumed to be 40% Ca. Female skeletons were assumed to occur in the

85

same proportions in these\samples as in Kulp and Schulert's ™ main
collection of ashed skeietoné, about one in ten, and it was aisé
assumed that the sample cOntainedlIO% Negro ske]etons. With these

* assumptions, Trotter énd Peterson's86 data were used t0'caiculate én
average skeleton ash weight of 2190 g. Their dété on the ash weighté

of sindividual bones of white males moré than 60 years old were used to

calculate Fbi, and\the following equation was solved for each.analyzed

bone:
~. 90 _ . 90 ~ s
HuCi Sr/bone = (uuCi “°Sr/g Ca) X. (0.4 g Ca/g ash) X - (2190 g ash)
X (fbi ash).
The 9OSE content of whole long bones was reconstructed from the data

(reported as mid-shaft, elbows, knees, etc.) by using the ash-weight
,proportions'measured for epiphysés‘and diaphyses of the long/bdnes dfv
rhesus'monkeys (P. W. Durbin, M. H. Williams, and N. Jeung, unpublished).
Although the other reqUirements were mét--the individuals were aduifs,
and‘skelétons were measured shortly gfter expoéure to a low dééej-the

9

OSr levels introduce some

>

large analytical errors because of the low
uncertainties.
These two admittedly crude estimates of the skeletal distributions

226 90

of Ra and °Sr in man (shown in Appendix 7) agreed syrprisihgiy well.

They also agreed generally(despite some specific species differences)

90

with the distributions of 2'26Ra and Sr in the animals and qualitatively
with the distributions of the actinide elements in the animals. The
existence of a common pattern. of intraskeletal distribution of such

seemingly dissimilar elements is not too surprising, because the

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

‘

Y
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" anatomical surfaces and deposition is probably related to vascular-

87

ization and blood flow.
The last three columns in Table Il contain the solutions of

Eq. (3) for each_available bone specimen, based on fri taken from

241 239Pu

(a) alkaline earths in man, (b) Am in the monkey, or (c)

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

)

lated from Eq. (2) are examined for an idéal case in Appendix 8.
An average Pusk was calculated for the cases in which Pu concentra-
tion had been measured in more than 6ne bone and these appear in

Table V. The Pu; of each human case calculated from Eq. (3) is

k
compared in Table IV with the results obtained from the material

balancé. The best égreement<betWeen the two methods of calculating

Pusk was achieved when fri was based on the alka]iﬁe earth distribu-

tion-in man.

- The Pus calculated was greater than 100% for HP-12, an obvious

k

"impossibility. The bone specimens analyzed in that case were fragments

removed from the radius heéd and_paté]la during sﬁrgical repair of
comminuted fractures. Surgery occurred 21 dayé after the bones were
ffactured,and 5 days after the Pu injection. Céllus fofmétion and ré-
sorptién of damaged bone’were probably already well under way when the
Pu was.injected. Van Middlqsworth88 showed that Pu uptake in a heal-
ing fracture was as much as four times as Qreat as in the contralateral
ﬁormal\bdne when partial healing had been permitted to occur before
the Pu injection.

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

cortex) was evidently not normal. Even assuming uniform skeletal Pu
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Table ‘IV. Comparison of Total'Skeletal Pu Calculated by Material Balance and
by Ponderal Method by Use of lntraskeletal Distributions of Various
Radlonuclldes in Man, Monkey and Dog.®

|njécted Pu.(9)

Days : Average of Ponderatl Calculatlons
Case p.i. ‘Material balance - based on,
o S - Table 1 \ Ra, Sr, . Am, ’ Pu
' | Man? ~ Monkey? .. 'Dog?
Hp-12€ , N o | 132 |
Cal-1 oy | 38 - 39 .
cal-3 y | 5 .
w-td s e 56 71 51
chi-zd 17 81 7 150 73
HP-5 151 : 42 | Ll 57 38
Chi-1 160 49 42 70 43
HP-9 456 . 52 56 - 42 39
‘cal-2¢ 7 >100

a

bPu in dog sternum, Stover et al., in press.

See text and appendix 7.

®Fragments from healing fractures.

P

See text for comments on hepatic function of HP-11 and Chi-2.

eSix-year—o]d boy;
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* By the same line of reasoning, Pu
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deposition because of rapid growth, the PuSk calculated from this
sample also exceeded 100%. The measured ash cqnfent of the '"cortex'

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

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

- measured, but the humerus shaft of the newborn rhesus monkey is 49%
.ash end that of a one-year old monkey is 58% aéhv(P. W. Durbin, un-

published)‘ Although not stated, the blopsy speCImen may have been

taken from the lower femoral metaphysns, the site of a pathological
fracture 3 months earlier.-

~The liver of Chi-2 was almost nonfunctlonal, permlttlng diversion

of a larger than usual fraction of the |nJected Pu to the skeleton

‘For this reason Chi-2 should be omitted from any average that purports

to eescrlbe the.deposition of Pu in healthy well-nourished adults.
k of HP- ll, whose liver was only
partlally functtonal, should be considered an upper ]Imlt for the
normal case. |If the three obviously unusual cases (HP-12, Chi-2, and N
Cal-é) are eliﬁinated; the average Pu deposition in the skeletons of’
;evenlcases is calculated to be 52%.by the meterlalvbalanCe method and
L9% by the ponderal method, with indlvidual values ranging from 38%
to 65%. | |
PLUTONIUM IN BLOOD AFTER INTRAVENOUS INJECTION
Serial blood samples were drawn at irregular intervals from
\-'Q.-.'..'19 '

eleveh of the Pu-anected |nd1vuduals. The first éample was taken

L hr after injection in all but one case, Chi-1. ]8 ‘The longest post-
injection time at which a reliable blood sample~was obtained was L6

days. A semilogarithmic curve of Pu in the blood was prepared for
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each of the ten individuals from whom more than three blood samples
were taken. ‘ _ | o _ ' .

Because only a few blood samples were drawn at irregular [ntér-

&

vals, it was necessary to make some assumptions about the general

properties of the individual curves so that all the blood data could
| ” 18

be used. Two\early blood samples were drawn from Chi=1; whole

" blood contained 3.2 ug Pu/ml and 2.5 ug Pu/mi, 10 and 45 minutes

after injection of Pu(Vvl) citrate. Using 7.71% of the body weight
v ]9)

(the value used for the blood volume by Langham et atl. , one

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

88

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

14,28

subsequently not confirmed in the dog, that Pu(Vi) might leave

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

14,28

ments in man agree with the observations.in both the dog and the .

39

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

. !
r

is'qqite steep.
For phe interval between 4 and 48 hours several bf the human Pu
blood curves could be sqperimposed on thé dog curve, a portion of wh}ch
is shown fn Fig. 2. In the absence of information to the contréry,‘it
Qas-decided to make the human curves (except for HP-4, Whésé Pu blood

curve appeared not to have any short-lived components) conform to the

iyl

dog curve durfng the first 4 hours. All the human Pu blood curves were
forced to pass through 66% at 30 minutes, yielding an average initial "
slope with a half-time of 50 mfputes, as shown in Table V.

In soﬁe_cases'one of tﬁe two Key points, 4 or 24 hours, was missing.

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

\ -



Table V. Intercepts and half-times of unanalyzed semllogarlthmlc curves of Pu in human blood.
Pu(lV) citrate injected intravenously. :

-

- Day of . v : o
last PA7 - PSS, PA, PS, PA3 PS4 PAy, PSy PA5 PS5 . Circulatioﬁ
Case sample (%) (min)- (%) (hr) (%) - (days) (%) (days) (%) (days)  status®
HP-1 10 1000 . 50 53 18 30 2.0 o | .
2 22 100~ 50 5 .16 - 26 1.6 5.6 7.4 . Cardugc failure
3 23 100" 50 32 - 22.7 22 1.8 3.5 6.0 ' Edema
4 23 ~ Ty 100 18.5 . Lk 2.2 13.0 5.5 Hyper tension®
-5 23 ]OOb. 50b . b3 8.5 . 15 0.8 1.1 6.5
6 22 100 50 L6 1.5 21.5 1.0 2.4 .5 0.29 95 . s
7 29 IQOb 50 37 20 24 - 2,0 3.6 6.0 0.48 Cardiac failure
8 k2 ro0p 500 k5 . 1h5 22 1.7 b3 6.0  0.2h )
9 36 lOOb 50b 51 12 16 2.6 6.9 6.6 0.58 »
10 30 1000 50, 60  18.5. 33 2.3 4.8 6.8 0.49 Cardiac failure®
12 Le 100 50 g 0.64 82 : : A
Normal circulation, No. cases 5 5 - 5 5 5 5 4 2
Mean - 47,6 12,9 20.9 1.62 3.7 5.9 0.44 88
+S.D. - ’ L.2 - 3.6 6.0 0.74 2,5 1.5 0.20 13
Impaired circulation, No. cases 5 5 5 5 L 4 2 e
Mean 56.8 19.1 29.8  1.98 6.1 6.3 0.48 '
iS.D: S : 26.9 2.5 9.0 .29 L,o 0.8 0.01

aStatus of circulation obtained from case histories (be]bw).
PEitted to 100% at t = 0, and to 66% at t = 30 min.

CHP-2: "Essential hypertension with hypertensive cardiovascular disease and coroﬁary insﬁfficfency.”
dHP-3: ""Hepatitis with hyproproteinemia and dependent edema,' ’

HP-4: ''Cushing's syndrome with hyperfensioh, hypertensive heart disease." ‘
fHP-7: "Rheumatic heart with mitral insufficiency and auricular fibrillation, hospitalized for cardiac decompensation."

IHp-10: "Acute congéstive heart failure."




_32_

reéembled the defined portions of the incomplete curves. Blood samples -
were taken from four cases--HP-6, HP-8, HP-9, and HP-12--at long enough
times after the_Pu injection to demonstréte a ]eveling-off trénd;-in
two other cases--HP-7 and HP-10--the intercept of a slower component 5
could be estimated. The intercepts and the half-times of the un- |
analyzed Pﬁ blood curves are shown in Table V. In this and subsequent
discussions of daté‘presehted as semi]bgarithmiﬁ plots, thevslopes of
fhe segment; of the experimental curvés‘ére presented invterms of
their ha]f-times: "half-time = 0.693/\, where \ is t%e,slope in units of
tjme-i. Half-times of raw curves are designated‘as S, and half-times
of tEe exponential equations Qf'these curves are designated as T..»Inter-
éepfs of raw curves are désignated as A, and the coefficients Qf Fhe ex-
ponential equations as a. Individual Pu blood curves are shown in Fig. 2
along with tHe curves for dog and sheep.*. Case HP-2 is shown as typicalb
of>the curves of most of the cases. Caée HP-4 was the most unusual--
rapid components were missing, and Pu remained in the blood for a much
longer time than in the other areas. The blood curve of case HP-7 is
shown to demonstrate the leveling trend éfter”the %ifteenth day.

fhe remarkable finding is the similarfty of the half-times of the
individﬁal Pu blood curves; In'spite of the variety of their illnesses,
fhe Pu kinetics of these individuals revealed a éommon pattern. Comparf-

. g

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

\ *“The Pu blood curve for the dog was constructed from the data given in R
Figs. 1 and 2 -of Stover et al. 8 % pu per ml plasma was converted to ’
% Pu in the total blood volume by using the blood volume determined for
the beagle.67 Long-term data were obtained from Table | in Stover et a
Data for the sheep were read from Fig. 3 of McClellan et al.39

1.29
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. remarkable similarity among the different species, an observation

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

\

out of the circulation, Pu is evidently tracing some fundamental process

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

by theAspecffié pathological conditions of these human caSes;

Aithbﬁgh $imilar to one another, the indivianl intefdepts éﬁd
half—ﬁimgs of the tompppents degignéted PZ’ P3, and Ph were not normal]y
distribufed about their meanvvalues.r THerefofe; ft Waé necessaky to‘
seek sohe aspect of ﬁhe cﬁemical éfatus of Pu-or the physiological status
of the patients (or both) that would account for the variations of the
coefficignts‘and Half-£fmes.lﬂ

Binding and transpoft of iron

Pu(1V) has been shown to combine with proteins in the plasma of the

rat,30’-89,dog,32’33 and han3]--in particular the iron-transport protein,

transferrin. The properties of transferrin and its metabolism, and the

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

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

from transferrin is a closely controlled process that proceeds rapidly;

the plasma clearance of 59Fe.after injectioﬁ of pre-equilibrated 59Fe-
| (34,35

transferrin has an average half-time of 96 min. Once it is bound

" to transferrin, Pu(IV) appears to be released more slowly, and the

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

large fraction of Pu(IV) introduced into the circulation in monomeric

form is quickly bound to transferrin--85% in 1 hour in the'rat89 and 96%»H

33

by the seventh hour in the dog”~--the workfhg hypothesis was adopted
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that Pu bound to transférrin traces, atlleast in part, the metabo]iém
of the carrier protein. | | |

The rates of production and destruction of transferrin (hence,
the émoﬁnt of transfer?in circulatihg35) and the latent binding capacity . .
(binding sftes not already occupied by iron) are closély control]ed,ané

36

are related to hematopoiesis and dietary iron intake. For example,

both the amount and latent binding capacity of transferrin are increased

following acute hemorrhage and in iron-deficient anemia, and both are

36

\

reduced in hemolytic anemias, acute hepatitis, and hemochromatosis.
The extenfvof Pu-transférrin binding and the rate of its release;would.
appear to be related to'and affécted by the status of hematopoiesié.
That some of the Pu not promptly bound to protein moves jnté the
extracellular fluid can be inferred from the rapidity with which Pu
initially leaves the circulation, but withoﬁf appearing in significant

63

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

half the Body tfansferrin and the iron"bound to it are extravascular.35
Tﬁe slqw return of Pu to the circulation and its nearly complete protein
binding after the first hour strongly suggest that some Pu escaping

into the extraéellufar fluid returns iﬁ bound form. The rates of mer-
ment of (a) unbound Pu out of the circulation and fnto the extracellular

'

fluid, (b) Pu returning to the circulation bound to.tranéferrin, and (c)

35 and excreté\35’90 should all be . e

Pu-transferrin into extracellular fluid
influenced by the efficiency of the circulation.

Effect of circulatory impairment on disappearance of Pu from blood

Individual histories revealed that four personsL-HP-Z, HP-4, HP-7,

and HP-10--were suffering from various heart and circulatory ailments,
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all of which afe associated with increased tissﬁé'lympﬁzreteatioh\ahd
decreased venous return. HP-3 was edematous a§ a résult of hepatitis
and accompanying pruritic dermatitis, and her rate of tissue fiuidr
mermeAtvwés’pFobably depressed. The parameté?s of the blood‘Pu curvés‘
of thése-fEQe éases were cémpéred with those of the remaining five
cages, whose cardiovaécular syé;ems'were apparently.norﬁal for thefr
ages. THe blood vql;mes o% thoge patienis with circﬁlatoryuiméafrménts
195t Pg.more sibw]y; the half-times of P2 [PSZ.(normal) = ]2.9 + 3.6.T
.hour,.aﬁa PSZ (impaifed) = l9.i + 2.5 hour] wérg significantly diffef—
entv<P = OTOlj.?] Althoﬁgh they could not be examined,!the>earliest'
compéﬁen;é (combined here as‘P])vwere probably also slowéd by circulatqry
imp;irménf;vHaﬁihne"PS3.Wa; slower in tHe perséns with poof circulation,
but thg diffe;éncg_was not significant. No effect of circulétory fh-
pairmen; Qaslqgté;téd onlcomp§neﬁt Ph’ suégesting tHat this and later
compoﬁents aré only’minfmally inflﬁenced by cifculatory statug. The
infércgéfé.éAz, §A3, and PA“ were higher when the ciréulation was not
nofmaf, buf;the.scatter was so great that these differénces were not
significant.  THé aaount of Pu‘circulating is also influenced by the

extent of transferrin binding (related to erythFopoietic status), but

the sample size was too small to permit multivariate analysis.

Construction of a Pu.blood cﬁrve

A.five component exponential Pu blood éurve was constructed by usé
of.the mean intercepts and half-times of those iﬁdividuals who were
judéed to’be ffee.of debilftatfng heart ér vascular'diséa§é. Each mean
component was plotted as ; straight-line segment, énd‘the eqﬁation of the

.composife curve was dbtainea by standard graphic methods. The parameters
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of the equation of the human blood curve are given in Table VI along
wfth those of the'PQ plasma or blood cufves of sevefal éther spécies.
The physiological processes assoéiated with various segments of
the Pu plasma curve have not yet béen identified. Examfnétibn of the
similarities and differences émong the individual human plasma curQeS
and between the different Species suggest thevfol1owiﬁ§ possibilities.
and P

Only components P were affected by impairment of the circu-

1 2

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

]
a few minutes to about I hour) seems ko be associated with circulatory
miking, mdvehent of unbound Pu into extracellular fluid, and uptake of
unbound Pu in bone and liver. Component P2 (hélf—time 7 to B'Fours,
somewhat shérter in the sheep) seems to be related to the éccumﬁlation-
'of'bound Pu by bone and liver. |

lron metabolism suggests the mechanisms ]éading to components P3

and Ph; Component P (half-time I' to 2 days and not observed in the

3
rat) may.belre]ated to the return of PQ-transferrin from extracellular
fluid to the circulation. The last short-term compoﬁent, Ph (half-time
5 to 6 days) may be related to the destructibn of tHe protein portion
of thé Pu-transférrin complex, or to a slower component‘of feedback from
soft tissue. |

Studies of the material balance of Pu in swiné éuggéét léss-o% Pu
from bone as an important source of plasma Pu after the first few post-
injection.days. A long-term component, P5’ was found for the dog and

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

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

of a very slow component (half-time about 5500 days), which may be re-

lated to release of Pu from the liVer as well as from slowly metabolizing
pértionshof the ékeleton.
RENAL EXCRETION OF PLUTONfUM

| The daily urinary excretion of each Pu-injected individual was

19

given in Table 6 of Langham et al. through the end of excretion
collection or through 138 days after Pu injection: Additional excretfon
data for Chi?l, Chi-3, and Cal-1 through 155, 163, and 341 days, respec-

47,53,57 The data for

tively, were available in the original referencesf
each fndfvidual were plbtted Both as poWér functions and exponential
funéfidnsbof time. No individual's data could bé fittea'wéll to a single
power function oVe; the enti;e intefval of excretion collection, and in

only a féw Jnstagces céuld the uriné data be fitted by two power functions.*
As Snyderzq hés.pointed out, there is a‘great deal of scafter in the indi-
viduai data; itvcould bévcaused by inﬁomblefé-collecfion; ahéiyfica]

erkors, or flgcfuations in the phy;ical condition of the pafients. Cal-l
underwent_a total gastrectomy L days after the Pu injeﬁtion, énd was fed
intravenously fo} several days thereafter, to mention oniy_one exaﬁple.

Nevertheless, with a little imaginatfon and courage, straight-line seg-

ments:could be drawn on the semilogarithmic plots of daily urinary

*1t seems that the good logarithmic fit of these same data obtained by
Langham et al.19 was due at least in.part to (a) neglecting the first
10 days, (b) using the average daily urine output for the group without
. regard for their medical status, and (c) skewing of daily averages towards
low values after- the first 30 days; most of the later urine samples were obtained
from those individuals who consistently excreted the lowest amounts of Pu.

~
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excretion, and the result?ng curves analyzed graphically. The indi-
vidual urine curves are shown in Appendix 9.

Urinary excretion of iron

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

33

tradsferrin, it is appropriate at this point to summarize what is

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

normally transported by transferrin. The‘transferrin-iron.binding\

constant is estimated to be of the order of 1036,vgreatef thénvfhat of

any known natural or synthetic cheJate.3s' Under normal phyéfo]ogica]

conditions only a tiny fraction of plasma iron exists in forms other
than bound to transferrin. A small fraction circulates as hemoglobin

92

bound to haptoglobin, Chelates of iron with lower-molecular-weight

compounds may exist, but have not been identified. Urinary excretion
of ifon is loQ, only 0.1 mg to 0.2 mg daily, and amounts to a urinary
;learance of about 3% of plasma frén dafl*,gs“except in'hematUria

(re;a] bleeding),ﬂhemoglobinuria (aberrénf'red cell destruction), and

hemosiderinuria (iron overload and some hemolytic anemias associated

with excretion of hemosiderin granules).36‘ THebnormal mechanisms of

urinary iron excretion probably include (a) filtration of low-molecular-

weight che]ates,>(b) exfoliation of kidney, bladder, or urethra cells,
all of ‘which contain small amounts of iron, and (c) leakage of trans-
N ' :

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

source of urinary iron may arise during transferrin catabolism in the

kidney, but the mechaniém_by‘Which some of the liberated iron might pass

into the urine is obscure. Filtration of lowrmolecular-wejght iron

chelates would not appear to be an important normal source of

-

’3)



Table‘VI, Disappearance frém circulating blood of intravenously injécted Pu(lv) citrate.
Parameters of eqUationsa of éxperimental plasma (or wholé b]pod)Pu curves of
rat, dog, and sheep; -and of constructed bloéarPu curve for a human being with
no circulation impairment.b-“ T S : - -
Day of last  Pa PT . P Pt Pa PT - Pa. P " Pa  PT
Species sample 1 1 2 2 3 3 L it 5
(%)  (min.) (%) (hr) (%) (days) (%)  (days) (%) (days) Reference
Rat 8 60.3 58 . 37.3 8.2 0.8 6.0 | 89
Dog® 5 45 3-111 20,5 7.8 44 1.7 14
Dog 3,000 Ll 11-48 19.5 7.3 30 1.0 2.1 5.0  o0.081 2209 28,29
Sheep 10 68 2b 25 . 25 5.8 1.6 1.1 4.9 39
Pig 475 - 0.50 230° 40
Man® 42 52,4 20 27.1° 7.3 . 17.2 1.2 3.3 5.0 - 0.k 88

a Py(%/day) = =] _; Pa. exp (-0.693t/pr).

b See text and Table .V,

c

Ah additional long-term component emerged ét 800 days postinjection.

Pu(Vl) citrate, 0,05 uCi/kg. 4 , , _ T

® Average of two components: Pag = 0.41%, PTs = 66 d; Pag = 0.33%, PTg = 380 d.

Pag = 0.045%, PTg = 5500 days??

_6€_
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t

urinary iron, but the ability of the kidney to excrete .unbound iron

94

can be inferred from the observation by Dubach et al. that 1% to 2%

of injected 59Fé could be found in the first urine samples when the

59

radioactive tracer was given as complex Fe ascorbate.

Because urine is a plasma filtrate, the rate of Pu excretion i%
urine will early refléct by analogy with iron such processes as'the'
rates of circulation and tissue deposition, and later the rates of
tissue feedback. The amount of Pu excreted in the urine at any time
will aepend'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.

Effect of renal and hematopoietic function on Pu excretion

'vExaminatioq\of the Qriginal tabulation of the urine data]9 suggested
that somefindividuals.cohsistently excreted more Pu than others. In order
to Aiscover whether urinary Pu excretion could be related to physiological
status, urinary Pu was summed for the earliest and’]afest 6-day»intervals
in wHichvexcreta were collected from all the patTents, 1 through 6 days
and 19 through 24 déys,'as shown in Table Vil. Excreta were summed over
intervals to reduce the influences of daily fluctuations, poor sampling,
and mfssing samples. Missing values were interpolated from the individual
urine Pu curves in Appendix 9.

Each mediéal.history was examined for information on renal function,
hepatic,protein synthetic capacity, and hematologic status. Hematological
examinations were reported for 12 cases (9 of those given Pu(I1V) citraté)
close to the time of their Pu injections. The pertinent data are in-

cluded in Appendix 2. Four patients--HP-1, HP-7, HP-9 and HP-12--could



Table VII.
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Influence of anemia and impaired kidney function on early

urinary Ru -excretion in man.

% Pu in urine

_ Red cell Kidney :
Case count function 1-6 days 19-24 days .
Pu(1V) citrate '

CHP-1 Low N 0.670. 0.121

HP-2 N N 1.240 0.104

HP=-3 N N N . 1.198 0.091

HP -4 N AbP 1.26k " 0.147

HP-5 N N 0.641 0.117

- HP-6 N N 0.914 0.080

HP-7 Low N 0.790 0.057

HP-8 N N 1.038 0.159

HP-9 Low N 0.479 0.186

HP-10 N N 1,281 0.108

HP-12 Low N - 0.482 0.173

Pu(V1) citrate
. or nitrate

Chi-1 Low Ab 3.072 0.161

Chi=2 Low Ab 0.503 -

Chi-3 ? ? 1.231 0.094

Cal-1 Low N " 0.855 0.035
Pu(IV) citrate,
only
Erythropoietic status Mean + S.D. Mean £ S.D.
Anemic, No, cases b 0.605 - 0.152 0.134 0.058
Normal, No. cases 6 1.052 0.236 0.110 0.027
npnd <0.01 >0.5

a
N = normal.

b

Ab = Abnormal, not included in calculated means.

c . \ ,
-~ Urine and feces combined. - T

d'T-test of Fisher:

91
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deflnlte]y be descrlbed as aHemlc HP-& was judged to have abnormal

:k1dneys HP 2, HP 5 HP-6, HP 8, and HP-10 were Judged on the basis

of avallable |nformat|on, to have no obvnous |mpa|rment of renal,
hepatic, or‘bone-marrow function. HP-3 was also |nc]uded among the
norﬁals, because ey the time of the‘Pg.injection she had a nearly
normal hemogram. Chi-1, Chi-2, and Cal-1 (who received Pu(Vl)) as

'fcffrate or nitrate) wefe~all anemic, and,two had impaired kfdney |
Efunetion.' There is no published informafion about the physiologieal
-;status of Ch|—3, who had an advanced case of Hodgkln s dlsease

| In three cases renal function was considered to be abnormal HP-4 ‘

‘1Wég suffering from chrenic nephritis and ultimately died of u}ehia.

Her hemogram suggested a lower-than-normal iron-binding capaciﬁy, but

her Pu excretion was not excessive, as might have been'expectedvhad her

kidheys been leaking protein. The other'cases with renal impajrﬁent

; were given Pu(Vf)'citrate. There are no plasma curves for theseacasei,

and little is known about the possibi}ity that Pu(Vl) citrate may be

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

after injection and before protein binding occurs. Chi-1-was suffering

from mild chronic pyelonephritis, but was alao anemic{ His very'high

_ eaPly Pu excretion is puzzling. Apparent]y Chi-2-hadulittle remaining
'funcfional kidney tissde, But she also Hae.derynanemic. Her IoH initial

“Pu excretion could be the-result of impaired renal fi]tration‘or elevated -
. transferrin binding or both;‘ There is no published informafion_about

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

sufferlng from Hodgkln s dlsease at the time of the Pu |nJect|on, add

died about 5 months afterward. His sllghtly elevated urinary Pu durlng

~



-43-
the first 6 days after injection suggeétsvthat'his transferrin bindihg
éapacity'wés probably within normal limfts, Exﬁept after acute
hemorrhage, patients suffering from Hodgkin's disease often have a hemo-
lytic. anemia which i§ associated Qith a reduced transferrin saturation.
it would appear that fhe effects of most common renal disturbances--
whether caused by infections, hypertension, orvmalignant invasion--are -:
to increase protein excretion and reduce reabSorption of cations. Both"
processes would contribute to an elevated urinary Pu excretion. |
Tﬁe influence on Qrinar; Pu excretion of anemia associated with an

elevated iatent.iron binding capacity (reduced transferrin saturation)

is clearer. During the firstr6 days p.i. fhe‘four anemic‘bu(IV)-
injectedvpatiehtsbexcreted significantly Iess.Pu jn their Qrine than

did thdse whose hemdg?amé were presumabTy normal. Lower initial Pu

|

excretion is what whould be expected on .the basis of the-increased

36

\binding capacity of transferfin associated with most anemias. During:

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

collected from all the Pu(lV)=-injected pafients, the urinary Pu of the
anemic patients was slightly more than that of the hematologically

—~

normal patientsvthough not significantly so.

’

Construction of a urinary Pu excretion curve

P]ots of uriﬁary Pu datafwere prépargd and handled in the'same way
as the Pu blood curves diécussed in the preceding section. Straight- .
line segments were fitted by eye to the data points on thé semiloéarithmic
plots collected in Abpendix 9, The inte?cepF and half-time of each curve
segment deéermineﬁ for each individual are shdwn in Tab]e Viil. 'The urine

curves of the four persons studied longést (HP-IZ, Cal-1, Chi-1, and

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



Table Vill, |ntercebt§ and Half-Times of the Unanalyzed Human Urine Pu Curves.

~

" Day of - :
last UA, - Us; UA us UA us UA,, us, . UA

2 2 3 3 5

Case  sample %/day days %/day days %/day daysb %/day days %/day

“Pu(lv) citrate

Normal .
HP-2 34 0.58 1.9 0.105 8 0.0098" : X
HP-3 , - 23(1,610)€ 0.76 1.1 0.270 2.8 . 070205b 0.0035 0.0011
HP'-Sd - 22 c 0.4o0 1.1 0.050 9.3 '0.0ZQg a . b b
HP-6 - 22(1,698)", 0.35 2.1 0.092 6.5 0.017 : 0.0050 0.0015
Hp-8 65 0.46 1.25 0.148 5.1 0.023 64
HP-~10 30 0.55 1.9 0.162 5
Anemic ) '
HP-1 25 0.2} 2.7 0.097 9 b
HP-7 37 0.28 2.6 0-044 9. 0.0100 . .
HP-9 36 ‘ 0.24 1.2 0.100 5.2 0.0400 45
HPfIZ 58 ) - 0.112 7. 0.0330 42
) Abnormalxkidney '
HP-4 26 0.50 1.9 0.200 7.
. Pu(Vl) citrate or Pu02(N03)2
Anemic _ .
Cal=-1 341 0.60 1.0 0.180 k.6 , 0.012 7 0.0019 460
Chi-1% 155 2.53 0.33  0.220 3.6 0.035 67
Chi-2 15 0.27 1.4 "0.058 8.0 : B
No information’ ‘ : o
Chi-3 164 - 1.50 0.7 0.038 9 0.020 42  o0.011 . b4ko

1,250

aRenal function and erythropoiesis judged to be within norhal limits.

bEstimated from constructed curves shown in Appendix 9. USg of case HP-6 defined by two points at 525 and 1,610

days. - S )
’.cSingle sample taken at these Iéte post-injection intervals,
dNo published hematologic data, but.presumed to be within normal limits.

®Kidneys abnormal. : ' -
f

< &

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

$

—-<

_f?_
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the pig are compared ih Fig. 3. The majority of the ‘individual Pu
urine curves contained two:to four aistinct segments, depending upoh
how long excreta were collected. Portions of three urine curVes
'(HP-7,_HP-8, and Chi-1) could have been resoived into several segments
-with'iny slightly differing siopes. In these instances the best.single‘-
line was drawn‘through the portion in question; and although this aver-
_age slope dfd not_%it the data points so well ft did permit tge eseimated
parameters of fhese curves to be included in the means for .the entire
_group of patients; | |
. The means % S.D. of the raQ intercepts and Half—times were calculated

(;ee Teble'9) for the six Pu(lV)-injected persons judged to have normal
kidney and hematopoietic functfon'and for the four Pu(|V)-injecfed
‘persbns judged to be anemic. The intercepts Qf the first two components,

UA, "and UAZ,_of_the Pu urine curves of the presumably normal persons were

1
almost twice as lerge as UAI and UA, determined for the anemic. cases.
The intercept,.UA3, of the normal group was substantially 1ower than

.

-UA3 ofythe anemic group. The half-piﬁes of these thfee components of
the Pu urine curves'were net affectedbby anemia or kidney disease.
Although the emounts of Pu excreted.in tHe urine were altered as a
result of the various physiologieal processesuessociated with anemia,
the rates of these_proeesses were apparently unaffected;

The average'intercept, UA], ef:thebPu(VI)-injected cases'was
. vgreater, and the half-time, US], was less\tHaﬁ the values of these )
paramefers determined for either the normal or aneﬁic Pu(‘V)-injected

group. The S.D.'s of the Pu(Vl) parameters are large, reflecting the

variable physiological status of the individuals. If Chi-2 is omitted
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(she‘had little functional kidney tissue or bong marrow remaining),
the average amount of Pu(Vl) at UA] is even greatér, and the half-
time of the jnitial e]iminatiop,’US], fs even shorter. The greaﬁer/
early\uriﬁary eXﬁretion of Pu(VI) suggests that Pu in this form, in
particular Pu(Vl) citrate, is more mmﬂy filtered by the M&ney after in-
fecffon than is Pu(lV) citrate. Thé more rapid decéy of the initial

95

urinary component is- in accord with Bruenger's suggestion that

Pu(Vi) protein binding is more stable than that of Pu(lV).
The average intercepts and half-times of the slower components,

U,, U,, and Uh’ of the Pu(Vl)-injected persons were either the same as

2’ 73 _
or not Very different from the values of these parameters determined
for_tﬁe group Qf ku(lV)-injectéd'céses with normal kidneys and normal
hematopoiesis.
‘For radio]ogiéal protection purposes the need is characterizatioﬁ
éf a Pﬁvufine curve representative of an adult human being in reason-
ably good health. .Previous partibipaﬁts in this exercise have wofked
with mean daily urinary bu values without.regard to the ‘health stqtus
of the individuals contributing déta to each mean or to -the fluc;uéting
19,24,25

An attempt has been made in this

}

sample size 6f each mean.
anaTysis to exclude data from those persons judged to have obviously
abnormal kidney function or abnormal plasmé Pu binding . (the anemic
persons), and to avoid giving undue weight to data from an individual
or a small group. A five-componenf exponential curve was conStrqcted;
'tHe raw intercepts and half-times are shown in'Table {X, and the para-

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



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

, ‘ o e - _ . Day of
| UA] / ,_US]~, UA2 US2 UA3 US3 UAA USQ U/-\5 U55 _ last
Pu(lV)citrate %/day days %/day days %/day = days %/day days %/day _ days sample
, Norma1a; No. cases 6 b 6 6 - 6 - 5 2 2 - 2 . L= 1,645
Mean 0.54 1.65 0.138 6.1 0.0189 68 0.00425 0.Q013
£ 5.0, 0.2 0.ks 005 2.3  0.006 7 0.0015 0.000k
Anemic, No. cases A 3. 3 b ‘ 4 3 2 - - - - 58
. Mean 0.24 2.1 0.088 7.6 . 0.0277 Ly
+ S.D. 0.03 0.58 0.03 1.6 0.005 3
S Pu(VD)C, No. cases kb b 3, 2 2 341
Mean 1.22 0.86 0.124 6.3  0.0223 60 0.00645 450 L
+ S.D. 1.01 0.45 0.089 2.6 0.012 16 0.0091 20 '
Normal mana’d .
~Pu(lV)citrate, No. : -
- cases b 9 6 10 5 L 2 0 2
Pu(Vl), No. cases 0. 0 0 4 0 3 0 2 0
Mean 0.55 1.8 0.138 6.4  0.0189 - 57  0.00425 450  0.0013 4,000
+ S.D. 0.12 0.56 0705 2.1 0.006 14 - 0.0015 20 0.0004

TN

a
b

Renal function and.hematopoiesis judged to be

Underlined means were compared with the means

-within normal Timits.

immediately below by use of the t-test and 'P'" = 9.0591.

“Three Pu(V1) cases were known to be anémic. The hematologic status of Chi-3 was not known.

dSelection of parameters of human Pu urine curve described in text.

- L%_



Table X, Urinary excretion of Pu by an adult man, young adult beagle, and adolescent

miniature pig. Parameters of exponential equations of urine

! a
curves.

Uo UuT,, Uap UTo Uas UT4 Uay Uty

Uas " UTs
%/day days %/day days %/day days %/day days %/day days
Normal man’ 0.41 1.23 0.12 5.5 0.013 L2 0.003 300 (0.0012) (4,000)
Dog® | i, 68 0.489 015 3.3 0.008 450 0.004 3,850
Pig® 0.48 0.6 0.23 2.5 0.05 10 0.0k2 - 380
n

aUt(°/o/day) = 3 ; Uaiexp(-0.693t/UTi).

n =

bKidney‘function and hematopoiesis presumed to be within normal limits.

“Stover EE.EL'Zg and B. J. Stover and D. R. Atherton, original data; 0.1 uCi/kg and 0.3 uCi/kg groups only.

dAverage of two components, Ua s = L.1%/day, UT,_ = 0.2 day; Ua,, = 1.9%/day, UT

1 la 1b b

®Data read from Fig. 1 of Clarke Eﬁ_gl:“O

= 0.8 day.

_8?_
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.curvé were pieced together from the hé]f-times and ihtercepfé defined
by the continuqus colieqtion of excréta from the Pu-fnjected.ihdividuéls.
The late?'portions of the curve, after 350 dayé, were éstimated ffom
three late urine samplings obtaiﬁed %rom two Pd-injected persons and

from animal data.

Evaluation of half-times
- The half—tkﬁeé of the early component§ of the- Pu urine curve Were

not noticeably affected by fhe physical‘diéabil}ties of the individual
Pu(lV)-injectéd_patients, and all the half-time determinations derived
from‘their'PUIUrine c;rvés Qere included in the CalculatedAgverage
half:times for éach component. Pu(lV) is deemed most 1Tkely to be the
chemiéél form of PQ eﬁcéungered {n an oéCupational équsuré, and for
this reéson tHe values obtained for US] in the‘PQ(VI)—injegFed cases
were omitfed from the'calculgted means. The half-times determiﬁed for
the later‘componEnfsvéf the urine cufves of the Pu(Vi)-injected indi-
viduals were nét different from those determined for ghelpefsons given
Pu(lv); therefofe; all.avéflable half-time determinatiqhs have been in-
‘CJUded jn calcufatiop_of the haif-timés, USZ, ané US3. dnly Chi-3 and
Cal-}, who were both injecfed with PQ(VI), provide any‘ésfimate of the
'half;time.of the fourth component, USu, and it should be émphasized that
neitﬁer wa§ followed }Qﬁg enopgh to define USh closely.

The only human Pu urine data after postinjection fntefvals 5uffi-_
ciently long to permit estimation of the slope of fhe next slow component,
USS’ are two samples obtainea’from HP-6, 525 and 1610 days p.i. The line

joining these two points has. a half-time of 1250 déys; only one-third the

value of the comparable component of the Pu urine curve of the dog (see
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Table X). The half-times of the components US and USh are not defined

3
for HP-6 because continuous collections were terminated too soon. The
half-times qf the two earliest components, GS] and USZ’ for HP-6 are
the same as thqse of the other cases, and the}e is no reason to §Qspect
that US3 and USh for HP-6 would'bé different from thse of the other

patients. |If US3 and USA are similar to the other cases, then the urine

curve for HP-6 should bend between the two late sample points, and the

half-time of the slowest component should be greater than 1250 days.

Somellong-term urine data from two 6ccupationally exbosed persons
are shown in Fig. 4: WBG, DLW, and WAB19, . from whom urine speci-
mens were obtéined’periodica]ly up to 1698 days after terﬁination of Pu
exposure; and LASL-1 (described by Foreman et al.58), who Qas followed
for 3500 days aftér cessation of his initial”high:level Pu exposure.

The latter case is complicated because the individual returned to work
witH Pu, but at much lower levels than previously, 2350 days after the
end of his first Pu éxposure period. The occupational data suggest that
thé longest half-time of the human Pu ﬁrine curve is more than 1250 days,
aﬁd perhaps as long as 13,400 days--the Ieast-sduares-fitted slope of

tLe LASL-1 urinalysis data.* However, the Pu excretionvof LASL-Ilcannot

I
!

be considered definitive, because after day 2350 his urinary Pu may have

been augmented by re-exposure to small amounts of Pu. In the absence of

reliable human data, and because the half-times of comparable early

*The data points shown in Fig. 4 for case LASL-1 are averages of all the
urinalyses taken during each 6-month interval: the original data appear
in Table Il of Foreman et al.58 These averages were not weighted for
the number of analyses, and zero values.-were ignored. »
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portions of the human Pu urine curves are similar to those in the
large species studied (dog and pig), 4000 days (11 yr) was selected

as a working value for US for man. AIt is like]y that US_ is longer

5 5
than 4000 days or that there is a slower sixth componentF(approaching
a constant level of Pu excretlon) The .source of Pu in’the urine after
‘long postinjection intervals is feedback ot Pu released from tissue
and hone turnover, and.the rates of some of these processes\may uell be
longer in man,.the longest—lived of the three species.

C ‘ % : .

Lagerquist et al. reported an accident involving contamination

of a Pu worker deS|gnated RF-2075 (S. E. Hammond, private communicationl.
‘He |nhaled some Pu, and his body surface was contaminated, but the bulk
of h|s |nternal burden was apparently the result of Pu embedded in an
|nJured hand Twelve days after the accident 134 uCi (98%) of the total
of 136 uCi.of Pu in hlS hand was removed surglcally, and his urinary Pu
level_dropped to one-third of the preOperative\level. lThis observation
suggests that a large fraction of his systemic Pu burden had been acquired
(whether by absorption from the injured hand, inhalation, or through
contaminated skin) very shortly after the accident and that he could be
Iconsidered to'have had aisingle acute exposure. Two later operations
' removed all but 0.6 uCi oF the Pu in his hand. DTPAltreatments, which
had been given almost contlnuously, uere stopped for a tlme after both
later operatlons, obscuring any further postsurglcal drops in urine Pu
level |
The urinary Pu- excretlon of RF 2075 is plotted semllogarithmically

96

in Fig. 5 from data read off the curves published by Lagequ|st et al.

This is admittedly a complicated case; it should be emphasized the indi-
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“vidual was treated almost continuously with DTPA, and three 6perations.
were performed to remove the Pu from his hand. -Fig..S shbws,‘however,
that the ‘raw half-times of his Pu urine curQe are remarkably close to
those obtained from the ur}ne curves of the Pﬁriﬁjected persons (see

Table IX). Qn the other hand, the'intercépts of the Pu urine curves

- of RF-2075 and the Pu-injected cases are quite different, Eeflecting

the changes in Pu deposition pattern brought aBout by prolonged DTPA
treatment. RF-2075 was 48 years old, weighed 81.7 kg, and was in good
health at the t?me of the accident (S. E. Hammond, private communication.)'
The similarity ofvthe half-times of his urine curve and those of the
Pu-injeéted cases, none of whom could be considered to be iﬁ good health,
supports the general applicabilify of the "normal' human Pu curve de-
rived in this papér. In addition, this case ;upports the view that the
_amounts of Pu enfrained in various physiologica]*processes may be
'altetéd,'by illness or (in RF-2075) by prolonged DTPA chelation therapy,
bUt:the rates of the processes remain essentially‘’constant.

Evaluation of coefficients

The amgunts of Pu excreted in the first two urinary phases, repre-
sented by the intercepts UA] and UAZ’ were found to be depressed in
anemic persons (presumably becauée of their elevated iron-binding
capacity) and to be elevated when Pu was given as Pu(Vi) citrate (pre-
sumably because of the more efficient renal fjltration pf this form of

]

urinary curve were those determined for the Pu(IV)-injected persons

Pu). Therefore, the values selected for UA, and UA, in the human

with presumably normal kidneys and hematopoiesis.
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The intercepts of éﬁe curves thained from the Pu(VI)-injeetee
series'wene rejeetea throughout. Eachvof the four persons in the
series met one‘of mo?e of the criteria for altered.urinary PQ excre-
tioﬁ. One, Cal-1, Qas anemic,- TWO; Chi-1 and Chi—Z,”net only were
anemi¢ but also had abnormal kidney function. Chi-3 may have had im-
paired hematopoiesis‘and renal function at the'timé of injection; and
accordihg to desariptions_of the ceurse of Hodgkin's disease, his
renal fuﬁctien was-a1m05t certainly not normal towards the end of his
contihueus excrete collections, when he was near death. After the first
day'the avefage intercepts of these cases were close to those of the
normel Pu(fV)-injetted group, but the Variation among the individuals
was great. Affer~the firstkfew days Cal-l consistently excreted the
leastqu. Urihary PQ excretion of Chi—]vand-éhi~3 was consistently in
the upper one-third of all the cases.

" No Pu(lV)=-injected individual provided urine data after 65 days
p.i.; however, a third componeqt, U3, emergee early-enough in the eruves
of Hp-5, HP?8, HP-9, and HP-12 to identify both an”intercept, UA3, and a
half-time, US3. The last few poiq}e on’}he curves of HP=2, HP-3, HP-6,
and HP-7 suggested an inflection and permitted estimation of the inter-
cept of'the.next eomponent; UA_. Although they were not included, the

3
values of UA determined for Chi-1, Chi-3, and Cal-1 substantlated the

3
estimates of the mean (UA ), obtained from the Pu(lV)-injected cases.
Only-Cel—l‘was fol]owed long enough to identify either an intercept
or a half-time of the next component, Uh' _Comparison of his daily urinary

(" .
Pu, 0.0011 %/day between 300 and 350 days p.i., with the urlnary Pu of

HP-6, O. 002 //day at 525 days and 0.0011 //day at 1610 days p.i., suggests



-54.

/

that ‘the value of UA “obtained from Cal-1* is probably too low by at

least a factor of two. Consequently, the graphic construction method

14

shown in Appendix 9 fof”HP-6 was used to estimate UAh and UA5 from

HP-3 and HP-6. A straight line is defined by the slope and one point,
Assuﬁinghthaf the urine same]es obtafnee from HP-3 and HP-6, 0;0008 .
%/day at 1645 days and 6fOOll %/day at ]6]0 days p.i., respectively,
lay on parallelistraight lfnes with.a half-time of 4000 days (the value
‘selected for the half- tlme, us ), extrapolation of these.- Ilnes ylelds
estimates for UA5 of 0. OOII %/day for HP-3 and 0.0015 //day for HP-6.

By the same reasonlng, |f the urine sample obtained from HP-6 at 525

St

days p.i. is on a stralght line wyth a half-time of 460 days (the value

sefected~for USA), extrapolatlon ylelds an estimate of the. intercept,
' /7

UA,,, of 0.005 ?/day for HP-6. |If the urinary excretion of Pu by HP-3
were the same w:th respect to that of HP- 6 at 525 days as it was between
16107and ]645»days when both were sampled, then extrapolation of the
L60-day line threugh the calculated point

HP-3 Pu = (0.002 x 0.0081)/0.00]l-=.0.0015 %/day‘et 525 days,
yields an estimated‘intercept of UAh"for HP-3 of 0.0035 %/day. All
the extrapolated values are shown in Table IX. - The values of UAh

e

obtained from HP-3 and HP-6 by the extrapolation method described above

-

are about twice the measured value of UAA for Cal-1, in agreement with
. : » : /

3

expectétion.
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GASTROINTESTINAL EXCRETION"OF PLUTONIUM

The origjnaT Pu fecal excretion data for Chi-1 and HP-1 through -Hp-12
are giVen.in Table 9 of Langham et al.l2 Fecal Pu for Cal-1 was rgad from
Fig. 1 of Crowley et al.57 Urine and feces were not geparated for Chi-2,

N

and fecél data were not reported for Chi-3. During the first two weeks after
-fnjection some individuals consistently exérefed more Pu in their feces than
did othe?s. In order to determine whéther fecal ?u was related to medical
status,.fecal Pu was summedbfor each patient over the first and ]asf 6-déy
intervals for which fecal collections were obtained from all the patients.

The requts are shown in Table XI.

Fecal excretion of ‘iron

4

At this point we nged to consider the possible mechanism of Pu elimination
by the gastrointestinal tract. vAs discussed in the two preceding sections,
Pu transport in blood and Pu filtration by the kidpey are largely determined
by the percentage ofqu binding to the iron-trangpoft protein, transferrfn.
The sparingly small gastrointestinaﬁ elimination of Pu‘by larger animals
can alsq bé better'understood in light of the stability of the complexes of
Fe and Pu with tranéfer[in and the high degree of conservation of iron, the
multicharged cation normally carried by traﬁsferrin{ ‘ ~

Apprqxfmately 60% (0.6 mg).bf.tﬂe normal daily iron excretion of’l.O
mg takes place via fhe gastrointestinal tract.36, 92, 97 Recent studies by
Green et al.%7 indicate that secretion in bile accounts For_0.25 mg (33% of
fecal excretion), and loss of i;on contained in the 50 to 80 g of intestinal
epithélial cells that are desquamated daily accounts for another 0.1 mg
(13%) . The'réméihing L4o% of géstrointestinal iron excretién may be as;oc—
iateq with other digestive secretions (gastric, pancreatic, and intestinal

juices).36592 xCrosby®! suggests that the gastrointestinal tract is also an

important site of transferrin catabolism.

Il

*Green et al.?7 attributed the remaining portion of gastrointestinal iron
excretion to blood loss, but their own failure to detect occult blood in
the feces of the same subjects does not support that corclusion.
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Table XI. Influence of Restricted Food Intake and Abnormal D!gestuve Secretlon on
Gastrointestinal Excretion of Pu in Man:

. % Injected Pu in feces
Pu(lV) citrate .1 to 6 days . 19 to 2k days

Nofmal,diet

HP-2 1.408 0.231 .
HP-4 1.420 y 0.164 .
HP-§ 1.031. 0.111
HP-6 0.886 0.080

‘HP-9 1. 504 0.324
HP-12 1. 700 0.264
Mean . 1.325 +0.30° - 0.196 +0.08°
Reétrictéd di‘etb ' ‘ .
HP-1 ' "0.715 0.094
HP-7 . : 5Ll 0.064
HP-8 0.894 0.158

- HP-10 0.591 - . 0.072
Reduced liver function ' ' : ,‘ :
HP-3¢ 0.596 0.066
Meand: o 0.668 < 0.14 0.091+0.04

~ Pu(VI) citrate or nitrate o | ' o
. Cal-1 (restricted diet)® . 0.324 0.061

Chi-1 (diet not known)T - 1.811 , 0.102

BUnderlined means were compared with means immediately below by the Fisher‘t-test,91

Single underline P < 0.01; double underline P = 0.05,

bHP 1 and HP-8 were" being treated for peptic ulcers. Restricted diet is assumed

. for HP-7 and HP-10 because of their severe heart conditions.
c

Probably jaundlced. See text.
dIncludes four restricted-diet cases and HP-3 with subnormal liver functlon
®Total gastrectomy on day 4. Little fecal output until day 18.

fDiétary intake may have been voluntarily rediced following mouth surgery on
day 2. :
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Biliary Tron.secretion was délayed after injection_in#o norﬁal persons
of either 59Fecitrate or 59Fe pre-equi]}brated with plasma.9 It was low
during the first 24 hgurs, rose to a maximum at 3 days, and then dropped to
a very low level after the fifth day; Peak total. fecal iron excretion was
délayed éven more, rising from ébout 0.02% of the dose in tHe first\zh hours
to a peak at 5 days, and then declining to about the 1-day level thereéfter.
Both loss of iron witthesquamatédvce]]s (hﬁman intestinal epithelium has'a
,vlifé span of abéuf 3.5 days91) and‘biliéyy.sécretion of labile hepatic iron
(béfore the iron can react to form less soluble forms of ferritin36) would
contribute to delayed #eak fecal excretiqn. Affer gastrointestinal transit
time has been accounted for, secretion of iron into digestfve fluids other
than bile would be expected to paralie] thé levé] of circulating lébeled
iron. - , | ' ' .

Soﬁe ir&n loss by healthy adults appears to be.objfgatory. . Adequate
~iron ]évels are maintained by a combination of conservation and close con-
trol of absorption.9ls 92 Neither bodily needs or the amounts of iron stored
significantly affect iron qxcretjon.. In additioﬁ, the‘amount of iron excreted
is so small that changes Qo almost undetected. Normally, transferrin is onTy
ébout 30% saturated with iron, and'in'the presencé of this large latent
bindfng capacity the amount of iron in fhe plasma that is not bound to trans-
ferrin is negligible. Pu, on the other_hénd{ does, not form so>stab]e a trans-
ferrin complex, .nor is_Puvbound so exclusfve]y and quéntitatively to transferrin
as is ifon. Stevens‘et al.33 foﬁndﬂtﬁat abbuf45%) of circulating Pu was not
transferrin bound from Z hours to 7 days after intravgﬁous injection of Pu(1V)
- citratevin beagles.

I;Vwas.suggested that early urinary Pu excretion wa§ related in a roughly
reciprocal way té the‘level éf transférrin saturation, insofar as the latent

binding capacity of transferrin could be inferred from the brief medical
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histories of the Pu-injected individuals. By the same liﬁe of reasoning, at
least two of the propdsed gastrointestinal excretory meéhanisms ;- biliary

aﬁd digestive?juiée secretion -- hight also be expected to be Tnfiuenced by .
the degree of transferrin saturation. |If diétéry intake wére low or cénf
sisted of soft, blandglﬁbnstimUTating foods, the volume of didestive secretions
might be lowef anF fécal Pu consequently reduced.

Effect of hepatic and digestive function on Pu excretion

Gastrointestinal tract and liver function and the amoun;svand varieties
of foods eaten were judged to be within normal limits for HP-2, HP-4, HP-5,
.HP-é,,HP-9 and HP-12. HP-1, HP-8, and Cal-1 were being treated for’peptic
ulcers and were,probably’téking f}eqdent small meals of'soff bland foon to
féducg Qastrointestfnal stimulation secféfioh. After a total gastrectomy on
the fourth day following his Pu Tnjectipn; Cal-1 passgd no feces until déy
8; and ndﬁe were passed from day 10 through day 17. HP-7 and HP-10 were
being treated for severe cardiac conditions, and it is considered 1ike1y that'
théy too we}e taking in less than normal amounts of food éﬁd liquids to. con-
serve their cardiac odtput for vital functions and to su;pfess water retention.
HP-3 was being treated.fbr hépatitis, and although it waé not stated in her
published case History, the p}esence ofpruﬁﬁcv‘ dermatitis s&rongly sug§e5£s
rthafvshe was also jaundicéd, and that her bile oufput was less than normal .98
Cﬁi-l haa a mélfgnancy that arose in ﬁhe buccal cavity. Local sdrgery was
performed to remove the primary tumo} 15 days before éﬁd 2 days éfter his
Pu,injection. Tables 4 and 5 of Russell and Nickson"®”7 indicate that his out-
put of fecal matfer was normal shortly after injection, but that as his con-
dition déteriorated, the bucca]rlesioﬁ recurre& éhd'ulcerated to the bone,
apparentlyimaking intake of ordinary\foqu difficult. After the hundredth
_ déy his fecal bulk was 88 g/day -- the lower limit of normat .99

If only the Pu(IV)-injected cases are considered, the average fecal Pu
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of those persons judged to have normal gastrointestinal functfon and normal
dietary intakes was hearly twice thatAéf-the persons with gastrointestinaf
difficulties ér restricted dietary intakésl The difference was significént
during the first 6 days after injection, but of only bqrderline significance
between 19 and 2k days p.i. There wére no discernible correlations between

fecal Pu excretion and erythropoietic status.

Construction of a fecal Pu excretion curve

The original d;ta,from Langham et al.l? are plot;ed oﬁ the urine curvés
}n Appendix 9. Analysis of the early portions of most of these cﬁrves was
not possible, because Feces we}e not analyzed daily but as 2- to 6-day pools.
Therefore, a cumulaﬁive fecal excretion éurve was prepared for each.case
(plotted as a linéar function of time). The derivatives of these curves were
determined every day for the first 10 days and e;ery fifth day thereafter
for the duration of co]lectfons or through the fiftfeth day. Pooling of
fecal samples or intermittent sampling did not distort the. fecal rate curves
or inhibit théir‘analysis after the fourth week, although the differentiated
cumulative cﬁfves hot shown here)were smoofher. Feéal lag -- that is, gas-
trointéstinal transit time -- was estimated for eacH case by extrapolating
the earliest defined portion of the cumulative curve to % dose/day = 0. The
diffefentiated cumq]ative fecal Pu curves were replotted on a Semilogarithmic
scale (not shown), and the unanalyzed.haif—times, intercepts (at t = fecal
lag) , énd fecal lag times for each case are co]]ecfed in Table XIl. (See
Athe preceding section,‘on urinary Pu excretion, fgr details.) The fecal
Pu curves of the three{bersons who were followed for the longest time after
injectidn (HP—7,lChi-];vand Cal-1), and the best curves that could be drawnk
for fecal excretion of Pu b; the dog and the pig are shown in Fig. 6. Except

for Cal-1, who passed very little fecal matter during the first 17 days after



Table XI!. Half-times and Intercepts of Unanalyzed Differentiated Cumulative Fecal Pu Curves.

09-

bFecal lag determined by extrapolation of cumulative fecal curve.

c .
Anemic.

. v b

Day of Fecal Lag

last sample (days) FA, . FS, FA FsS, FA, CFS, . FA, FS,
Pu(lV) citrate (%}day) (days) (%%day) (days) (%/day) (days) (%/day) (days)
Normal diet v
HP-2 27 2 0.62 2.5 0.16 10.0
HP-4 82 1 0.75 3.1 0.35 6.0 0.012
HP-5 22 1.5 1.50 0.7 0.17 6.7
HP-6 22 1.5 0.60 .2 0.067 7.5
HP—9CC 35 0.5 0.55 Lo 0.27 8.0
HP-12 b6 1.5 0.60 2.0 0.072 16.0 0.020
Restricted diet _
HP-1_ 24 1.0 0.33 2.2 0.049 12.7 ‘
HP-7 85 0.5 0.16 3.8 0.105 6.5 0.013 68
HP-8 64 1.00 0.52 1.8 0.76 16.0 0.017
HP-10 30 2.0 0.26 2.7 0.094 6.5
Reduced . 1iver function ‘
HP-3 23 2.0 0.2 2.7 0.082 7.7 . '
Pu(VI) citrate or nitrate
Restricted . diet
Cal-1¢ 341 ‘undef i ned 0.18 4.6  0.0034 77 0.0006 650
Diet not known _
Chi-lc 138 1.0 1.00 1.3 0518‘ 7.0 v 0.008 85 0.0018
aIntercept at t = fecal lag
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.injection, all the fecal Pu curves contained at least two Weil-defined compon-
ents during the first 3 to b4 weeks. At lea§t four components could be defined
for the cage followed longest, Cal-1.
The mean + S$.D. of.the unanalyzed ha]fltimes and intercepts were calcufated
(see fable Xtil) for‘ghebsix Pu(1V)-injected individuals that were presumed to

i

have ﬁorma]ly functioning gastrointestinai tracts and to be eating ordinary
;mounts of‘a mixed hospital diet and for the five Pu(lV)-injected persons
judged to be taking in less than Tormal amounts of food or to be on soft

diets (includipg HP-3, who was judged to have a 1ow§r—than-no}mal Pile output).
The‘intercepts of the first two components, FA, and FA,, of the fecal Pu

curves of thé persons haQing ncrmal‘d{ge;tive function were almost' double

those of FAl_and FAz,ca]culated for the persons having reduced gastroinfestinalr
function, but %hg differences were not statisfically significant; because of
the wide range of the normal cases. The mean intercépts of the third com-
ponent; FA3,»were the same for the two cases in each group for which FA3

s

lcould be ‘estimated.

The half-times, FS1 and FSz; for the two grqups’were not différent, nor
weré the S.D.'s of their meéns. fhe amount of Pu excreted by the gastro-
intestinal tract appeared to be lower when gastroiﬁtestina] secretion was
reduced, but the rates of the underlying processes remained unchanged.

Much less Pu is excreted by the human gastroinfestinal tract than by
that of either the dog or the rat,10,1%,28 This fact puzz]ea the three
groups of original investigators29s “7s57becau§eﬂthé inital Pu tracer studies
in rats and dogs had indicated that the gaStrointestinal tract would be the
majof excretory route. 'Complgte fecal samples are difficult to obtain and

difficult to analyze and it is no wonder that after publication of these human

investigations, fecal samples were rarély collected from persons suspected of
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Table XI1I. Comparison of Half-times and Intercepts of Unanalyzed Differentiated
Cumulative Fecal Pu Curves of Pu(lV) Citrate- Injected Normal Cases
.and Those_ with Reduced Gastrointestinal Stimulation, and the Best
Estimates of ‘the Half-times and Intercepts of the Pu Fecal Excretion
Curve of a Normal Adult Human(Belng

FS, FA,  FS, FA, FS, FA, s, FA FS,
Pu(lV) citrate (/}day) (days) (//day) (days) (//day) (days) (//day) (days) (6/day) (days)

Normal diet and secretlonb

No. cases 6 6 6 - 6 2

Mean 0.77 2.3 0.18 9,2 0.016

£ S. D. 0.36 1.2 0.12 3.7

'Restricted dietC ‘ . : T .

No. cases 5 5 5 5 2 ]

Mean ~ 0.30- 2.6 0.081 9.9 0.015 68 ..

+ S, D, 0.13 0.8 0.02. 4.3

Normaf hanb : ' . ' | - .

No. casesd 6 12 6 13 L 3 | 1 B (

Mean ' 0.77 2.3 0.18 8.9 0.016 77 (0.003) €650 (0.0012 4000)€
0.36 1.0 0.12 3.7 0.004 9 ’

+ S. D..

aIntercept at t = fecal lag

bleer function and gastrointestinal stlmulatlon and secretion judged to be wnthln normal
“limits. :

Includes HP-3, hepatitis.
dMean half-times include Cal-1 and Chi-1

e .
Estimated; see text : : .
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having susfained a PQ exposure.

The method used to construct'an exponehtial model of human Pu fecal
excretion was the same as described earlier for construction of the urinary
Pu curve. There are fewer fecal Pu meésurements. No late fecal samples were
obtaihed‘from any of the Pu(lV)-injected cases. The meager fecal data avail-
able from oécupationally exposed persons are»complicated-efther‘by some in-
~halation exposure or byvche]ate therapy, or both.26s 100 Therefore, all the
_long-term estimates rest on the two cases that were followed fongest, Chi-1
and Cal-1, neither of whom héd normal.gastrointestinal function during the
Mlatg colfection pefiods. The long-term data from.the dog and pig were'usgful

in predicting long-term trends.

Evaluation of half times

The raw half-times of therfirst two components of the normal Pu fecal
_curVé (Table XIIIX are the averages of FS, and FS, determined for all the
cases. All caSeg were included, because neither the medicai status of the
_individqals nor the chemical form of Pu administered appeared to change the
rétes‘of'the processes leading to these feca]—chve components. Therefore;
FS1 gnd FS2 are well definéd, and each is the mean of 12 to 13 separate
determinations. The variabilfty is great, however, and the S.D.'s of these
| half-times éré aBout 50%. o : ‘ 4

FS, could be determined only for HP-7, Chi-1, and Cal-1. There was
good aggreement among the‘three values, and al] were used to calculate FS3
shown in Table XI11. A fourth component, Fq, was observed only fof Cal-1.
FSq emergéd in the Cal-1 fecal curve onlleOO days before collections were

: _ : \

terminated. Although the value shown. in Table XI1l, 650 days, was fitted to
the data by least éuqares; itvis uncertain. However, this portion of the .
Cal-1 fecal curve was almost parallel to thé urine curve, US = 475 days, which

is encouraging. The value chosen for FSc, L4000 days was obtained by least-

squares fitting the fecal data 6f the 0.1 uCi/kg group of Utah dogs from
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750 through 1750 days postinjection.*

Evaluation of coefficients

The fntercepts of the~fir$f two components of the normal fecal Pu curve

Laretthe mean values of FA1 and FA2 determinedvfpr the group of persons whose
gastrointestinal tracts were judged to be normally stimulated ana nofmal]y
functional. The intercept of the thjrd component, FA3, is the meén of the -
four‘Pu(IV)—injected cases for whom that ‘parameter could bé.estimated.

o ValQes for the intercépt of the longest obéerved component, FA,, were
available from only two Pu(yv)—injectedﬂpersons, neither of whom were considered
to have normally functioning gastrointestinal.tracts. The last L0 days of
fecai collectiéns from Chi-1 wére only one-half normal bulk, and he was near
'deéth from metastases of hi; maliﬁnéncy. Fa, taken from his fecal curve was
one-half that.eifher observed or estimated for the lesé seriously i Pu(lv)-
injected persong.

The valuevobtained for“FA3 from the fecal curve of Cal-1 was even lower --
slightly more than 50% of FA# fdr Chi-1, and 20% of the average FA ; of the
Pu(lV) group. His stomach had been completely removed four days after the
Pu injection. He was postoperétive and mildly anemic during the enitre
period of fecal collections.** In the absence of a stdmach, his daily food
intake was probably low, -and gastric jﬁice -- which makes up a significant

fraction of the total volume of digestive secretions -- was absent. Gastric.

acid is one of the normal stimulants of the secretion of bile, pancreatic and-

*Feces were collected periodically from some of the 0.1 u Ci/kg dogs for
as long as 2921 days. 29 Data for individual dogs as well as the mean values .
of all survivors exhibited a r|5|ng trend after 1800 days. g

**The original reference 57 states that fecal and urine samples were oven-dried,
treated with conc. HNO ,, redried, and then dry-ashed in a furnace for 4 hours
at 500° C; and that the resulting ash was soluble. One of the authors recalls
that the published prodecure yielded completely soluble urine samples but that
evidently in their hurry to publish the results they failed to remark upon the
presence of insoluble residue in fecal samples.- In addition, after 30 days the
individual himself collected all the samples in his own home wihtout supervision,
so some sample loss is possible. Thus it is likely that some fecal Pu was not
recovered, leading to a further systematic reduction of the measured fecal Pu
output by this individual.
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intestinal juices, and intestinal mucus.%8 101 Iron absorption is reported
to bevredyced by as muth as 50% after gastrectomy.23 Lacg oflgastric juice
may have played an indirect as well as a direct roie-fn heducing the quantity
-‘of gastr01ntest|nal‘secretlons.and concomutant]y the amount of feca] Pu.

It wasvassumed that the relat1onshaps hetween the Fa,'s. of Chl‘] and.
Cal-1 and the‘PJ(IV)-injected gtoup{ |

(Chn—l) = 0.5 X FAAIPu(lv)]” .FA (cal-1) = 0.21 X FA, [Pu(lﬁ)]

could be used to estimate FA for the’Pu(IV)*inJected group as follows:

/

FA, = [(0.0018/0.5) + (0.0056/0.21)] +2 = 0.003 %/day.
An approx:matlon of FA; was obta:ned by assuming that Fs in the human curvé
R and in the dog curve emerged at about the same time postinjection. F Was
.extrapolated to that time (900 days) a line of 4000- day half-time was drawn
through the 900- day p01nt and its lntercept was determlned to be 0.0012 //day.

The parameters of the equatlon of the Pu fecal excretion curve for normal man

are given in Table XIV along with the equations for the dog and p|g.
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Table XIV. Fecal Excretion of Pu by Adult. Man, Young Adult Beagle, aﬁd Adolescent
Hormel Miniature Pig. Parameters of exponential fecal excretion equations.?®

FTy Fay FT,  Foq FT Fay - FTy Fag - FTg

v '(rg'}dg) (days) (%/day) (dayS) (%/dJl (d;yS) (Z/day) (dayS) (%/day) (day5) -
Normal manb 0.60 2.0 0.16.. 6.6 0.012 56 (o.ooz)C 380 (0.0012 4, 000) € #
ts. D. 0.28- 0.9 . 0.11 2.7 0.003 6 ' -
Dogd _ 3.60 2.3 0.31 4.6 0.08 14 - 0.007 350  0.0046 3,850 -
P:gé' _ o.37> 1.5 0.18 10.0 0.012 325
%, (3/day) = T Faj exp ( 0. 693t/FT ).
n=i

bLive_r and digestive ‘tract functions presumed to be within normal limits.

CEs_timatevd;rse,e text.

:dStdver et al.2%, and B. J. Stover ‘and D R. Atherton, orlglnal data; 0 1 uCi/kg
and 0.3 pCi/kg groups only.

®Data read from Fig. 1 of Clarke et,al.40
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URINARY AND FECAL CLEARANCE OF PLUTONIUM

Having'no fecal data beyond 138 days, Langham et al.l9yere forced to use
- an estimate of‘the'Pu U/F ratio to calculate loné-term Pu‘excretion. prgvef,
‘both terms of the U/F ratio are subject to change, and clues to the nature of
_some chahges -- e?ther inlexéretory efficiencies or in the chemical state of
circulating Pu -- can be obtained from blasma clearances. Accurate determin-
ation of urinary clearance requires‘simultaneous samp]ing of pjasma and
bladder uriﬁe. Painter et al.luvmeasured urinary Pu ciéarances ofbdogs
injected with acﬁfely toxic toses of Pu(Vl) citrate. |In the absence of such
precise meaéuremeﬁts fofkman, equations (5a) and (5b) given below, were used "

to estimate excretory clearances from the data available for man, namely,

‘bintermittent plésma samples 24-hour qrfne samples, and pooled fecal spec-

i

imensr_
: .tz h .
. . . t
U = . I U v _ 2 ,
< _h , (5a) Fa= T F
—— - t (5b) where
. 'v tz ‘ | ‘ 3 : —
S i ;P(t)dt.' _ “j- P(t)dt
t o " e £ |
« Pi: _‘_
P(t) = 2 (PieM'?)
P =1 '

. : ‘ i
-Both urinary and fecal clearances were ca]%u]étéd over 6-day intervals for as
long as QIOOd measurements were made, butvon]y two'jntervals,'at the beginning
(1 to 6 days) and the end (19 to 24 days) of measurements are shown in Table
XV. | |
Painter ék al.l4found that urinary clearance of Pu was very high>15 to

30 ﬁinﬁtes after intrévénous‘Fu(VI) cftrate injection into ddgé.; Urinary
clearance 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.



" Table XV.

 Renal and Gastr0|ntest|nal Clearance of Circulating Pu. Clearances are expressed és fraction of
circulating Pu. : - :
Renal Clearance Fecal Clearance (U/F)a
Groupb 1 to 6 19 to 24 Group® 1 to 6 19 to 24 1 to6 19 to 24 35 to 65
: days days ‘ days days days days days
HP-1 : A 0.008 R 0.009 0.9
HP-2 . 0.017 031 0.020 0.061 0.8 0.5
HP-3 0.020 .070 Ab.L. 0.011 0.037 1.8 1.9
HP-4 Ab.K 0.009 .029 . 0.010 0.030 0.9 1.0
HP-5 0.021 .098 0.034  0.095 0.6 1.0
HP-6 0.020 .130 0.020 0.100 1.0 1.3
" HP-7 A -0.011 .025 R 0.008" 0.027 1.4 0.9
HP-8 0.019 .066 R 0.017 0.056 1.1 1.2 1.3
HP-9 A 0.007 .034 0.024 .0.055 0.3 0.6
HP-10 0.013 .090 R 0.0060 0.051 2,2 1.8
HP-12 A . ' 0.4 0.7 1.2
. Kidney and er}thropoiesis normal G.!l. function normal
Mean 0.018 .081 Mean 0.022 0.068
* S. D. 0.003 0.034 £S.D. 0.009 0.029 .
‘ . ‘ o
Anemia and/or ‘abnormal kidneyb Restricted diet and/or abnormal liver ®
Mean 0.0088  .029 Mean 0.010  0.034
+ S. D. 0.0007 .00k +£ S, D. 0.004 0.017
npi d 0.01  0.02 Hpt 0.02 0.05

3U/F calculated from ratios of plasma clearance except for
which are ratios of summed excreta.

b . . .
Discussion of medical status groups in section on urinary

Dlscu55|on of medlcal status groups in section on fecal excretion.

dT - test of Fisher®!

HP~12 and values obtained after 35 days for HP-8;

excretion. A = anemic, Ab.K. =

R =

abnormal kidney.

restricted diet, Ab.L. = abnormal liver.
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The.urinary Pu clearances calculated here for man revealed a similar
pattern. The very high initial clearance could not actually be demonstrated,
because the earliest urine sémples were pooled for the first 24 hours. How-

ever, the first 12 urine specimens passed by Chi-l were analyzed separately,

~

and 83% of the Pu excreted in the first 48 hours was passed in the first

(0- to 6-hour) specimen.” In the face of his rapidly declining blood levell8
: ) sp :

(also see the section on Pu in the circulation), this large urinary output
would indicate a high initial Pu clearance.

In every case the average Pu clearances- by the kidney and the gastro-

‘intestinal tract were lowest on the first day after injection (the minimum

lasted through the third day for fecal clearance in some cases because of .

fecal lag) . Clearance by either route rose to a temporary plateau, better

defined in some cases than others, of 5 to ]é days duration, and was followed
by_éjther anpther increase to a‘Fair]y stable plateau éf é‘continued slow |
increase to the end of measUremehts Bétween the fwentieth and thirty-fifth
day. During the 2 weeks between the two sets of célcuiations shown in Table
XV both uFinary and fecal c]eafances increased, so that by 19 to 24 days
after  injection l’Pu excretion by either route was 3.7 times as efficient as
it was during the first'6 days after fnjection.'

| Renal Pu c]earaﬁée in those persons judged td-be anemic was.less than
one-haff that¢in persons considered normal és shown in fable XV.l Fecal clear-
ance in those pe}sons judged to have reduced digestiQe-ﬁystem function was

v : . :

less than one-half that Qf persdns(considefed to have normally stimulated
gastréintestinal tracts. Beeause“of the smai] groups énd the wide ranges of

)

values among the so-called normal persons, the difference was significant
N S i . . :

only for the first 6 days' urinary excretion.

Ratio of urinary to fecal Pu

Urine_to fecal ratios (U/F) were calculated for each case durjng the
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two intervals shown in Table XV, using plééma clearances whenever possible.
The late value of U/F calculated for HP-8 and the three U/F values shown

for HP-12 were calculated from summed excreta over the intervals indicafed.
'The spread of U/F valuesrwés wide —-‘nearly seveﬁfold. A total of 23 U/F
determinations was available from the Pu(IV)-injected individuals -- 11
determinations dur?ng the }nterval 1 tov6 days, 10 determinations during the -
ihterval 19 to 24 days, and two determinations over 10-day intervals between
35 and 65 days after fhe Pu injectfonL .Ofbtﬁese 23‘U/F values, 13 were close
to 1.0 (0.7 to 1.35; five were substantially less than 1.0 (0.3 to 0.6);
‘énd five were substantially more thanil.O (1.4 to 2.2). Six U/% values

were obtéined from the three persons judged to be most‘ﬁearly normal with
respect ot both latent transferrin binding capgcity and digestive-system
function (HP-2, HP-5, and HP-6). Four of the six U/F values from thfs normal
group Iay between 0.8 and 1.3, and the other two U/F values were less than

or equal to 0.6. Of the five U/F values greater than 1.4, all were from
persons with supressedvor impaired digestive-system function (HP-3, HP-7,

and HP-10). There were not enough cases to permit examination of the influ-
ence on the U/F ratio of anemia alone, but two of the four Values of U/F'
less than 0.6 were from.an anemic individual.

The two U/F values obtained from this group of Pu-injected persons

more than 30 days after injection were from HP-8, an:individual who presumabfy
had been on a restricted diet at the time of iﬁjectioh, and from HP-12, an
individual who was recovering from acute anemia caused by hemorrhage. By

35 to 65 days postinjection both may have been approaching normal with re-
spect to protein binding (HP-12) and gastrointestinal secretion (HP-8).

The only long-term excretion_data are the meaéurements from Chi-1 and Cal-1,

and their U/F results have been rejected for the same reasons that their
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fecal excretion was considered unusually low (see the preceding'sec;ion,
on fecal excretion). |
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 abgut 1.0
and possibly as great as 1.3. Tﬁe anemfc cases with normal gastrointestiné]
function (HP-9, HPfIZ) tended to have a U/F value less than 1.0. fhose per-
sons with prgsumably normal blasma protein binding capacity but with reduced
gastrointestinal function (HP-3, HP-10) tended to have U/F values greater
than“lfO. .The anemic cases [in which prdtein binding capacity was presumed to
be'e]evated and gastrointestinal secretion was also\presumed to be suppressed
(HP-1, HP-7)]1, exhibited reduced urinary and fecal clearances of Pu, and their
U/F values were again close to 1.0. o : - 3
Langham et al.l9 used Pu U/F ratios varying from 1.8 at 138 days to
L4 at 1750 days to estimate total léﬁg—term Pu excretion; but these U/F
estimaées were based entirely on data from Chi-1 and Cal-l; both of whom
have been considered in this reanalysis td have subnormally stimulated or
subnormally functioning gastrofntestinal tracts. The analysis presented
here indicates that immediately after injection in man, Pu.excretion in
feces s1ighfly e%ceeded Pu excretion in urine; and thaf by_thé end of the
second week excretion by the two routes wés ﬁéar]y'equélvprovided fhat resid-
uai'transferrin binding, kidney function, liver fun@tion, and gastrointestinal
secretion remained within normal limits. Comparison of tHe coefficients of
the long-term components of the exponential urinary and fecal Pu;excretion
equations (see fables X énd X1V) suggests that at times after Pu injection

longer than 100 days, U/F for Pu in man probably lies between 1.0 and 1.5.

Long~-term excretory clearances of Pu in man and animals

~ Stover et al?8 using power-function equations for Pu in plasma and urine
(obtained by combining data from all dose levels) calculated long-term uri-

- nary Pu clearances for their dogs. From 22 days to 4 years urinary clearance
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was 7.5% to 9% of éircujating Pu; Fecal clearance was not calculated, but
tHe.fong—term F/U ratio of 1.4 implied a fecal clearance range (again for
al]qdose levels combined) of 10.5% to 12.6% of circulating Pu. Urihary and
fecal Pu clearances have been recalculated here only for the group of dogs
receiving 0.1 uCi/kg, the lowest Pu dose level for which long-term plasma
énd éxcretion'data are available. Using the exponential parameters in Tables
V, X, and XIV and Eq. (5a), urinary and fecal clearances were calculated every
v 50 to 100 days for the interval 50 to 600 days (for eventual comparison with
the pigs). The avérage urinary and fecal Pu clearances thus calculated were
11.6% and 10.9% respectively of circulating Pu. The differences between
>theSe values and those of Stover et al.28 -- higher urinary clearances and
equal urinary and fecal clearances -- appear to be mostly the resﬁ]t of
echGsion of the highér—dpse-level dogs, in.which liver and bone damage
occurred after the first year.

Excretory clearances were calculated in a similar way for the pig,
using Eg. (5a) and the exponential parameters shown in Tables V, X, and
XIV. There were no plasma Pu measureﬁents recorded before 27 days, and
measurements were terminated at 470 days, so clearances were calcufated only
for the interval 50 to 100 days and for 100-day inter?aTs from 100 to 300
days.* <Average urinary and fecal clearances over the interval 50 to 300
days were 9.8% and 2.8% of circulating Pu, respectively. Urinary clearance
was about the same as that calculated over this interval for the dog and
slightly higher than calculated at 3 weeks for mah, but the fecal Pu clear-
ance of the pig was much lower than tHat‘of the other species. Anatomically

the porcine liver differs s]ightly from the livers of dog and man; however,

*Tests of the dog data showed that lack of longer~liver components in either
the plasma or excretion equations led to substantial errors in calculated
clearances at times longer than one half-time of the last available compon-
ent of the excretion equation.
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this difference is not known to be Eelated to function.

There are no late plasma data from which to calculate iong—term Pu
clearances for man, but the animal data provfde some ;Iues. The coefficient
of the ]ast measured component of the humaﬁ Pu plasma équation js greater ;han
the sum of the long-term cogfficients‘of the Pu plasma curve of the dog (low
dose levels only), and at the saméjtime-the sum of the late coefficients of
thgvhuman excretion equations are less than thdse of»the doé. It would
appear that at long t}mes after Pu injection, Pu clearances by the human
kidney and gastrointestinal tract are (a) either equal to orvless than those
calculated for the first 3 weeks, and (b) either equal to or less than (but
certaiﬁly not greater than) the éxcrefory clearances calculated for the dog.

Some thoughts on the mechanisms of Pu excretion

in the dog and apparently also in man, Pu clearance is most efficient in
the first few minutes after injection, at which time a significant fraction

of Pu (about 50% in the dog33)* has not yet been protein bound. Minimum
excretory clearances were found to coincide with time of maximum Pu-protein

~

binding (in the dog about 95% of Pu was protein bound 7 hours after injection33).%

By the end of the{first‘day after;injection the fraction of Pu circulating

bound “was possibly slightly greater. The data of Stevens et al.33 suggest

_that less then 10% of circulating Pu was associated with a low-molecular-

weight fraction 7 days after injection. Within 2 weeks after injection both
the renal and gastrointestinal clearances calculated for man increased four- .
fold. If Pu protein binding in human plasma occurrs to.the same degree as in the

dog, one would not expect any changes in Pu excretofy clearances.

*Fractional Pu-protein binding was estimated from the relative heights of the
elution peaks in Fig. 2,33
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Current knowledge suggests that some Pu; (presumably cifcubating as
a-]ow-mplécularrwefght‘compound) is c]gared by the kidney and gastrointestinal
tract in the usual sense of being moved across cell membranes without partic-

ipatiﬁé in any process other than transport. But if these mechanisms --

renal fi]tra£ionAand secretion in digestive juices (like‘caICIUmloz) ---

were thé.only ways Pu could bé eliminated, then Pu excretion should remain

at £he low level observed after the first postinjection day and should be
Eoughly similar for most species over a wide range of physiological.conditions.
Defayed excretion of some Pu initally deposited in renal and intestinaj tissues®
would»account’for only a temporary rise in excretory efficiency.

Feedback from bone and tisﬁues of a more réadily filterable form of Pu
seems unlikely. During the interval 100 to 600 days?afte? injeétion, adoles-
cent pigs*0:4#1+103 o5t a net of 53% of>the Pu initially depbsited in their
skeletons. During the time Pu was leaving the skeleton, the‘p]asma Pu level
was sustained, and renal excretion was high; Qut fécal clearance‘reméined low,
land renal clearance was the same as it had been in the SO days preceding the
start of bone Pu release. Throughout the experiment thé renal Pu clearance
of the pigs remainéd constant and was similar toifhe fenai clearances of the
dog and of man. These observations imply that Pu released to the circulation
in the course of bone remodeling is associated with plasma proteins to the
same extent as was the Pu ofiginalﬂy fnjected; '

The excretory clearances of Pu in the normal people rose during the first
3 weeks after injection. During that same time, in the dog, there was no
apparent change in the fraction of unbound Pu in the plasma.33 Further, it

does not appear likely that Pu recirculated from bone exists in a more filterable

*Autoradiographs of mouse kidney and intestine showed that shortly after
intravenous or intramuscular - injection Pu was present at high concentrations
in the renal papilla and the lamina propria and submucosa of the intestine.

These concentrations were nearly gone 30 to 60 days later.10%
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form in plasma. By anaiogy with iron, a significant fraction of Pu mus t be
‘eliminated by cellular mechanisms involving tHe Pu-transferrin complex.
These might include incorporation into and:subsequent loss with exfoliating
cells, especially those of ﬁhe intestinal epithé]ium, or release during cat-
abolism of the proteiﬁ moiety of the Pu-transferrin complex in the intestine
and kidney, or both mechanisms. |

The Pu clearances of the animals raise some interesting questions:

Why .is the Pu fecal clearance of the pig so low? Why are the Pu excretory:
clearances of the dog higher- than those of man? Some tentative answers

can be supplied from what is known or suspected about (a) the iron intakes
of the épecies, and (b) the regulation of iron absorption and excrétion.
There is generalageeﬁmnt' fhat regulation of iron absorption and excretion
is accomplished by the gastrointestinal tracf.90’92’93' The infofmation
reviewed h;re indicates that the mechanisms of Pu excretion reéehble those
described for iron, so much so that Pu may be regarded as a tracer of iron
excrefion (as well as iron transport).

During growth iron balance {s positive-- absorptive mechanisms are
promoted and excretion is supressed.?3 ‘Supreséion of iron excretion (and
'with it Pu excretion) is one possible reason for the low fecal Pu clearance
“in the adolgscent pigs. Wild pigs are scavengers feeding mostly on vege-
th]e matter, grubs, insects, été. They encounter muscle meat only occasionally
as carrion. Except in areas where the soil has Eigh iron content, the natural
diet of the pig can be considered to be low in iron. As a consequence of this
dietary history, the domestic pig probably conserves iroﬁ, most likely by
secreting very little in bile. Impairment of Pu excretion would be expected
if one of the mechanishs for iron excretion were supressed or absent.

Iron fs stored in two forms, as soluble dfspersed ferritin and asvin-

soluble aggregates of hemosiderin.36:90,92-93 |t is believed that the labile
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storage pool of soluble ferfilin in the liver is the source of bi{iary iron.36.
The one-way nature of Ehe ?ron storage system is demonstrated by failure of
an SS5Fe tracer to equilibrate with stored iron éven'affer‘seVerai years:105
Recent'séudies by the Utah groupioﬁ.1°9 suggest a similar ]iver-storage path-
way for Pu. :Pd initially dépoéited }h liver is associafed with soluble ferri-
tin, but after.30 to 60 days a largé fraction of liver Pu_is insoluble. kThe
rapid tfansiffdn to insoTQb]é forms that are less amenable to el?mrngtion*
is substantiated by the rapid decline in fecal Pu excretion by theldogs.

"fhe iron-rich natural diet of dogé (red meat, blood, and ongahé) énd their
High’gqstfic acidity (which acfs to promote iron absorption3) suggest -that

- some of the parameters Qf'iron’metabolism in tﬁe dog may notAbe the same as
thqse,df_man. Transferrin saturation in man is elevated in conditions of
i ron overload. 36 W}th a higher iron intake and potentjally more efficient

—

iron absorption, transferrin in dog p]ésma may normally be more saturéted-
“than that in human plasma resuiting in reduced Pu-protein binding aﬁd greater
.Pu excretion ip urine and digeétiVe sécrefions of the dog. As a normal
measure to prevent iron overload, the canine liver may excrete more iron
vin.thé\sile than does the human liver. Both mechanisms would tend to suppresé
iron absorption and enhance iron excretion by the dog, and both would con-
tribute to greater efficienéy in Pu excretion observed in the spet?es;
:Muéh_of the content of the above paragraphs is specuﬂafion. However,

the - details of human Pu excretion are few, and additional information on

Pu e%cretory mechanisms in man may not be available for a long. time to come.
Careful investigatfons of ;ombérative'Pu excretory mechanisms and of com-

parative iron metabolism in sevefa].species, to fill some of the knowledge

gaps in human Pu experience, are clearly indicated.

*At high Pu dose levels there was severe liver damage and loss of a large
fraction of the early liver deposit.106 In those dogs fecal excretion re-
mained high, and fecal clearance was higher than urinary clearance.?8
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* HUMAN PLUTONIUM EXCRETION--COMPARISON WITH PREVIOUS ANALYSES
~When excretion rates are_expréssed,as sums of exponentials,

urinary excretion at-time t after injectionis-

. n N
U, (%3/day) = 2 ,Uaie'

and similarly, fecal excretion rate at time t is

Fo.e
i

Fe (%/day) = '0-693t/FTi . 7y
: n

LI e s |

_ i »
' The total amount of Pu excreted in urine or feces at time t is obtained

by integration of Eqs. (6) and (7).

‘; U, (%).:thutdt,; , ) (8)
L F. (%) =f Fodt. o ' (9)

Total excretion at time t is the sum of ‘Eqs. (8) and (9).

0/0 = ' ) . i : -
LE (%) = ZU+TF (10),
and whole-body retention at time t is

R, (4)=1006-2Et._- , (1)

The fraction of the remaining body burden excreted daily'ih urine at
time t is

Uy (%)'= (U, x 100)/R.. X - (12)

Urinary and  fecal excretion rates (Figs. 7 and 8), total
Pu.excreted in urine and feces (Table XVI), whoTe,bddy retention (Fig.
9), and the fraction of the body burden excreted in_a 1-day urine sample

(Fig. 10) were calculated for times after injection from | to 14,600 days‘

(about 40 years), using Eqs. (6) through (12) and the parameters. of the
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Table XVI. Comparison of Long- term Pu Excret|0n Predicted From Power Function or

. Sums of Exponentials.? Pu excreted (% of dose)

Time after injection Power functions, - Sums of exponentials,
(days) (years) v Langham et al.. ‘ this paper
10 2.56 . 4,39
20 3.17 ' 5.25
40 -3.81 ' 5.95
,60 A 6.35
80 4,50 6.67
100 L.74 6.96
140 5.10 7.39
360 1 6.26 v 8.79
720 2 7.22 10.23
1,100 3 7.83 11.17
1,500 Y 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 4o | 22.49

_aSee Tables X and X1V for excretion equation parameters.
' L
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normai_Pu urinary and fe;a] excretion equations given in.Tables X and
XIV. It was assumed for thése calculations.that an additiona{ component
(the\sixth) with a half-time of‘i3,400 déy; (see the discussion of
accideﬁt case LASL-1 in the sectioﬁ on urinary excretiéﬁ)‘emerged in

" both excretion curves about 4000 days aftér injection. Total Pu excre-
 tion after a single intravgnous injection predicfed by the sums of

exponentials derived in this paber_is compared in Table XVI with Pu

vexcretign predicted by the power functions originally derived by

19

.Lanéﬁamvet al. Sums of exponentialé predicted greater Pu eleihafion
af.aljvpoégihjection times for at least three reasons: (a) Exppnentiafs
fitted thé‘first 10 da?s'tdété bettér fhaﬁ.fhé power funétions.- (b) Only
tﬁéw{ndiViduél Qrine-curve and fecgl—curve coeffiéients From cases judged
to be ﬁormalrwifﬁ respect to the particulaf extretory function were used
to céleﬁlate ghe mean coefficients of the éxponential equations, and
tﬂéy(féﬁdéd—fo be Higger than the averages of all cases. (c) The cé-
effiéfentﬁ(of thé éxbonenéiai equation of human fecal excretion wére
adjustéd prard to correct for what was considered to be unusually low
fong-termbfegal elimination by Chi-1 and Cal-i.

" For easier comparison with earlier analyses, thé urinary and fecal
excfetioﬁ rate equations (in Tables X and'XIV) are replotted ioéarith-
mically in Figs. 7 and 8. At least three poWer functions were needed
to describe these equations. The power function fitted to the calculated
urinary excretion in th; time period from 30 to 360 days was almost the

. : s )

same as that originally derived by Langham et al. from the raw

averages of the data from the Pu-injected cases and some acéidehtal]y
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exposed Los Alamos personnel, and more recently reevaluated by machine-

25

curve fitting‘by Robertson and Cohn.

-0.725 -

This paper, U, (%/day) = 0.17T (30< T¢< 360,days)

19 0.74

Langham et al. Y, (3/day) = 0.2X (10< X< 1750 days)

25 -0.72].(

Robertson and Cohn, Y, (%/day) = 0.193t

1< t< 1750 days)
f

Fig. 10 is the log-log plot of the fraction of the remaining Pu
"burden excreted'daﬁly in urine. The power function fitted to the time
period L0 S T < 360 days isfagain nearly the same as that derived by

’ ]9

nLangham et al. using a different analytical method.

| Noﬁq of the power.functions needed to fit the values of hqman Pu
| Feca] excr¢tion calculated from the expénential equation in Table XIV

: . > .

(see'ﬁjg. 8) agreed with the expression der;ved by Langham et al.'9--
_probably~for the sahe reasons aS_Iisted above for the discrepancies
betweep_the two‘methods of prediﬁting long-term total Pu excretion.
Moét of the differenée between the two methods arises from the ways
fecal data were handled and the assumptions about the long-term tfend

!
of, fecal Pu output.
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L

FREDICTION OF LONG-TERM WHOLE-BODY PLUTONIUM RETENTION.

The‘curreptly aécebted limits -of hﬁman Pu contamination appear in
the joint'repoft of tHe Internal QoSe Committees of the International
Commission oanadio]ogica] Protection and the United States National
Committee on Radiation Protection, issued in ]959.'“+ The maximum per-
missible 23%uy confents‘of the body baged on skeleton and'Fivgr of oc-
cupatfqnal workers are given as 0.04 and O?h uCi, respectively. For
-purposes of dose calculations biological half-lives are also given;
6.5 X 10% days (178 years) for the whole body, 7.3 X 10% days (200

years) for skeleton, and 3 X 10% days (82 years) for the liver.

~

These values were based on the original anaiyses of the human Pu data

19,20 who estimated that the longest half-time of Pu

,‘by Langham et al.,
in the whb]e body lay between 85 and~l75 years. The lower limit was
) v?dthed in the [CRP*NCﬁP report as the half-time of Pu in the liver.
‘Theiupper limit was assumedfto represent Pu in the'whole‘body. The upper
1imit rounded off upward was adopted as the half-time of Pu.in the human
skeleton, and the lower 1imit was adopted as thé half-time o; Pu in human
liver, Use of the term Ufetentﬁon“ is potgn;ially misleading. Retention
suggests a static,condition,once deposited in a tissue Pu would be under-
stood ‘to remain fixed until eliminated from. the bbdy altogether, Whole-
body retention further would suggest that Pu is eliminated from all tissue
deposits at comparable rates., Studies of pigs and dogs show some important

features of Pu metabolism that appear applicable to Pu metabolism in man,

but even more importantly, they demonstrate the dynamic behavior of Pu.

Pu turnover in animals

/

Pu metabolism was followed after injection of Pu(lV) citrate in
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adolescent miniature swine. 2?%1

SQ}ne were yearlings. This term is
usually épplied to animais 1 ta 1.5 years of'age (L. K. Bustad, private
communication);\ Miniature swine achieve adult body size between 2.5
aﬁd.3;year; of rage, 193 and year]ingé can Be considered - to bé comparable
to human adolescen;s.) "In the course of 600 days ofvgrowth remodel ing,
their.skeletons reléaséd abou§,38%'of the injected dose (53% of the 30-
day bone debosit). Plasma PQ\lével and urinary.excretion of Puiremainedb
hfgh. At 600 days the'liVer contained three times as much Pu (35% of the
'dosé) as it contained 30 days after injection (13% of -the dose).

‘The iower-dosevgroups éf dogs in the Utah experiment are now yielding
iong-term fesults. At this writing there have been enbugh deafhs'of dogs
injectqa:witﬁ 0.3 1Ci/kg or less to demonstrate thaf skeletal Pu retention
is not affected by dose level below 0.3 uCi/kg and“o establish a long-
term half—timeuof >1500 days for Pu in the beagle skeleton, 110 Jee et al.lll
exam}hed'the disappearance of Pu-labeled trabecular surfaces of dogs given
Pu doﬁes of 0,015 and 0.3 uCi/kg. They found 50% to 64% of trabecular
surfaces labeled in vertebral bodies and femoral metaphyses, respectively,
5 days after injection of Pu. Three months later 0,2%'to 3.3% of vertebral
trabecular surfaces were labeled, and lh%lto 20% were burié@ by néw bone;
0.7% to 3.3% of femoral metaphyseal trabecular surfacés were labeled,-
and 24% to 48% were buried by new bone. These observations show the.
enorhouswturnover'of trabecular surfaces in these‘twé aﬁatomical loca-
tions in the young adult beagle skeleton.
| The long-term Pu content of the livers of the low-dose dogs has also
been examined. At levels less than or equal to 0.1 uCi/kg of Pu, net

loss of Pu from the liver was found to be much less than was originally

_ predicted from high-dose animals., At the low dose leVelé, the half-time
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of Pu in the liver was about 3800:days,113 more than or the same as
Pu half-time observed in tﬁe skg]etons of these samé dogs. The prolonged .
residen;e in liver seéms to be the end result of a chain of events that
cafrigs Pu from Pthransfe%rin in p]asma,.to Pu-ferritin in hepatic cells,‘
and qventQally to iong-lived deposits of Pu-hemosiderin in reticuloendo=~
“thelial cells, 1067108
Pu dynamics can be generally_summafized as follows:» Pu initially
present in soft tissues other than liver is cleared rapidly; the major
frgcﬁjon'is redistributed to bone and livér,iand‘a small fraction is
: excreted. Pu deposited in the skeleton is mobf]ized in the normal codrse
Qf—bone remodel ing; some iS'reaeposited in boné, some is deposifed jn
liver, and a small fraction is excreted, Pu deposited in iiver is»eventually
transformed from relétively soluble forms in hepatic cells into insol=-
uble hemosiderin deposifs and sequestered in reticuloendothelial cells,
fherefofe, liver PQ is likg]y to be lost 'more slowly than bone Pu, but
at‘perhaps the same rate as deposits of phagocytized Pu-hemosiderin in
other fis;ues. The loss rate from the liver may eventually become the
rate-]imiting»prdcess for Pu diséppearance from the whole body.
The half-times of the earliest compoﬁents'of thé plasma and excretion
curves aré similar for the three species studied - dog, pig, and man
(see fabbs Vi, X, énd XiV). By analogy‘w}th iron metabolism, these com-
ponents may represent such processes as the incorporation oFVPu into and
subsequent shedding of infestin;l epithelium, and the destruction of the
protein portion’of thg Pu-transferrin complex, The slower components
are evidently the resu]tlbf Pu feedback -~ ear]; from soft tissues and
later from boﬁe -- and reflect the intrinsic turnover ratés of these

tissues (either the cells themselves or their mineral content) distorted
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v S _ \
by redeposition. The effect of redeposition is to reduce the net ‘turn-

over of the nuclide in question.113 The observed or effective half-time,

T]/2 obs? S related to the'half—tlme of tyssug turnover or phys;oioglcal
half-time, T and to the fraction of circulating radionuclide. that

1/2 phys’

is redepoéited; fr:

T1/2 obs =‘Tl/2 phys/(] - fr). : (13)

PU turnover inlhdﬁan soft tissues
The best estimates of the early_distribution_of Pu in four majof
)éompérfmenZS - ske]etoﬁ, livér, residuai soft tissueé, and excreta =~ are
shown in Table )(V[Iforvman, dog, and pig. The oriéinal énalysislof the
‘tissue distrfbution data by Laﬁgham et al.1% is included for coﬁpériéon.
- The pigs were not‘fUI]y grown and fhe dogs were 1;5 years old (in'tﬁe
prime of young adulthood), in contrast to the Pu-injected human beings,
who were é]]iunWell, and except for HP-4, middle-aged or older. In the
dog.bnly a small fraction of the Pu dose was in soft tissues other fhan
liver 21 day% after the injection.?8 The value shown in Table XVl for
the pig is uncertain, It was obtained by difference, using bone and liver

determinations from two separate experimerits.L*O’L’2

Even so, the calculated
“value of 8% for Pu in soft tissues at 30 days is lower than(the 12% average
" soft-tissue Pu in the Pu-injected people who came to autopsy 5 to 15
months after injection.

The half—time; of the two-component exponential eéuation fittéd_to :
the human soft-tissue data (;ee Fig. ]) were 7.2 and 480 days. The'ffist ‘
is roughly thé same as the early soft;tissue\c]eérance in several_éniméls.

The secondbcompOnent, although its half-time is not so long as that

measured in the dogs, involves a significantly larger\amount of the injected
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Table XVI1. Early Distribution of Pu in Man, Dog, and Pig.
' . Pu content (% of dose) _
Time after  Skeleton Liver Soft tissue Excreta
injection o ' remainder -
Man . . : : : ’

" This paper 5 to 17 days?@ 47.5 26.8 23.3 2.4
~ : 5 to 15 monthsP 47.5 31.2 , 11.2 9.5
Langham et al. 4 to 457 days® 65.7 22.5
Dogd - 22 days 54.0. 31.0 - 3.0 12,0
Pig® : 30 days - 72.0 14.0 : 8.3 5.7
a

Average'of Cal-1, Chi-2, HP~11, Cal-3. Livers and skeletons of Chi-2 and
HP-11 not included. See Tables 1 and IV. :

bpverages of HP-5, HP-9, and Chi-1. See Tables | and IV.

C

Average of all tissues from all cases in Langham et all®, Excretion estimated
from power functions. Soft tissues calculated by differences.

dSkeleton, extrapolation of curves for 0.3 uCi/kg groupj10 Livér, extrapolation

e

difference.

of curves for 0.3 uCi/kg group®9, Soft tissue and excreta from Stover et al.

Skeleton from Clarke et al*0. Liver from Smith et al *2. Excreta calculated
from exponential equations in Tables X and XIV. Soft tissue calculated by
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Pu. A cémponent with a half—fiﬁe of ‘the same order of mégnitude, about

300 days, appears (perhaps.fortuitously) in both the human urinary and

fecal eXCretfon equations but is missing from the excretion equations

for. the dog and big; The large sizgﬂof the soft-tissue compartment in

thesé middle-aged people compared with the much.éﬁaller séft;tissué com-
partment in the young vigorous animals may be relatéd to species differences,
or if may‘Be a real effect -of age stémmiqg from poorer circulation, more
fibrous (léés cellular) connective ;issﬁé, the presence of ectopic calci-
ficatioﬁ and fatty plaques, and reduced cell turnover that accompany \

~

édvanpfng age.

Py Furnoverv}n human bdne

fhe turnover rate of the adult human skeleton is not known. Net
tyrnqve} of ‘bone Pu,in thé édolgscent pigs was calculated to be 52%/ .
yeqr?* and that of the young adult qogs,'to be 17§6/year.* Assuming a
constant redepos}tion in bone of 60% of circulating Pu and using Eq.
(13), éne can estimate the turnover rates of the bone containiﬁg the Pu,
.(most likely the labeled surfaces), to be respectively 140%/year and 68%
year in the adolescent pigs and young adult dogs. Turnovervof both the
Pu ahd the Pu-containing bone of middle-aged human beings is. most certainly
slower than for the young experimental animals.

Frost,llh usfﬁg a tetracycline labeling material,'éstimated the

rate” of replacement in rib and clavicle cortex of peréons 35 to 70 years

of age to be between 2.5%/year and - 6%/year. Kulp et al.l15 used fallout

% Pigrk (0.693 times 365 days/year)/480 days 52%/year,

* -Dog: (0.693 times 365 days/year)/1,500 days’i 17%/year.

/ -



30sr analyses of individual bones and whole skeletons to obtain specifié
‘écfivity ratios (20Sr in bone/%0Sr in ékereton) iﬁ adult human bones of
0.45, 1.4, and 2.1 for ]ong-bone cortex, wHo]e rib, and vertebrae, re-
spectively. Bryant and‘Loutit116 made similar measurements on adult
human bones and obtained HearJy identfcal\specific activity ratios, Froh
these data they calculated the annu§1 rate of bone turnover requiréd to
produce the observed speciffc activities == 1.1%/year to 2.6%/year in
whole femur, 2.1%/year to 6.2% /year in whole rib, and 5% /year to
10.4%/year in.vertebrae. Rowland, 117 using an autoradiographic technique
and bone from persons with long-standing burdens of 226Ra, calculated a
turnover rate of " 1.1%/year for ]ong-bbne cortex,

All the above calculated turnover rates are in good agfeement with
each otﬁer. The good agreement between the isotopic methodsll® that are
known to be distorted by redeposition and the tetracycline method1lh
in which redeposition is not a factor indicate that the isotopic measure-
ments with %0Sr and 226Ra are not significantly distorted by redeposition
and are probébly close to actual rates of bone turnover. A comparative
metabolic study in an elderly human male by Mays g}_gl,lls indicates
that long-term redepositfon of 90Sr is not ;ore'than 15%, and 226Ra rede-
‘position is not mére fhan 5%. | -

The best estimates of the annual replacement rates of certain—human
bones are probably the mid-poinfs of thé ranges cited above -~ 1.85%
year for whole llong bone, 4.2% /yeéri for whole rib, and : 7;7% /year for
vertebraé. These are mass or volume replacement rates, and Pu is deposited
on bone surfaces, Mayllé éuggested a technique to reléte bone surface to

volume that did not require knowledge 6f the absolute values of the bone
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surfaces., He estimated that for a given mass of frabecuiaf‘bone the surface
was four times that éf the same mass of cortical bone.” Using that raffé,
4:1; for trabecular to cortical bone surface, estimating trabecular bone
mass to be 23% of the total (ashed or dried) skeleton, and usiﬁg'the above
cited estimates éf bone turnover; one ca]cu]afes»fhe average turnover rate
of the bone"surfacg of the entire human skeleton to be 5% /year
(0.23.X 4 X 7.7%/year) + (0.77 X 1.85% /year) = 5% /year). The
associated half~-time 6f thé bohe surfacésffs 13.9 years, slightly less
" thah the 15~year half-time observed in fong-term 226Ra Fetentfon in man,120
and\§]ighf1y more than the ha]f;time for human bone surface reblacement,
1048\years, that . can be calculated from the dog data and the comparative
life Spans of the two species.*

Assuming that.60% of cfchlafing Pu is redeposited in bone, the
observed half-time of Pu in the humén.skelefon would be 35 years (12,700:\
days), perhaps forfuitoﬁsly close to- the ]3,hC0-day half-time that could

be fitted to the long-term urine data of case LASL-I (see section on

urinary excretion).

A model of Pu metabolism in man

The half;time of ﬁu in the human bodx was esfimated in this analysis
to be 204 years (from fhé calculated total Pu excretion in Table XVIII fitted
ovef,phe interval from 1800 to 14,600 days). This estimate of whole-
body Pu half-time is in substantial agreement with the upper iimit calcu-
lated by Langhah et al.!1% The half-time of Pu in the hUman skeleton was

estimated to be 35 years. The important consequence of Pu loss from bone

* Tl/zvof Pu-labeled dqg bone = 1.6k years. Lifespandog = 14 years,
Lifespanman = 100 years. T]/2 of Pu-labeled human bone = (100 times 1.64)/

14 = 10,8 years.
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faster than from the whole body is .the increase in ]fver Pu with time,
as shown in Fig. 11. This model of long-term Pu metabolism is in accord

with_most of the available evidence.

~

‘

Pu was lost from the skeletons of dogs and pigs-more rapidly than

40,110,112

from their livers. In the livers of dogs and rats Pu tends to

Becoﬁe gequestered_in reticuloendothé]ial cells chem}cally comb ined wifh
insoluble aggregates of stored iron.lOé’IW’121 Chelation therapy is
mgch_less efficient in removing Pu from the livers of pigs and rodents
after a lapse of time than it is when the.chelating agent is administered

. . 1,122
shortly after Pu exposure.qz’12 ’

As in human experience with cases
of iron overload, chelating agents apparently cannot. solubilize iron or
Pu (or bofﬁ) stored in liver as aggregates.3® A variable frattion of
human iron stores is very ]ong—lived and‘to a large degree'inapcgssible.
Radioactive iron tracers do not equilibrate with the iron stores éven

93,105 oo only therapeutic measure capable

after periods of many years,
of depieting iron stpres in human iron storage diseases is a prolonged
series of phlebotomies involving replacement of many blood volumes,36
"More rapid loss of Pu from bone than from the whole body‘with net
transfer of Pu to the liver is consrstent with the results of the long-

123,124 1ig5ue analyses from dogs

term PuO, inhalation studies in dogs.
killed several years after a single éxposure revealed up to two to three-

times as _much Pu in liver as in the whole skeleton.*

* There is some uncertainty about whether Pu in liver and bone of these
dogs has been solubilized and distributed as Pu-transferrin, or whether
some PuO, can be transferred from lung and tracheobronchial lymph nodes

directly to lnver in partlculate form.
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Perhaps even more convincing are the results of tissue ana]yses of
persons who have come to autopsy many years after occﬁpationa] exposdre
" to Pu, The best documenfed case is LASL-1, reported by Foreman et al.58
(also discussed in the section on urinary excretion of Pu). This indi-
vidual was exposed to high levels of Pu both by inhalation and by contami-
nated wounds; Examination of his work history, reconstruction of thé’

' matefia!s with which he worked, and his.working conditions in the middle

‘I9H0's strongly sdggest thaf he was exposea early to significant amounts

of soluble Pu., Further examination of his work’history indicates that the
'vbu{k of his exposure occurred in the first two years of his employmenf

: vbéginning‘at the age of 26 ;'ears° He died 12 years later at the age of

38 years in an acéidént uﬁre]ated to his Pu eXposure;

Tissue analysis revealed that his terminal Pu content (excluding
luﬁg‘and pulmonary lymph nodgs) was roughly 51% in liver and 47% in the
skeléton.* The combined Pu activity in the ]ivefs and_Skelgtohs of the
Pu-injected cases was initially partitioned in such a way that 60% was
“in skeleton and 40% was in liver. The bulk of LASL-1's Pu inhalation
exposure and aj] his Pu-contaminated wounds occurred in the first two
years of his employmeht. Ten years later his Pu exposure can be ;6nsidered
v'to have been approximately acute. The Pu model predicts that 12 years
after an acute exposure to soluble Pu, 48% of the liver and bone Pu will
be in liver and 52% in bone. fhe,Pu distribution predicted by the model

is encouragingly close to the analyticél_results. - The difference between

* Total skeletal Pu (including marrow) recalculated for LASL-1, using the
: : nc . ’
ponderal method described in the section on skeletal Pu, was 1.8 X
10* dis/min. Foreman et al.%® calculated his skeletal Pu content to be.

1.4 X 104 diS/min and his liver Pu content to be 1.93 X 10% dis/min.



.
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the predicted and measured values auggests that the model nay be over-
simplified.in that bone turnover.is Tepresented by a single term. Some
of the bone surfaces of a healthy young adult are certainly bein;.re-
modeled faster than the whole-skeleton turnover rate of '596/9ear used
in the model.. | | |

Tissue samples have been obtained from persons whose occopations_
brought them into prolonged contact wnth small amounts of ]?uizé. Pu was
detectable in at least one of the sampled tissues (lung, pulmonary lymph
‘nodes, llver, and bone (sternum)) in 25 of I cages. leer.conta|ned Pu
in21 casest Lung or pulmonary nodes or both contained Pu ln-19 cases,
Pu was present in detectable amounts-in only one_bone sampl,e.;E The average
length of Pu exposure was 6,3 years for the ZSﬂCases in which at least

one tissue contained Pu, and 4.0 years for. the 16 cases for which Pu was

not detectable. It is also interesting to note that the one case in which

Pu was detected in bone d|ed of cirrhosis of the l|ver, and that Pu could

not be detected in h|s lJver'sample. Although not provndlng direct sup-

. port for the Pu model, these data do not ‘refute it,

126 that

There is one case, RF-667, reported by Lagerquist'gt_gl:,
does not fit, This individual was continuously exposed to Pu both by
inhalation (chiefly of Pu02) and through several minor puncture wounds

during a 9-year period beginning at 49 years of age. (C. R. Lagerquist

and S, E.rHammond, private communication,) Ekposure may have been somewhat

* Skeletal burdens. less than 80 pCi were below the analytlcal detection

limit because of small sample size. o )



greater during the first 5 years. Death occurred from cardiac failure at

58 yearé. At autopsy there were no gross lesions in other tissues. His
terminaf body burden of 0.0012 uCi was distributed as follows: 8% in
respiratory struchres, 8% in soft tissues, 19% in iiver, and 65% in skeleton.
The amount of Pu in the tiséueqéamples was small, and largé analyfical

errors wefe pdssible. There wasla fourfold difference in the Pu concen-
tratiéns pf separate rib and sternum samples. Several calculations éf

19 and

his Pu body content from urinalysis using the Langham equation
computer techniques\bvefestimated the Pu found in tissues by a facfor of-
fivé. The authors suggest that the overprediction of Pu burden by urin-
alysis hay have resulted from his continuai exposure pattern, He still

had 0,016 ué (0.001 uCi) of Pu in an old finger wound, about equal to

what was féund in his tissues,

The unduly high urinary excretion (for the size of his body content),
the'high soft-tissue content, and the discrepancies in Pu content of dupli-
cate bone samp]gs suggest some’other possib]é explanations for the failure
of thfs case to agree with the Pu model.v 1f for unknown féasonsﬁhis
liver was not accumulating and storing Pu released from soft tissues and
bone, Pu released from thesé tissues.would be redeposited in them, After
35 years of age bone loss in the human male skeleton (as well as that of
the feméle) progresses éufficiently rapidly to produce by age 60 a s?g-
nificant reduction in the amount of boqe in vertebral bodies, rib, and

128

femoral cortex. Thus from age 49 to 58 the preferred Pu deposition

sites in bone, quiescent and resorbing sites on trabecular and endosteal

surfaces,127

would appear to be those most likely to be resorbed, In
the absence of efficient liver storage ofqu, recirculation from such

bone sites would lead to sustained urinary excretion, high soft=tissue
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levels, and redeposition in the same potentially short-lived bone sites --
setting the stage fof continuous repetftion of the entire process,

Mays 53_313129 have calculated that if the body Pu conteht were
partitioned SO% iﬁ liver and 50% in bone;‘the annual risk of developing a
liver tumor Wou]d be twice that of developing a bone tumor. The long-

- term Pu distrfbutién predicted byrthe dynamic Pu model makes it even more
urgent that‘we reexamine the critiéal organ fo; Pu. The anaTysis in this
paper suggests that over a 50-year working 1ifetime the liver's share of

. the body Pu content grows progressively farger, gventual]y“éxceeding |

© 50%. In the younger members of the population av}d iron storage and
more\rapid bone turnover would, aééording to the model, result in transfer
of most 6f the Sody Pu to the liver within a few years, The conseqhence

- of ‘these ca]ﬁﬁiations and those of Mays é£.213129\;s to indicate that

- Yiver is probably the critical organ for Pu, and as they have suggested
the permissible body cohtent of Pu based on liver as the critical organ
may.need to be lowsred to the same value as>(or perha}s less than) the

0.04 uCi presently accepted as the permissible body burden based on

skeleton as the critical organ.



‘Some’ closing thoughts

In thisrreexamfnation of thé»human Pu aéta | have tried to presen;.a
cqhesivé-workfngbmédel of»Py\behavior.that would fit fhe prepo;derance of
the évidehFe énd”n&t be impeéched'by seemingly uﬁexplainable diScrepancies
bgtweén:prediCtionjand experimental results. The medical.histories'of the
'Pu-injeétéd'perséns revealed some phy;iologfta1‘differeﬁces‘that affected
their mefabolfsﬁ._ SOmg of the yariabilify in the plasma-disappearance curves,
tissue distributions, and excretion patterns of tﬁé individuals could be ex-
plained in terms_of the{r medical.problems,’éspe;ﬁa]ly thqse affecting circu-’
-fation,firbh ﬁetabolism, and gastrointestinal function.’ This success lad toA
intefpfetafion of—P; behavior Qéing iron as an»elemeﬁtal model, and opeﬁéd up
what should brove to Be é veryvpféfitable line of}investfgation.‘ Some of the
‘gfdublésome problems,in treatméﬁt of. Pu accident cases might well be examined
| ihllight‘of Pu participation in the iron transport and éxCretory pathways.

| The uncertainties in interpfetation'of Pu urinalysis are!still’with us.
It is hoped that the evaluation of the human and‘largefan?mal éxcrétion'déta
as sumé bf‘eprnentials, a'mathematiéal fa}m that:i; easi]y_handied by com-
puter techniques, will inspjre others to construct computer:simulatioﬁs of;
such” important problems as multiple exposures, continuous absorption from a
wound or lung'reservoir, and aécidént-tréatment schedules.

-As the wfiting progressed, it became clear that the original data were
gOod, and tHat the origina] analysis was(sound. The néw data‘from occupa-
,tiohally exposedlperson§ and from animal experiments? and the use of the iron
analogue, confr%but;d'more_to hnderstanding the old results than did the dif-

- ference in the analytical approaches. The inifial tissue distributions,'ex-
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cretory patterns, and predictions of lqng-tefm'Pu eliminafion preéented here

do not differ'in_sgbstance from the priginal analysis -- only\in detail. The
collection of human P; aata reported by the Lostlamos'grouplg’-20 contains \
muchhmére information-than was préviously-supposed; but we anxiously await

the results of the current fo]lbw-up of Pu-workers exposed in the middie
19h0'51 The long-term dog experiments at Utah, whose 20th aﬁniVersary we

mark ft}yis'ryesa{rv have coﬁtributed greatly to our generai knowledge of Pu,
butvadditional information from these experiMents and studies of Pu fn other
species‘ig needed.

_Twenty-six yearé after they wére posed,vthe qgestions about Pu metabol ism
:that.wére put by the Plutonium Project's industrial physicians’(see Appendix 1)
sfill have far too few answers. New qugstiqps have been raised by the potential
world-wide use of Pu as an eneréy‘source. Much rémaiﬁs to be done before the

Pu 'story is complete.
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Note added in proof: Sihc'e this paper was written, Ne’not et a,'lix33 have

reported that Pu was depoéitéd almost exclu?ively in the bone of rats

.

injected intravenously with Pu(IV)-transferrin, and Durbin et 'a.l134 con- -

cluded from a kinetic ana.ly"s.i‘s of Pu(IV) éitrate deposition in the rat

~

that the rat skeletoh accumulated both f‘ree and protéin-bouhd Pu but
tha.t the rat li'vér did not take up s‘-igni-ﬁc.antr amounts of protein-bound
Pu. inasmﬁch.é;s at times greafer, thah a few hou}r‘s.‘a.fter injection more
' than 90% of c:ir(culating Pu is,_‘prvotei'n bound, 33,89 the depvosif;io'n'patte‘rn
of rvve‘civrculai.:ed. Pu is rhore 1ikely‘f.o‘ resemble that of Pﬁ-trahéfefri_n
than that of the Pu(IV) citrate originally injected. Thus, Pvu; redeposi-
tion in bone ma.y be as great as 80% to 90% 1e.adikng'to a ioﬁge‘r’ calculated

113

half-time of Pu in the human vskeleto'n, -about 70 yéars, and . to a ‘slower

- rate of Pu accumulation in the liver.
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APPENDIX 1

Summar& of Requests for Information Desired Concerning Plutonium

Prepared for a conference on plutonium
~ held in Chicago May 14, 15,& 16, 1945
‘Drs. L. H. Hemplemann, S. T. Cantril, J. E. Wirth, J. J. Nickson,
aﬁd Mr. S. G. English wrote the letters on which this section is based.
Immediate problems of importance about which further information is
needed are emphasized.

'I. Diagnosis and Estimation of the Amount of Plutonium in the Human Body

A. Detection of amounts in the body in excess of the permissible

level :
1. Development of a satisfactory means of assay of urine and

feces
a. Need more information on elimination rate as a
function of time ‘ _
b. Need more information on elimination rate as a
function of route of intake |
”2. Determination of percentage of plutonilim excreted daily
by humans. '

. 3. Can blood samples be utilized for this purpose?
B. Detection of plutonium in the lung

1. Development of a satisfactory means of estimation of the
amount of plutonium in the lung
2. Compounds of interest are +3, +4 nitrate in aqueous solution,
+6 nitrate in ether solution, tetrafluoride, +4 oxide,
+4 oxalate, +4 peroxide as slurry ' '_
C. ‘Development of a method for detection and quantitation of
plutonium in wounds
II. Absorption
A. Skin
1. Need more information on absorption rate of various
plutonium compounds through the intact skin
2. Is absorption influenced by use of potassium permanganate

solution followed by sodium hyposulfate solution on the skin?
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Gastrointestinal Tract \

1. . Need more information on absorption rates of various
plutonium compounds. Specific information is desired
about those compounds mentioned under "diagnosis™

2. Can the eiimina,tion of plutonium be used in the event of
gross intake to detect the amount that will be fixed in the bone?

Wounds _ |

1. The rate of diffusion of plutonium from the wound area

2. The éffect of different plutonium compounds on the rate
~of diffusion |

3. How is the distribution pattern altered by having dif-
ferent sorts of wounds, e.g. puncture wounds as
opposed to lacerations?

Lung | ,

1 How much of the amount breathed is retained in the
human lung? _ _

2. How much material is absorbed from ’éhe lung to the

* blood and then to the skeleton?

III. Permissible Levels of Plutonium

A.

B..

C.

.D.

In the lung
In the bone

What is the minimum amount necessary to produce damage
in the body? ' '

‘Are the rays from plutonium capable of producing damage
to the skin? ‘

IV. Metabolism

U ao® »

Distribution pattern’as a function of rate of intake
Distribution pattern as a function of diet

What is the rate of elimination of plutonium from bone?

. Are-the differing diets in the different laboratories affect-

ing the results of animal experiments?

V. Pathologz

A. What is the nature of liver damage after intravenous adminis-

tration of plutonium?
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Whet is the nature of liver damage after sublethal doses given
through other routes of entry'?

Does preexisting kidney damage diminish the elimination of
Plutonium from the body? Should persons with kidney damage

be excluded from working with plutonium?

Theragz

A. Development of methods of increasing elimination from the body

aw

D.

E.

1. Effect of diet v
2. Effect of injection of complexing or other agents -
Methods of covering up material deposited in bone

Develdpment of methods of therapy for plutonium 1n wounds

(specific mention is made of those compounds mentioned under

‘"diagnosis'')

1. The effect of suction

2. .The effect of increased venous flow

Formulation of a recommended procedure for treatment in case
of a known overdosage by mhalatlon, by mouth, or by wound

How much time can elapse before treatment must be instituted?

VII. Protection

A,

~B.

Is inactive dust in a work area an additional hazerd in that_it

increases the probability of breathing plutonium?

_ Irnpro'vement\of existing means of the physical protection of

personnel from ingestion, inhalation, or direct inoculation

of plutonium ‘ | o

Development of a method for the rapid determination of the
quantity of plutonium in the atmosphere |
Deirelopment of a continuous monitoring device for atmospheric
or dust-borne plutonium which is effective in concentrations

just above or at tolerance levels

. Anal&sis of masks and respirators for percentage efficievncy

in filtering out various chemical forms of plutonium. v Speciai.
mention was made of +4 and +6 nitrate, +3 and +6 sulfate,
+3 and +4 chloride, +4, +5 and +6 carbonate.

Do various chernical structures play some part in the efficiency
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of reSpirators or is particle size the ifnportant factor?
VIII. Plutonium-radium Ratios
" A. What ratio for acute effects?

B. What ratio for chronic effects? .
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 APPENDIX 2
. Summary of Plutonium Cases
HP-1 | \
 White male, 67 yr, 70.3 kg. _. o :
Injected 10,/16/45, 0.004 uCi/kg 2> ?Pu(IV) citrate. -
Nine-year hietory of peptic ulcer, acute hemorrhage,
Hb=13.7, RBC = 4.5. R
Lost to follow-up.
HP-2 ' , < v
White male, 49 yr, 69 kg.
Injected10/23/45, |
Hemophilia, hypertensmn, cardmvascular disease.
Hb = 14.5, RBC"41
Lost to follow- -up.
HP 3
v White female, 49 yr, 69 9 kg .
‘ 'InJected 11/27/45, 0.0043 p.Cl/kg 23 9Pu(IV) citrate.
' Hepatitis, pruritic dermatitis with edema, hypoprotemem1a,
Hb = 14.5, RBC = 4.3.
Follow-up 1645 days p.i., lost thereafter
HP-4 ‘
' White fermale, 18 yr, 55.5 kg. |
Injected11/27/45, 0.0054 uCi/kg 2> Pu(IV) citrate .

. Cushing's syndrome, hypertension, nephropathy with uremia,

23

osteoporosis.

Hb =15.0, RBC = 5.3 |

Died '18,months p-i., autopsy withheld.
HP-5 '

White male, 56 yr. - | ' ' L

InJected'11/30/45 =0.0044 p.Cl/kg 39bu(1v) citrate. oo

Amyotrophic lateral sclerosis, pneumonia, renal cysts

and adenoma.

 Died 151days p.i., aut'opsied.



-101-

HP-6
White male, 45 yr. ’
Injected 24 /46, ~0.0044 uCi/kg 2> Pu(IV) citrate.
One-year history of Addison's disease, infected skin lesions.
- Follow-up 523 and 1610days p.1i., ldsf thereafter. '
HP-7 ‘ | |
White female, 59 yr, 68 kg. \
jected 2/8/46, 0.0057 uCi/kg 2> Pu(IV) citrate.

Rheumatic heart disease, cardiac decompensation, toxic

3

goiter, Hb =12.6, RBC = 3.26.
Died 9 months p.i., autopsy withheld.
HP-8 |

‘White female, 41 yr, 54.4 kg.
Injected 3/9 /46, 0.0073 uCi/kg 2
Two—yeé.r history of duodenal ulcers and scleroderma,
Hb =13.9, RBC = 4.7.
Lost to follow-up.
HP-9 - o o
White malé, 66 yr, 63 kg.
Injected 4/3 /46, 0.0061 wCi/kg 2391:”u(IV) citrate. ‘
18-month history of muscular atrophy and dermatitis =,
(dermatomyositis), Hb = 12.3, RBC = 3.9.
' Died 456 days p.i., of bronchopneumonia, autopsied.
HP-10 | | B

3>9Pu(IV) citrate.

N

Negro male, 52 yr, 71 kg; ‘
Injected 7/46/46, 0.0053 uCi/kg Pu(IV) citrate
Congestive heart failure, Hb =13.3, RBC = 5.5.

239

‘Lost to follow-up.
HP-1 '
- White male, 68 yr. ) . P
Injecte’d 2/20/46, =0.0056 pCi/kg 2 Pu(IV) citrate.

39
History of chronic malnutrition and alcoholism.

Died 5 days p.i., cirrhosis of liver, edema, acites,

autopsied.
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HP-12 .
Negro male, 53 yr. | |
Injected 4/10/45, =0.0044 uCi/kg %>’ Pu(IV) citrate.
~ Multiple comminuted fractures, Hb = 8.9, RBC = 2.85.
Biopsy 4 days p.i., lost to follow-up.
(Also designated E. C. in Ref.vz‘fs).
Chi-1 - -
White male, 68 yr, 76.4 kg.
Injected 4/26/45, 0.0052 uCi/kg 2>?Pu(vI) citrate.
Metastasizing buccal epithelioma, mild pyelonephritis,
Hb = 10.9, RBC = 3.56. Mouth surgery 2 days p.i. .
Died 160 days p.i., autopsmd |
(Also . des1gnated MX-100 in Ref. 48)
Chi-2
White female, 55 yr, 38.6 kg. - |
Injected 12/27/45, 045 pCi/kg 23 9Pu(,V.I:) ‘citrate.

Metastasizing breast carcinoma and lymphoblastoma,

239

<

both tumors invading liver, k1dneys, and bone ma.rrow,
healing pathological rib fractures, Hb =12, RBC = 3. 5.
Died 17 days p.i., autopsied.
(Also designated WX-300 in Ref. 49).

Chi-3

: Whi_te, male, young adult.
Injected 12/27/45, #0.085 uCi/kg “” ’Pu(VI) citrate.

Hodgkin's disease, no other information.

239

Died =170 days p.i., autopsy withheld.

(Also designated as MX-200 in Refs. 49-53).

Cal-1 ' '
White male, 58 yr, 58 kg
Injected 5/14/45, 0.0896 uCi/kg
239pu as Pu0,(NO,), .
D1agnosed as gastric carcmorna, gastrointestinal hemorrhage, .
Hb =12", RBC = 4. 1. '

Biopsy 4 days p-i. revealed huge gastric ulcer a.nd adhesions.

23854, and 0.002 nCi/kg .
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{ ,
Total gastrectomy and splenectomy.
Followed for 340 days, d1ed 1/9/66 (21 yr. p.i.) of

cardlovas cular dis ease.



APPENDIX 2, CONT'D
Case Cal 22 . _
Th1s case, a 4-yr-10-mo old wh1te male of sl1ght bu11d, was

suffering from osteogenic sarcoma with patholog1c fractures ‘He was
injected 4/26/46 i.v. with 0.169 uCi of 237
‘, sarnples were obtained 7 days p.i. bdur:i.ng a biopsy." Bodfweight was
estimated to be 15. 5 kg from Muhlmann s Tables: 130
‘Bayley's curv*ezi:,r1 of retarded growth. Blood volume was estimated
to be 7.5% of the body weight with a pc%’ 0.4. Skeletal weight was

estimated to be 2300 g, and the weight of the femora to be 0 125 of the
132

Pu(VI) nitrate, and tissue

.and Bayer and

skeletal wexght from Theile's measure_ments of children's bones.

- Died, 1/6/417, no autopsy.

Sam; Eles . : ’ Wet weight % Dose  %/g
Cortex S 405 0.237 0.0585
Tumor and adjacent : 3.7 ‘ 0.129 0.0349
trabecu.Lar bone e '
Tumor ad_]acent to 3.7 0.59 0.159
cortex ' : ’
Calcified tumor and . 0.61 0.0285 . 0.047
muscle : : B
Soft tumor and 0.92 ~0.00085 0.00092
muscle S - .
Periosteum 0.65 ~ 0.00056 0.00086
Plasma - 1 hr h : 5.78 0.0043

" . 4days = .077  0.00063

Reconstruction of whole bone (femur) 7

(0,237 + 0.00056 + 0.129)% = 0.372 - 0.0436 %/g

(4.05 +0.65  +3.7)¢g 8.4

Data of J. G. Hamilton, K. G. Scott, andB V. A Low Beer,—
Unpublished.
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APPENDIX 2, CONT'D
Case Cal-32 :

" This case, a 73.3- kg, 36-yr old Negro male, was diagnosed from
biopsy as havmg an osteo-fibro myxochondrosarcoma involving the
dlstal f\emur patella and prox1mal tibia. He was 1nJected 7/18/47
W1th 0.095 uCi 238

location on the gastrocnemius muscle. A m1d-th1gh amputation was

Pu(VI) n1trate intramuscularly at an ink-marked

perfqrfned fou—r-_d'ays p-i. - Alive and well 7/_1 7/68, 21 yr. p.i.

% of absorbed % of absorbed

Samples - Wet wt. (g) Ash wt. (g) dose dose/g
Tumor - 29.5 0.37 . 0.60 . 0.0203
Bone and tumor® 315 12.6 o 0.144  0.0046
- Marrow - 4.0  0.05 0.063 0.0158
Normal cortex  50.5 200 0.063 ~  0.00124
Muscle from  27.5 10.345 10.025 0.0009
‘normal bone o - .
Injection site 69.5 0.87  46.6°

‘Whole femur reconstruction:

(Bone + tumor) + (marrow) + (normal cortex)%

, _ L = .0.00313%/g
(Bone + tumor) + (marrow) + (normal cortex)g ’

®Data of J. G. Hamilton and J. C. Crowley, unpublished.
bPart of distal femur; patella, and pfoxima‘l tibia.

. (_:% of administered dose.
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APPENDIX 3 '

Errors in original Pu source ma.ter1als o ‘ - -
Langham et al. (Ref. 19) i - o
Table 5. HP-12 value for 1/6- day blood is probably 53" rather - o
than 5. 3 %. ) _ ’ "
This patient, also designated as E "C., was reported at four hours
after injection to have ''about 50%. . . . . . . still in the circulating '
blood"". * | |
12

L tTable 6. Urine in column/should read Chi- I11; column 13 should
read Chi-I; and column 14 should read Chi- 1I.

Table 6 (footnote 1) Should read, cases ‘Chi-1, 2, and 3 rece1ved
PuO

2++ in- sodlum citrate, Cal- 1 rece1ved PuO (NO )

Table 6 (footnote 1). Should read Cal-I receive'd‘238Pu equivalent
23 9 ' ’ : o .

to 61 pg of

. Table' 3, .column 8 . Make changes listed for Ca-l-li shown below.

"Crowley et al. (Ref. 57) ‘ b
Page 2, lines 7 and 8. The original data sheets show the injected

V d.ose to have been 69, 000 counts/sec of a particles. At counting
geometry of 50% this would be 3:73 pCi of 23SPu p_lue 239
Table'I Column 5. Recalculated from the original data sheets,
bone cortex should read 0 0072%/g and marrow should read

0.019%/g.

Prsemncne
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APPENDIX 4 -

- Organ weights used to calculate total tissue plutonium content

, Adult male . Adult female
70 kg, 174 cm. 58 kg, 162 cm
, ‘Weight (g) % body weight Weight (g) % body weight
Tlissuea | B
Muscle o 28,000 40. - 17,000 29.3
Skin 4900 . 7.0 3500 6.0
Liver ' 1800 2.6 1400 2.4
Lung 1000 143 1800 1.38
Large intestine 500 72 500 .86
Small intestine” . 500 .72 500 86
. Heart | 350 .50 300 .52
Kidneys 310 44 260 .45
Spleen | 180 26 130 22
Pancreas ' 100 .14 ‘ 85 - .15
Gonads | .60 .09 10 .02
Thyroid 16 .02 - 14 .02
Adrenals - 14 .02 .14 . .02
Lymph tissue 700 1.0 580 1.0

Skeleton® 10,200 14. 6 7300  11.9

anft—tiSsue weigﬁts and body pfopoftions from ICRP Standard Man.®

bSkelei:a,l weights and body fractions were calculated from dissections
of 20 male skeletons: Bischoff,’> one; Dursy,74 two; Volkma,nn,75

- five; Mecha.nik;(?6 eight; Mitchell et al. 76—7«8 four; and nine female
skeletons: Bisc:hoff,73 one; Mecha,nik,66 » eight, The wet skeleton
of ICRP Standard Man §4’ (?5

articular and costal cartilages, periosteum, and marrow.

~includes a‘full set of teeth,
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| 'APPENDIX.5
Reconstruction of whole rib from divivded samples. Origénal-data .

w_ei'e_ consult_éd and cdmputational and typographicv errors corrected.

Pu conc - Sample % dose

A weight ©oin

Case No. .Sample o . (%o/8) {g) . sample
Chi-1 Sternum - . 0.0647 © 4.38 ' |
Rib, cortex ' 0.0016 ~1.0125 0.0016
Periosteum 0 .0.0046 0.1215 0.00056

‘Marrow & spicules®  0.0160 0.8292 0.0133

 Whole rib (calculated) 0.0079  1.963 0.0455

- R . C . . . - ' 7 )
‘Chi-2 Rib, cortex 0.0210 ©0.43 ' 0.0090
| Marrow ~0.0196 0.2065 0.0040

~ Whole rib (calculated) 0.020 . _ 0.6365 0.0013

Cal-1 ' Rib, cortex ©0.0072 9.0 . 0.065
| Periosteum 0.0048 - 0.445 0.00216
Trabeculae 0.0319 0.84 ' 0.0269
Marrow 0.0190 - 0.019 _

Whole rib (calculated) 0.0081 140" 0.113

and

\aO;ig:in of marrow sé,mple noted as rib in Russell /Nickson (Ref.rv4~7).

. bWhole'rib sample weighed before division ii_ito four separrate samples.
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Marei and Borisov

72

Moscow (1967)2
\

-7
43
Not reported

APPENDIX 6
Wet weight of the human male skeleton and of the individual bones
Author : Volkman’?  Mechanik6
Location & date Leipzig (1873) Lenigrad (1926)
No. of cases 5 6
Mean age (yr) - 47.6 41.5
Mean body wt (kg) 56.6 61.9
. . Wetwt(g) %oftotal Wetwt(g) %oftotal Wetwt(g) % of total
Mandibleb 112 14 - 141 1.7
CraniumP 808 9.8 848  10.2
Humeri 493 6.0 547 6.6
Radii - 136 1.6 153 1.8
Ulnae : 158 1.9 181 22
Femora ' 1,528 18.6 1,493 17.9
Tibiae 888 10.8 886 10.6
Fibulae RST7S 2.1 166 $2.0
Patellae . 52 0.6 58 0.7
Clavicles T2 0.9 80 1.0
Scapulae . ‘ 224 27 253 3.0
" Hands 222 2.7 232 2.8
Feet ' - 591 7.2 629 7.5
 Pelvis 897 10.9 808 9.7
Ribs ' 568 6.9 615 7.4
Vertebrae: B 947 11.5 929 11.1
Sacrum  ’ 282 3.4 238 2.8
Sternum . 74 0.9 76 0.9
Total skeleton 8,226 8,333

132 1.2
1,193€ 11.3
596 5.6

{390 3.7,
1,635 15.5

{1,185 11.2
71 0.7
91 0.9
360 34
277 2.6
677 = 64
1,193¢ 11.3
655 6.2
{1,961c 18.6
147¢ 1.4

10,563

aOriginal tabulation was the average for 7 males and 6 females. These values were scaled up to
males only, using male-female skeleton and bone relationships derived from the data of

Mechanik6 and Trotter and Pcterson86.

'bIncludes teeth.

CDissection was apparently less thorough than those by anatomists Volkmann

75 and Mechani

and these samples probably include much more periosteum and cartilage.

k060




A Diatribution of Skeletal Burden of. Various Radio:sotopes in Man. Monkey, a.nd Dog

o Percent of skeletal bnrden .

28ra® 905,¢ g d 2l 8 ﬁs L z g 239 B

r “Am

‘Head® . .4 122 478 . 209 . 445 94 1.7
LR Vertebrae a’nd . 251 229 264 289 - 212 450 353
R Sternum 9.0 4.8 21 485 45 6.0 1.8

Scapulae and - 63 . 5.6 ‘42 48 35 63
clavxclea : S : : : _ o . L

O Ribe . M43 434 . 64 59 . 106 85 4.7
‘Radii, ulnae, oL 897 7.0 9.9 10,8 . 144 - 8.6 . 12.0

’ humeri R o bl .A L o o i o o
--"'Femora, tibme,' 15,2 185 128 144 . 143 94 12.8

o Pelvisf ST 188204 4450 8.4 T4 49 1.4
" Handeand - . . . 78 85 54 . 62 . 68 . 20 . ‘2.4

0B

Includes teeth.

Evans (Refi 82, 83) -

Kulp and Schulert (Ref 84) L o B

- P. W Durbi.n, M H. W1111ams, andN Jeung, unpubhshed Adult rhésus monkeys (Macaca mulatta),
: No 40F. 99 days p i. and No GSM. 2 days p i. .

ep. W Durbin, M H W:lhams, andN Jeung, u.npubhahed Eight adult female cynomolgus monkeys
(Macaca irus phﬂippenem) killed 1to 63 days p-i. _

ot Atherton et al (Ref. 79)

B lloydetal, (Ref. 80).
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" APPENDIX 8
" Assessment of Errors in Calculation of Skeletal Pu from Eq. (3)
The 241Arn monkey studies provided material with which to assess
the errors in Pusk calculated from Eq. (3). Eight female cynomolgus

monkeys (Macaca irus philippensis)' were killed from 1 to 63 dayé

after an intravenous injection of 241Arn complexed with sodium citrate.

Bones were dissected, cleaned of soft tissue, weighed fresh, and

analyzed for 241Am The variations in body size and skeletal weights

- were small, respectwely 10.4% and 13.7%.

%error =S.D. ><100

: RS :
where i is the fneasured average, and'S. D.‘i is its standard deviation.
The error in the fraction body weight skeletal weight was 11.4%. The
errors in the weight‘ fractions of 'individual bone groups were 10% on -
the a'verage. The errors in the calculafed.aVérages of the fractional
bone distribution 6f-241Am rahged'frorn 6% to 20%. Individual variation
of 241Am uptake in the skeleton accounted for an additional error of
14%in the average skeletal 241Am of. the group. The combined e€rror
in skeletal 2% 1Am of an individual monkey based on a single bone -
calculationfrom Eq. (3) was of the order of 21%. % The total skeletal
241Am of an individual monkey based on the average of several smgle
bone calculations more closely approx1mated the measured value, if
four bones were used the total error was reduced to £8% of the

measured value.

*According to the theory of propagation of errors,

S.D. ~[/s.D..\211/2 ' :
tot ={> (1)~ , and in this case

tot 1

L 5 91/2
Toe, = [(1‘1-.4)2 +(10)2 +(1-5)2]]/'
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CAPTIONS | -
Fig. 1. Pu logs from soft tiss;es (other tHan Iiver)-affer intravenous
injection of Pu(1V) cifraie or Pu(Vl) citrate. Rat data are from Scott
et al.10 and Carritt et al.62; toxicity dogs were those of Painter et_d
al.l%; mongrel dogs injected with Pu(NQa)4 were those of Rysina and
Erokhin®?; beagles were those éf Sfover et al.28,
Fig. 2. pisappearance of Pg from the bloodvof man; dog, and 'sheep. Dog
data are from Stover et al .28’29 all dose levels combinecli.; ‘sheep data are
from McClellan et al.38» 39,
. Fig. 3. )Rate o% ufihéry Pu excretion by several Pu-injected pérsons, dogs
and miniature swine. Swine data are FFom Clarke et al.%0; dog data a}e
_ from B. J. Stover and D. R. Atherton (original data, 0.1 uCi/kg and 0.3
uCi/kg groUpsAonly).' | |
Fig. 4. Comparison of urinary excretion rates of four occupationally exposed
persons and the rates predicted byrthe exponential Pu urine curve constructed
in this paper (bolq line) and the Langham equationl?® (déshed line). Occu-
pationally exposed persons: 'O--W.B.G., A--D.L.W.,(]--W.A.B.19; {--LASL-1,
Foreman ét al.58. Injected persons: @ --HP-3 and A--HP-619, |
Fig. 5. Compérisqn witH the normal Pu urine curve of QrinarybPu excretion
after an aEcidentaP exposure and treatment with DTPA. Data for RF-2075

were read from Figs. 1-6 in Lagerquist et ai. c)--DTPA treatment two
to sevén times a week, g@--no DTPA treatment, <--no DTPA treatment values
multiplied by 10.

Fig;‘6. Rates of fecal* Pu excretion by Pu-injected persons, dogs, and
miniature sw}ne. Dog data.are from B. J. Stover and.D. R. Atherton (orig-

inal daté) 0.1 uCi/kg and 0.3 uCi/kg groups only; swine data are from

" Clarke et al.%0,
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Fig. 7. Comparison of human urinary Pu éxcretion for from‘l day to 40
years.predicted By‘the normal Pu urine curve with the Langham eéuationrg.
Poin;s shown were éélcu]ated from thevparameters in Table 10.

Fig. 8. Comparison of human fecal Pu excretion for from 1 day to 40 years
predicted by the normal Pu fecal curve and the equation given by LangHam
et al.1%. Points shown were calcu]ated from the paramete;s in Table 14.
Fig. 9. Predicted-whgle-bddy content of Pu from 1 day to 40 years affer
Jintravenous injection during adulthood: Pointg shown were ealculatgd

from total excretion shown in Table 16.

Fig. 10. Coméarison of the percent of the Pu body content excreted daily
in urine fromil dayAto 40 years predicted by the normal Pu urine and

fecal curves in this paper and the equations of Langham et al.lg. Points
shown wefe ba]culated‘from the parémetersvgiven‘in Tables 10 and 14.

Fig. 11. Predicteleu content of the human liver following an acute expo-

“ sure to Pu in soluble form.
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Captions for Appendix Figures

App. Fig. 9a. Urinary and fecal excretion of Pu by injection cases

HP-1 through HP-6.

App. Fig. 9b. Urinary and fecal excretion of Pu bjr injection cases

HP-7, HP-8, HP-9, HP-10, HP-12, and Chi-IL
App. Fig. 9c. Urinary and fecal excretion of Pu by injection cases

Chi-II, Chi-III, and Cal-1.
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LEGAL‘NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use. would not infringe privately owned rights. :
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