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INTRCDUCTION

This study was undertaken, first to determine the intravenous tolerance
dose of fissionable uranium in man for its possible application to peutron
capbure therapy of train tumors; and secordly; to obtain bhuman data with which
to describe the excretion of uranium in urins and its relation to distribution
in the body. Tkis information is nesded %0 permit a more realistic evaluation
of occupational exposures im enriched uranium processing and fabrication
plants. The study was a cooperativz undertaking by the Health Physics
Division, Oak Ridge Natiomal Latoratory, and the Department of Neurosurgery,
Massachusetts General Hospital.

Previous investigations by W. H. Swest, and others pointed out the use
of the negtron capturing isotope, B10, in the radiation therapy of intracranial
tumors. Their resulis, suggeative of temporary retardation of tumor
growth in eigh® out of twenty-ons patients, indicated that further exploration
of neutron capture therapy was warranted. After careful theoretical evaluation
of the climical use of fissiomable uranium, they concluded that its possi-
bilities im capture therapy were worthy of investigation.

Some of the questions that arise out of consideration of thls possi-
bility are: 1) Will a high differential concertration of uranium in the
tumor be achieved follcwing intravenous administration? 2) Will a high
differential concentration in ths tumor persist long emough to permit
effective exposurs to thermal neutrouns? 3) What is the absolute concentration
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of uranium in neoplastic brain tissue and in other tissues? L) What is the
highest possible dose of fissionable uraunium which can be intravenously
administered without seriously affecting the patient?

Uranium is known to be nephrotoxic, but the dose required to produce
toxic manifestations in man is not known. Small snimal data show that a
striking species variation exists, e.g., the mouse tolerabes 100 to 200
4imes more uranium than the rabbit. The initial objective of this study,
therefore, was to investigate the toxicity of uranium in man with a view to
determining the highest intravenous injection dose.

This investigation provided a unique opportunity to obtain uranium
distribution and excretion data on 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 exposures have been
characterized by the arbitrary and limited monitoring techniques presently
available to industrial health groups. Such methods are incapable of
detecting evidence of biological significance in the case of continuous,
long-term, low-level exposure to insoluble radioactive aerosols. For example,
the body burden can not be determined, with any degree of confidence, on the
basis of airborne-uranium measurements; neither is it possible to estimate
concentration in critical organs on the basis of excretion measurements until
a definite relationship between distribution and excretion is established.
Here was a chance to obtain information on which to comstruct 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 experimental injections
of uranium in man grew out of its theoretical value in neutron capture therapy,
oxly 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
braia tumors of a most mallignant type. The ages of the patients were 26, 34, 39,
¥7, 60 and 6% years, and, aside from the central nervous system disease,
they vere 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 termimate during the two to three week

period following injection were transferred to a nursing home where they
could s%ill be clossly observed.

-o-
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Administration of Uranium

Preparation of Injection Solution. Pure uranium oxide (Uz0g) was
converted to nitrate (UOo{NOx)s) by dissolving the oxide in an excess of
nitric acid and evaporating go dryness. The resulting nitrate crystals
were dissolved in diztilled water and twice evaporated to dryness %o
eliminate final traces of nitric acid. The crystals were then dissolved
and diluted to volume wi*h distilled water. The solution was assayed at
this point colorimetrically and by alpha count. The desired quantity of
nitrate was then removed, placed im a rubber sealed container and autoclaved
for sterility. A O.4M sodium acetate solution was prepared and autoclaved.
Equal volumes of each were combined shortly before the beginning of each
study and the desired quantity removed for injection. All administrations
were given at a pH of from 5.5 to 6.0. Except in the case of Patieut I,
all injection solutioms 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 acid.

Following the injection, the syringe employed in the administration was
used to deliver a replicate volume of the imjection solutiom to a flask for
quantitative analysis. This procedure accounted for any volume errors as a
result of inaccurate markings on the gyringe.

Injection Procedure. The uranium was injected intravenously in all
the patients. The procedure consisted of first starting an intravenous of
normal saline in an antecubital vein. After careful inspection to preclude
any possibility of extravasation, the uranium solution was injected over
a period of 10 to 15 secords through the rubber intravenous tubing. Imn the
first patient this was done *hrough a metal 3-way stopcock. However, &
small amouht of the solution was lost because of leakage from the stopcock.
In the second patient a glass 3-way stopcock was employed, but during the
injection the glass side arm broke resulting in the loss of a small, but
significant, amount of the solubion. Thereafter, the injections were made
by inserting the syringe needle into the rubber I.V. tubing. In all cases
the syringe was irrigated 4 or 5 times with saline from the I.V. botile
prior to its removal from the tubing.

Collection of Specimens

Blood specimens of 1 to 3 milliliters were taken by phlebotomy in
the arm pot used for the urenium injection. During the first 24 hours,
hourly specimens were taken; then at 12 hour intervals for several weeks,
ther at 24 hour intervals ampd, following transfer from the hospital, at 1
to 3 week inmtervals umntil expiration.

For the determination of ini%tial bone uptake seversl bone biopsies
were taken from the anterior +ibia employing a 1/2 inch trephine through a
small skin incision.

The urine samples were collected from indwelling catheters. During
the first 24 hours they were collected at hourly 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 L4 week intervals.
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All feces specimens were collected during the time the patient remained
under close cbservation in the hospital.

T

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

At the 4ime of writing, 5 of the 6 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 milliliter aliquots were removed from each specimen,
when possible, and 20 milliliters of concentrated nitric acid were added to
each aliguot. These solutions were reduced to dryness on & steam bath and
shipped to the Ogsk Ridge National Laboratory for analysils.

Upon arrival at the Laboratory 20 milliliters of a hydrochloric-
nitric acid solution (1:3 proportions) were added to each specimen bottle
and allowed to stand until all the residue was in solution. The resulting
solution was carefully rinsed with O.1N nitric acid into a 100 milliliter
beaker and evaporated %o dryness. This acid digestion was repeated five or
more times until a white residue resulted at dryness. A final digestlon
with 20 ml of nitric acid for chloride destruction was carried out.

Following evaporation, the residue was dissolved in O.1N nitric acid
and diluted to volume. Triplicate aliquots were removed from each volumetric
dilution for electrodepositionh 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 digestiomn. At near drymess,
the sample was removed from the steam bath. The small quantity of acid and
residue remaining was dissolved in 20 milliliters of distilled water and
triplicate aliquots were removed for electrodeposition and subsequent alpha
counting.

Soft Tissue Specimens of Less than 2 Grams 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 O.1N nitric acid and the
entire volume analyzed by electrodeposition and alpha counting.

Feces, Bone, and Tissue Specimens Greater than 2 Grams Wet Weight. All
specimens were wet weighed apd muffled in platinum crucibles at 6000 C for
approximately 24 hours. Additional time was required for several specimens
of bone %o insure complete organmic destruction. The resulting ash was
weighed and analyzed for uranium using the aluminum nitrate-diethyl ether
extraction procedure with subsequent evaporation in a stainless steel
planchet for alpha counting.

Mathematical Ipnterpretation of Data

A mathematical model, similsr in structure to that designed by
Teorell? for studying the tissue distribution of intravenously administered
drugs, was designed %o represent the distribution and excretion of uranium

e
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following intravenous administration.® Its design, shown in Figure 1,

was based on a simple disgram constructed by W. F. Neumen.! The valyes of
£, O and A were then taken from available research data on animals.

Only a few terms are used to represent the complicated metabolic processes
in the four major compartments, the major premise being thet these physio-
logical processes are simple first order reactions.

The test of this model involves only the measured excretion and
deposition values obtained in the experiment. After determining the
excretion equation and the values of each parameter, it is possible to
calculate the concentrations in each compartment for e comparison with the
observed deposition values.

RESUITS

Blood Disappesarance

Hexavalent ursnium leaves the blood stream very rapidly. The blood
values obtained in this experiment at varying time intervels after administra-
tion are presented in Figure 2. On the average, 99% of the injected dose is
removed from the circulation in a matter of 20 hours, assuming uniform dis-
tribution at injection (time zero) and a blood volume of T.1lh% of body
weight. Once reduced, the blood values remain relatively constant until
time of expiration.

Urinary Excretion

Concurrent with the fall of the blood-urasnium level large quantities
of uranium appear in the urine. Most of the excretion takes place in the
first twenty-four hours after administration; thereafter, ever decreasing
quantities are excreted. Essentially all uranium is excreted in the urine,
since less than one percent of the injected dose is found in the feces.
Figure 3 shows the urine excretion data obtalmned in this study. These data
are presented as log-log plots for the purpose of comparing the excretion
rates on an identical time scale. It will be seen in all cases that the
excretion rate is non-linear over the total period of observation.

Distribution in Tissue

The percent 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 indicate that the accumulation of the injected uranium ranges from
2x 10"")+ to 23 x 10~k percent of inﬂected dose per gram, the average for
the first 24 hours being 10.1 x 10=% percent. This corresponds to an
initial deposition of 6.0 percent of the injected dose in bone assuming an
average patient skeletal weight of 6000 grams.

In contrast to this value of initial deposition in the skeleton,
are the autopsy values shown in Figure 4. Here the average skeletal
content, in terms of percent of injected dose per gram, is plotted as a
function of time. The data show that the initial deposition in bone,
estimated by extrapolation, is 23.9 x 10-4 percent of injected dose per
gram, or 1k percent of the injected dose. This is suggestive of a

-5=
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Fig. 1. A Model for the Distribution and Excretion of Hexavalent Uranium.
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Table I

Uranium Content of Bone Bilopsy Samples &.n Percent of
Injected Dose Per Gram x 10™

Patient No. I I 111 v v Vi
0-24 hours 8.7 11.2 12.9 10.8 8.0 8.8
T-9 6.7 343 6.3 9.3
23.4 bl 2.0 5.9
16.2 15.9
8.2
13.4
17-9
Pl -48 hours 7.0 2.2
15.1
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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 ars very small and essentially compact
bone, whils the autopsy specimens are larger and include portiome of all
bone structures.

The kidney findings at autopsy are shown in Figure 5. Extrapolating
these data to time zero indicatss an initial deposition of 16 percent of
the injected dose. The uranium 1s mobilized from the kidney with a 16 day
half-life accompanied by a leveling off at approximately 1 percent.

A typical gross autoradiogram of the kidney, Figure 6, shows uranium
non-uniformly distributed and concentrated primarily im the cortical
structures. Figure 7, a microscopic autoradiogram of a kidney section
from Patient VI, illustrates in detail, a typical site of deposition. Here
the uranium is observed to be deposited within or upon epithelial cells of
8 proximal comvoluted tubule,

The autopsy values of all tissues analyzed for uranium are listed in
Table II. They ars tabulated inm terms of percent of injected dose per gram,
because 1t was impossible to obtain weights on all the organs and tissues
sampled. Thus, there is nc other basis upon which to adequately compare
these valuee. However, if one assumes the weight values of standard man
to convert these values tc percent of injected dose per organ or per tissue,
it 1s evident that all soft tissues, excluding kidney, contain approximately
20 percemt at 60 hours after injection and less than 1 percent at 1500 hours.
This is unlike the results obtained in small animsl experiments, where the
soft tissue contemt fell to 1 to 2 percemt of the injected dose concurrent
with the fall in blood uranium,i° This difference is markedly evident
vhen the soft tissue comcentration is related to the blood disappearance
curve, as will be shown later.

DISCUSSION

Estimating the Imjection Dose for Patiemts I amd I

As described previously, injection solution replicates were collected
following administration. These replicates were analyzed in a mammer
identical with the anslysis of urinme and blood specimens.

In the case of Patients I and II, injectiom imcidemts prevented
administration of the predetermimed dose. It was necessary, therefore,
to estimate the imjected dese. Thia was accomplished im the following
manner: the excretiom curves of Patienmts III and IV were plotted; the
first part of each curve; beimg linsar, was fitted with an exponential
term; this single component, when integrated, represented .54348 and
+534T76 of the measursd doss, respectively. The same procedure was
followed with the sxcretion curves of Patients I amd II. Dividing the
area under their curves by the average of the values from Patiemts III
and IV, .53908, it was possible to sstimate their injected dose.

Comparison with Research Amimasl Data
' The fractiomns of injected dcse imitially deposited inm soft amd hard
tissue obtained in this study ars im good agreement with those obtained

1026090 -11-
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Fig. 6. Gross Autoradiogram of Kidney Showing Distribution of Uranium.
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‘ UZb 0 q q Fig 7 Microsconic Autoradiogram of Kidney Showing Uranium in or upon
Epithelial Cells of a Proximal Convoluted Tubule.
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Table II

Autopsy Results in Percent of Injected Dose
Per Gram x 10-4

Patient No. I II v vI

Post Injection
Time 60 hours 1775 hours 3335 hours 430 hours

Adrenal Gland 11.1 1.6 0.6 6.0
Aorta 7.1 0.01 7.1
Bladder 0.1 0.09
Brain 0.05 1%3.8
Brain (Frontal lobe) 27
Brain (Parietal lobe) 2
Brain (Temporal lobe) 0.1
Cartilage 0.1
Cartilage (Rib) 0.9
Cartilege (Tracheal) 3.5
Fat %Subcutaneous) 0.6 0.6
Fat (from skir) 8.7
Femur (II & V bone
from shaft)
(I & VI bore from
distal end)
Gall Bladder
Heart
Intestine (small)
Kidney
Liver
Lung
Lung (Necrotic)
Marrow (Bone)
Muscle
Muscle (Psocas)
Pancresas
Prostate
Rib
Skin
Skull
Spleen
Sternum
Stomach
Tegtis
Thyroid
Tumor (Tissue from
edge) 24.8
Tumor (Viable)
Vertebrae (Lumbar)
Vertebrae (Thoracic) 53%.8
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in animel experiments. For exsmple, Neuman states that from 5-20% of the
injected dose in rats concentrates in bone.1l Two independent estimates

of these fractions in percent of injected dose determined by the amalyses

of biopsy and autopsy bome samples in this study gave values of 6%

(t 3%, one standard deviation) and 14 * .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.lz The bone half life was de-
termined from a plot of the autopsy results shown in Figure 4. Rat 13
kidney initially contains 1/5 of the dose and has a half life of 4-6 days.

A plot of the percent of injected dose found in the kidneys of these patients
at autopsy gives the fraction initially deposited as 16 % .Oh% and a half
life of 16 f 0.%2 days. This graph is shown in Figure 5.

These patients excreted from 49 to 84 percent of the injected dose in
the urine during the first 24 hours as shown in Table III. Neuman cites
excretion values covering the same time interval of 50 percent in mice, 60
percent in rats, TO percent in dogs, and 73 percent in humans. In this
study, which covered periods of observation ranging from 60 hours to
7 months, 61 to 98 percent of the injected uranium was recovered in the
urine.

Previous animal work has demonstrated considersble variatioms in
bone deposition with age, activity and diet. Also, deposition of uranium
in the kidney has been shown to be markedly affected by the acid-base
balance. It is apparent that the metabolic state of these patients would
differ from that of healthy subjects. None of the patients showed the
salt loss or retention occasionally noted following brain damage, but thelr
bed-ridden condition indicated a state of negative calcium and nitrogen
metabolism. No doubt these factors, and perhaps 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 calcium balance would
hasten the removal of uranium from the skeleton.

In general, considering factors of 2 to 4 as being small, the data
obtained in this study are in good agreement with those obtained in small
animal research.

Preliminary Application of the Model

The ultimate 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 theoretical excretion equation, it is possible to estimate the amounts
of uranium in principal sites of deposition. This requires analytical
curve fitting methods to obtain the best fit of the excretion data.

An sttempt has heen made to obtain the best fitting excretion
equation for each of the patients involved in this study. Two analytical
methods1%; 15 have been tried without success and other methods are being
investigated at this time.

However, in order to illustrate the application of the model, a
teptative schema employing the distribution and excretion measurements
of all patients can be used. First, the data in Table III are plotted.
Then a free hand curve is drawn and the equation of the curve is determinped
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Table III

Percent of Dose Excreted in Urine

Patient No. 24 hours 48 hours ILast Semple Time of Last
Sample

I 59 61 61 57 hours

II 78 84 9 1437 hours

111 8k 88 9g* 4823 hours
v T 81 85 1008 hours

\'f 67 T2 84 1511 hours

Vi 49 53 63 425 hours

* - Last sample analyzed, patient has not expired.

10260102
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graphically. This curve and its equation ave shown in Figure 8a. The
unknown perameters of distribution can then be determined in the manner
shown in Figure 1. When these perameters are substituted into the
integrated equations for blood, bone and kidney, the urenium content in
these sites can be calculated. The resulting curves, together with related
biopsy and autopsy values, are shown in Figures 8b, 8¢ and 8d.

While the calculated amounts of uranium in bone and kidney are in
good agreement with the observed values, the difference between blood and
soft tissue evident in Figure 84 is striking. This suggests a significant
fixation of uranium in soft tissues (other than kidney) not found in small

animals.

It must be pointed out, however, that final conclusions caunnot be
drawn because this application does not represent the final test of the
model.
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