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2 ’ PREFACE

This volume IS one of a series which has been preparedas a record
of the resrarch work done under the Manhattan Project andthe Atomic
Energy Commission. The name Manhattan Project was assigned by
the Corps of Engincers, War Department, to the far-flung scientific
and enginecring activities which had as their objective the utilization of
atumic energy for military purposes. In the attainment of this objec-
tive, there were many developments in scientific and technical ficlds
which are of gencral interest. The National Nuclear Enerpy Series
(Manhattan Project Technical Section) is a record of these scientific
and technical contributions, as well as of the developments in these
lields which are being sponsored by the Atomic Energy Commission.

The declassilied portion of the National Nuclear Energy Series,
when completed, is expecied to consist of some 60 volumes. Thesc
will be grouped into eight divisions, as follows:

Division ] — Electromagnetic Separation Project
Division 11 — Gaseous Dilfusion Project

Diwvision Il — Special Separations Project
Division 1V — Plutonium Project v

Division ¥V — Los Alamos Project

Division V] — University of Rochester Project
Division VIl -~ Materials Procurement Project
Division VIl — Manhattan Project

Soon after the close of the war the Manhattan Project was able to
( give ils attention to the preparation of a complele record of the
research work accomplished under Project contracts. Writing pro-
grdams were authorizea atall Jaboratories, with the object of obtaining
complete coverape of Project resuits. Each major installation was
requested to designatc one or more representatives {0 make up a
| commiltee, which was {irst called the Manhattan Project Edilorial
Advisory Board, and .atcr, after the sponsorship of the Series was
assumed by the Atomic Energy Commission, the Project Editorial
Advisory Board. Thic group made plans to coordinate the writing
programs at all the installations, and acted as an advisory group in
all matters affecling the Project-wide writing program. Ils last
meeting was held on Feb. 9, 1948, when it recommended the pgbhsher

for the Series. : -
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The names of -+ Board members and of the installations which
they represcnted ire given below.

Atomir Encrgy Commission

Public and Tecnnical Information Alberio F. Thompnon
Service
Technical Infurmation Division, Brewer T. Boardman

Oak Midce Extension

Office of New York Operations Charies Slesser, J. H. Hayner.
W, M. Hearon ®
Brooklaven National Laboratory Richard W. Dodson
Carlide ¢ Carbon Chemicals R. B. Korsmeyer, %. L. Harwell,
Corporation (K-2%) D. E. Hull, Ezra Staple
Cartmde & Carbon Chemicals Russell Baldock

Corporation (Y-12)?

Chinton Laboratories t 3. R. Coe
General Electric Compiny. Hanford T. W. Haufl
General Elcciric Company, John P. Howe

Knolls Atomic Power Laboratory

Kellex Corporation John F. Hogerton, Jerome Simson.

M. Benedict
Lo« Alamos R. R. Davis, Ralph Carlisle Smith
National Bureau of Standards ’ C. J. Roaden
Plutnnium Project
Aryonne National Laboratory R. S. Mulliken. H. D. Young
lowa State College F. H. Spedding
Medical Group R E. Zirkle
SAM Laboratories ¢ G. M. Murphy
Stone 4 Webster Engineering B. W. Whitehurs!
Corporation
Universny of California R. K. Wakerling, A. Guthrie
University of Rochesier D. R. Charles. M. J. Wantman

*Reprevenind Madinon Sauare Ares of the Manhattan Pastriet
VTpe Y-12 piant al Quk Ridis was mprrated hy Tennesar

1847 °2' whirh Uime Aperations were (aken e b Cariide & Cactean Chrempeals Corpsraninn,
1CIintne Lahar itnries was the Inemer pame of Ihe Ouk Rigoc Natinnal Laborainey.,

ESAM (Subntitute Allny Materiil s was the eade pume fof the LBt ataries opwerated by
Columbis University 16 Nes York under the Mirerninn ol Dr W C, Ures, whree murh nf the
CIPCTIMENIS] ®0rh ON 1nidigig \eP TSI w.ane Aoang On Fro 1, 1948, (i adtmimitiratn nf
Shrse Luhvirataries decan (e responsahiiny af Cariude & Carimn & heemir gl Corparation

ftesearch (n prenitecs (hete wae ansferred 1o ihe K25 plant M,040 Rudee 10 June, 1946, and
Ihe New Ynrh labiratofins were then rinced.

e Edctmun Coarparation until May ¢,
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PREFACE ix

Many difficulties Were encountered in Preparing . unifjed account
of Alomic Energy Project work. For example, the Project Editorjal
Advisnry Board was the first Committee ever organized with repre.
Lenlatives from every major installation of the Atomic Energy Projcet,
Comparlmentnh’on for security was 5o rigorous during the war that
it had heen considered hecessary (o allow a certain amount of dupli-
cation of effort rather than o permit unrestricted circulauo_n of
research informatjon between certain installations. As a result, the
writing pPrograms of dilferent installations inevltably Overlap marked|y
in many scientifje fields. The Editorial Advisory Board has exerted
itself (o reduce duplication jn 80 far as possible a
dlscrepancies in factual data included in the volumes of the NNES.
In Perticular, unjfjeq Project-wide volumes have been pPrepared
on Uranium Chemislry and on the Analysis of Project Matrrials,

become engrossed in other activities so that their time has not been
available for 3 detajled review of thejr work in relation to similar

The Editoria] Advisory Board

1065020



The Mannattan Project Techmcal Sectinn of the National Nuciear
Energy Series 18 intended (o be a comprenensive account of Lhe pci-
entuir ang techmical arhievemems of the United States program {or
(he developnient of atomic energy. It 13 net 1atended (0 be a detailed
@ncumentary record of the making of anv inventions that happen to be
mentioned an Il. Therefore, the dates used in the Series shouid be
regarded as s general temporal {rame of reference, Pather than as
establishing gates of conceptinn of Inventions, of their reduction to
practice. or of occasions of first upe. While a reatonable effort has
been made to assien credit fairly in the NNES volumes, this muy, in
manv cases, b given (0 3 grovp (dentfied by the name of its leader
rather than (o an individua] who was an actual tnventor,

.

3,

Rty D



, . UNIVERSITY OF ROCHESTER PROIECT FOREWORD

I'ne University of Rochester Manhattan Project had its inception on
April 5, 1843, with the appointment of Dr. Staliord L. Warren® Pro-
fessur of Radiology and Chairman of the Department of Radiology at
the University ol Rochester Schoul of Medicine and Dentistry,as Con-
-ultant to the Manhattan Engineer Dastrict (later as Chief of the Med-
weal Scetiun). Under his guidance and direction the local project was
-slablished and its operational policies formulated. On November 2,
1943, Dr Warren was commissioned colunel in the Army Medical
“orps, and the subsequent responsibility for the Project was assumed
by the present Direclur un November 13, 1843,

In many respects the atmosphere of the work was in marked con-
‘rast to the academic (reedom of a university environment. The re-
wearch was frequently of applied rather than of fundamental nature,
though the jatter was by no means lacking. In addition to physical and
spiritual isolation from our accustomed confreres. we found ourselves
-wrrounded by a multitude of securily, Army, governmental, and war-
1anpoacr regulations, but the majority of the personne! made the
eressary mental adjustments without undue hardship and with com-
nendable reasunableness und good grace. Not infrequently we found
nexe apparent handicaps working to our mutual advantage.

The migamization of the Project was likewise unusual and, to a cer-
«4n extenl, experimental. To accomplish the task in the specilied
tme and to utilize ellectively experienced personnel made scarce by
rev’ . demands of the war, jndividuals were placed fn positions
“he or capabibhties could produce maximum benelit tothe Project

-a'wnole, To thi< end, ten autonomonus bu! mutually inlerdependent
Ivisions were established, whose coordination was eflected through
"¢ Director's Office so thal priorities on material, manpower, and
ncentratinn of elfort could be channeled inthe proper direclion with
‘v shifing phases of the various problems. Experiments were dis-
-~sed and organized on 2 coopcrative basis through a system of
planning sessions'* §n such a manner that the expert opinion of par-
wpating members of specialized divisions could make major contri-

Jtiuns to the structure of many of the experiments. This procedure

‘Now Dea:. of the Medical Schoot. Unmiversily of California at Los Angeles.
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t {11 UNIVERSITY OF ROCHESTER PROJECT FOREWORD

also enabled the diviiions of Pathoiogy, Hematology, and Statistics to
coordinale their activities with other divisions so that they could
analyze properly the mass of experimental data which must, of neces-
sity, pass through their respective Jaboratories.

It would be misleading to aver that this system of research proce-
dure presented here was without {ault and not beset by difficulties. It
is not an easy matler for an investigator to reconcile his ideas and
personal ambitions with those of 3 group for a common objective,
especially when frequently his entire training and previous progress
have Lecn based upon individual achievement. Particularly is this
true when he has not had the privilege of participating in the selection
of his associates. The system, however, worked surprisingly well
under somewhat unfavorable circumstances and is worthy of further
exploration under peacetime conditions.

It is impossible to pay pruper tribute to the many individuals —
scientific, technical, and nontechnical —who participated in this en-
deavor. Neither can one, by reading the following pages, appreciate
fully the menta]l and physical labor that went into the enterprise.
Approximately two million man-hours were required to produce the
research from which these volumes are derived.

The Administrative Office wishes to express its appreciation to the
Project personnel for their confidence and loyalty; to the University
as a whole Jor its support and cooperation; to the many Rochester
industries and businesses for the materials supplied and the services
rendercd; to the Ares Enpineer's Office for its aid in facilitating the
conduct of the program; to Dr. Ellice McDonald, Director of The Bio-
chemical Research Foundation of the Franklin Institute, at Newark,
Del., for his cooperation in coordinating the research under his con-
tract with that of Rochester,

Andrew H. Dowdy, M.D.

Professnr of Radiology and Director
of the Universily nf Rochester Project,
1943-1947: now Professor of Radiology,
Schoo! of Medicine, University of Cali-
fornia at Los Angeles

LA 18104 hate
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VOLUME EDITOR'S PREFACE

This volume reports the experimental studies carried out by the
Biological Chemistiry Section of the Division of Radiocactivily in the
Manhattan Department of the University ol Rochester. The extelient
cooperation of other seciions and divisions, as well as that of all the
persoancl of this section, in collecting the data and preparing the
report is gratelully acknowledeed.

The genera) problem undertaken was a comparison of the biological
eflects of three elements, polonium, plutonium, sand radium, which
had the common property of radicaciive decay with emission of alpha
particles. Since the bliological distribution and excretion of plutonjum
were being studied exhaustively in other areas, the report on the
work carried out here can be divided rather naturally into three main
parts. Part ] deals with the distribution and excretion of polonium;
Part Tl discusses the distribution and excretion of radium; and Part
111 deals with the comparative toxicities of polonium, plutonium, and
radium. The Manhattan Project reports on these subjects have been
condensed and correlated, and, wherever feasible, pertinent data
obtained subsequent to the writing of the original reporis have been
included in the body of the volume. In Part (1], however, the difficulty
of reanalvzing each group of data {n the light of subsequent findings
was too great; therefore the toxicity studies are included essentially
as they appeared in the original Project reports. Subsequent data
obtained In the toxicity experimenis are recorded and discussed in
Appendix 2 to Chap. 8.

The materjal presented in this volume is largely based on the
following Manhattan Project reports:

Preliminary Report on the Meladolism of Polonjum. Robert M. Fink and William F.
Bale, M-1929, Aug 2, 1944,

Progress Repart on the Melabolism of Poionlum. Robert M. Fink. M-1551. Sept. 21,
1944

Progrexs Repori on the Metadalism of Polonwum. 1. Tracer Sudies in Two Human
Bubjects. Wallace L. Minio and Robert M. Fink, M-1378, Nov. 11, 1044,

Progress Report on the Metabolism ol Polonium [V. Further Intravenous and Oral
Experiments with Rats. Wallace L. Minto, Robert M. Fink, Elzabeth K. Vittum, and
Ahce Tavior Gorham. M-18%9, Apr. 16, 1945.

Polomum Literature Summary of Sudies on the Physiologicy! Behavior of Poionium.
Hanrah E. Silberstesn, M-1919, Junc 23, 1944,

Iahalation of Volatilizes Polonium by Rats. Charies P. Kimba!ll and Rovert M. Fink,
M-1811, Dec. 20, 1945,



iV VOLUME EDITOR'S PREFACE

Metabolign of Prolmjum. 1. Tracer Stucies 1n Thice Human Sulnecte Followine
Intravenous or Oral Ac¢: imistration. Hannah E. Silbesstein, Witliam N, Valenne,
John S Lawrence, and R wert 81, Fink, M 1837, Fed, 6, 1944,

Radium Poisoning: A Surv: of the Literature Dealing with 1h» Toxicitv and Metalvrlism
of Abgorbed Radium. Monnah E. Stiberstein. M-1695. Moy 26, 1904).

Metabolism of Radium. 1. Tracer Studien on Rats after Intravenous Administration.
Rannsh E. Sitberstein and Robert M. Fank. M-1730, Aug. 2. 1943,

Comparative Iniravenous Lethal Dose Pilit Studier for Polonium. Radium and Pluto-
nium §n Rats. Georce A. Bovd, Robert M. Fink, George . Suter,and Roger Mettalf,
M-1878, June 1. 1846,

Comparative Intravenous Lethal Dosage Stud of Radium. Plutonjum. and Po!natum in
Rats with Clinical. Pathological. and Hematulogical Odservations. George A. Buyvd
and Robert M. Fink, M-19802, Julv 22. 1046.

The three elements investigated proved to be very interesting ones
for comparison studies in that they differ widely in their half-lives,
distribution in the body, and rate of excretion. These differences
appear to be reflected in their relative toxicities.

The problem of long-term human tolerance to a variety of radio-
active materials is one that {s likely to become of {ncreasing impor-
tance. Even the most exhaustive studies of the tvpe reportad here
may be insufficient to yield a completely satisfactory answer to that
problem. Such studies are basic and necessary, however, and should
be well worth while even U they assist only in clarifying the general
prcblem of the toxicity of radioactive substances.

Robert M. Fink
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Chapter 3

STUDIES OF POLONIUM METABOLISM IN HUMAN SUBJECTS

It seemed desirable to have some data on the human excretion ¢
polonium after the administration of known doses in order to obtain
correlation with the more extensive data on rats. Inasmuch as it wa
not pos<ible to determine accurately the amount of polonium alread
present in lahoratory personnel or to rule out the possibility of sub
sequent accidental exposure of persons working with polonium, suc!
personnel were not suitable subjects for excretion studies of thi:
type. Accordingly, the general problem was outlined to a number o
haspital patients with no previous or probable future contact with po-
Jonium, Of the group who volunteered a= subjects, four men and on¢
woman were selected for the excretion studies outlined below.

The group ranged in age from the early thirties tothe early forties.
The polonium was administered intravenuusly to the first four sub-
jects and orally to the fifth,

1. INTRAVENOUS STUDIES

By H. E. Silberstein, W. N. Valentline, W, L. Minto,
J. S. Lawrence, and R. M. Fink

Case 1. A total of 22.6 microcurie~ (0.3 microcurie per kilogram
of body weight) of polonium chloride was administered intravenous),
to subject 1, a male patient being treated for generalized |ympho-
sarcoma. The polonium was administered in 10 m! of sterilized isc.
tonic saline solution at pH 7.6, In order tn determine as accurately
as possible the amount actually administered, a second 10-mi sampl-
of the solution wax immediately drawn into the svringe used for th.
injection and was expelled into an acid solution at approximnutely the
ratc used for the actual injection. The acid solution was set aside {n.
subsequem radioactivity measurement. This dummy-{njection pro-
cedure nhas been followed routinecly and {s quite necessary in huma.
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STUDIES OF POLONIUM METABOLISM IN HUMAN SUBJECTS 123

swdles, In which the loss of one-fourth to one-half the-polonium oc~
curs during the sterilization of the neutral solution in the autoclave,

In determining the amounts excreled in the dally urine collections
the total daily volume was measured, and a convenient aliquot (about
S per cent of the total) was taken, acidified to 0.5N H* with concen-
trated hydrochloric acid, and plated directly onto a silver-foil disk,
which was read In an lonization chamber or alpha counter. The daily
urinary excretion of polonium by the {irst subject and the concentra-
ton of polonium per milliliter of urine are given in Table 3.1 and

Table 3.1 —Percentage of Theoretical Doss 1a Urine, Feces, and Blood of Subject
(Ceneraiized Lymphosarcoma) alter Intravenous Administration of 0.3 Microcurie
of Polonlum Chloride per Kilogram of Body Weight

% of theoretical
dose excreied

T of theoretical dose per kilogram

- Days
aiter Whole Bood
tnjection Urlnf Feces Urine | Feces | blood | Plasma | eells
1 0.20 0.44 0.128 4.8 3.7 1.6 1.8
3 0.043 1.3% 0.082 16.1
3 0.05¢8 1.37 0.0 24.0 4.7 1.4 9.0
4 0.038 1.92 0.02¢ 14
[ ] 0.03} 3.6 0.02% 208 [ ) 13 19
[ ] 0.030 4.2 0.038 3.
0.021 [-F }] 0.019 14.4 3.3 0.7 1.3
[ ] 0.033 0.02¢
43 0.01¢ 0.020 0.4 0.4 0.9

shown graphically in Fig. 3.1. Owing to an oversight the use of a glass
urinal for these collections was not specliied, 50 that it is possible
that this ambulatory patient used a stainless-steel urinal and that the
second, bedridden, patient used a metal vessel. A subsequent check
indicated that use of the metal vessel would result in the loss of less
than one-tenth of the polonium in the specimen. i
Fecal sLivples were obtaineddally from this subject for seven days
after injection. Each sample was weighed, a suitable known volume
of 3N HCl was added, and the sample was homogenized with an elec-
trically driven glass stirrer. Aliquots of each day's sample were di-
gested and analyzed as described in Chap, 1. The total dafly excretion
through the feces and the concentrations of polonium therein are given
in Table 3.1 and are shown graphically in Fig. 3.2. The concentra-

Uons of polonium in the blood of this first subject are also shown in
Table 3.1,

1065031
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$TUDIES OF POLONTUM METABOLISM TN HUMAN SUBJECTS
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Case 3. A total of 11.3 microcuries (0.17 microcurle per kilogram
of body welght) of polonium chioride was administered by intravenous
injection to the second male subject. This patient had acute lymphatic
leukemia, which was the cause of his death six days after the injec-
tion of the material. As in the case of the {irst subject, the dose ad-
ministered was determined by means of a dummy injection through
the same needle immediately after the actual injection.

Tadle 33— Percentage of Theoretical Dose in Urine and Blood of Bubject 8
{Acute Lymphatic Leukemia) after Intravenous Administration of
0.17 Microcurie of Polonlum Chloride per Kllogram of Body Weight

% of theoretical % of thecretical dose per liter
Days after dose excreted
injection ia urine Urine Whole blood Plasma Blood cells
| 0.84 0.58 t & ) 1.6 [ ]
| 0.137 0.156
3 0.190 0.105 t K 3.1 4.4
4 0.114 Q.07 ]
[ ] 0.107 0.04¢ 1.7 1.2
[ ] 0.044 0.061 13 -R ] 3.4

normal subjects,

This patient passed very small amounts of feces, but a single sam-
ple obtained one day after the injection contained 8 per cent of the
theoretical dose per kilogram of {fecal matter, & value gimilar to that
found for the corresponding sample from the {irst subject,

The concentration of polonium in the blood of subject 2 is also
shown in Table 3.2. An autopsy was performed and tissue samples
were takey about an bour after the death of this patient. The tissue
samples were digested and plated out on silver foll, and their radlo-
activity was measured according to the methods described in Chap. 1.
The concentrations of polonium found in the various tissues, ex-
pressed as percentages of the theoretical dose per kilogram of tissue,
are tabulated in Table 3.3, The bile obtained from the gall bladder
showed the highest concentration, being more than four times as high

10b5033

1e dally excretion and the concentration of polonjum in the urine
are shown in Table 3.2 and Fig. 3.3. On microscopic examination the
urine samples showed some red blood cells, and the sample taken
during the first day in particular was very dark colored. As both the
red cells and the blle contained very much higher concentrations of
polonium than did the urine, the presence of small amounts of either
may well have raised the urine concentration beyond the range {or
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Case 2. A total of 11,3 microcuries (0.17 microcurie per kilogram
of body weight) of polonium chloride was administered by intravenous
injection to the second male subject. This patient had acute lymphatic
leukemia, which was the cause of his death six days after the injec-
tion of the material. As in the case of the {irst subject, the dose ad-
ministered was delermined by means of a dummy injection through
the same needle immediately after the actual infection,

Table 3.3 —Percentage of Theoretical Dose ia Urine and Biood of Subject 2
(Acute Lymphatic Leukemia) after Intravenous Administration of
©.17 Microcurie of Polonium Chloride per Kilogram of Body Weight

% of theoretical % of theoretical doss per liter
Duys after dose excreted
n)ectioa ia urine Urine Whole blood Plasma Blood calls

1 | ¥ 0.58 3.3 1.8 &

3 0.137 0.158

9 0.180 0,108 2.8 11 4

4 0.114 0.079

b 0.107 0,088 1.7 13

¢ 0.044 0,081 13 0.9 .4

\ A

{he dally excretion and the concentration of polonium in the urine
are shown in Table 3.2 and Fig. 3.3. On microscopic examination the
urine samples showed some red blood cells, and the sample taken
during the first day in particular was very dark colored. As both the
red cells and the bile contained very much higher concentrations of
polonium than did the urine, the presence of small amounts of either
may well have raised the urine concentration beyond the range for
normal subjects. .

This patient passed very small amounts of feces, but a single sam-
ple obtained one day after the injection contained 8 per cent of the
theoretical dose per kilogram of fecal matter, a value similar to that
found for the corresponding sample from the first subdject.

The concentration of polonium 4n the blood of subject 2 is also
shown in Table 3.2. An autopsy was performed and tissue samples
were taken about an hour after the death of this patient. The tissue
samples were @lsested and plated out on silver foll, and their radio-
activity was meaSured according tothe methods described in Chap. 1.
The concentrations of polonium found in the various tissues, ex-
pressed as percentages of the theoretical dose per kilogram of tissue,
are tabulated in Table 3.3, The blle oblained {from the gall bladder
Showed the highest concentration, being more than four times as high
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124 DISTRIBUTION AND EXCR.ETION OF POLONIUM

as the concentrations in the liver, spleen, and kidney, 70 times the
concentration in the blood, and 1,500 times the concentration in the
urine, .

Table 3.4 gives the percentage of the theoretical dose found in var-
fous whole organs or tissues of the human subject slx days after in-
jection, as compared with the corresponding average values for five
rats and a rebbit sacrificed 10 days after the intravebus injection of
polonium, ?

®
e g“ T T 1T 7171
za.? e 07— b
4
o.e 0.6 — -
H §
4:0.5 o8 — n
£ 3
zal EM'— -
1 X8 =~ 03 -
» E
E&! z&l'— b
£ o oo -
- . ’
: LS EooL 10
© 1 2 3 a4 8 & E c ¢« t 3 & & &
DAYS AFTIR MMJECTION & DAYS AFTIA MM CTION

{a) )

Fig. 3.3 — Urlnary excretion of polonium by sudbfect 2 (male, acute lymphatic Jeukemia)
after intravenous sdministratios of 0.17 microcurie of polonium chioride per kilogram
of body welght, (a) Dally urinary excretion of polanium. (b) Dally concentratioas of
poloniumn in urine.

- -

The values shown in Table 3.4 indicate a calculated recovery from
the human tissues of about 60 per cent more polonium than was orig-
inally sdministered. T' {inconsistency probadbly arose principally
from the fact that adequate sampling procedures could not be carried
out, and a single small tissue sample had to be taken as representative
of a whole organ or tissue. Contamination of the tissue samples dur-
ing their preparation for measurement is another possibility, and the
exceptionally high value obtained for the heart muscle may have been
due to this factor. In the rat the heart muscle ordinarily had a polo-
nlum concentration similar to that of skeletal muscle, provided that
care was taken to remove excess blood {rom the heart. Accordingly,
when a high value was obtained from the sample of human heart, a
second aliguot from the heart digest was plated out and found to give
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STUDIES OF POLONTUM METABOLISM IN HUMAN SUBJECTS

a reading 30 per cent higher than the first sample. This increase of
activity after standing iIndicated that, despite the seemingly adequate
measures for the decontamination and segregation of glassware, the

Tadle 3.9 — Percentage ¢f Theoretizal Dose per Kilogram (Wel Weight) Found
18 Tissues of Subject I (Acute Lymphatic Leukem!is) Six Days alter
Intravenous Admintstration of 0.17 Microcurie of Polonlum

®Probadly contaminaied

beart digest had probably been stored in a contaminated bottle, More
stringent measures were instituted thereafter in order to avoid fur-
ther occurrences of this sort. In any event, it seemed that in this
buman study, <n contrast to the rat and rabbit experiments, the theo-
retical dose &5 determined by the dummy injection was probabdly a
more accurate measure of the polonium injected than was the amount

g [
B SR
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Chloride per Kilogram of Body Weight

% of theoretical
Tissue dose per kilogram
Rile 91.0
Liver 3]
Heart® 20,0
Spleea 11.0
Kidney ’ 13.8
Tesiss 43
Langs 4.1
Sxin (rom chest) E R
Omental nodes 3.8
Slerna) marrow 3.1 —e
Vertebral marrow 1.8
Pancreas R 3.7
Cervical nodes 3.0
Submaxiliary glands 2.0
Blood cells 24
Muscle (fram chest) 1.7
Bone (rid) 1.9
Thymes 1.3
Duode man 1.8
Whole blood 13
Epididymis 1.1
Slomach . o0
Blood plasma 0.9
Seminal vesicles 0.0
Thyroid 0.8
Aorta 0.8
Prostals 0.7
Rocturm 0.1
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120 DISTRIBUTION AND EXCRETION OF POLONIUM

recovered, as estimated from excreta and tissue ana.l;,us. For this
reason, and particularly because the inconsistency between the theo-
retical dose and the estimated recovery may have been due largely to

Table 3.4 — Amount of Poloaium in Whole Tissues Expressed as Percentage of
Theoretical Dose for Subject 3 and as Percentage of Dose for 10-day
Experiments with Five Rats and a Rabbit

Bubject 3, Rats, Rabbit,

Tissue % of theoretical dose® % of dose % of dose
Muscle? 4 13.4 3.8
Liver 43 10.8 8.0
Rin? , t T 10.8 ...
Sxeleton) 17.0 s . 3.4
Heart 1.0% 0.27 0.097
Kidneys $.0 1.0 6.0
Spleen 4.1 . 4.8 0.050
Blood cells*® 3.0 8.0 3.2
Lungs 3.5 . 0.4 0.24
Pancreas 0.43 °.m 0.005
Biood plasma®* 0.34 . 0.34 0.81
Rectum . 0.180
Samach 0.174 0.38 0.34
Testes 0.12¢ 0.47 0.149
Duodemum 0.076 : o1
Prostats 0.034 0.060
Thyrold - 0.031 . 0.090 0.004
Seminal vesicles 0.020 ' 0.1%0 0.02%
Thymus ) 0.003 0.180 0.043

® High ealculated recovery value (approximately 160 per cent) in subject 3 probedly
due mosUy to assumption that small samples of skin, liver, muscle, bane, etc., wers
representative of whole tissue,

1 Total weight of muscie tissues estimated as 41.7 per cent of body weight in man
and 45.4 per cent of body welght in rat. Muscle taken from chest in man, {rom leg
and/or abdomen in rats,

$ Tota! welght of akin estimated as 18 per cent of body weight in mnan and in rats.
Suin taken from chest in man, from abdomen in rats (with fur included),

IWeight of tolal skelelon estimated as 15.0 per cent of body welght in man and 10.9
per cent in rats. Bone sample taken from rid in man, from femur or tidla in rals.

S Heart digest probadly contaminated in laboratory.

* Tolal weight of blood estimated as 4.9 per cent of body welght in man and 5.3 per
sont tn rats, Total weight of plasma derived from application of hematocrit values to
estmated total blood weight. Blood-cell value derived by dilference between plasma
and whole blood.

errors in a very few tissues,the human data are left in terms of per-

1“-":-';‘.. 51-, : centages of theoretical (dummy) dose without attempting to correct
- -‘:J‘I s , for retention or recovery.
W s S AT
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The relative concentrations of polonium in the tissues of man, rat,
and rabbit expressedon an approximately comparable basis are shown
in Table 3.5. The data on percentage of theoretical dose per gram
for subject 2 have been adjusted for the factor of body weight by mul-
tiplying by ¥ of the body welght in grams for comparison with the

4 T
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Table 3.3 — Relative Polonlum Concentrations® in Various
Tissues of Man, Rats, and Rabbit

Tlssue Subject 2 Rats Rabbit
Bile s 0.301t 1.12
Liver 1.7 3.0 $.4
Heart 1318 0.7% 0.91
Spleen 1.0 27 s.¢
Kidney 2.7 11.9 3
Testes 2.7 0.6! 3.3
Langs 2.8 2.3 1.72
Skin 3.5 0.80 1.34
Omenta) nodes 2.4 178
Done marrow 1.92 6.2 8.3
Pancreas 1.1 8.7 1.68
, Cervical nodes 1.87 | X 4.1
t Submaxillary glands 1.84 1.30 5.7
’ Blood cells : 1.84 2.6 49
‘Muscle 1.09 0.3% 0.23
Bone 1.09 1.1¢ 0.48
Thymos 0.09 8.3 1.48
Duode num 0.7 1.80
SMomach 0.58 0.4 1.08
Seminal vesicles 0.%7 0.59 3.0
Blood plasma 0.%7 0.14 0.43
Thyroid 0.%2 3.3 1.8
Prostate 0.4% 1.11

®Concentrations adjusted for body weight In subject 2 (relative concentration o per-
Centage of theoretical dose per gram x one-hundredih of body welght in grams) and for
body weight and retention in 10-day intravenous experiments wilh {ive rats and a rabbit

(relative concentralion » percentage of dose per gram X percentage retained of body
weigN bh grums).

1Rst bile valus taken from duct }itigation experiment 28.
$Meart digest probably contaminated in laborstory.

L
]

Tat and rabbit data of Table 2.29, but, as stated previously, no cor-
TecUons have been made for the estimated recovery or retention fig-
ures. The relative concentrations of polonium in the various tissues
of subject 2 (Table 3.5) in general agree fairly well with the compa-
Table values for either the rat or the rabbit, perhaps agreeing some-
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1% DISTRIBUTION AND EXCRETION OF POLONIUM

what more frequently with the rabbit. The human bile, liver, and
muscle values are higher, and the bone-marrow, lymph-node, blood-
cell, and thyrold values are lower than those for either the rat or the
rabdbit. Data on the amount of polonium in entire organs and tissues
(Table 3.4) show more differences because they involve the added
variations due to differences in excretion and the differing sizes of
the organs in the three species, .

It is obviously impossible to evaluate accurately the effect of the
pathological state of the human subject upon the distribution of polo-
nium in his body, but some points seem worth mentioning, The pos-
sible effect of the kidney damage on the values of urinary excretion
has already been discussed. The principal autopsy findings were
numerous petechial hemorrhages, cramming of the spleen and bone
marrow with round cells, hyperplasia of the young lymphocytes in the
lymph nodes, and confirmation of the jaundice and anemia noted above.

It seems possible that the infiltration of round cells might have low-
ered the spleen and bone marrow values{rom those found in 2 pormal
subject, although cause and effect might be reversed, as with the hy-
perplasia in the lymph nodes. Anemia would be expected to reduce
the polonium concentration in blood because of the relatively high
concentration ordinarily found in red blood cells. The jaundice, al-
though not especially interesting to the pathologists in this case, is
perhaps of more interest in this tracer experiment on account of the
very high concentration of polonium found in the bile. During jaundice
the concentration of bile is reported to be particularly high in the
liver, skin, muscle, and plasma. Inasmuch as in these tissues the
"human subject had relative polonium concentrations considerably
higher than did the rats, it seeins possible that the jaundice contrib-
uted in some measure to the high values. . T

Thus as they stand, the tissue data indicate a fairlyclose similarity i
between the human, the rabbit, and the rat with respect to the dis- '
tribution of polonium administered intravenously, and it seems prob-
able that a man in good general health would show an even closer
similarity. M, however, the data on subject 2 show an essentially
normal distribution of polonjum in humans, then that distribution is ]
Quite favorable as compared with that in the rat, for the human puts - - l
higher concentration of polonium into such relatively insensitive tis- i
sues as liver, skin, and muscle and & lnwer concentration into bone '
marrow, lymph nodes, pancreas, thymus, and thyroid.

Case 3. Bubject 3, a male patient with chronic myeloid leukemia,
was injected intravenously with 10 m} of sterile physiological saline,
pH 7.4, containing 12.0 microcuries of polonium chloride. The dose
was equivalent to 0.18 microcurie per kilogram of body weight. The

I

-~
Y e o ) . - gy T TTELV iy X L

.- TR 2 ALY Ay Ao
- AP, rdg b SN L A GEARY o sy . e s
LEsitaisimtitn il DOE/HQ

O B IR L N



|

$etn Ly e ey,
*, oo . ’(
RN B R Sy

Y . -

STUDIES OF POLONIUM METABOLISM IN KUMAN SUBJECTS 131

patient had a moderately elevated blood NPN, 53 mg % prior to in-
jection and 60 mg & on the sixth day after injection, possibly indi-
cating a mild disturbance in renal function.

The excretion data from this case are shown in Table 3.6 and in
Figs. 3.4 and 3.5. The total daily polonium in the urine was fairly

‘Tudle 3.8~ Percentage of Theoretical Dose in Urine and Feces of Subject 3
(Charonic Myelold Leukemia) after Intravenous Administration of 0.18
Microcurie of Polonjum Chloride per Kiogram of Body Welght

“:' thearetical S ofdose % of theoretical
Time after se oxzre per Uter dose per kg
.. . jection Urine Feoces in urine in feces
Rr
-1 0.009 0.087
1-3 0.010 0.073
t At ) 0.008 0.042
$-34 0.085 0.04¢
Days
1 0.090 o 8.4
3 0.128 0.0¢7
3 0.15) 182 (48 A1) 0.077 s.s
4 0.348 0.2% 0.073 8.0
{ ¢ c.050 .38 0,053 6.
T 0.187 1.0 0.072 1.1
(] 0.0 0.7 0.055 6.1
L] 0.000 1.1% 0.0%0 5.0
10 0.100 0358 0.048 6.2
1 0.077 1.7, 0.043 8.1
13 0.0 073 0.048 1.0
i 0.080 0.048
18 0.070 0.2 (48 Ar) 0.040 13
1 0.0¢89 0.037
17 0140 231 (Uinr) 0.003 1.
1t - 0,080 0041
» 0.043 0.9 0.023 3.8
”° 0.0 82N 0.013 1.3

coostant for several days after injection. It averaged 0.097 per cent
of the theoretical dose per day for the first 18 days and fell to 0.02
per cent at 70 days. The polonium appeared in the urine as soon as
1 hr after injection at a concentration as high as that seen two or
three days later. From the 1st to the 18th day urinary concentra-
tions varied between 0.04 and 0.00 per cent of the theoretical dose
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132 DISTRIBUTION AND EXCRETION OF POLONTUM

per liter. The average daily fecal output during the first 17 days was
0.71 per cent of the theoretical dose, nearly 10 times the urine con-
tent. Although the 24-hr fecal excretion values show marked fluctua-
tions, the concentration of polonium in the feces remained at a fairly
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Fig. 3.4~ Urinary excretion of polonium by sudject 3 (chronic myelold leukemia) after
fntravenous administration of 0.18 microcurle af polonium chloride per kilogram of
body welght. (a) Dally total urine. Dot, observed 24-hr rate; clrcle, 34-Ar rata osti-
mated from short periods. (b) Coacentration in urine.

constant level—between § and 10 per cent of the theoretical dose
per kilogram for as long as 17 days alter injection. By 70 days it had
dropped to about one-third the earlier values.

Blood sampling for analysis was begun 15 min after injection. Be-
cause of this patient’s high white count it was possible to follow the
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14 . DlSTRlBUTlONAAND EXCRETION OF POLONIUM

before the white cells were drawn off for centrifuging. The analytical
results are gliven in Table 3.7 and Fig. 3.6.

The injected material disappeared rapidly from the dblood stream.
On the basis of an estimated total biood volume of 4.9 liters (7 per.
cent of the body weight) and the observed concentrations fin blood and

Table 3.7— Percentage of Theoretical Dose per Liter in Whole Blood and Blood
Fractions of Subject 3 (Chronic Myelold Leukemia) after intravenras
Administration of 0.13 Microcurie of Poloalum Chioride per Kilogram

Percentage of l:hoonuca.l dose per liter

Tune after
injection Whole blood Plagma Red cells Whits cells
fr
0.28 0.52 0.58 0.25 .18
1 0.47 0.37 0.43 0.723
3 0.3% 0.11 0.8 0.83
) 0.85 0.40 0.84 1.30
24 : 0.9 .87 1.18 1
Duys
2 1.1 1.02 0.67 1.8%
3 13 0.95 1.% . 3
4 1.3 1.14 1.8% 2.1
[ 1.9 o.n 2.1 3.3
7 12 0.80 1.8 3.1
[ 1.2 0.1 3.1 3.2
] 1.0 0.44 2.1 33
10 13 0.1% 3.1 3.9
. 11 . 1.2 0.51 1.9 : 2.0
13 1.3 - 0.68 3.3 3.1
u 0.7 0.88 0.5 1.87
1% 1.80 2.4
1¢ 1.0 0.69 1.7 1.85
17 0.95 0.6% 1.11°
1 1.0 0.57 1.64°
40 0.44 0.1 - 0.m2°*
. n 038 0.20 0.32°

*Values tnclude white cells,

plasma, it was calculated that only 2.3 per cent of the theoretical
dose was present in the whole circulation,and 1.3 per cent in the eir-
culating plasma, at the end of 15 min. The lowest blood value was
found at 3 hr, but this condition was largely accounted for by the drop
in plasma content to less than 0.3 per cent of the theoretical dose in
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Fig. 3.0— Percentage of theoretical dose of polonium per liter in plasma, ved cells,
and while cells of subject 3 (chronic myeloid leukemis) aftar intravenous administra-
Uon of 0.18 microcerie of polonium chioride per kilogram of body welght. (a) Plasma,
O) Rod colla. () White cells.
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138 ° DISTRIBUTION AND EXCRETION OF POLONTUM

total circulating plasma, and the red cells already showed a marked
uptake of polonfum. (See the discussion in Sec. 5 concerning the in
vitro increase of the proportion of the polonfum in the red blood cell
fraction.) A portion of the cell uptake observed in the early blood
samples probably took place in vitro while these samples stood in
the test tubes for 3 to 18 hr. The plasma content rose by the fourth

Tabdle 3.9 — Percestage of Theoretical Dose ia Blood and Uriae of Sudject ¢ (Chrenic
Myeloid Leukemia) aller Intravenous Adm inistration of 0.18 Micrecurie of
Poloniurs Chloride per Kllogram of Body Weight a

. L X ¢ Mhﬁe&l dose
% of Uworetical % of theoretical por Lisw
Time alter @0se exxreted @oee per Mter Time alter Whels .
fajection 5 arine i grine fa)ection bloos . Pasms Celis
3% mla 1.9 24 .73
Rr W
e-1.1 8010 .33 3 1.5 1.8 .7
3 23 X ] 1.80
1.9-3.% 6.000 0.02% [ ] 1.2 1.7 X )
2.9-3¢ ’ s.00 0.037 ¢} 1.10 (¥ ] 120
Days Days
H 0.089
3 . 8.083 0.048 3 1.7 1.4 2.3
4 8.03%¢ 0.048 L} 33 1 B} .0
[} 0.084 9.044 [ ] 3.3 1.9 3.8
L 4.080 8.048 ) 2 100 .8
] 0.0%1 0.000 b 1.7 143 1.0
[] 0.0 . 0.017 [ ] 5] 1.9¢ 3
9 0.044 . 0.047 ] 1.8 1 3.7
1 0.044 0028 11 1.8 L4 1.3
1u 0040 .08 - 1 1.1 L& 3
1} (§--1} [V} 1 1.7 1.3 t X )

- -

day to about 10 times the level at 3 hr and then gradually fell, so that
by 70 days it was again similar to the 3-hr value. Red cells, witha
concentration generally two to four times that'of the plasma, con-
tained about 2 per cent of the theoretical dose per lter during the
second week after injection, but the content decreased to about one-
tenth of that level at 70 days. White cells gshowed a somewhat greater
uptake than red cells as soon as I5 min and 1 hr after injection. No
data are avallable concerning the in vitro uptake of polonium by white
cells, but such an uptake might well affect the results in the early
white cell samples. After the sixth day, when the white-cell content
reached 3.6 per cent of the theoretical dose per liter, it decreased to
@ value close 1o that of the red cells on the 16th day.
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Case 4. The fourth subject for intravenous administration was a
femalc patient receiving palliative radiotherapy for chronic myeloid
leukemla. &he was given an intravenous injection of 8.6 microcuries
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7. 3.7T—Urinary excrelion of polonium by subject 4 (chronic myelcld loukemia) after
fotravenous admiatstration of 0.39 microcurie of polontum chloride per kilogram of
body weight. (a) Dally Wotal urine. Dot, observed 24-hr rats; circle, 24-Ar rata esti-
matad from M{rw (®) Concentration in urine,

of polonjum chloride (0.18 microcurie per kilogram) in10 ml of ster-
ile physiological saline adjusted to pH 7.0, No fecal collections were
made in this case, but the urine and blood were followed for 13 days
after injection. The data are given in Table 3.8 and Figs. 3.7 and 3.8.

The immedlate urinary output, that is to say, during the first 100
min, was relatively high (0.3 per cent of the theoretical dose per
liter) in comparison with subject 3, yet the total first 24-hr excretion
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STUDIES OF POLONIUM METABOLISM IN HUMAN SUBJECTS 139

was lower than in the previous cases. The daily excretion showed a
very gradual decrease during the next 12 days, with an average daily
value of 0.05 per cent of the theoretical dose. Concentrations re-
malined fairly constant at a level about one-tenth of that found in the
{irst sample, .

The loss from the blood stream was not quite 50 rapid as in sudb-
ject 3. An estimated 5.2 per cent of the theoretical dose was in the
tota) circulation 25 min after injection. The lowest observed blood
value was at 23 hr, when the total blood content was about 3.4 per
cent and the total plasma content was about 1.8 per cent of the theo-
retical dose. The concentration in both cells and plasma rose again
(in cells more than in plasma), so that the highest whole-blood value,
2.3 per cent of the theoretical dose per liter, was seen at four and
five days. Separate red and white cell analyses, performed on two
occasions, showed a higher concentration in white cells. At 23 hr 1.1
per cent of the theoretical dose per liter was in red cells and 1.5 per
cent in white cells; at four days red cells contained 2.7 per cent, and
white cells 4.1 per eent. The table and figures show the calculated
combined cell values for these periods in order to be consistent with
other data on total cells,

2. COMPARISON OF INTRAVENOUS STUDIES

By H. E. Silberstein, W, N. Valentine, W, L. Minto,
J. 8. Lawrence, and R. M. Fink

‘The combined data on the urinary and fecal excretion of polonium
by the four human subjects, as compared with the average data from
our intravenous experiments with rats,are given in Table 3.9. Human
urinary excretion appears very similar to the rat’'s and much lower
than that found in our single rabbit experiment. The average human
values shown are somewhat higher than the rat values during the first
four days, Lut the diference is contributed by the moribund, jaundiced
subject 2 and by subject 3, who showed some clinical evidence of
renal malfung'don. Evidence is found,at Jeast in the case of subject ],
of a somewhat more rapid decrease in the human urinary excretion
rate than was found for the rats. The scanty data on human fecal ex-
cretion {all below the average rat data for the first week, showing a
more prolonged lag in reaching the maximum dally rate, Yet they are
generally within the range of results obtained in the individual rat
experiments. In general, then, human and rat.excretion data, as well
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30 DISTRIBUTION AND EXCRETION OF POLONTUM

8s human, rat, and rabbit tissue data as discussed under case 2, ap-
pear (o be quite similar in most respects when polonium has been
sdministered intravenously. <

Tubls 3.9 —Summary of Data an Dully Urinary and Pecal Excretion sfter Intravenses
Wnjection of Polonium Chloride ia Numan Subjects sad Rats

Focal excretise,

Days after Urirary excretion, % of doee® por day % of dose’ per day

fa . .
Joctise Bubject No Kumas Rt Subject No. ..‘! *

3 3 3 [} average | sverage 1 3 [average | sverugs

1 030 | 0.84 | 0.001 {0.000 | 0.300 0.190 0.4¢| 021 | 032 1.
3 ©.048] 0.137 ] 0.325 |0.083 | 9.0M4 0.04} 3.35] 0.7 | 1.08 33
3 0.b38 ] 0.190 ] 0.18) 0.133 0.08% 131 0.7 | 1.0¢ 3.9
[ 0.038 0.114 | 0.148 [ 0.086 | 0.113 0.088 1.9/ 028 | 2.08 L X )
s 0.031 ] 0.107 0.084 | 0087 .01 383 283 2.8
) 0.030 | 0.044 [ 0.080 | 0.060 [ 9.048 0.070 4.10(/ 03 | 117 2.4
Y 0.021 0.157 lo.0s2 | o.omt 0.054 $83]1.00 | 0.9 1.0
] 0.033 0.098 [0.083 | 0.087 0.080 0.1 .n
] 0.080 | 0.044 | 6.082 0.083 118 1.8
30 s.03 | . 0.103 .07 (V1) 187
11 0.077 | 0.04¢ | 0.060 0.040 .9 | 1.48
3] 0.040 0.040 149
13 ©.058 {0.030 | 0.048 0.037 o.M 1.00
1 0.080 0.080 0.008 [ X184 (X ]
1 0.070 0.070 | 6.040 va! (€]
1" .]0.080 0.089 0031 - 1.00? 1.0
11 0.140 0.140 0.032 108t .03
18 0.0%¢ 0.05¢ 0.0%)

Mer ) 0.01¢ 0.043 0.030 0.058 (X1} LU
™ 0.021 0.02) 6.038 0.2 (K.

*Dose taken a3 tota) amount recoversd i L Ful, asd as the Smoual in the dummy-tnjecticn pels-
tons Lo e rumas studies.
TValue repressnts hall & 44-hs collection.

An apparently real difference between man and rat with respect to
polonium metabolism is seen in the blood data (see Table 3.10). The
concentration of polonium fell more slowly in the human plasma and
more rapidly in the human cells and whole blood than was the case in

.. the rat experiments.
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3. ORAL ADMINISTRATION

By H. E. Silberstein, W, N. Valentine, W, L. Minto,
J. S. Lawrence, and R. M. Fink

Case §. Bubject 5, a male patient hospitalized for x-ray treatment
of ehronic myeloid leukemia, was given 18.5 microcurles of polonium
chloride in 2 m! of 0.3N acid, diluted in a glassful of tap water just
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pefore drinking. This oral dose was equivalent to 0.19 microcurie
per kilogram of body weight. Starting 1 hr after the ingestion, four
blood samples of 5 m! each were drawn at 2-hr intervals during the . :
irst day. Thereafter the samples were taken at the end of each 24-hr - .

5

Ve -0 S B e
gi.!.".,: '. % % N

w3
L s
gy L2 ) %‘_
Tahie 2,10~ Ralative Concentrations® of Pelontve ta Plasms, Bised Calla, ~ J»._r"c'a;‘,‘ %
ant Wiole Blood of Nunas Bubjects and Rats 3 wpwied S
R Oy Nt
- ., .
Doy xher Bubject Mo Numaa Rat Mo, of Rat ) ~ ?‘.:..;:":.-
ajection } | ] 3 q average | aversge rels sunge b
3 12 [10j0as]j0an | O.M (X .} ]
Sers 14 {13]essfosa | a3
Sere 1.0 |erjos|o02{ oM
Blsst plasms 8,10, o¢ 31 030|063 | o8 .10 ¢ {em-a1s
18 (%] .
Qe .3 on (B 1]
) [ X ] [ ] .5 ~0.11
n 0.12 e.13
3 8.3 | 3.4 |0.18]0.58 .9 [ B} ]
er) ey [seloem[i1as | 29 —
Sort 8.0 |38 160 {198 | B3
Bised eolls 9,10, or 11 1.40 {133 1.3 t X} ) L1-28
1 1.00 3
@ or 83 (%] °.4 (%1%
[ ] 3.0 4 2.0-4Y
n on 0.21
1 28 tiajoss{osy | 13 1. 3
t ¥ | 3.3 | 1.9 (000 002 1.7
Serd 3¢ [10(1.0 {10 1.8
Winle bleod 9,10, or 31 0.06 |0.08 | 038 (X ) 3 |en-Lm
1 (X' 0.8 .
@ .t (%} (¥ 1)
0 . 1.7 ] 11~-20
n 0.7 0.1

*Dats afjurtiod for @iierences I oy welght by BlUplying Lhe CONCERtration enprested A5 per~
eortage of dose par gram 47 e of U body wuig s grama.

period. The urine samples of the first few hours were also kept sepa-
rate for analysis, but after the first day they were pooled in 24-hr
collections. All stool specimens represented 24-hr collections, ex-
cept on two occasions when 48-hr stools were passed. After the
Patient’s discharge from the hospital, he continued to bring apeci-
mens when he came in for checkups. The data are shown in Tables
3.11 and 3,12 and {n Figs. 3.9 to 3,11, :

A small amount of the ingested material was found inthe {irst urine
sample, collected at 2'4 hr. Although about 20 per cent of the {irst
day's urinary output was excreted during the first 7 hr, it is clear
from the mrine-concentration figures that the excretion rate lagged
untl] some time after 7 hr, On the fourth day the urine content showed
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sent dally averages taken from 48-hr collections.
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7ig. 3.11 = Percentage of the theoretical dose of polonium per liter in plasma and
blood cells of sudject § (chronic myeloid leukemia) after oral administration of 0.19
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Takie 3.11— Percentage of Theoretical Dose ta Urine and Feces of Budject §
(Chronic Myelold Leukemis) after Ora) Administration of 0.19 Microcurie
of Polonium Chloride per Xilogram

“:' “";';'.';‘.":’ % of theoretical  § of theoretical
Time after st e éose per liter dose per kilogram
ingestion Urine Feces ia urine ia feces
Ar .
-2.3 0.00020 0.0007%
2.5-4.% 0.00032 0.0020
4.3-1 ©.00038 0.001¢
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. a sudden tenfold increase to nearly 0.05 per cent of the theoretical
R dose, an amount comparable to the early excretions following the in-
. travenous administration of similar doses. I not due simply to con-

Table 3.12— Percentage of Theoretical Dose per Liter in Blood, Plasma, and
Cells of Budject § (Chronic Myeloid Leukemia) after Oral Administration
of 0.18 Microcurie of Polonlum Chloride per Kilogram of Body Weight

ve '

N
AORAIR S 31'.‘

VLS

Time alter Percentage of theoretical dose per litery’
ingestion Whole dblood Plasms  Blood cells

nr
q 1 0.0¢ 0.072 0.054
: | 0.05 0.054 0.038
s 0.13 0.2 0.034
L] 034 0.033 ..
- 38 0.26 0.4 0.092
- Days
> ) 0.53 0.8 0.184
‘ 4 0.42 0.8 - eam
s 0.19 0.23 0.150
. 0.22 0.26 0.184 .
L | 0.18 0.188 0.103
s 0.26 0.33 0.188
. 11 .18 c.188 0.146
: 12 0.12 0.134 0.110 -
; 13 0.11 T 0a21 0.100
: " 0.13 0.133 0.122
N 18 0.11 0.105 0.127
" 0.13 0045 0.102
19 041 . 0.103 0.118
20 0.080 0.078 0.084
3| 0.084 0.084 0.083
V] 0.078 0.071 0.079
[T 0.071 0.057 0.08%
Q 0.083 0.04% 0.122
(7] 0.02¢8 0.040 0.010
0 - .02t 0.039
116 0.014 0.000 .00
144 0.009 0.009 0.008
19 0.011 0.010 0.012
e 0.007 0.008 0.008

tamination, this phenomenon might conceivably be related to the re-

H tention of feces during the same day, possibly causing a somewhat
e b higher absorption rate in that period. Except for the fourth day, the
' daily urine values remained fairly constant for 30 days, fluctuating
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between 4.5 and 7.4 X 10°? per cent of the theoretical dose, and then
gradually declined to 2 X 10-¢ per cent at 227 days after the beginning
of the experiment, )

The fecal elimination of the ingested polonium was negligible during
the first 24 hAr, but by the end of the third day 76.5 per cent of the

. theoretica) dose had been eliminated by this route. This elimination
rate then fell sharply to less than 1 per cent of the dose per day by
seven days. Between 11 and 32 days it remained at about the level of
1 per cent of the theoretical dose per kilogram of feces, thereaiter
decreasing gradually to a concentration of 10°* per cent per kilogram
or about 3 X 10°? per cent per day, 227 days after ingestion. In plot-
ting the daily fecal excretion data in Fig. 3.9 the average of two con-
secutive days was used, wherever possible, in order to equalize the
misleading irregularities In defecation. Dally total urinary excre-

tions are also shown in Fig. 3.9, and the concentrations in terms of '

percentages of the theoretical dose per kilogram of feces or per liter
.of urine are plotted in Fig. 3.10,
As shown in Table 3.12, the polonfum had already appeared in the
od stream within 1 hr after ingestion. The highest observed blood
«Jue was 0.5 per cent of the theoretical dose per liter of whole blood

at 48 hr, No blood sample was obtained on the third day, when the '

peak concentration most likely occurred. After the fourth day the
whole-blood content decreased steadily to about 0.01 per cent of the
theoretical dose per liter by the 116th day. The uptake in cells was
approximately one-fiith of that in the plasma during the first four
days. Thereafter plasma and cell concentrations remained essentially
the same. This situation §s in sharp contrast with rat ingestion ex-
periments, in which, at 10 days, the cell concentration was found to
be about 100 times that of the plasma. Plasma and cell values are
shown graphically in Fig. 3.11. The broken lines to and {rom the
$4-day cell value are used to indicate an obvious question concerning
the accuracy of that particular delermination. At 228 days the blood
activity was barely detectable, registering only 0.007 per cent of the
theoretical dose per liter, . ' :

Any attemp o estimate the absorption of polonium from the gastro-
intestinal tract on the basis of the data avallable in this case would
be largely conjectural. The values for both blood and urine are ap-
proximately one-tenth of the corresponding values found following the

intravenous administration of similar doses. This fact indicates that

possibly 10 per cent of the theoretical dose may have been absorbed.
The absorbed material may, however, be deposited in such organs or
in such a chemical form as to allow it to be more readily mobilized
into the blood stream and excreted through the kidneys than after in-

‘ction, Some such process seems to have taken place in the rat
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AL
:ﬁ,‘;.;.':_-'-n%-.h- Az : fngestion experiments, in which the urinary output and the blood con-
oy, SE 13":-‘:73\ e B : centration, in relation to the amount found in the body after sacrifice,
&,., 7,..__;‘5?,;‘1::: % was much higher than in injected animals. If the human shows a sim-
SR LG OR T T - . lar tendency, the data for subject 5§ would indicate that considerably
.% -“».f : “,;‘ ﬂ'r a9 ?: . less than 10 per cent of the ingested polonium had been adbsorbed.
W) bty §
S ; ,‘;-.’i'-;‘-!, :3(’:2%3 d . 4. RENAL EFFICIENCY IN POLONTUM REMOVAL
LT LD ; '
3:.’,’- :‘):,?'s;y:‘;,;f ’ . By H. E. Silberstein e
'_:f}:f;‘_ J e . With a considerable collection of data available from these studies,
:{_Ee‘_ ?lﬁ:,’;?;ﬁ'_ it seemed that some expression of the effectiveness of the kidneys in
Aa"-‘::":-:.:; removing polonium fromthe blood stream would be useful. Aub et al}
:5;‘,_:‘2} '._; have shown, for one human radium-poisoning case, that only about 1
.g;'_"-‘::»{:._';..*.g per cent of the radium present in the blood stream at any one time
.&‘.‘!’:\.::Q'.t,: : was excreted per day in the urine, that is, less than 0.01 per cent of
T "3;" - {,‘;“;:: D I the amount that passed through the kidney circulation. Similar estf-
,_.‘_f:‘;?”’;?r’i*—, : : mates on the basis of whole-blood content {n our five human subjects,
Rl R At B as well as in several rat experiments, gave about the same value for
Ria SRR ";L'.‘\"J polonium reroval as for radium. :
'_o&f:-;i_"f-.‘:....-;:,"‘;; 4 Removal of plasma constituents is, however, usually considered
R BRI AA, B : the better expression of kidney efficiency fnasmuch as that fraction
ARV " is presumably more available for excretion. Total polonjum in the
‘ _‘h..-«;';%}), g X circulating plasma at the end of each 24-hr period was calculated
il S & from estimated individual blood volumes and from hematocrit and
?:3.:::'”:13 polonium concentration values of each sample. The polonium in each
It S0 :"L'{i?":l';' day’s urine was then expressed in terms of percentage of the total
}F.; T ¥ _polonium in plasma at the end of the corresponding period. This value
-:;ZT.. =% ;‘;‘:-_: : remained essentially the same in each case throughout the period of
et Stk & observation in spite of dally fluctuations. Both subject 4, an intra-
-’;%-g:_:';:;.}-g_'._, venous subject with apparently normal kidney function, and subject 5,
-.it‘;;é’-;‘::..’r;!xki” d the oral-administration case, excreted on the average 1.5 per eent of
:‘,’;\'_‘-b:‘,«,_'c';:ii;»_-. g their plasma polonium every 24 hr. The assumption, made by Audb
""‘?9_,‘,:.";" ;‘7"(\;-_‘_ et al., of 100 passages of the blood through the kidneys per day would
?3; oy ‘»*'?’,“Zt:.'."‘ indicate that less than 0.02 per cent was continuously removed. Sub-
%5-".,"' _‘ 'ﬂ‘-.'-': S5y & ject 3, an {ntravenous case with slight evidence of renal malfunction,
S ';.5;;""-"-:_- " showed a somewhat higher average rate of 0.05 per cent continuously
a?:., r'&’*ga",’k removed from the circulating plasma.
<y ;-;_-:,:f:'/-'sﬁ Calculation of standard clearances for polonlum in these experl-
11}:4:1“.7 PRI tents, as well as from single sets of blood and urine data on a few
LA AR §- laboratory workers who had assimilated detectable amounts of polo-
:?5‘" ~ '.".‘@t . nlum, ylelded extremely low values ranging from 0.01 to 0.08 ml of
>, d?'_ .’ﬁgﬁ‘r 3 whole blood cleared per minute. The average concentration of polo-
Y ‘,f"_}_,...);g‘ ajum for each of the last three experimental subjects fell close to an
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STUDIES OF POLONIUM METABOLISM IN HUMAN SUBJECTS 149
over-all average of 0.04 ml. Clearance values during the {irst few
hours after injection were somewhat higher than the individual aver-
age, whereas in the early period after oral administration they were
lower than the average. A very cursory glance at the literature re-
veals that these values for polonium clearance by the kidneys are
considerably lower than for some similar metals, Arsenic, for ex-
ample, may be cleared 100 to 200 times faster, and selenium at least
§0 times faster, than polonium. Whether this is due to extremely slow
glomerular {iltration or to a high tendency for reabsorption of the
material Is impossible to say at present.

$. RED CELL UPTAKE OF POLONIUM IN VITRO

By A. T. Gorham

A short experiment to determine the in vitro uptake of polonium by
red cells was undertaken for several reasons: (1) to ascertain wheth-
er the relative distribution of polonium between the cells and plasma
in the early samples drawn from human subjects was actually the
dictribution obtained at the time the samples were drawn, or whether

distribution could change while the blood samples were being
. dled in the laboratory, (2) to determine whether any detectable in
vitro diferences existed between rat and human red cells with re-
spect to thelr in vitro uptake of polonium similar to the apparent dif-
ferences noted in the in vivo experiments, and (3) to check literature
reports of direct hemolytic action of alpha particles.?

Results obtained with three human and two rat blood samples are
shown in Fig. 3.12, The human blood was drawn, heparinized, and
kept under sterile conditions In paraffined tubes, The rat blood sam-
ples consisted of pooled collections {rom three rats, {rom which
blood from the femoral vein was allowed to drip into heparin in par-
affined tubes under semisterile conditions, i.e., after treatment of
the instruments and the skin around the incision with 70 per cent
alcohol, The polonjum was added in & very small volume of neutral
isotonic saline, The dala show that as blood containing polonfum stood
in the hboratgry atroom temperature for increasing perlods of time,
progressively- higher proportions of the polonjum could be centri-
fuged with the red cell fraction; the data also indicate that the pro-
porton in the cell fraction increased more rapidly in rat blood than

- in buman blood.

The ratio of red cell concentration to plasma concentration in the
first few hours after the intravenous injection of polonium into human
subjects rose much more rapidly than in the tests in vitro. Accord-
ingly, it seems bmprobable that an increase in the cell concentration
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150 DISTRIBUTION AND EXCRETION OF POLONIUM

in vitro during the time between the taking of the blood sample and
the {inal separation of cells and plasma (generally 30 to 90 min) had
an important effect on the results obtajned.
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MOURS ATTER ADDING POLOMUM IN VITRO

7ig. 3.13—In vitro uptake of polonjum by blood tslis of buman subjects and rats,

Human blood to which had been added 0.5 microcurle of polonium
per milliliter showed no hemolysis after standing 24 br and only a
slight hemolysis, similar to that shown by a control sample, after 52
hr. Such a concentration of polonium would be expected in the blood
only after the intravenous administration of about 1,000 microcuries
per kilogram, Since 200 microcuries per kilogram was fatal to rats
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STUDIES OF POLONIUM METABOLISM IN HUMAN SUBJECTS 181

within a week, it may be concluded that the possible direct destruction
of red cells by alpha particles is of no clinical significance in polo-
nium polsoning. The pooled rat blood samples hemolyzed quickly,
either with or without the addition of polonium, and attempts to detect
cell damage due to polonium were unsuccessiul,

No convineing evidence has yet been obtained as to whether the
polonjum actually becomes attached to the red blood cells or merely
goes into a colloldal form that can be swept down with the cells dur-
ing centrifugation. The point might be settled by an auvotradiograph
of a very dilute blood smear, but preliminary attempts along this line
have not been successiul. -

6. ABSORPTION OF POLONIUM THROUGH HUMAN SKIN

By R. M. Fink

An experiment was carried out to determine the possibility of de-
tecting absorption through the skin by a direct measurement of the
amount of activity remalning on the skin. A 0.01-ml drop of an is0- -~-.
tonic saline solution of polonium chioride containing 2,000 counts per
minute was placed on a finger tip and allowed to dry. The activity
was measured by clamping the finger in an accurately reproducible

ilon in front of a portable jonization chamber, and the meter sen-

7ity was checked by means of a similar droplet of solution dried
on a metal rod, which could substitute {or the {inger in the clamping
arrangement. A plastic guard kept the finger from contacting any
objects except during actual measurement. Immediately after the
drop had dried, the activity on the finger measured § per cent less
than the activity on the wetal rod, owing probably to the poorer ge-
ometry in the case of the finger, A rather bumpy curve of loss of ac-
tivity from the finger was obtained, the reading being down to 84 per
cent of the original value in 4 hr, 80 per cent at 10 hr, 85 per cent at
15 br, 84 per cent at 24 hr, B0 per cent at 30 hr, 80 per cent at 48 hr,
and 70 per cent st §6 hr. Unfortunately, from the minute the venti-
lated finger guard was put on, the finger started to collect dust, dirt,
lint, and dried perspiration, most of which refused to blow oif in @
gentle air stream. Accordingly,.at the end of the 96-hr test period
a portion of the fuzz on the finger was removed gently with a camel’s
hair brush, ‘Whereupon the activity reading rose from 70 to 76 per
cent of the original activity. Bince the finger was still quite dirty, it
was then rinsed in distilled water, and the activity rose still higher,
going back to 90 per cent of the original reading. Measurement of
the activily in the distilled-water rinse showed it to contain 13.5 per
cent of the active material originally placed on the finger, or 3.5 per
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182 DISTRIBUTION AND EXCRETION OF POLONTUM

cent more than the difference between the original and final readings
of the finger. The finger was then rinsed in Clorox (sodium hypo-
chlorite), and the activity dropped to less than 100 counts per minute.
Unfortunately the sodium hypochlorite interfered with the plating out
of polonium on silver, and the amount of solids in the solution pre-
vented the accurate reading of an evaporated sample, 30 that no check
of the amount of activity in the second rinse solution was obtained
except for proof that it contained more than 50 per cent of the orig-
inal activity. It was not expected that anything less than coinplete ab-
sorption of the activity would give readable quantities in the urine
unless the urinary excretion were supereflicient, as was apparently
the case in the stomach-tube experiments with rats. Urine counts
that had been running from 1 to 3 counts per minute per 24-hr col-
lection before the experiment started dropped to 0.3 count per minute
on the first day of the experiment and were therefore discontinued.
At one point during the experiment a drop of kerosene was acciden-
tally spllled on the test finger, and the activity after the kerosene
dried measured the same as before. As was expected, the principal
conclusion from the experiment is that absorptionof polonium heareh
the human skin is too slow to be accurately measurable by methods
involving the measurement of the amount remaining on the skin. I,
as seems probable, the method used is accurate to ¢ 10 per cent, it
may be concluded that the polonium: chloride present on the hands
was absorbed at a rate not exceeding 2 per cent per day.

1. SUMMARY

The rates of excretion of polontum b}' four human subjects, injected
intravenously with 0.17to 0.3 microcurie of polonium per kilogram of

RO body welght, were of the same order of magnitude as those observed
P R in experiments with rats, During the first week after injection their
r 3 \br' -

o

average dally urine content was 0.1 per cent of the theoretical dose.
In two cases, followed for longer periods, this daily average fell to
about 0.06 per cent during the second week and to 0.03 per cent at 40

'G,;-_' days. On a single observation the urlne collected on the seventieth
: =,f;~—$ day after infection contained 0.02 per cent.of the theoretical dose.
: LAy, Polonium was eliminated in the feces at a level 10 to 20 times higher
i """f;- than in the urine. Fecal analyses on two of the subjects showed an
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average dally output of 1.5 per cent of the theoretical dose during the
first week. The subject whose early fecal contents had been the low-
er of these two continued to excrete amounts {luctuating around 0.8
per cent of the theoretical dose per day for another two weeks and
then dropped to 0.6 per cent at 40 days and 0.25 per cent.at 70 days.

-Evidence of the rapid disappearance of injected polonfum from the
blood stream was found by early sampling in two cases. Within the
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first half hour the average total clirculating polonjum was less than
5 per cent of the theoretical dose. The whole-blood concentration at-
the end of 24 hr in the four cases averaged 2 per cent of the theo-
retical dose per liter, Each case showed a moderate rise, more
marked in cells than in plasma, between three and five days after in-
jection, the average at three days being 2.7 per cent of the theoretical
dose per liter of blood. The values then fell gradually to about one- -
tenth of this level at 70 days. The concentration In cells was generally
two or three times greater than In plasma, and somewhat greater in
white blood cells than In red blood cells, The uptake by cells was -
found to be more rapid in the anima) body than in experiments in vitro .
at room temperature. ‘
" Following the ingestion of polonium in the one case studied, traces
of the material appeared rather soon in the blood and urine, but the
total absorption was probably less than 10 per cent of the theoretical
dose. The first blood sample, taken 1 hr after administration, coan-
tained 0.08 per cent of the theoretical dose per liter. After 48 hr the
whole-blood concentration was 0.5 per cent per liter, and this very
gradually fell to a barely detectable amount, less than 0,01 per cent
of the theoretical dose per liter, 225 days later. Plasma concentra- _
tion rose more rapidly in the early period, but after the first week
plasma and cell concentrations were similar. By the end of the first -
2% hr the urine contained 2 x 10™* per cent of the theoretical dose,’
but the most raoid early excretion rate, 0.006 per cent per liter, oc-
curred during the latter two-thirds of the first day., Daily urinary
excretions were S5 to 7 X 1072 per cent of the theoretical dose for 30
days after Ingestion and then gradually fell to 2 x 10°¢ per cent at 230
days, Fecal elimiration was 77 per cent of the theoretical dose by
the end of three days, averaged 0.28 per cent of the theoretical dose
per day between 10 and 30 days, and {inally fell to 3 x 10~* per cent
at 230 days. By this time probably less than 0.6 microcurie remained
in the body, giving 10°¢ microcurie per day in {eces and 10”* micro-
curie per day hvul.ne. . ‘

A brief experiment to test the absorption of polonjum through the
buman skin indicated that it was absorbed at a rate not exceeding
2 per cent of the dose per day. .
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