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DISTRIEVTION AND EXCF(ETI’GQ Ut ’f'w'romu .
ADMINISTERED INTRAVENOUSLY TO MAN

1. INTRODUCTION

It is now a well established f{act that the deposition of radiocactive material (Ra, its
isotopes and daughter products) in the skeletal system of radium dial painters was respon-
sible for the bone necrosis, radiation osteitis, osteogenic sarcoma and other pathological
changes in bone which characterize the condition commonly known as chronic radium poisoning.

Hamilton and co-workers (1) were the first to demonstrate that plutonium, like radium,
concentrates in the skeleta]l system of the rat. Numerous reports have emphasized that bone
is a major site of plutonmium deposition regardless of the animal species, the valence state
of the material or the route of admnistration (2), (32, b, ¢). Autoradiographic studies of
the mode of depositicn of plutonium in bone (4), (5), (6), (7) showed that it was deposited
in a2 pattern quite different from that of radium. The latter element tends to be incorporated
fnto tie bone salts exclusiveiv and becomes buried in the calcified structure in the manner to
be expected from 2 member ©f the calcium famlily in the perijodic table., Plutonium, however,
shows some deposition in scii tissues (especially in the liver) and a remarkabdble affinity for
the non-calcified. non-cartilaginous areas of bone, The material ts highly localized in the
epiphyseal lire, the periosteum. and the endosteum so that localization is predominately in
regions of trabecular bone (See Fig. l, {rontpiece). The general conclusion was that the
mode of deposition o plutonium made it potentially more hazardous than radium. Although
there is only limited prec! tha: the above conclusion is justified, it must be considered when
evaluating the polentia. cnronic toxicity of the material. :

Subseguen: experinmuanis with rodents by Brues, Lisco aand Finkel (8) and others (§)
have demonstrated toa: pioiomium is quite effective in producing pathological changes in bone
including osteogen:c siccima (See Fig. 2).

Brues (10) compares tne relative chronic toxicity of equivalent microcurie amounts of
plutonium and radics. by {sliowing 1000 rats, 600 mice throughout life and 37 rabbits for over
400 davs. A comparis:in o! soovival time, radiographicall) determined bone damage, patho-
logical fracturez ang bone womors in these animals appeared to bear out a plutonfum-radium

ehronic toxicitr raliz ¢f (2-13°0 on the basis of injected dose or about 4.5/l cn the basis of
retained mater 1al.
The above ohservations and the experiences of the radium dial industry have emphasized

the necessity of emplsviy exiremely rigid control over all plutonium operations. The major
health problem aSSCCiaie s with plutonium processing is, of course, the possibility that small
amounts of plutoniuvm ac-omalated in the skeletal systems of workers may, over a period of
from ter 10 thirty vcars, causé hone changes similar to those observed in chronic radium
poisoning. The poes:iiiity 18 serious enough to justify the adopticn of a rigid maximum per-
missible body burdesn as 1s currently done with radium.

Only recently thc subcommittee on internal radiation tolerances of the National Bureau
of Standards established 2 tentative maximum permissible body content of 0.5 g (0.032 uc)
for plutonium. This value was adopted immediately by the Division of Biology and Medicine
of the Atomic Energy Commission as the official maximum permissible tolerance for plant
personnel (11}. -

Adequate information as to the fixation and excretion of plutonium by man is essential
to the evaluation and interpretation of the maximum permissible body tolerance. More
specifically such stud:es seem highly important for the following purposes:

1. To mimimnize the degree of umtertainty inherent in extrapolating the vast
amount of amimal experimental data to man.

10b595b




DEFEEIAL; $SEQNLY.

UNCLASSIFIED e e e e e

) ... 0:. L] O:. L X X4 :-
KNOWLE ME *

The authors wish to acknowledge the {nvaluable aid and interest of
a2 number of persons who directly or indirectly contributed to the execu-
tion of these studies and the completion of this report.

Dr. Stafford L. Warren was primarily responsible for the initiation
of the program under the Manhattan Engineer District.

Dres. W. 5. McCann, A. H. Dowdy, W. F. Bale, Harold Hodge and
L. H. Hempelmanr participated in the early planning of the work and
requently made general and specific decisions which contributed much to
the success ¢! the program.

Dr. Hymer Friedell and Dr. Fred Bryan were of great assistance
as representatives of tne office of the Medical Director of the Manhattan
Distriet.

e Dres. J. C. Hamilton. Jack Schubert, E. R. Russell, Austin Brues
and B. M. Parksr contributed scome of the information used in this report

) an? irn some caser reviewed parts or all of the manuscript.
— Drs. L. H. He=mpelmann, T. N. White, Frederick Reines, E. C. Anderson,
J. T. Brennan and G. W. Tavior reviewed the report and centributed many
conSITucUIVE CriLCISES.
eoe wmoe oo - - __-' ’ ™
) o.o .E..Es : : : : .hv - T -.]
.:0 05‘ E." ee Seo daio A AL Yot o
1065952 DEFISIAL DUl Uk GLAZSITIED
c 5 ARk
—‘!—e".':_':'- ---': : ..



ee seoe L ] Ld e
8.0 e .0 -.I"‘:‘ °
-o

JNCLASSIFED  FHE

NOY 30 gs59 CIRCULATION LIMITED

HEALTH AND BIOLOGY
Distribution No. of Copies

Argonne Natioral Laboratory

Armed Forces Special Weapons Project
Atormic Energy Commiss:on

Brookhaven Natiornal Laboratory

Bureau of Medicine and Surgery

Chicago Operations Office

Coiumbia University (Failla)

General Electric Company, Richland
Hanford Operations Olfice

ldaho Operations Office

Knolls Atomic Power Laboratory

Naval] Radiological Defense Laboratory
NEPA Project

Nex York Operations Ofice

North American Awviatior, Irnc.

Oak Ridge Naticnal Laberatery

Patent Branch, Washingion

Public Health Service

Technital Informaticn Divisicn. ORE
UCLA Medical Researcs Laderatory (Warren)
Uaiversity of Califarnia Radiauor Laboratory
University of Chricags Tcexicisr Laboratory
University of Rochesicr )

Western Reserve Urnivics:iw (Friedell)
Sand:a Corporaticr

J. R. Oppenhcimic:

AFSWP, Sandia

N st ot et 0t UV o 30 gt D 0 v D o gt Pt ot =t o Bt N pe e pe e LD NI NS

Los Alamcs 1
50
’,
..: .E.- . -OE° : : E PR R '
¢ . & : :° Eo. : " — .' c‘ . :}

1065953 S o |
OFRIGAL sUSE (OMY WCLASSIFIED




hSb690|

\“-'.r-\

')',‘UL.

LSRR

Fig. 1

Nuclear Track Autoradiograph Showing
Localization of Plutonium in the Bone
c! the Rat. (A. Williams, J. Wellnitz;-
Po:tomicrography by Los Alamos
P:otographic Laboratory).
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2. To provide the best possible quantitajive basis for the diagnosis of degree
©{ exposure of personne] to plutonium.

3. To determine the degree of f{ixation of plutonium by man and establish
criteria for the period of retirement {rom further exposure of workers
having received 2 maximum permissible dose.

4. To provide more extensive and quantitative data on the deposition and
excretion of plutonium by man as a basis for future consideration of maxi-

mum permissible body tolerance.

Need for the above information was recognized several years ago. It was also recog-
nized that such information could be obtained only by administering small tracer amounts of
pluonium to persons with a relatively short life expectancy. The f{irst tracer study was
initiated Aprii 10, 1945 (12). Shortly thereafter, both the Chicago and Berkeley groups in-
itiated similar studies (13), (14).

This report is the final presentation of the results of twelve plutonium tracer cases
studied as a joint project of the Los Alamos Scientific Laboratory of the University of
California and the Atomic Energy Project of the University of Rochester School of Medicine
and Dentistry.

The results of the studies conducted by the Berkeley and Chicago groups are correlated
with the present ones providing a collection of data {rom sixteen cases.

In addition to the twelve tracer cases mentioned above, the Los Alamos Scientific
Laboratory has had approximately Six years experience with exposure problems associated
with the processing of large amounts of plutonium.

Wherever applicable, the Laboratory's experiences with the exposure of personnel are
used to enlarge and supplement the data coliected from the plutonium tracer studies presented

‘n this report.

/
METHODS

A. Sclection and Descripiior_o! Subjects

The life expectancy of the individual was carefully considered as a basis of selection
of subjects fcr study. As a rule, the subjects chosen were past forty-five years of age and
sulfering from chronic disorders such that survival for ter years was highly improbable.

By adhering to these criteria, the possibility of late radiation effects developing would be
avoided. Furthermore, an opportunity to obtain post-mortem material within a few months,
or at most a few years, would be much greater.

Of twelve patients chosen, ter. were past the age of forty-five. One was only eighteen
years old, and has since died of Cushing's Syndrome. Up to the time of this report, and
approximately five years since the initiation of the first study, five subjects are known to have
died of their diagnosed illness. Autopsies and tissue samples were obtained from only three

of the {ive terminated cases. f":-’h\ \ Le - ﬁ-:t 4 f.-;)

Brie! summaries of the medical histories 3! the subjects of these studies are as follows:

Hp-l )
This patient, a sixty-seven year old white male with a nine year history of peptic ulcer,
was admitted to the hospital following a severe gastrointestinal hemorrhage. The presence
of a duodenal ulcer was confirmed by x-ray examination and a traction diverticulum of the
esophagus was noted. Clinical diagnoses included duodenal ulcer, gastrointestinal hemorrhage
with secondary anemia, and esophageal diverticulum.

oo ¢ eee o
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Hp-2

This patient, 2 forty-nine year old white male, was a known hemophiliac and entered
the hospital on this occasion for the thirty-eighth time. Symptoms referable to hypertension
had been present for three years. Clinical diagnoses on this admission included hemophilia,
essential hypertension with hypertensive cardiovascular disease and coronary insulficiency, and
chronic arthritis,

Hp-3

This patien:, a forty-nine vear old white female, was admitted to the hospital with com-
plaints of pigmentation of the skin, pruritic dermatitis and dependent edema. Initial clinical
studies were carried out in November and December 1945, at which time diagnoses of hepa-
titis of unknowt. eticlogy and hypoproteinemia were made. She was admitted for follow-up
examination 1in October 184€, wher she appearecd i1n good health.

Hp-4

This patiert, an eighteen year old white fernale, had a history of Cushing's Syndrome
singe 1941, Her admission i October 1945 was the {ifth period of hospitalization. Chief
cemplaints on this occas:sr were referable to hypertension and osteoporosis. The clinical
diagneses were tasophile adentma o©f the pituitary gland with hypertension, hypertensive heart
disease, nephropathy with ure:nia, osteoporosis, and a staphviococcic infection of the urinary
tract. The pauien: ran a dowt hill course until death in uremia occurred in Aprcil 1847,
Diagnoses at autopsy includes tasophile adenoma of the pituitary gland, atrophy of the thyroid
gland, hypertropny o! the adrenais, hypertrophy of the left ventricle, hypoplasia of the uterus
and ovaries, osteopcrosis ¢! the spine and pelvis, and chronic nepuritis,

Hp-§
This patien:, a fiftv-six vear old white male, was admitted to the hospital in November

1045 with complainis cf/ gerneralizel weakness and difffculty {n walking and swallowing of three
years duration. The clinica! diagnosis was amyotrophic lateral scleresis. Death occurred
tn April 1546. The diacrnoses at autopsy included amytrophic lateral sclerosis, bronchopneu-

monia, generalized artericsclerosis, renal cysts and adenoma of the right kidney.

Hp-6

This patient, a feriv-five vear old white male with a history of Addison's disease since
Janvary 1543, was acdm:iticZ tn the hospital on December 14, 1945, for treatment of numerous
infected lesions of th¢ evei:ss and toes. He responded to conservative treatment and studies
began during comvaiesccncc. Orn readmission in June 1947, his condition was essentially un-
changed,

Hp-%

This patient, a fifiv-mre vear old white female who had been previously treated for
heart disease and hypcrihyroidism, was hospitalized on January 21, 1946, for cardiac decom-
pensation. The clinical diagrioses were rheumatic heart disease with mitral insulficiency and

aunicular fibrillation, and toxic nodular goiter. She expired in October 1946. Permission for
autopsy was withheld, but the probable cause of death was lobar pneumonia.

Hp-8
This patient, a forty-one vear old white fernale, kad a history of scleroderma since

January 1845, and a ducdenal ulcer {irst diagnosed in 1944. The clinical diagnoses on this
admission were scleroderma and duodenal ulcer,

.-..13 S’ E- E E' :. E
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Ep-2 *
Thme patient, a sixty-six vear old white rmale, was admitied to the hospital in March
1048 with a history of generalized dermatitis and weakness of eighteen months duration. A
diagnosis of dermatomyositis was made. The patient expired in July 1947. Diagnoses at
autopsy included generalized muscular atrophy, dermatitis, purulent bronchitis and broncho- .
pneumonia, hypertrophy and dilatation of the heart, and chronic passive cengestion of the liver

and spleen,

Hp-10

'I'.his patient, 3 fifty-two vear old negro male, was admitted to the hospital on March 24,
1946, ir acute congestive heart failure. A history of hear: disease since 1926 was ocbtained,
and his history includel both rheumatic fever and luetic infection. The clinical diagnoses on
this admission included rneumatic Rear: disease, latent treated syphilis and ethmoidal and
{rontal sinusitis.

Hp-11

This patient, a sixiyv-cigil vear old white male with history of alcoholism and dietary
inadequacies for many years, wis admitteZ to the hospital on December 12, 1945, with com-
plainte of dyspnea antg abdominz! swelling, He expired on February 26, 1946, and diagnoses
at autopsy were cirrhosis of the liver, ascites, and thrombosis of the pertal vein.

Hp-12

- This patien:, a fifty-three yve.r old coicred male, was hospitalized on March 25, 1845,
followirng an automobile accidert in which he sustained comminuted fractures of the left femur
and right patella ard a transverse fracture of the right radius and ulna. Fhysical {indings
of note included a left lenticular caiaras: and marked hyvpertrophic and atrophic arthritic
changes 1n both khees, together wiil osteochondromatosis of the left knee.

B. Management of Subjects and C:llectiorn of Samples

Ten of the twelve patienis were cared for in the special metabolic ward of Strong
Memorial Hospital. The generil management of the ward patients was as follows:

A control period of abeu: ten divs was utilized to instruct the patient in the quantitative
collection of urine and feca! sproimens. During this period all necessary adjustments to
v-ard routine and all necessary mc2:fications in diet were completed. After the patient had
proven himself capable of coopcrat:nr, a series of control urine and fecal samples were col-
lected for the parpose of blank™ deicrminations by the method of plutonium analysis. Pre-
ceding the injection o! plutonmic= and agair at termination, physical and laboratory examinations
were conducted on eack subject. . .

Blcod samples were draw: inte dry sodium citrate as an anticoagulant. Samples of
15 m}! were taken before admimistration of plutonium and at four hours, one day, three days,
six days, ten davs, fifteen days, etc., post injection. .

Urine samples were collectes directly into half-gallon {ruit jars and preserved with
formaldehyde. The urine was usually collected in 24 hour periods except on the day the
plutonium was given. During the first day it was collected in two 12 hour periods.

Fecal samples were colleciec in three-liter beakers. The patient was instructed to
empty the bladder before defecation to avoid admixture of urine and feces. As a rule feces
were pooled during intervals of four days, except immediately after the plutonium was given
when the {irst two Stools were collected separately. All samples were preserved by boiling
for ten minutes with 6 N KC1.

Tissue samples of {rom 25 to 150 g were obtained at autopsy and preserved in 80 per .

cent alcohol.

: T
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C. Administraticn of Pluicrivm

The plutonium solution usec ir these studies was prepared by dissolving 5.0 mg of
spectrographically pure plutonium metal in 1.0 ml. of 2 N HNO3. The solution was assayed
for plutonium by alpha counting. An appropriate aliquol of the plutonium solution was placed
in a 10 ml volumetric flask and diluted to velume with sterile 0.41 per cent sodium
citrate-2H,0. The solution prepared in the above manner had 2 pH of approximately 5.5 and
the plutonium was in the {orm of Pu"-:omplex.

The technique of injection and the method of assay of the injected dose were as follows:

One syringe was {illed with sterile saline and a 22-gauge needle attached. The other
syringe was {ilied with 0.5 ml of the plutonium solution and the needle used for filling the
syringe was discarded. The needle of the syringe containing sterile saline was tntroduced
into a cubital vein and the saline slowly injected to insure unrestricted entry into the vein.
The syringe was then carefully detached {rom the needle, which was still in the vein, and the
syringe containing the plutonium injection solution was substituted. The plutonium solution
was infected rapidly after which the syringe was rinsed once by drawing it full of the patient's
blood and discharging the blood back into the vein.

The same syringe and needle used to inject the patient was used to measure 0.5 ml
aliguots of the plutonium solutiorn into each of four volumetric flasks. The washing of the
syrirge and the other esserntial steps of the injection technique were duplicated. The contents
of each flask was diluted to volume with 2 N HC1 and a suitable aliquot of each evaporated
directly on platinum discs and assaved for alpha activity. The average of the four assays
was taken as the amount of plutoriurm administered to the patient. The average standard
deviaiion for each set cf {four results was 3.0 per cent. The amount of material received by
each subject and the dates ¢! injecticr are presented {n Table l.

TABLE 1

AMOUNT OF PLUTONIUN ADMINISTERED TO SUBJECTS V1A
INTRAVENOLUS INJECTION® AND THE DATE OF ADMINISTRATION

' Desigration of Surrect Da:e of Injection ug Pu Injected
{ Hp- October 16, 1945 4.6
' Ep- 2 October 23, 1845 5.1
Hp- 3 November 27, 1945 4.9
Bg- s November 27, 1945 4.9
in- 3 November 30, 1945 ! 5.1
Hg- € February 1, 1946 i 5.3
K- 7 February 8, 1946 | 6.3
Hp- € March 9, 1946 i 6.5
Hp- 9 April 3, 1946 1 6.3
Hp-10 , July 16, 1848 i 6.1
Hp-ll ' February 20, 1946 | 6.5
Bp-12 © April 10, 1945 ; 4.7
Pu was administered as Pu*4-citrate in 0.5 ml
of 0.41% solution sodium citrate- 2H0.
Average standard deviation of determunation of
dose was 3.0 per cent.

10b59b |




D, Anajyiical Procedures

All urine samples were analvzed {or plutonium using the cupferron extraction procedure
civeloped at the Los Alamos Scientific Laboratory for the determination of exposure of labora-
. tory personnel (15).

Fecal samples were analvzed by a modilication of the cupferron procedure published
earler (16).

Blood and other tissue samples were “ashed” either in 2 muffle furnace or with conc. ENO3
and H203. The ash solution was analyzed for plutonium by the cupferron extraction procedure
in exactly the same manner employed for the analysis of urine ash solutions.

m. RESULTS

A. Clirical Observations

Acute toxic effects from the small doses of plutonium administered in these studies
were neither expected nor observed.

As seen {rom the summaries ¢! case histories (Pages 10 - 14), the subjects used in
this study were suffering from a varieir of conditions. In most cases, however, kidney and
liver function appeared to be essentiilly normal. There were two notable exceptions.

Hp-4 was suffering from Cush:ng's Syndrome and chronic nephritis. The highly abnor-
mal condition of this subject was accomn p.rie"‘ by higher plutonium content in blood and urine
and apparently a slower ra:e of plu crium fixation in bone. In faet, several of the urine
analyses were ruled non-represeniaiive o the basis of the Chzuvenet criterion,

Hp-l1 was moribund at tne im. ouidnium was administered. Therefore, no plutonium
excretion values were obtaincs. Anailrmuical c.agnosis revealed cirrhosis of the liver with
asenciated ascites, which indicated miarxoZ :mpairment of liver function.

The data ir Table 2 summarize s =i¢ ¢! the chinical laboratory observations. Tnese

. show no consistent trends i- n— s.2iin, red blood ceil count, white blood cell count and
di{ferential count as a resslt o! tis c‘.':.' c! approximately 5 ug of plutonium. The rise in
hemoglobin and rec blood cell ceunt -..°. l',’- 12 probably was a result of therapeutic measures.
The ohservations in Tabie 2 were g.oit¢ 1n accerd with those made by Russell and Nickson (13)
wno collected exceillent ciimieal lakh- rniry d:l'.a from two cases following administration of
plutonium. One 1ndividua received €.2 ¢! plutonium and was followed for 155 davs. Another
subject received 95 g of pluton:cn ans uas followed for sixteen days. No alterations attrib-

utable to plutoniurn were found in th¢ constituents of the peripheral blood of either patient.

In the present series clinical evidence suggestive of liver damage did not appear. While
specific tests of liver function were rct as a2 rule listed in the protocels, the possibility that
injury to th:s organ might appeaz was cons:dered.

Admitiedly the observations made during this study provide no evidence of what may
happen in 10-30 years. It may be said, however, that these studies and those of other investi-
gators indicate that the intravenous injection of! a single dose of 5 to 100 ug of plutonium was
without acute subjective or objective clinical effects,

B. Deposition of Plutonium in the Body -

Since the beginning of this study, four of the subjects (Hp-4, 5, 7 and 9) have died
as 2 result of their diagnosed {llness. Another subject, Ep-1], was in the terminal phase at
the time of injection. Autopsy and tissue szmples were obtainec¢ in only three of the {ive
. cases. Two bone specimens were obtained frcm KEp-12 during open reduction of {rac:.-es and
2 number of his teeth were obtained at 2 later date. E.ood samples were obtained from all
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CLINICAL DATA ON SUBJECTS'RECES s".'.\"U\aRAVE\OLS INJECTION OF
APPROXIMATELY 5 g OF PLUTONIUM AS ) CITRATE
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suhjecis before plutonium injectiorn and at {frequent intervals thereafter. All tissue samples
were analyzed focr pluionium by the cupferron extraction procedure subsequent to ashing.

The data in Table 2 show the results of analyses of the varjous samples for plutonium,
The results obtained by Russe!! and Nickson (13) (referred to as Chi. I, U, III) and Hamilton
et al (14) {referred to as Cai. I) are presented also. Two important points must be kept in
mind when considering these data: (1) The samples of human tissues were, for obvious rea-
sons, rather unsatisfactory. In most cases they were too small, poorly representative and
were usually what could be obtained under the circumstances rather than what were desired;
(2) The subjects were chronically il and/or elderly and the results may not represent exactly
the distribution of plutonium in tissues of healthy persons of average working age. These
data, however, are all that are available and, therefore, must provide the basis for our pres-
ent concept of the distribution of plutonium in the organs and tissues of man. They must
also provide a basis for comparison with the results ottained {rom the numerous studies of

plutonium deposition in experimental animals.

1. Deposition in the Skeleton

Animal experiments (1), (2) reveal that approximately 60 per cent of plutonium injected
as PuOges and Pu” <4 _ citrate is localized in bone. U the vertebra, sternum and whole ribare
taken as representative bones of the skeleton, and the average plnzonium content (.00657% /g),
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IABLE 3

DISTRIBUTION OF PLUTONIUM IN HUMAN TISSUES FOLLOWING
INTRAVENOUS INJECTION OF PLUTONIUM SALTS

l Sub]ﬂ'!“) an2 & of Injected Dose,/¢ of Tissue Rel. Py Org. Cale.
Tisse' 27 [ Brot [ Woes | Mpeli DCm. 1 | Cm. 11 | Mpo12 | Cab 1 | Av. B/g | Atan' 2| wi!®) | @/0rgan
Bone Marros i .. I -~ | .0098 , .0183 | .0210 - .025C | L0187 13.3 3,000 (S8.1)\®
Rad..s ( Frag neaZ. : - .- .. ! L3 ’ - 0187 .o .. e e .
Lives ! 0325 ! 0144 .oce? l 0138 ' L0024 - . 0138 9.7 1,700 2.1
Rit {Coriea} ; -1 e e 1001 0198 | - 150 | L 9.1 - .

L opazeis R R b 0 e | lot08 - . - - -
Veriessa [N O ' 0L o 017 : .o .- : .- .. L0073 8.2 :’:i] ..
Stere.= N S SN 27 - | - . 0071 5.1 %) 10,000 = 65.7¢%)

| Rip (Wriie Loesr  ocie  Loted : . e .0082 s [l .

! pericsie= (Rit Yo . e 03, 0B g .. ' 0%t .003% 28 = .. -
Ealec: RN S T 2 | 0:: .. o ! ool 18 200 0.4

' Kieney DD MIT i s LLiis . I - L0918 1.0 o0 0.4

! Tayr.2 LT - N 2¢ ee 1 DTS e, - 0C 14 1.0 n ..
Adreza BRI TN R T L R .- ee U | 01 L0 " -
Larg T S ST Y S S PO R ' e b e | oLoen o8 0sc L0
Fancreas DRIT etz .o . o | o008 0. N .

! Gonads IS PN (- 344 N 3¢ e 4 e .003% 0.8 - .
Lymps Nede e 1 .. N S N .- .00C7 .$ 700 0.5
Teetr (Av. of T} - Foee e e -} 0c2d . - - - -

! Heart L0203 Lo N £ TP -2 ¥ N B -- L0003 0.2 30 0.1
Large Intes:me 002 : SRR 15 EERP AN <) . - | .0002 0.1 (|,2.900 0.5
Smal Intestire N SRR R . - L0002 0.1 .- -
Muse.e ane Sair. o0ct .o Loeozoloeni | oLoesi - -~ | .o0ct 0.t 38,500 X
Bla¢ O R oy - . - - - 5,400 02! ¥
Baiasce i .. ! va : .. ; . ! . -t - Uk - 9,800 0.9
Tota! R R B - .. - - - 10.000 L LR

! a "hc various sublects receives tne follossng doses of plutontum: Hp-5a 8 ug: NHp-P = 8.0 ug:

Hp-1le 8.8 ug;: C lo‘é.‘ Cht. 0 » $4.8 ug: NHp-12 0 4.7 ug; Cal. I » 103 5.

n)'huuu were obtained 3t the followiag times after injection: MHp.$ ISl days; Hp-9 456 anys.
Hp-11 8 dsvs; Chi. 1 139 days. T, 11 18 days; Hp-12 § days; Cal. 1 4 days.

"’c-mnm by cniding ¢ of tiseve by % g of body weight 1f 3 unit dose & Py was equally
distr. tn 3 70 A\g. mae, ,

“)unmum Lisco, Memorandam to AEC, July ‘2L, 1947, Project Standard Man.

‘”Auumulon thade Lha: veriebri, sternuir and whole rib represent average bone ;f skeletal system,

‘Hbom marrow not included In tow} recovery because tone samples were not freed of marrow be-
fore analysis.

”’Bumcc assumed 10 have same P'.a contert 3s mustie.

{8)ya0ue for blood takea at 30 day potrt, Frg. 3.
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multiplied by the skeletal we:ght o thé "*Slandit8 Man'® (17), then 65.7 per cent of the injected
dose is the estimated amount of plutonium in the skeleton of 2 70 kg man. Although the latter
value was established rather arbitrarily, 1t is in good agreement witl the value expected from
animal experiments,

The data in Table 3 indicate a rather high plutonium content in bone marrow. The
average of four determinations {rom three different laboratories was 0.0187 per cent of the
injected dose per gram of marrow., On the basis of 3000 g of bone marrow, there would be
56 per cent of the injected dose concentrated in the marrow of a 70 kg man. Animal studies
do not show appreciable concentrations of plutonium in the marrow. The major areas of
plutonium concentration in rats and mice are the endosteum, periosteum and the epiphyseal
line. It 1s quite possibie that the sampies of human marrow were {00 small to be representa-
tive, contained endosteum or spicules, or that the high deposition was an indication of an age
factor related to the fact that the epiphyses ©of man unlike those of the rat unite at maturity.

2. Deposiuor ir_the Liver

The average plutonium deposition in the liver {for the f{ive cases was 0.0}36 per
cent of the injected dose per gram, which corresponds to 23.! per cent of the dose i{n a 1700
gram liver (Standard Man), Table 4 presents the liver data in more detail, including the two
cases reporsted by the Chicago investigators (13). :

TABLE 4

LIVER DEPOSITION OF PLUTONIUM ADMINISTERED INTRAVENOUSLY TO MAN

i ; Davs After Liver Wt. l % of Dose % of Dose
Subject " lniccuss in Grams i per Gram per Organ
Hp-5 A 151 ‘ o | .0320 i 42.8
Hp-9 ETY 1600 ' .0144 | 23.0
Hp-n'H 5 2325 ; 0053 ; 12.3
Che1' ¥ 2t 2050 ! 0139 ! 28.5
chiapt 33! i 1110 ! .0024 § 2.7
AVERAGE 1

164 1 : .0136 ; 21.9

(”Hp-ll was 1 terminal phase of illness; plutonium deposition probably low because
of severe cirrhosis of the liver.

(2)Chi.-l! wag in terminal phase of adenocarcinoma; plutonium deposition probably
low because o! metasiases to the liver.

(S)Russell.E.R. and Nickson, J.J. {13)

Two cases (Hp-ll and Chi.-II) were in the terminal phase of illness at the time plutonium
was administered. Both showed advanced liver disease, The values {or plutonium deposition
in the liver of these cases is highly questionable. The results in the other three cases,
however, were rather strikung. As pointed out by Russell and Nickson (13), the content of

'0: .E. E- 1903: Eo. Ea:
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-aals. E»en thou,.h one o' thezr cases survned 185 days after receiving plutomum in t.he
valence sitate (a form known to give low lLiver deposition in rats (1) (2) ), 28.5 per cent
of the i1njected gcse was found in the liver. Subject Hp-5 had 42.8 per cent of the plutoniun.
injccted as Pu’"-citrate deposited in the liver after 15! days. The third case (Hp-9) survived
456 cays and had 23.0 per cent of the injected rmaterial deposited in the liver. Considering
the elapsed time after injection, the plutonium content of the liver in the two latter cases
was even higher than that observed by Russell and Nickson (13). The apparent higher depo-
sition in the latter cases might indicate the destruction of the Pu*4_citrate complex by the
human liver, The results compare f{avorably with those obtained when rats were injected with
uncomplexed quadrivalent plutonium ion (1), (2), (3). The limited data presented in Table 4
indicated rather strongly that the retention of plutonium by the liver may be much greater for
man than for rats and mice, and may be of the order of 20 -40 per cent of the injected dose
¢uring the {irst year. A compariscn of the survival times and the amounis of plutonium de-
posited in the livers of Hp-5 and Hp-¢ seems to indicate a "plutonium retention half-time" in
the liver of one vcar or greatcr for marn as compared to 40 - 60 days for rats.

3. Conceniration in Birnd

The daia in Tapis 3 show the corncentration of plutonium in blood at various times
after the intravenous injecticn rf approximately 5 ug of plutonium as Pu®4-citrate. The re-
sults are expressed :n per cent of the injected dose in the total blood volume. The blood
was assumed to be 7.7l per cent of the tola! body weaght (17).

The individual observai:ons var:ied widely, especially during the {irst four days. The
mean values, however, fell on 2 smz-ix curve (shown in Fig. 3). '
The drop in blood pluton:um: cunient was very rapid at {irst, and reflected the very
rapid rate of fixation of the mater:al 1= the bodv. The mean blood concentration 4 hours
»r injection was 35.7 pcr ccni, a3t on: day 15.7 per cent, at 10 days 1.2 per cent. Thirty
5 after injection the blood cc".:"..."'.:" of pluionium read {rom the curve in Fig. 3 was
vaiy 0.3 per cent of the injectcs ¢-s. ir the total blood volume. The extremely small amount
of plutonium in the circulating b!=.Z elim:nates blood analysis by the usual counting procedures
as 2 means of diagnosing the dozroe of exposure of personnel. The application of techniques
employing the counting of alphs trarus reg:siered by alpha sensitive nuclear track photographic

emulsions may prove possibic.

4. Deposition in Othtr Orpans

The amounts of plutonize. deposited in organs and tissues other than skeleton, liver
and blood were rather small. Wnaern the per cent per organ was calculated, based on the organ
weight of the “Standard¢ Mar'", the results were in reasonable agreement with what was antici-
pated from animal experiments. The cdata showing the per cent of dose per gram of organ
and per cent per organ are given in Table 3 (Page 18). The kidney and spleen each had an
estimated average plutonium content of 0.4 per cent of the injected dose per organ.

The relative affinity of the various tissues for plutonium was calculated by dividing the
per cent of the dose per gram of organ by the per cent of the dose per gram of body weight
when the material was assumed to be equally distributed in 2 70 kg man.

The bone, bone marrow and Liver were the only tissues that showed a relative plutonium
affinity appreciably greater than unity. The spleen was 1.5; all other tissues and samples
were 1.0 or less. Obviously the skeleta] system and liver are the tissues of major interest
when considering the plutonium tolerance, as these two organs alone account for 50 per cent
or more of the total plutonium in the entire body.
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TABLE 5

PLUTONIUM CONTENT OF BLOOD SAMPLES® FOLLOWING INTRAVENOUS
INJECTION OF APPROXIMATELY 5 ug OF PLUTONIUM AS Pu*4.CITRATE

Abr:ryrsn | PATIENT CCDE AND PER CENT OF INJECTED DCSE IN TOTAL BLOGD VOLUME®
INJECTION | Hp.l l H»-2 I Hp-3 I Hp-4 l Hp-S THp-G I Hp.7 l Hp-0 | Hp-9 Hp-10 | Hp-12 | AVERAGE
1,76 46.02 ' - ] w32 ' 83.31 | 3151 | 36.70 | 32.87 | 37.64 | 40.83 | 5157 | §.31 35.7
1 2163 l 19.2¢ 1 - - 6.23 | 1087 | 16.40 | 1051 | 12.39 | 24.86 - 18.7
2 ! " 6.3 u.se; - - - - - . . - .87
2 - 11003 ' . 1584 .18 2.94 6.97 4.94 | 522 | 20.06 - .62
, T i - . . . - . . . .
5 ol . i . 0.66 . - - . . . -
! ¢ I &2 21T, 64 . lo¢ | 2.96 2.07 | 391 | 491 - 3.4
! : -2 142 . - . - - - - . - 1.9
i 2 . . -4 - . I . . .
' : 143 . - -, 0 Tt .13 1.3% 2.21 112 - 1.2
. 2 . . 0.6: 24, - - . . . 1.8
! 1 . . . - own , ¢.2¢ j o6t | 071 142 | 102 . .70
. i . 0% 42 N S . - 1.0
I . 0" .. v G2 . -] - . - .3
P S T . - - .
| 2- oo . . . <4 - 0.37 - . - . .
| 1 { . . . . - - . - - 0.36 - -
; 2. } . . s s - - - . - - 0.51 -
2 | - . R . - - 0.42 . - -
N [ B . . et . . . .
I «s T TS - - . . - 0.48 .
L .T;ul Veipm of Blood Taken as 7.71%7 of Total Body Weight.

C. Excretier of Pluisnivm

l. Urninary Excretiorn

The urinary excretion of plutonium was studied in eleven of the subjects following
the intravenous injection of approximately 5 ug of plutonium as Pu*4 in 0.4 per cent solution
of sodium citrate.2H20 . With the exception of the first day, urine {rom all subjects. was
collected in 24 hour samples through 22 days post injection. After 22 days the collection of
24 hour urine samples was continued as long as the patients were available for study. It was
not possible to retain the subjects as long as was desired and the major weakness in these
results i{s the short time interval over which the studies were continued. Two subjects were
followed 2Z days, one for 23 days, one for 27, and the remainder for 30 days or longer after
injection. The Chicago cases (13) were followed for 16, 140, and )86 days and the Callfornia
case (14) was followed for a period of 341 days. Because of the great importance of measure-
ments at longer time intervals, the Chicago and California data have been incorporated with
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the cata {rom these studies. The ré %7i8% analyses through 138 days post-injec-
uon are giver in Table 6. Resulls” are expressed as per cen! of injected dose excreted per
day.

The means, revised means, and standard deviations for the daily urirary excretion of
plutonium from 0 to 136 days post-injection are given in Table 7. The equation of best fit
{or the observed means 1s 3 logarithmic {function:

13
Y = aX - [l]
where Y 1s the amount of plutonium (expressed as per cent of injected dose) excreted in a
single day. X 1s the time of observation in days posi-injectiorn, and a and b are constants de-
rivec from the observed data by the method of least squares. Solution gives the {ollowing

expression for the best curve of fit for the urinary excreuon of plutonivm utilizing all avail-
aple data from O to 136 davs pesi-injection:

) 07T
Y, = 0.23X% (2]

The agreemert between observed mean values and the derived expression {or the urinary
excreuon of plutonwen. through 136 davs post-injection is illustrated graphically in Fig. 4.

Ir this grapn t=e circles represent the observed means and the solid line represents the de-
rived expressien.  Tho agreement is fa:rly good. The overall standarc error of estimate,
Syx . (dotermurned by the vecal methods of correlation analysis) was 2 32 per cent. The
largest contributiene te the standard ercor of esuimate come {rom the 0 to 10 day portion

of the curve anzi {rom the laticr portion where there is an increased scatter of points be-
cause ol the decreasc in numder 0f cbrervations.  Actually, attempis at céurvilinear regression
Line fitting ndicate that tid funruion Y = aX-! 1g the best curve for the 0 to 10 day period
rather thar the logarithmic curve presented. We believe this difference in functional relation-
sh:p may be due'ic the clearance ¢! the njected plutonium from the blood during this early
period after injeoiinn.

Exirapolation ¢f the Zirived expression beyond 135 days introduces increasing uncertainty
with increasing values ¢! X, In crder 1o interpret the excretion results in standard terms,
i.e. "biological kall-lifc™, despite the fact that the data are not fitted by a single exponential
curve, we have chosen o deiermine T2 by assuming exponential excretion beyond the limits
of observation and esuimauing T2 {rom the last point on the excretion curve (a single value
of the crdinate ). One may Lon assume the slope of the excretion curve 10 be zero at this
poiat anc calculate an al-solute mirimum value for the "biclogical hall-time™, TFor the above
reasons it 1§ imporstar: ¢ supplement the urinary excretion data beyond 138 days to the
greatest possible exte:nt. Threc additional groups of samples were obtained {rom two of the
cases after the clese ¢f the expimiment. One group of four consecutive daily urine samples
was obiained from: Hp-C beginning on the 523rd day and another group beginning on the 1610th
day after injection. The average daily urinary excretion of plutonium at 523 days was 0.002
pcr cent, and at 1610 days 0.COl) per cent of the injected dose. Four daily samples collected
from Hp-3 beginrang at 1645 davs after injection showed an average daily urinary excretion
o! 0.0006 per cent of the injected dose.

in addition 1o the three groups of samples mentioned above a number of urine plutonium
assays were madc on wnrkers a! the Los Alamos Laboratory. A few of these individuals
accumulated measurable amounts of plutonium during wartime operations. They were removed
from further exposure to plutonium and dccasional urine assays were made over a period of
the next several months. The urine assays on three members of this group are given in
Table B. Since these individuals received unknown exposure doses via the usual routes of
entry over an indefinite time, the results are not arnalogous to a single intravenous injection
of & known amount of plutonium. However, the inclusion of these individuals has been at-
tempted in order to extend the excretion curve. An attempt has been made to interpret their
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WIDUAL URINARY EXCRETION VALUES OF PLUTONIUM FOLLOWING INTRAVENOUS ADMI.‘\'ISTRATION“,
TO HUMAN SUBJECTS (EXPRESSED AS PER CENT OF DOSE EXCRETED PER DAY)

1 DAYS PQST -

PER CIXT OF INJTCTID DOST EXCRITES PER DAY

I

! INFESTION | Mo- 1

B : v
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[ ) R ENEED S L30T T L 083 4 ) 01 | .83T | 2831 ) 182 .40
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INDIVIDUAL URINARY EXCRETION VALUES OF PLUTONIUM FOLLOWING INTRAVENOUS ADMINISTRATION
TC HUMAN SUBJECTS (EXTRESSED AS PER CENT OF DOSE EXCRETED PER DAY)

DAYS PCET PER CEN: OF INJECIED DOEL EXCRITLD PER DAY
DISESTION Prol Mg-3 Mp-3  Hped  Hp-5 ' Mp-6  Hp-7: Mp-3 - Bo-9 | Mp-10 | Me-12 1Crr 13 9en 0 ic et gy i)
7" v . . « e e -y . H - . .010 - . 0079
N . . . S -y - . i . -] .on . . L0081
7% [ - . L L . . - - - 0081 - - 004 1
o V. . . . N , . - i . - L0043 . - 088
! % . - . . e e . - . . . K1 - . K171
: ”* . . . . - . - - . l . . .0c82 - . L0086
' o . . . . - e . |- -1 - . o046 | .03¢ . L0048
I s - - - - - N -y . . 0042 - - 0085
: 't Co. - . - - - S T - .0c2 .018 . .0080
! 0 . . . - - - - Y. [ I - -y 004} - . 0084
: [ - - - . . - - . - - . 1 .0C2W - - .0023
’ s - . . . - . .« - -t - . l .oct . . -
e . . . . - - - . . e ' . . 0046 . - .0100
! e - . . - . . N S - | .oere - . .00Te
. ' . . . - B - - § - . - | .0088 - . 0037
: " - . . . . . - . . . - | .ooas - - .0071
i . . - . . . . I - . . 1 .0032 | .017 . 00T
| 8l . - . - . . - | - « 4 . . ' .0078 - - 0088
! [ M - - . - - - - ] - - ' . . .04 . . L0071
| " - - - - - b . R V. - .00¢ - . 0080
\ (0 . . . . . . - ‘ . l - 4 - . - . . 0011
i [H - - - - . . S T . .0093 o1 . .0083
Y 1] . - - . - . L S L . o 018 - 0042
: 'S . R . . . - -t . . . . .008) . . R--1)
. » . . - - . . - . - 1. . K]t 013 - .0083
’ '8 . . . . - . - . - i - - | .O08 - . 0018
10 . . . . - - i e s . - . | 0004 . . .008 1
] 1 . . . . - . I . ! eos . . 0082
' 14 . - . - - - L . .00 .006 - 0040
l 1" . . . . - . . - ;. - l . 008 P l - 0070
LR |\ . . - . - - - L T T .008¢ - - 0031
l - ges . . . . - . . S AL ] (I . .0038
H 101 . . . - . - - . - -] - ety . . 0048
: ©es . . . . . . R S T o008 ! . - .0080
. Wi . . . . . . - e ' . - - 0083 ' 008 . .o0s2
126 - . . . . . - . « - | . ' . 0044
. 1 . . . . . - - I TP L 008 | . ' - 0013
H 1.: . . . . . . - e ' . - e 00T F . ' . 0043
, 1 . . . ., . . . - 1. . . 1018 . T . L0031
: 19 . . . . . . - o . - . . | o008 00T 1 . 0058
: 114 . - . . - . . e L, . . « | o1 - - 0039
l 1 - . . . . e . e - . . e i .0WS I 009 . L0033
] 1t . . . . - s . . | - . .t - . - . %)
1 . - . . . . i . e 4 - - 1 - ' .o0e» . . 423
ik . . . . - 4 . . - - b . | s . - .03
1 . . . . .y . - -7 - . . .008¢ - - 0030
I3 . . . - PR S - . - . . 0091 .00 - D028
ItT) . . . . . : - . e 0 . . . 0041 . . 0047
122 . . - - L - P . - - - .0039,
i ©3 . . . < e . - PR BN . .011% . . L0014
124 . . - N - - « 1 . . . .oose . - 0039
328 . . . . . . - o' . . . 0108 .00 - .003¢
13¢ Lo . e . . . . - . - . . 0037 . - .0032
H - . e i e - - - - - - - .008 .0t - .0040
e - ‘ - - - ! . - - - - - . 0073 - - 0018
™ F B e ' . . - . - - . L0052 - . 0024
139 Ve . PSR - . - - . - - .00%4 - - 0014
131 | « | . - . . - - - - - - - 0078 - . 0011
132 . ‘ -, - | . . . . - - . 0088 .008 - 0038
132 | - e . e . - . - . - - . 0088 - . .0037
1 . o i. - . - . . - - . 008 ¢ - - 0027
13 . e i e . . . - - - - . on .007 - .0029
19 . I . . . . . . . . .00%¢ - . .002¢
187 - . I - . . . - . - - . .0oTs . . .0032
136 - 0. - . . . - - - . . 0073 | .00 - .00 10
Values elminated trom reviaed wwan on msws of the Chauvenet Criterion.
”)Au cases axcepr Chuel, 1. 3 sné Cal.l receives N“ w4 prr cem N-:C.l30’.3l20 solution., The
aner caser received PuOge .
(”nuucx:. X. R, Nickson, 1. J., Argoane National laborstory Report CR-3007 snd wnpublished data.
")knn.uwr.. J.G., @1 al, Regawrt No. CH.3306.
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MEANS®, REVISED MEANS, AND STANDARD DEVIATIONS OF URINARY, FECAL,
AND URINARY PLUS FECAL EXCRETION OF PLUTONIUM FOLLOWING INTRAVENOUS
.DMINISTRATION TO HUMAN SUBJECTS (EXPRESSED AS PER CENT OF INJECTED DOSE)

| __URINARY EXCRETION t FECAL EXCRETION URINARY 8 .
- Revisec ; Revised E
DAYS POST(M“: ~ Mear ; Standard Mean : Mean Standard | niﬂt&n X
INJECTION |& Day % '‘Dav . Dewiation %/Day | %/Day Dewviation ! % /Day
! .5176 3626 | .614 I ,1553 i .1988 .1168 .56 16
2 .1974 . [N +1 ' 2458 | - .1230 14252
3 l L1266 - .082 Po.z218 . - L 0905 © L3541
I 4 | 0952 - o .0s) L1842 - f 1138 .280%
s | .06s2 - e oase -] oesr 2234
6 ’ .0540 0462 L02C . 108§ - i .0440 .1586
< S . .€22 i .0766 - ' .0401 L1267
6 | 0838 - .c22 U r 3 ¥ S - [.0e12 1187
9 P .0424 03%4 .023 | .0847 - - .0415 .1031
10 .0352 £33 .C1E { .0533 - .0385 .0860
I .035% NoBt ClE t 0568 . - .0360 .088s
12 .030¢ 0270 . o6 I 0566 - .0331 .0838
13 .03 €20t 012 | L0812 - .0354 0181
14 .0274 0255 G4 .0453 .0386 .0301 .0636
18 .0253 . .2 l .0436 , .0370 .0286 .0623
16 .021¢8 .08z .11 t,0617 0296 .1080 .0495
1% .023€ - oos: | loko2 .0285 .0411 .0521
18 .C21¢ - 0% .03t .0268 .0384 .0487 .
19 L0190 . L2ED L0278 - t L0168 .0468
20 | -02€C . L300 1 024 - .0168 L0474
21 0165 . L6 L0282 - .0163 .0458
22 © 0182 - 0TI 1 L0242 - .o1e2 .0431
23 | .o2c? . £ 022 . .0156 .0427
24 | 0178 . L2570 ) .e2n .0167% 01481 .0346
25 P L0278 s £33 1 Lo 0MS .0160 .0304
26 L0172 . L3E 5021 .0160 .0156 .0332
2% 1 L01TE ST L2001 082 0118 0123 .0268
25 P L . ¢l L0182 0122 . L0140 .C302
H 0182 . 0775 1 L0185 - © L0468 .0333
. ac | 0124 . N1 & I .0f¢ .0333
31 ' 0ssh . .Coed 0181 - .0119 .0341
32 © L0128 . 000t 0186 . - .021 0316
a3 | e €162 0182 - 011 .0317
H . 0128 - N4 .0182 - .01l .0317
. 3% ' .013¢ . R ¢ 3 0201+ . .012 - .033%
3€ .0143 - | -0055 0180 i - .005 1 .0294
T 014 © L00%1 ! .00€2 0183 | - .0119 .0274.
38 .013¢8 - S L0043 .0181 ! . 0121 .0318
s .0119 - , 0085 0018 | - .0044 .0198
40 .0119 . . | -00s¢ .0088 | - .0031 .0207
4 0120 - 1 o043 0087 | - .0032 .0207
42 0120 | - 0027, 0082 | - -0040 .0202
43 .0130 ! - .004C 0019 | - .0031 .0208
44 .0094 I . .005¢ .0094 - .0015 .0188
45 .0135 . .0050 .0087 - .0049 .0222
46 o1 - 0041 .0088 | - .0053 .0202
7 | .0137 | - | .o0S8 .0084 | - 0072 .0221 .

- *
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MZANS®, REVISED MEANS, AND STANDARD DEVIATIONS OF URINARY, FECAL,
AND URINARY I'LUS FECAL EXCRETION OF PLUTONIUM FOLLOWING INTRAVENOUS
ADMINISTRATION TO HUMAN SUBJECTS (EXPRESSED AS PER CENT OF INJECTED DOSE)

| URINARY EXCRETION : FECAL EXCRETION URINARY &
l { Revised | Revised FECAL EXC.
DAYS POST! Mean l Mean | Standard Mean Mean Standard Mean
INJECTION 1.% Day & Dav ! Dewiaten % /Day % /Day Deviation %/Dav
48 | ,0108 } . L .ocse .0067 - .0018 0175
49 .ol . ! .0082 0064 . .0026 0178
50 . .0L13 . © 0055 .0060 . .0028 0173
51 ! .oo0e4 . .0032 .008 . - 014
. 52 F.0173 - L0154 .010 - - .0273
s3 ] L0104 . .00%4 .010 . - .0204
94 ,02:2 . .0189 .0089 - . .0047 .0281
5% - L01TE Gi1s L0144 010 - ; - L0215
586 CL04f - .0 148 .010 - C. 0246
! s 010 - .00s¢ ¢ .0070 - ¢ . 0176
5¢ 0IE:; - 0136 ©o.008T ;o - '.0018 .0217
s5¢ [N 1) . .01C < .00%0 ) - : - L0179
14 RJBE: - 0074 .pe10 . L. 0185
: 61 | COES - .0e26 ¢ 0060 | - C . .016s
€2 rLO0ER - L0521 '.0064 ;. .0023 . .0147
62 g . R ©ooeE - - 0167
5 05%¢ . .004; . o.oes L . - .0158
(68 . .G . .002:¢ - .0c€3 . - P 0152
¢ JLi2! . L0028 0048, - i . L0165
74 LL0oE . .0022 oU50 ;- P .0140
7e N s . G222 0033 - - L0140 -
79 R - .0022 .0055 - :.0007 0114
E2 NI - .0110 .0055 - I o007 .0166
81 L0048 . .0010 .0055 - 0007 .0103
82 | 0082 - 008 0051 - : .0009 .0144
3 | 0ctL . .0022 .0060 { . [ - ' 0115
4 1 .002¢ . .001C L0050 1 . . .0086
8 N s - - .0060 | - L. .0130
8¢ f.ocT? - ,0526 .0080 : . I ,0123
oc ;.05 . . .007) 0042 . Co- .0133
&4 0707 . . 0040 ! - - 0111
ag LR - . .0044 0050 ; - - 015}
10¢ LLoeTe . 1 .0028 .0056 - - 0135
102 1 .0070 . : .0026 .0038 . - .0108
106 i 0061 - | .0022 0043 - - 0104
108 0062 - 0021 .0038 - - .0106
112 .00 - i .007) L0021 - - 0122
116 0047 . - - .0029 - - .0076
120 .0039 . - i ,0023 0032 ¢+ . - .0071
12¢ 0038 - ; L0010 0030 ! . - .0065
130 0034 1 - ¢ ,0028 .0037 l - P . .0071
136 0041 i . | .0022 0034 - b .0075
138 0086 ! - | .0042 .0025 - i .0083
.Cases of Russell and Nickson and Hamilion, et a] used in computing
means where applicable.
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cnreonic variabie exposure cose in terms of an eifective single dose given at some gffective

time between the limits of exposcfe,

This interpretation was accomplished by {fitting the

slopes of the trinary excretion curves of tlese individuals to the slope of the 138 day curve

in the followang manner: If
on day X, then 0.0023 DX-
minule, excreted or day X when the single dose

’x;uz 0.23 X-0-77 gives the per cent (Y,) of a single dose excreted
0.7¢ is the expression for the measured activity, i.e., counts per

(D) is expressed in the same units, i the

assumption is made that a_chronic variable exposure dose may be represented by 2 single

effective dose {Dp ) then the activity (Yq) in the sample excreted g effective days after this

single dose 15 giver. by the expression

-0.77

Yq = 0.0023 DE q

(3]

The activuy (‘x',._:) ¢! the sample excreted on qea davs after the single dose (there being

nd exposure betweer. q an2 g-al 15 gven by the
. -C.39
T n22 {Qqea:
Y .2 ¢.022 DE fQe-a:
Dividing 3 by 4 ang soiving fer q gives
_ a
Ty
Y -1
v Q-a .

q ther 1s txe effective timd ¢! expisure and its
Dgp ., as {ollows:

-1

0

r -0.7%
" \j 0-‘~"-' . z
\q-(.(.-. DE' - ;

| ‘a i

g | -1

[Te-

[ 3 70.77
DE = 434.¢ 'lq ' " —T130

o,

qQea,

expression

(4]

()

substitution 1n . 3. gives the effective dose

(6]

This expression gives an approximation of the total body burden of a person chronically ex-

posed to plutonivm.

The body burden is expressed in terms of a single effective dose as

determined from two urinary excretion measurements (Yq and Yq.»a) taken sufficiently far-

apart (with no exposure beiween) so that the two measurements are significantly different.
The method of interpretation given above was applied to the urinary plutonium excretion

data from three Los Alamos personnel and their average total plutonium body content approx-

immated in terms of an effective dose at some effective time (q).

%.B.G, W.A_B. and D.L. W, were estimated at
spective effective times of 37, 53, and 42 days
lation.

The elfective doses for
1.3 ug, L2 ug, and 1.0 ug respectively at re-
before the {irst urine assay used in the calcu-

Assuming the above doses, all urinary excretion data (Table 8) collected from these

persons were used to adjust the experimental urinary excretion curve { 2] extending 1t to

least squares analysis.

1750 cdays again using
: -0.74

-Y =0.20X
ua

1065915

The adjusted expression is

(7]
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TABLE 8

PLUTONIUM URINE ASSAYS ON LOS ALAMOS PERSONNEL AFTER REMOVAL
FROM FURTEER PLUTONIUM EXPOSURE

| W p.C. . W A.B. : D.L. W,
" s 1 i ’ '
[ Dns” c-’m-‘?hnf(' PE .-:-:(3‘ . Davs”' crm '24-hr.(z t P.F'rcr“} ’ Daysm 'c/m/h-hr.(z’ . P.Error(’)
P 5.4 cer oo, ) 219 0.6c ‘ Y ! 0.8%
2% €s 0.5 [ b 1.6 0.54 21 8.4 C0.82
Y 5.8 6. at £.2 0.82 % . 9 b 0.8
20t X €4 182 T3 0.%) S FT I L8 C0.48
i .t 0 4% I £ c.s¢ 'oggs 3.2 . 0.48
28 2 C4i a8t 1.2 el 1
'S 3 .48 '
1§34 23 $.4: !
TH ‘4 cis
R 4 1.4 Cas ’ .
M £t 1.6 €3 . ;
1 -
| T 1.4 ¢4
Tyt L.t [t
N X3 1.2 c.4° :
98t 2.1 [ )
M Lo .3 .40
, 1oa e .4 .
I B L3 .4 : i
12 11 (14 H
[ 1294 1.2 XY | ¢
l 282 .t ¢4 |
L IME C. X5 ;
¢ 13% ¢." .4 .
P1446 €. (14 .
y 1574 c.? N | °
31 c.¢ {a i '
I 16%¢ i L.« , : ’
r !
f WA E ¢ coceoceensonnoe R T T .-.-.D;"'.xz..;
E w E G - s ® o & & s o & s * = * ® s e B e v 8 & e & s r e e 0 Dz s l 3 -:
1 D L w ® & 2 o B o e v e s e s e s e e s e s s e s e e e D: L] lo ‘
) YU Dave ater pem vl frim fupiner picionium expIstLTe. . '
-,
te Pipte 05T e turle P 4entur urime sample 3t 30 per ces:
) (IS I
N .9
' 'TProbale €0t faloo.ant 2 frem emmirical formuly derives

sretditing s.pinreln cxirachion preocedure for determurnany

o e o ie e ey
Peelitie™ PRt B

—— — s -

" Fegoli 8ot 2 E. M Paraer 1z private gommmunicanss te N E. Bradbsry,
' Jay T, 1935

3 o -
CEsumated M equaties & Pace 28

Figure 5 shows the adjustec curve through 1750 days represented as a heavy broken line.
The points representing the three sets of data collected from Hp-3 and Hp-6 beyond 138 days
after injection are shown on the graph as triangles. Points originating from the urine assays
of the three Los Alamos workers are shown as circles and the theoretical curve [2] through
138 days is given as a heavy solid line for comparison. The standard error of estimate for
the adjusted expression is 42 per cent due largely to the poorer fit during the first few days
and to the small number of observations during the later time period.

Integration of the expression Y . = 0.20 X-0.74 petween the limits of X = 1/2 and
X = (ne+1/2) gives the area (Ay;) under the urinary excretion curve which represents the total
per cent of the injected dose of plutonium excreted in the.urine up to and including the nth

day after injection.

1065970




¢.2¢]
) .28

€02

2074 .. 0.20 0.
Auago.zc‘/x X« gz |(nel/2)
l'ﬁ

&
£ 0.75 (r-122%% _064 [8)

Whner n s IT30 dave, A, (the total amount of plutomum excreted in the urine through 1750

gave) 15 onlv €.3 per cent of the 10tal injected dose,

2. Fecal Excreticn

The same cases used for urinary excretion studies were used for the study of
fecal ehminauizn of plutomium followin: intravenous administration of Pu~4 -citrate, Fecal
samples were collected caily for the {irst {ew days. Later stools were pooled at four day
intervals because of the unceriainty of obtaining representative 24-hour samples., Plutonium
analyses were made or aliguots of each specimen using methods described earlier, The re-
sulte of aralysis of :rdividual fecal specimens are given in Table 9. Results are expressed
as per cent of the adminisiered dos? excreted per day. Fecal excretion data could be obtained
for orly one of the cases (Chi. -1} reported by Russell and Nickson {13). The original data
were no lenger avauaklc and it was necessary to read individval values {from the graph given
in their repori. Th: oripira: fecal excretion data were not available for the one case studiec
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INDIVIDUAL FECAL EXC

(EXPRESSED AS
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JAZBLE S

RETION VALUES OF PLUTONIUM FOLLOWING

INTRAVENOUS ADMINISTRATION!! TO HUMAN SUBJECTS

PER CENT OF DOSE EXCRETED PER DAY)

DAYS POST,

PER CENT

OF INJECTED DOSE EXCRETED PER DAY

INJECTION | fip-17 Ep-2 ] Bp-3  Bp-4  Bp-51 Bp-6 | Bp-71 Bp-8 | Bp-8 | Bp.10  Bp.12  CaL 12
1 .052% | .204 | .018* 134 !.om-i .085 | .147 | .178 | .333 | .087 | .370 | .250
2 221, 204 1LasT 2 m4 ].m .085 | 120 | .266 | .389 | .087 | .370 | .465
3 241 | 204 1157 . .24 0310, 179 | 087 | .210 | .389 | .087 | .287 | .294
4 .050 : .317 :.085  .306 - .165 , .179 | .080 | .0BO | .131 | .130 | .297 | .380
5 1.165 ; .317 ,.089  .3CE .)IC .179 | .0S5 | .080 |.131 ! .110 | .183 | .223
6 l.oa6 = - @.0%0 .12¢ .11¢ .179 |.085 ,.080 |.131 | .110 |.183 | .116
i ,.c:x - .0%0 128 110 .027 .05 l.oso .131 | .110 1,020 | ,083
8 061, 120 ..0%0  .12¢ . .06s 037 |.085 |.070 |.131 | .034 | .020 [ 112
9 021 120 ot 126 0% 037 1.032 '.070 |.131 | 034 | 020 | -
10 .021 . .084  .0ZT .il7 ..051 .037 ©.032 {.070 |.131 | .034 |.020 ; .021
L .046 ; .06% i.027 .17 .02 023 |.032 :.070 |.118 | .034 | .020 , -
12 .046 | .084 , .027  .1!7 .052 : .023 |.032 |.045 |.118 | .034 | .020 | .083
13 .046 | .0B4 :.027 117 . .032 . 023 i.ozs .045 | .118 | .034 | .020 | .045
14 .046 ! 062 | .623 . .0Z% ;.032 ; .023 | -023 b.045 |.118°| .022 | .020 | .044
18 .035 ;i 062 ;.023 .0S% 1,032 | .015 [.023 |.045 |.118° .022 | .023 | .042

18 .035 ' (062 !.023 . .04 .017 | .015 |.023 |.032 | .414° | .022 | .023 | .034

17 .035 | .062 i.027  .04¢ T.017 | .015 :.016 !.032 |.157°| .022 |.023 | -

16 035 ' 085 [ .01€ (<7 017 ' .015 . .016 ;.025 |.157°| .022 |.023 | .03l

19 .015 | .05 | .016 .62¢ ".CI7 .05 {.016 |.025 |.085 | .012 | .083 | .027

20 015 l .085 | .Gif  .C3Z .02( ; .015 1.016 [.025 (.05 | .012 |.053 |.019

2! .018 | .055 ,.01€ .€2 .02¢ @ .0'0 |.008 |{.025 |.055 | .012 | .0S3 | .019

22 015 | .022 ;.06C €2 .02 - .010 ;.008 |.045 |.055 | .02 |.083 | .018

23 017 | .022 | .00 .027 . - |.o008 |.045 |.c52 | .012 |.026 | .010

24 017 4 .022 ; - - - - - |.008 |.008 |.052*| .012 |.026 | .023

25- - j.022,; - - . - |.011 |.009 |.0S52° | .006 | .026 | .013

2€ . .02 . . - i+ - {.o11 |.,o09 |.052* | .006 | .026 | .023

27 - .023 - - - - |.o11 {.008|.043* | .006 | .016 { .0083
23 - -y - - - - l.o11 |.009 |.043* | .006 | .06 | .0069
29 - - - . - . < <« |.009 {.043 | .006 | .016 |.C1%8
30 - L. . - Lo v . .o |.043 | .006 | .016 | .0063
3l - - i - - -, - i - |.018 ].035 - .016 | .0074
32 . - . - - i < i < l.om [.035 - .016 | .0082
33 - -, - . - . - |.o18 |.035 . .016 | .00%9
3 . - - ' - - |.018 |.035 . .016 | .0079
35 |- - . - - - - |.018 |.03% - .022 | .0054
36 bo- L . . . - 4 - 1 - l.018 - - 1.022 | .0054
a . - ¢ - . -+ o I < {.o28 - . .022 | .0050
a8 - - 0. - - - - |.028 - - .022 | .0042
a9 - - . - - - - .01 - . - .0047
40 - - .- -, - . - [.0m - - - | -ooes
4l N . N - |.on - . - | .0064
42 - - . . - - - .o | - - - | .0083
43 S - - . l . . - |.on - - ].008 |.0047
44 - 1 - - - - - - |.on - - | .o08 |.00S2
45 - ] - - . - - - |.0M - - .008 | .0042
46 . t - . . . - - .o - - .00 | .0033
47 S - - - - - .01 - - - .0028

AR LA
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INDIVIDUAL FECAL EXCRETION VALUES OF PLUTONIUM FOLLOWING
INTRAVENOUS ADMINISTRATION(D) TO HUMAN SUBJECTS
{EXPRESSED AS PER CENT OF DOSE EXCRETED PER DAY)

DAYS POs1 PER CENT OF INJCCTED DOSE EXCRETED PER DAY
INJECTION E:z.. Hz-2 Ez-2 Hr-4 FKEz-3 HEp-€ Hp-7 Hp-8  Hp~§ Hz-10 Hp-lZ:ChuI(z)

i 4¢ - . - . - - - 008 1 - . - i . | .o054

' 49 . - - - - - - .008 - i - - .0047

, € . - . - - - - :.008 -, - - .0040
' 51 . - . - - - - .008 - - - -
52 - . - . - - - .010 - - - -
£2 . . . . . - - .010 - - - .

; 3 . . . - - - - .010 - - - ! .0038
, 3% - - - . - - - .010 - - - | -
i 5 - - - - - - - .010 - - - -
! 5% - . . - - - - .007 - - T

; 5z . - . . - - - .0G7 - - - | .0043
: ) . . . - - - - .007 - - - - i -
-' €2 - . . . - - - .00" - - N
£: . - - . - - - .OOR . - - -

€2 . . . - - - - .0CE - . - | .0048
€2 - . . . - - - .00 - - - -
64 . . . . . - - .0CB - - - -

€: . . .- . - - - - - .0063

d . - - - . - . - - i e 1 - L0045

25 - . . . - - - - e - i - .0050

3 . . - . . - - . .0033
Te . - . ol - - ,.00% . « i e i e -
< . . - .o . - .00% . R
8l - - - .00 - - ;.008 . - i - - .

2 - - . Rdd . - .00% - -, - - .0042
82 . - - - . - - .0CS5 - T -
$ . - . - - - .006 - -, - - -
4 - . - - . .09€ . . - - -

8C - . - - . - - - - - - .0050

| z . . - . - . - - - - . - .0042

94 - - - . - - - . -, - - .0040

Qg - - - - - - - - - . - - .0050

100 - - - - - - - - - - .0056

102 . . - - - - - - - - - .0038

106 - - - - - - - - - - . - .0043

166 - - - . . . - - - - - .0038

112 - - - - - - - - - . - - .0021

1€ - - . - . - - - -y - - .0029

120 - - - - - - - - - e 1 - .0032

126 . . . . . - - - -, - b .0030

130 . - s - -, - . . N .0037

136 e . - . - - - . . i e . .0034

138 R I R . . - -1 - - .0025

.Values eliminated from revised mean on basis of the Chauvenet Criterion.
“)All cases except Chi-l received Pu“ in 0.4 per cent N13C5H507-2d20 Solution.
(2'Russeu. E.R., Nickson, J.J., Argonne National Laboratory Report CH-3607,

.:f 33 E:o -5. ;o- :o.

- oe ——
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Ham:licn and co-workers (14) and 1t was not feasible to include their resulits. The present
Jport cf the fecal elimination of plutcnium is, therefore, confined to twelve cases.

Tne means, revised means, and standard deviations for the daily fecal excretion of plu-‘
ton:um from 0 to 138 cays post injectiorn are gaven in Table 7 (Page 26). The bes: curve of
fit for the observed means was esiablisheZ by the method of least squares and was found to
be: - 1.0%

Y = 063%° " (9

with a standard error of esumate of 28 per cent. In the above expression Y¢ is the amount
of plutonium excreied in the feces on a specUic day (expressed as per cent of the injected
dose) and X is the day o! measurement in days after injection. The agreement between the
observed valucs and the derived expressicn is shown graphically in Fig. 4 (Page 28). In this
figure the derived expressior 1t represenied by a heavy broken line and the observed points
are represented as opern triangies. The fecal excretion of plutonium in per cent of the in-
jected dose excreted per dayv is pioited against time in days.

No representalive fecal excre:ion daia beyond 138 days were available {from Los Alamos
personrel because of smal: bul significant contamination of feces from swallowed material
removed fror the lungs of the workers by ciliary action. One may ask why the small amount
of lung contaniunation does ot preven: the use of the urinary excretion results from these
workers to adjust the 136 day urinary excretion curve to 1750 days. This rmterial does not
reach the absording area of the lung and 1s not absorbed appreciably from the gastrointestinal
tract (probably less than 0.0 per cex:t). The small amount of material which has reached
the alveoli is being absorbeZ in:> the blocd at an infinitesimal rate. Of the amount absorbed
only a fraction of a per cen: coniridctes to the daily urinary excretion.

Studies of the excretics ¢! ploisnium by mice, rats, rabbits and dogs (1), (2), (18), (19)
showed the urinary excret:cr. of all speries was quite uniform. The plutonjium excretion in
the urine thirty to fifty dave after nicfiien was 0.01 - 0.02 per cent of the administered dose

r day. The urinary-fecal excretins ralic varied widely, however, for the various species.
a2 rauo was 1710 - 15 fer the rat and enlvy 1 2 - 3 for the dog.

Russeil and Nicksor (12 rep -0 a pistonium urinary/fecal excretion ratio of 3/1 in
mar based on the observaticn ¢! ont cas¢ through 140 days, The California group (l4) re-

ported an excre=:an ratoe ¢f 3-3 . 1 enc suetlect followed for 341 days.
The adiuetesd urinasy (x2rain. s corve for C we 1750 days and the fecal excretion curve
for 0 to 138 cays may be soivig for tnt urinary 1o fecal excretion rato:
Y .=0.74 .z )
;.a . 0.29 X T 0.32 xC.3. [10]
{ 0.63 X i

The urinary-fecal raus s 1.8 1 at 136 days post injection and 4.4] at 1750 days when
calculated from the above express:on. Unfortunately no applicable fecal excretion data are
available from the Los Alamons personrei to permit adjustment of the expression for fecal ex-
cretion bevond 138 davs. 1f the urinary‘fecal ratios at 138 and 1750 days are calculated from
the unadjusted expressioas i Y, arn2 Y for botk urinary and fecal excretion, the values are
1.7/1 and 3.9°] respectively, Anno. h extrapolation beyond 138 days is subject to increasing
uncertainty with increasing values o X, the above values lead to the conclusion that the
urinary‘fecal plutonium excretior ratio is not constant, over the range (0-138 days) measvred,
but approaches 4-1 as a limit at some later time. The results okxained by Hamilton (14) on
the case followed for 341 days seem to support the above conclusion.

The expression Yy = 0.63 x-1.09 gives the amount of plutonium (expressed as per cent
of injected dose) excreied in the feces on a particular day (X) after injection. Integration
of the expression between the limits of X =1/2 and X = n+1/2 gives the total per cent (Ag)

. "
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of the injected dose excreted through Gay n: o o
nels2
rees [ x P10 [<n.x/2)'°'°9-<1/z)’°'°9]
1’2
. -7.00 (n-1/2)"999 745 o)

From the above expression A¢= 2.96 per cent through the first 138 days.

3. Total Excretion (Urine plus Feces)

From the practical point of view the total urinary plus fecal excretion rate of plu
toniure is extremely important. The summed elimination rate determines how long a worker
should avoid further exposure 10 plutonium after having reached an accepied maximum permis
sible body level.

The observed mean urinary plus fecal plutonium excretion values are given in Table 7
(Page 26). Results are expressed as per cent of injected dose excreted per day. The mean
were obtainef {rom tht individual urinary excretion data from {ifteen cases and the individual
fecal excretion dala from eleven. The results reported by the Chicago and California groups
were used when available and appiicalic.

Application of the methad of least squares gives the expression

, .-0.94 ) .
Y, = 079X [12]

as the best curve of f1it for the urinary plus fecal excretion data for 0 to 138 days. The stan
ard error of esimaic ol the computation is 17 per cent. Y, ¢ iS the total plutonium excretel
in feces plus urine on & particular day (expressed as per cemt of injected dose) and X is the
time after injection in davs. . .

The observed means and derived expressions are compared graphically in Fig. 4 (Page2
Observed vajues are represeniec by squares and the derived expression by the heavy broken
line designated Y, . ‘

The expression Y, .= 0.7 x-0.94 represents the total excretjon of plutonium only throy
the 13Bth day. Adjusimern: can be made, however, for urinary excretion measurements throug
1750 days by sumziing the expression for {ecal elimination f9° and the adjusted expression fo
urinary excretion 7.

'0.74 °l.09 [13]

+0.63X

Y 2 Y +Y 2020X
ua

ua+{ {

This equation is adjusted to include all urinary excretion results {rom Los Alamos Laboratory
personnel through 1750 days, and gives the total per cent of an injected dose of plutonium
which may be excreted on a given day (X ) after the time of injection.

The adjusted expression for total elimination rate (Y., ) through approzimately five
years and the observed means are presented graphically in Fig. 5 (Page 31) {for comparison
with the adjusted urinary excretion rate (Y,.)for the same time interval.

Integration of the adjusted expression for total elimination rate between X = 1/2 and
X = n+1/2 days, gives the total amount of plutonium expected to be excreted up to and incluct

day n Nel.2 nel/2 :
A 20.20 f x-%Mux. 63 f x109 ax
Uaef
. 12 172
c0.77(n<12)%2%% .2.00(ne1:2)"%%% . 6.81 [14]
..: ...'53- .E. E’. E.E
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ie 10 compares tne observed and calculated values of total plutonium excretion for varicus

‘e intervals using the integrated axpression [14]
These results emphasize the relatively slow rate of elimination of systemically depos-

ited plutonium by man. According to these data only 8.7 per cent of a single injected doseis

excreted 1n 1750 days (approximately 5 years).

OBSERVED AND DERIVED TOTAL URINARY PLUS FECAL PLUTONIUM
EXCRETION VALUES FOR VARIOUS TIMES AFTER ADMINISTRATION

TARLE 10

OF A SINGLE DOSE OF PLUTONIUM TO MAN

TIME AFTER |_PER CENT OF INJECTED DOSE
INJECTION ' Observesd Calculated*
10 davys 2.43 2.56
20 days 3.0€ ‘ 3.17
3C dave | 3.41 : 3.53
40 days 3.70 ; 3.51
50 days 3.90 4.03
60 days . 4.11 4.21
70 days 4.2% 4.36
80 days 4.42 4.50
90 davs 4.34 4.62
10C days 4.€7 4.4
12C dsws 4.8 4.83
14G days 5.¢C s.10
l year 6.26
2 vears i 1.22
J years ! 7.83
4 vears i 8.30
S vears | ! 8.68
10 years : ! 9.96
20 vears - 1 12.17
Calculated from the integrated expression for adjusted urinary plus
fecal excretion [14_ . The calculated values appear higher than
the observed values b a constant amount because of the decision
to accept a poor curve it during the first ten days (See Page 23).

IV. DISCUSIION

A. Distribution of Plutonium in Tissues and Organs of Man

Table 3 (Page 18) contains all available data (up to the time of this report) on the

distribution of plutonium in the tissues and organs of man.
analysis of a miscellaneous group of samples collected {rom seven human subjects.
jects were elderly persons or persons suffering from an incurable chronic disease.

These data were the results of

The sub-
The sam-

ples were often small and poorly representative and not obtained {rom the seven cases at
commrable times after injection of the plutonium. These unavoidable difficulties must be
recognized and accepted when considering the results,
are extremely valuable as a supplement to a much greater and more reliable mass of data

1065982
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corcerning tne cisimbution of plutbnitht In tB¢*uSLES and organs of labcratory animals. The
caia on man are 1n gooc agreement uith resulis of similar studies in rats, mice, rabbits, and
dogs. The goct agreement perm:ls the conclusion that there are no maior differences in the

guartitative distmicetion of plutonium an the tissues and organs of man and those of common
Lboratory amimale with perraps one exception - the liver. The results indicate that the reten-
tion of plutomium 1n tne liver following its intravenous injection as Pu*4 . citrate complex and
as plutony! 1on may be 20 - 40 per cent for man as compared 10 10 per cent or less for rats.
The "biolog:cal hail-time™ of plutonium in the liver of man is probably much greater than that
for rats.

The average amouni of plutonium found in vertebra, sternum and rib was 0.0066 per cent
of the njected Zose per gram of whole bone. Assuming vertebra, sternum and rib as repre-
sentative of the entire skeleton, 66 per cent of the injected dose would be deposited in a 10 kg
skeletal syvstem (7 kg of bone, 3 kg ¢f marrow) of a 70 kg man.

The obser=22 concentration of plutonium in bone may be used to estimate the radiation
dose rece:vec per gram of skcletai system when a "standard man® has accumulated the official
maximum persucsibic plotoniem body content of 0.5 ug (0.032 uc). Using the dosage rate for-
rmula: rep day = 53 CE (where C = concentration of radioisotope in uc/g, E = energy of the
raduatior in Mev, and the rep = 83 ergs-g), the radiation dosage received per gram of skeleton
from C.032 . ¢f plutonivs 1e as foilows:

rep €av = 54 x £.6 x 1077 » 0.032 ¢ x 5.15 Mev = .00057
A similar calculauen for tne official maximurm permissible radium content of 0.1 uc may be
made for commrissn. II 30 per cent of the radon {rom radium decay is retained in the body,
then approx:imacely 13 Mev of energy w:ll be released in the body by the alpha particles per
decav. I{ 100 per cent ¢f tne radicw is deposited in 2 10 kg skeletal systesr, then the radia-
tier dosafe in rep per dav s givern as oliows:

£ 4
repday = 34 x . X i3 " %13« C.0061

According to the at:cve calsulation. tné radiation dosage per gram of skeleton delivered by
0.1 g of radiumm weoui2 be 14 times that delivered by the maximum permissible dose of pluton-
ium if the two materia:s vere dis:ributed in a comparable manner in the skeleton. Autoradio-
graphic studies show conclusively, however, that radium and plutonium do not distribute in a
comparable manner. Piuionium is mcre localized and concentrates in the endosteal and peri-
ostea. surfaces. The chr:ce ¢! a niore conservative body tolerance dose for plutonium was
made to allow for itr more specific localization in the skeletal system. It should be noted,
Lowever, that radivm dres nci distribute uniformly throughout bone and Evans (20) has reported
that analyses of bone samples {rom radium cases showed the radium to be unevenly distributed
by as much as a facier ¢l 10. It may be necessary, therefore, for plutonium to be concentrated
by a factor of 14C over radiuw in order that 0.5 ug will give radiation intensities comparable
to that which may occur with C.] ug of radium. Evans (21) has also pointed out that the pres-
ence of mesothoriuwm. in the radium responsible for the early radium poisoning cases may
accoun: for an additional safety factor of 5 in the 0.1 ug radium tolerance.

The above discussior. supporis the possibility that the 0.5 ug maximum permissible toler-
ance dose for plutonium is extremely conservative,

B. °‘Biological HalY-Time" of Plutonium in Man

The “biological half-time™ of plutonium in man can be estimated {rom the excretion
data presented in this report. Although the adjusted urinary plus fecal excretion curve is
(empirically at least) logarithmic in nature, it appears that the curve approaches an exponen-
tial for longer times. Such an exponential curve would be in keeping with the assumption that
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And designating the total expcsure dose for the six day week as Tp then
: m
500 mY_ 6

Tp z - =— - -
ms 38462 [(r-12:%  (nom1:2) ) [(no 60 013V e (n20) 0L L

) .(n-?a-l)'o'“] : : _ (18]

Similarly for 5 exposure dayvs per week
96=D7=D13=D14=D20=D21: ..... D?a-l:D7 + 0
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estimating the tota! exposure dose under such conditions. Past practice at the Los Alamos
Laboratory was to assume that an individual contracted his toual exposure dose on the last
day of the exposure neriod. His toial body burden was then determined by substitution in the
urinary excretion formula as shown above. In this case, zero time is the last day of exposure.
Obviously this method gives too low a value for the exposure dose as the estimated dose is
directly proportional to time. A second method which has been used is exactly the same as
the previous one except that zero time is taken as the {irst dav of exposure which assumes
that all of the dose was accumulated on exposure day one. It is evident that this estimate of
total exposure is toc high. The third method, which was used in this paper to determine the
adjusted urinary excretion curve, is believed to more closely approximate the true situation.
In this method it has been assumed that the total exposure dose may be represented bya single
effective dose occurring at some effective time intermediate to the limits of exposure. The
equations and steps to be followed with this method are shown on Pages 23 and 29. Ordinarily
the first urine count 15 used to delermine whether an individual should or should not be with-
drawr from exposure. It 1S not used as one of the two significantly different dose determining
counts. This is duc to the fact that the initial withdrawal count may reflect the high urinary
excretion resulting from the previous ten days exposure, and to the relatively high per cent
excretion during the firet 10 days post-exposure period. The high rate of elimination resulting
thereircm: may relatively obscure any exposure doses accumulated previous to that time.

The casc of chrozic invarian: exposure is probably of primary interest. This is the type
o! exposure (withirn hmits) that occurs in processing procedures in the plutonium industry in
which air concentratiors. eic., are rigidly controlled and the work is routine. An analysis of
the general case 1s preserted as follows:

If m = time of exposcre in dave, and

n = days from Ltk becinming of an exposure to the time a urine analysis is made
. with n > m (preierably by more than 10 days)

then the counts per miruic 1n the urine excreted on day n is:

r -
¥, = 00028 (0,78 (0@ ™Mup (n-2) 0L i [ne(ma1)) 0]
where D1 is the expusure dose In counts per minute on exposure day
D2 is the exprierc dose in counts per minute on exposure day 2,
D.m 15 the expr.sure dos¢ in COUnls per minute on expusure day m.
Considering the casc ir wrich w¢ are interested. namely. D, = D, ..... = Dpy = Dy (the constant
daily exposure dosc ., tnen
-0.74 - -0.7 -0.7
¥, = 0.002D [.». 0% (ny O L. sfn-tm-2) %™ po(ma1) 0 ‘]
Thus v
D, = [ -6.74 TR T0.74 0.74)
O.OOZOLn Te(nel) T e Ll o[n-(m-Z)] -[n-(m-l)] ]
Considering the bracketed term in the denominator:
l_,-0.74.“,_1)-0.74’ ..... . [n-(m-l)] -0.74g
(n- m»l)'o'u - (n-l'noZ)'Q'74 . .n70 74
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‘abolic processes are primarily first order reactions. Whatever the true process is, {rom

data ard curves given in this report, it is possible to calculate the absolute minimum
nalf-time of plutonium in the body. 1i i1s assumed (not unreasonably) that the excretion of the
plutonium measured in terms of the amount in the body at 2 given time does not increase at
some time. 1! one takes the last point on the combined urinary plus fecal excretion curve
(a single value of the ordinate in Fig. 5) and assumes exponential excretion thereafter, an
absolute minimum value is obtained for the biological half-time. On this figure, which is a
plot of AC/Cy, versus At exponential excretion would be represented by a straight line with
zero slope. Examination of the adjusted curve shows that 0.0012 ,00035 per cent per day is
excreted at 1750 days (approximately § years) after exposure. Up to five years 8.7 per cent
of the total has been excreted. The time required to excrete an additional 41.3 per cent (as-
suming exponential excretion beyond 1750 davs) is

41.3
6.001 = 0.00035

Thus, the mean minimal biological half-time estimate is 118 years. From the above, one may
conclude that the excretion cocificiernt is too small to be of any practical significance in elevat-
ing the maximum permissible dose of plutonium or in permitting the return to work of an
individual who has reached the maximum permissible body burden. Once a werker is retired
{rom work with plutonium becavseé ©f a maximum tclerance exposure, it must be assumed that
he is retired from such werk for the balance of his lifetime.

= 41,300 days = 113 vears with limits of 84 and 175 years.

C. Determinaucs of Pluianicm Ready Burden from Urinary Exc-ehcn

In the determizaticn ¢f enjoeurc doses by the use of excretion data, one is primarily
concerned with three differen: suuatirer. First is the case of 3 single acute exposure dose
occurring at a known time.  Seecn 1f the case of 3 varuable chronic or subacute dose with

the 1o1al exposure tizmie being wi vt Trard 3¢ the case of a chronic invariant (usually
level ) exposure dose witi tid time limits known.
The evaluatior. 0f the SInzit atute exporure dose occurring at 3 known time is the basis

of this paper. A urinary excreiii: curve tarwuch 138 days after a single acute exposure is
given in Fiz. 4 (Page 2E). Tr:i: rurve has Leen extended beyond the observation limit to
1750 days (Fig. §) by applyving dzi. ccilecied on exposed personnel {rom the Los Alamos Lab-
oratory. The method used t¢ apyv thiese dala way explained earlier (Pages 23 and 29).
1t is worth nouing that the diffcren:¢ between the adjusted curve and the extrapolated 138-day
curve at 1730 days is less tha: the standard error of estimate of the former. This {inding
allows more confidence in further extrapslation beyvond 1750 days post exposure. The calcula-
ticn of the body burden fror: 3 sinZic acute exposure is simple.

Since

0.4

Y (%)=020X
ua

Y(c/m) = 0.0020 D x-0-*3

Then 0.54
Dy s 500Y (¢ m) X (5]

Thus, a single urine count, Y, made X days after an unknown single acute exposure, Dz .
determines D in counts per minute. The exposure dose in u¢ Or ug is easily determined §{
the counting geometry, etc., is knowr.

In the Los Alamos exposures, we have an lllustration of the variable chronic exposure
case with known tirne of exposure. Only under conditions of stress when safety factors of
design may be exceeded will this type of exposure be seen. There are three methods of

10b5981Y DO




! M ;‘-l'
VitblAg S IC5

and i the comimorn 13Doralory amimals. As in the case of rats and other
laboratory amimals the skeletal system was the major site of plutonium
depositicn. Retenuon of plutonium by the lhiver of man seemed to be higher
and the "biolez:cal half-ume™ in Liver longer than for the more commeon
laboratory amimals.

3. Concentration of plutomium in the blood following intravenous injection drops
very rapidly: orly 0.3 per cent of the tctal injecied dose was fixed in the
total blacd volume thirty davs after injection.

The urinary excretior of intravenously administered plutonium was not ex-
peacnuial. Curvilincar regression line fitting showed that the urinary ex-
cretion threugh 138 days was best expressed by the fractional logarithmic
funcien

F i3

Ii: thas express:-n Y, 1s the per cent ¢of the injected dose excreted in a
gsinglc duv and XN s ne timic of cbservation in davs post-injection. The
standaré erroer f esnimate as 329,

The above express:en {or the vrinary excretion through 138 davs was ad-
jesied b amcleding cata collected on Los Alamos Laboratory personnel.
This adjustmen: pcrniitied the development of an expression for the urinary
excretion ¢f plovenmizm through 1730 davs. The adjusied expression is:

W

ro-
-..oin

T srandarsd orroroof esuimate of the adjusted expression is 42 per cent,

T

The cexcsit oo+ f et mium 1n the feces hikewise was not exponential.
Apglicatsen - fth s titd of least squares showed the best curve of fit for
the feeal exsrenivn ¢ pustonivm through 136 davs was:

y,-cozx
It expreza. Y. iotne porocent of the injecied dese excreted on a
spociie dar ang Mo ot time cf measurerment an days post-injectiorn.
The standare erric ¢! esiimate ¢f the above expression i1s 28 per cent.

-

The vrimary @ fconi opiuismium excretion ratio obtained by solution of the
abvery expresson- [ ¢ vrinary and f{ecal excretion showed the urinary 1o
fecal raty: war Rt oconstan:. U was essenuially l:l at 30 days and ap-
proach¢s 4:) at appreximately five years.

8. The total (urinc and fecal excretion) through 138 days was best expressed
bv the eguation:

Yy, =07yx" 08

tef

8. The total urine plus fecal excretion through 1750 days-could be approxi-
mated by adding the expression for the fecal excretion through 138 days
and the adjusted expression for the urinary excretion through 1750 days.
The expression for the combined excretion is:

R o
L L SRR

.e
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the *n*al exposure dose Tp_ = se tee ser e oeee

u.s
500 mY

b -0.73

r ] r =0 7 - -
3.8462(n-12)" - (- m-12) ) {ine ) (0 6) 0 T (n12) 0 T )P

0.7

:-‘.-(n_..zol)-o.n:]

. «(n- Ta - 2,'-

Ir. the preceding formulae exposure conditions were assumed to consist of an equal and
constant da:ily exposure dose D, equivalent to a single injected dose. Also, the constants
0.0020 ard -0.75 were empiricaily established on the basis of data available at the time of
this report. These values may change as more data become available.

A specific example of the applicauion of the above dosage calculation is given below, us-
ing the expression for severn exposure davs per week. In fact, the seven day exposure f{ormula
may be vahid for either the five or §:x day week. Such would be the case if one considers
that absorpuor {rem the lung is the primary source of contamination and that the equilibrium
betweern the alveclar and blood plutorium concentration is not radically altered by the one or
two day period of no exposurc €ach week.

For purposes of presenting a speciic example we may assume the {ollowing conditions:

Duration of exposure (m) « 330 davs

Duratior. of time {rom beginnirng of exposure until urine

sample taken (n) = 360 davs

Counte per minute of urine sample (Y.) =2 ¢/m

The total bocy dose Tp.. rmay be calculaied from the formula:
136xmx Y,

T =

rd . r3 q,_i
Dx:-. I_(t-l'Z)o'z‘-'.r.-.':.-! 2.‘0"':
C (3333110110
4
1230 x 320 x 2 £.56 x 10 4
T . = —— = = =3.9x10 ¢‘m
Do {(3ec.s b% Lyage b35 0 2K
Assuming a 30 por ocenl couUnAIng Sy m.EiTy way use€ (g s T X 16y ¢ 'm)
Ty 0.5 ¢ -
n.

V. SUMMARY

The distribution and excreticn ¢f pivicrur: adminmistered intravenously to man has been
studied. The daia from twelvc subjects have been correlated with similar data collected by
other investigators, making a total of sixteen cases considered. The data have been supple-
mented {urther with observations made on three Los Alamos Laboratory personnel who ah-
sorbed measurable amounts of plutoriun: in the course of their work. The resuits of these
studies may be summarized as follows:

1. Clinical observations and clirical data collected on the various subjects indicate

that the in:ravenous injection of a single dose of 5 to 100 ug of plutonium is
without acute subjective or objective clinical effects.

2. The analysis of tissues following the intravenous injection of plutonium showed
that there was little difference :n the mode of deposition of plutonium in man

1065988
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ir which ‘x . Tepresents ine per cen: of the injected dose excreted
in the urmo pl.as feces ¢ o specilic day, and X designates the time
of observation it davs posi-injeclion.

Integration of the abnve cxpression between the limits of 12 and n+1/2
days post-injection gives the f{ollowing expression:

A «0.77 (n-1 20926 _2.00(n-12)%9 535

ua ~{

which represerts the integrated amount of plutonium in per cent of the
injected dose (A, ¢} excreted up to and including the nth day after
injection. Substitvtior n thig expression showed that only 8.7 per cent
of a single injected dose was excreted in approximately five years.

Application of the data of this repart to the calculation of the "biological
half-time™ of plutenicm 1in man gives 2 mean minimal "biological half-
time” estimate of ll€ vcare, with a variation of {rom B4 to 175 years.

The urinary excreurn data of this report were applied to the diagnosis
of exposure of persennei to plutomurn:. Three sets of exposure condi-

tions were considires:
(a) The applicat:.: «f plosimien: urince aralvsis to estimate the total body
dose foliowir_ o sinZis acull e€xposure occurring at a kxown time,

(b) The applicanirn ¢l pioigraunt urine analysis to estimate the total body
burder. of ;:.-.e:-.:--.. $aivwz variable chronic or sub-acute exposure

with oniv the e, X Fule time being Kknowr ard,

{c) The apphicaticcn. ¢: ur:n. anz.vsis to estimate the tota: body burden
follewing chreois & :ary exposure (such as may occur in a3 care-
fully corirolles reoe pian: process) with time of exposure known.

Expresseirne fur the cal~_izitn ¢! bodv douse under the conditions set forth’

1a (a). (b) an2 (¢ &o¢ ngivz- 2 in this report.
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