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The Distribution and-Excretion of Hexavalent Uranium in Man

By E. G. Struxness,* A. J. Luessenhop,t S. R. Bernard* and J. C. Gallimore,* USA

This study was undertaken, first to determine the
intravenous tolerance dose of fissionable uranium in
man for its possible application to neutron capture
therapy of hrain tumors; and secondly, to obtain
human data with which to describe the excretion of
uranium in urine and its relation to distribution in
the body. This information is needed to permit a
more realistic evaluation of occupational exposures
in enriched uranium processing and fabrication
plants. The study was a cooperative undertaking by
the Health Physics Division, (ak Ridge National
Lahoratory, and the Department of Neurosurgery,
Massachusetts Genera! Hospital.

Previons investigations by W. H. Sweet, and
others pointed out thé use of the neutron capturing
isotope, 131", in the radintion therapy of intracranial
tumors ¥ Their results, suggestive of temporary
retardation of tnmaor growth in eight out of twenty-
one patients, indicated that further exploration of
tieutron capture therapy was warranted. Afer careful’
theoretical evaluation of the clinical use of fissionable
uraniwm. they concluded that its possibilities in cap-

e soivapy were worthy of Investigation,

Some of the questions that arise out of considera-
tion of this possibility are: (11 Will a high dif-
ferential concentration of urzniwm in the tumor be
achieved following intravenous administration?® (2)
Will a high difficrential concentration in the tumor
persist Jong cnough to permit effective exposure to
thermal neutrons? (31 What iz the absolute con-
centration of uranimm in neoplastic brain tissue and
in other tissues? (4) What is the highest possible
dose of fissionable nranium intravenously adminis-
trable without seriously affecting the patient?

Uranium iz known to be pephrotoxic. but the dose
required to produce toxic manifestations in man is
not known., Small animal data show that a striking
species variation exists, ¢.g., the mouse tolerates 100
to 200 times more uraninm than the ralbit. The
initial objective of this study was to investigate the
toxicity of uranimm in man with a view to deter-
mining the highest intravenous injection dose.

This investigation provided a unique opportunity
ta obtain uranium distribution and excretiom data on

Inclndimg work by €. S Danks* T, L. Halv'less.“ LR
Muir,” L Rebinsent and W, 11 Sweett.

* Oak Ridge National Laboratory,
+ Massachusetts General Hospital.

humans for application to a mathematical method of
evaluating industrial exposures. A specific problem
of great interest to industrial workers is the possible
radiological effect of chronic exposure to the enriched
uranium-contaminated dusts, smokes and fumes ever
present in production plants. Heretofore, these ex-
posures have been characterized by the arbitrary
and limited monitoring techniques presently available
to industrial health groups. Such methods are in-
capable of detecting evidence of biological signifi-
cance in the case of continuous, long-term, low-level
exposure to insoluble radioactive aerosols. For
example, the hody burden cannot be determined,
with any degree of confidence, on the basis of
airborne-uranium measurements; neither is it pos-
sihle to estimate concentration in critical organs on
the basis of excretion measurements until a definite
relationship Dbetween distribution and excretion is
established. Here was a chance to obtain information
on which to construct and test part of the evaluation
method. i.e., the relationship between distribution
and excretion of uranium as it leaves the circulation.

Although the primary justification for these ex-
perimental injections of uranium in man grew out of
its theoretical value in neutron capture therapy, only
the distribution and excretion portion of the study
will be included here. The toxicological findings will
be published by other authors at a later date.

METHODS '

Selection and Care of Patients

The six patients selected for this study were in
the terminal phase of severe irreversible central
nervous system disease. Virtually all had brain tu-

~mors of a most malignant type. The ages of the pa-*,

tients were 26, 34, 39, 47, 60 and 63 years, and,
aside from the central nervous system disease, they
were in generally good physical condition - without
definite evidence of other pathological processes.

At the time of injection all patients were in coma
and receiving the usual hospital care consisting of
frequent turning, skin care, gastric tube feedings,
catheter drainage and frequent tracheal suction.
Three of the patients had tracheotomies,

The patients who did not terminate during the
two to three week period following injection were
transferred to a nursing home where they could still

be closely observed.
DOE/HQ



o ~__ URANIUM DISTRIBUTION AND EXCRETION IN MAN 187

Administration of Uranium

P-aparation of Injection Solution .

are uranium oxide (UzOg) was converted to
worate (UO2(NQa)2) by dissolving the oxide in an
excess of nitric acid and evaporating to dryness. The
resulting nitrate cryvstals were dissolved in distilled
water and twice evaporated to dryness to eliminate
final traces of nitric acid. The crystals were then dis-
solved and diluted to volume with distilled water.
The solution was. assayed at this point colorimetri-
cally and by alpha count. The desired quantity of
nitrate was then removed, placed in a rubber sealed
container and autoclaved for sterility. A 0.41/ sodium
acetate solution was prepared and autoclaved. Equal
volumes of each were combined shortly beiore the
beginning of each study and the desired quantity
removed for injection. ANl administrations were
given at a pH of from 5.5 to 6.0. Except in the case
of Patient I, all injcction solutions were similarly
prepared. In this case the uranium nitrate was placed
in physiological saline and adjusted to the proper pH
with sodium hydroxide and hydrochloric acic.
Following the injection, the svringe emyplove) in
the administration was: used to deliver a replicate
volume of the injection solution ta a flask inr quan-
titative analvsis. This procedure accounied for any
volume errors as a result of inaccurate markings
on the syringe.

jon Procedure

Fhe uranium was injected intravenonsly in ol the
patients. The procedure consisted of firs '"'mf
an intravennns af noarmal "\}IHC inoan am(cn-n'
vein. After careful inspection to preclude any poe-
sihilitv o extravasation. the uranium soiution wa-s
injected over a perind of 10 to 13 seconds through
the rubber intravenons tubing. In the first patient
this was done through a metal 3-way stopcock.
However, a small amount of the solution was Jost
because of leakage from the stopcock. In the second
patient a glass 3-way stopcock was emploved. but
during the injection the glass side arm broke re-
sulting in the foss of a small, but significant. amount
of the solution. Thereafter, the injections were made
by mserting the syringe needle into the rubber LV,
tnhm" In all cases the syringe was :mgated 4103
times with saline from the L\". hottle prior to its
removal from the tubing.

Collection of Specimens

Blood specimens of 1 to 3 millimeters were taken
by phlebotomy in the arm not used for the uranium
injection. During the first 24 hours, hourly specimens
were taken: then at 12 hour intervals for several
weeks, then at 24 hour intervals and, following trans-

‘rom_the hospital. at 1 to 3 week intervals until
-ation.

For 4he determination of initial bone uptake sev-

eral bone biopsies were taken from the anterior tibia

"ubWQGQ

emplonng a. Y4-inch trephine through a ‘'small skin
incision.

The urine samples were collected from indwelling
catheters. During the first 24 hours they were col-
lected at hourl: intervals, or more frequently if the
output was great; thereafter at 12-hour intervals for
2 to 4 weeks and fimally 12-hour samples at 1- to
4-week intervals,

All feces specimens were collected during the time
the patient remained under close observation in the
hospital,

During the period of collection of samples for
uranium determination numerous blood and urine
specimens were taken for measurement pertinent to
indices of chemical toxicity.

At the time of writing, 3 of the ¢ patients have
expired and permission for autopsy has been obtained
on 4 of these. Samples of all body tissues were taken
for uranium determination.

Preparation and Analysis of Specimens
Urine '

Three 20 millimeter aliquots were removed from
each specimen, when possible, and 20 millimeters of
concentrated nitric acid were added to each aliquot.
Thesze solutions were reduced to dryness on a steam
lath and shipped to the Oak Ridge National Lab-
oratory for analysis.

Upon arrival at the Laboratory, 20 milliliters of
a hydsochloric-nitric acid solution (1:3 proportions)
were added to each specimen bottle and allowed to
stand wntil all the residue was in solution. The re-
sulting solution was carefully rinsed with 0.1\ nitric
acid into a 100 milliliter beaker and evaporated to
dryness. This acid digestion was repeated five or
more times until a white residue resulted at dryness.
A final digestion with 20 ml of nitric acid for chlo-
ride destruction was carried out.

Following evaporation, the residue was dissolved
in 0.1\ nitric acid and diluted to volume. Triplicate
aliquots were removed from each volumetric dilution

for electrodeposition® of the uranium and subsequent

alpha counting.
Blood

The blood specimens were prepared in the same
manner as the urine with the exception of the final

nitric acid digestion. At near dryness, the sample

was removed from the steam hath. The small quan-
tity of acid and residue remaining was dissolved in
20 milliliters of distilled water and triplicate ali-
quots were removed for electrodeposition and sub-
sequent alpha counting.
Soft Tissue Specimens of Less than 2 Groms Wet Weight
Soft tissue specimens (biopsy or autopsy) were
weighed and muffled in platinum crucibles at 600°C
for 24 hours. The ash was dissolved in 0.1V nitric
acid and the entire volume analyzed by electrodepo-«
sition and alpha counting.
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Feces, "Bone, and Tissue Specimens Greater thon
2 Groms Wet Weight

All specimens were wet weighed and muffled in
mm crucibles at 6007 C for approximately 24
. .5. Additional time was required for several speci-
mens of bone to insure complete organic destruc-
tion. The resulting a<h was weighed and analvzed
for uranium using the aluminum nitrate-diethy{ ether
extra tion procedure with sulizequent evaporation in
a stainless steel planchet for alpha counting.

Mathematical Interpretation of Dato

A mathematical modc), similar in structure to that
designed by Teorell® for studying the tissue dis-
tribution of intravenousiv administered drugs, was
designed te represent the distribution and excretion
of urantum following intravenou. administration.’
Its design. shown in Fig. 1. was based on a simple
diagram constructed by \W. 7. Newman® The values
of f. ¢ and A were then taken from available research
data on ammals.® Only a few terms are used to rep-
resent the complicated metabolic processes in the
four miajor compartments, the nuiinr premise being
that these physiological processes are simple first
order reactions.

The test of this madel involves only the measured
excretion and deposition values abtaine! in the ex-
periment. Aifter determining the excretion equation
and the values of each parameter. it i~ possile to
~='~ylate the concentrations in each conyrartiment for

parison with the ohserved deposition values.

RESULTS
Blood Disoppearonce

Litaamsaitin weaenting gcaves the Liood streans very
rapidlv. The blood values olitainted in this experi-
ment at varving time interval< after administration
are presented in Fig. 2. On the average, 97 of the
injected dase is removed irom the circulation in a
matter of 20 hours, assuming uniform distribution
at injection (time zero) and a hlood volume of 7.14%
of hodyv weight. When they are once reduced, the
blood values remain relatively constant until time
of expiration.

Urinary Excretion

Concurrent with the fall of the blood-uranium level
- large quantities of uranitm appear in the urine. Most

of the excretion takes place in the first twenty-four

hours after administration; thereafter, ever decreas-
ing quantities are excreted. Essentialiy all uranium
is excreted in the urine. since less than one per cent
of the injected dosc is found in the feces, Figure 3
shows the urine excretion data obtained in this study.
These data are presented as log-log plots for the pur-
pose of comparing the excretion rates on an identical

scale. It will be seen in all cases that the excre-

rate -is non-lincar over the total observation
period.

I0b1402

Distribution in Tissue

The per cent of injected dose per gram of tissue
found in tibia biopsies during the first 40 hours after
administration is shown in Table I. These data in-
dicate that the accumulation of the injected uranium
ranges from 2 X 10~ to 23 X 10~ per cent of in-
jected dose per gram, the average for the first 24
hours being 10.1 X 10~* per cent. This corresponds
to an initia) deposition of 6.0 per cent of the injected
dose in bone assuming an average jatient skeletal
weight of 6000 grams.

In contrast to this value of initial deposition in
the skeleton, are the autopsy values shown in Fig. 4.
Here the average skeletal content, in terms of per
cent of injected dose per gram, is plotted as a func-
tion of time. The data show that the initial deposi-
tion in hone, estimated by extrapolation, is 23.9 X
1077 per cent of injected dose per gram, or 14 per
cent of the injected dose. This is suggestive of a
skeletal build-up which peaks somewhere between 24
and 60 hours. However it must be remembered that
biopsy samples may not be representative of skeletal
distribution since they are very small and essentially
compact bone, while the autopsy specimens are larger
and include portions of all bone structures.

The kidney findings at autopsy are shown in Fig.
3. Extrapolating these data to time zero indicates an
initial deposition of 16 per cent of the injected dose.
The uranium is mobilized from the kidney with a 16
day half-life accompanied by a leveling off at ap-
proximately 1 per cent.

A\ typical gross autoradiogram of the kidney. Fig.
6, shows uranium non-uniformly distributed and con-
centrated primarily in the cortical structures. Figure
7. a microscopic autoradiogram of a kidney section
from Patient \'1, illustrates in detail, a typical site
of deposition. Here the uranium is observed to be
deposited within or upon epithelial cells of a proxi-
mal convoluted tubule.

The autopsy values of all tissues analvzed for
uraniuny are listed in Table II. They are tabulated
in terms of per cent of injected dose per gram, he-
cause it was impossible to obtain weights on all the
organs and tissues sampled. Thus, there is no other
basis upon which to adequately compare these values.
However, if one assumes the weight values of stan-
dard man® to convert these values to per cent of in-

Table I. Uranium Content of Bone Biopsy Somples in
Per Cent of Injected Dose per Grom X 104

Paticut no, 7 ) 1 v 14 vi
0-24 hr 87 11.2 129 10.8 80 88
79 6.7 33 6.3 93
234 44 20 3.9
16.2 159
g2
134
17.9
2448 hr 70 22
15.1
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erredd dose per organ or per tissue. it iz evident that
al: soit uissues, excluding kidney, contain approxi-
mately 20 per cent at 6(' hours after injection and
Jess than 1 per cent at 1300 hours. This is unlike the
results obtained in small animal experiments, where
the soft tissue content fell 1 to 2 per cent of the
injected dose concurrent with the fall in blood ura-
“nium ' This difference is markedly evident when
the soft tissue concentration is related to the blood
disappearance curve, as will be shown later,

DISCUSSION
Estimoting the Injection Dose for Potients | and I

As described previously, injection solution repli-
cates were collected following administration. These
replicates were analyzed in a manner identical with
the analysis of urine and blood specimens.

In the case of Patients I and II, injection inci-
dents prevented administration of the predetermined
dose. It was necessary, therefore, to estimate the in-
jected dose. This was accomplished in the following

manner : the excretion curves of Patients 111 and IV -

were plotted : the first part of each curve, being linear,
was fitted with an exponential term ; this single com-
ponent, when integrated. represented 0.54348 and

.53476 of the measured dose, respectively. The same

procedure was followed with the excretion curves of
Patients I and II. Dividing the area under their
curves by the average of the values from Patients 111

Figure 6. Gross outoradiegrom of kidney showing distribution of
vronivm
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Figure 5 Fe cert of injected dose in kidney of outopry

and IV, 0.33908, it was possible to estimiate their

Inineted dace
Comparison with Research Anima! Doto

The f{ractions of injected dose initially depesited
in soft and hard tissue obtained in this study are
in good agreement with those obtaired in animal
experiments. For example, Neuman states that irom
5-20% of the injected dose in rats concentrates in

bone.'' Two independent estimates of these fractions
in per cent of injected dose determined by the
analyses of biopsy and autopsy hone samples in this
study gave values of 65 (= 3. one standard de-
viation) and 14 = 0.04¢%, respectively. The half-life
in the bone. however, differs by a factor of 4, i.e.,
28 days for man, while that for rats is reported to
be 100 days.!? The bone half-life was determined
from a plot of the autopsy results shown in Fig. 4.

Figure 7. Microscopic ovtorodiogram of kidney showing uranium In or upon epithelial cells of o prox!mul convoluted tubule
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« Rat kidney initially contains 1; of the dose and has
a hali-life of 46 days."* A plot oi the per cent of
injected dose found in the kidnevs of these, patients
at autopsy gives the fraction initiallv deposited as
! 0.04% and a half-life of 16 =: 0.32 days. This

is shown in Fig. 5

snese patients excreted from 49 1o 84 fer cent of
the injected dese in the urine during the fir't 24
hours as shown in Table TIT. Newmnan cites excretion
values covering the same timé interval of 30 per cent
in mice, 60 per cent in rats, 70 per cent in dogs, and
73 per cent in humans. In this study. which covered
periods of observation ranging from 060 hours to 7
months, 61 to 98 per cent of the injected uranium
was recovered in the urine.

Previous animal work has demonstrated consi(l-
erable variations in bone deposition with age. activity
and diet. Also, deposition of uranium in the kidney

~has heen shown te be markedly affected by the acid-
base halance. It is apparent that the metabalic state

Table Il. Autopsy Resulls in Per Cent of Injected Dose
per Grom X 104
Potienr e ! I v 17
Post inivetion
frne [ 17783 ) RAREIFE E

Adrenal gland 1.1 1.6 @.n (4]
Aorta 7.1 ac: 71
Bladder 22 (AR! G
Brain 003 138
Brain (fromtal lahe)y 2708 c2
Brain (parictal Inhed 282

(temporal lobo) G

ge (1
Lo aage (riby (O
Cartilage (trachealy KIS
Fat (suhcutancous) O (U
Fat (from skim) &7

from ﬁhaf!)
(1 & VI bone

from distal end» N (3 & 14
Gall hladder 48 02 137
Heart 20 nl 02 07
Intestine (sma') 2.1 03 [ 18
Kidney 2540 221 23 2326
Liver Ju.4 1.4 on 6%
Lung 47 03 0.2 3.6
Lung (ncerotic) 229
Marrow (bhone) [¢R] 0.2
Muscle 0.4 02 (L] 1.0
Muscle (psoas) 03

. Pancreas (LIxY 1.2 [T 1.)
Prostate .02 02 1N
Rib 197 26 an 421
Skin 3o 02 0.1 1.7
Skull 70 1o 19 '
Spleen 18K 3.6 03 .7
Sternum’ Q0.3
Stomach 12 01 (W 0K
Testis 2.1 03 29
Thyroid "0 0.07 1.5
Tumor (tissuc from

edge 248 05 0.4
Tumar (viahle) - 0.6
v Yrae (hashar) S I

rac (thoracic) 838

I0b408

Table I1l. Per Cent of Dose Excreted in Urine

Time of iost

Pat ent wo. 24 kr J& ke Last sample  sampir, hr
1 39 61 61 57
11 78 & 92 1437
111 & & R 4823
v 7 8] 835 1008
\ 67 72 & 1511
V'l 49 53 63 425

* Last sample analyzed: patient has not expired

of these patients would differ from that of healthy
subjects. None of the patients showed the salt loss
or retention occasionally noted following brain dam-
age. hut their hed-ridden condition indicated a state

of negative calcinm and nitrogen metabolism. No.

doubt these factors, and perhiaps others, played an
important role in some of the variations noted in
these patients. For example. it might be inferred that
the effect of a negative calciwm balance would hasten
the removal of uranium from the skeleton.

In general, considering factors of 2 to 4 as heing
small, the data ol)tamed in this study are in good
agreement with those obtained in small animal re-
search.

Preliminary Application of the Model

The vhimate purpose of the model is to evaluate
individual excretion curves in terms of distribution.
By fitting a plot of excretion data with a sum of three
exponential terms and equating this to the theo-
retical éxcretion equation, it is possible to estimate
the amounts of uranium in principal sites of depo-
sition. This requires analytical curve htting methods
to ohtain the hest it of the excretion data.

An attempt has been made to obtain the hest fit-
ting excretion equation for each of the patients in-
volved in this study. Two analyvtical methodst!*
have been tried without sticcess and other methods
are heing investigated at this time.

However. in order to illustrate the application of
the model. a tentative schema emploving the dis-
tribution and excretion measurements of all patients
can he used. First, the data in Table 111 are plotted.
Then a free hand curve is drawn and the equation
of the curve is determined graphically. This curve
and its equation are shown in Fig. fa. The unknown
|nr.unclcrs of distribution can then he determined
i the manner shown in Fig. 1. When these para-
meters are substituted into the integrated equations
for bload. boue and kidney, the uranium content in
these sites can be caleulated, The resulting curves,
together with related hiopsy and autopsv values, are
shown in Figs. 8, & and &d.

While the calculated amounts of uranium in bone
and kidney are in good agreement with the ohserved
values, the difference between blood and soft tissue
evident in Tig. 8d is striking. This suggests a sig-
nificant fixation of uranium in soft tissues (other
than kidnev) not found in small animals.
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It must be pointed out, however, that fir  Zon- 6. Bernard, S. R. and Struxness, E. G., The Distribution
clusions cannot be drawn because this apphcation " ond Excretion of Uranium in Humens. I. A Model of
does not -epresent the final tést of themodel ihe Ds:.mbxman and Excrehqn.of l-.hxavalmf 'Uramum
a ’ Following Intravenous Adwministration, unpublished re-
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