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" INTRODUCTION

1.1 Purpose of this Report

This report fulfills two purposes., It defines the problems:with:which
this project is concerned and tells of the progress made in the investigation

of these problems.

1.2 Statement of the Problem

The problem is concerned with the'long-term‘radiological effect that en-
riched uranium may have upon produCtiQn emplbyees who have inhaled dusts, mists
and fumes of uranium in the processiﬁévand fabrication of this material. It
has been found that a certain nﬁﬁber,of these production employees have enriched
uranium stored in their bodies. Theselfindings are based on extensive studies
of the air they breathe and analyses of their excreta - urine and fecesl - 7.
Samples of airborne uranium taken in thé vieinity of their work show that variable
concentrations exist. Also, it haé been found that the median particle size of
these aerosols are in the range of Iikely penetration and retention in the lung.
Samples of urine reveal high and Variablé concentrations of uranium and, when the
employee is reassigned to work in other than uranium processing areas, these con-
centrations will drop to about one-half in a period of one month; from then on they
decrease more‘slowly over longer periods of time8° All these data péint to the
conclusion that enriched uranium is stored in the bodies of these employees and
is being slowly eliminated.

There is a possiﬁility that long-term biological effects may occur since

enriched uranium is radioactive and long-term storage of radioactive substances
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in the body is known to produce serious and deleterious effects.. The severity
- of these effects depends upon the absorbed fadiation dose in the organs and
tissues. ' There are no sensitive bioloéical indicators yet_which can serve fo
forewarn of the effects of radiation‘ovéréprsure. Only thé‘biblogical effect
reveals itself and that, unfortunately, does not appeaf untii it is too late to
do anything about it. )

This 'effect may be said to be a éhortening of life span brought about by
alterations in the normal'metéboiic processes induced bY"radiation. The altera-
tions in metabolic procééses are not understood;.for that matter, neither are
the fundamental mechanisms in normal metabolic;proceSSes. It is believed by'

- some investigators that an adequaﬁe understa#qing of thesé'processes is neéded
befére'an_adequate gxplanation of these alterations can ﬁe madeg.

Figure 1 illustratesisome of the altefed metabolic Processeé. Here,'raﬁium
was the source of radiation. This‘material gainéd entrance by ingestion into the %
body Qf two watch-dig;‘fainters. Both have died; one, 12 years after the beginning
of employment and the other, 17 yeérs later. Their ages at death were 32 andAh8
years. Similar occurrences have been found among other radium workers.

The above effects can be reprgduced in phe laboratory by havipg small animals
ingest or inhale radium and other radioacﬁive materials. Such expériments have
demonstratéd’the fact that altered metabolic.processes become more pronounced if
the total absorbed tissué dose increases. vSince the total abéorbed tissue dose is
a physical index of the biological effect, it is clear that this must be measured
and limited in 6rder to prevent a reoccurrence 6f the experience in fhé radium

industry.
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A preliminéry:§§£;maté-0f fhe total abédrbed fissue dosé @p,a,few Y-12
employeés has'beén made. ,This wasg accompliéhed by cumulating the amount of
uranium excretéd,ffhén détermining the chréS?onding;absorbed tissué dose.
Some,gncerﬁéint§ exisfs in the method of convertiﬁé;cumulafive uranium into
unitsld? intgrnal radiation'exPOSure. Aléo; thé extraneous contamination'éf
uriné,sgmples raisés the estimate of internal'exposure; More iﬁformation’on

the distribution and.excretion of uranium is needed»to'validate this method of

estimating internal radiation dose. Moreover, efforts must be made to collect:

urine samples that are known to be free of contamination”f:om external sources. . . .

S 1.3 ‘Eistof& of the Project

An arrangement between the ﬁ}ié Héalth Physicé Depéftmenﬁ*and the
Department of Neuroéurgery'at Massachusetts General Hospital was eStablished‘_'
with ﬁhg_aSsistanée»of Dbctor‘Hérold C. dege‘ofvthe Atomip»Energy Projéét‘at
the Uhivérsity ofinchesfer. Doctor quge,was.familiaf with tﬁé activities
of both gfoups andzénéouraged the formation of a joiht uhdeftaking'to obtain
informéﬁién bearing’én the above problem.  After preliminary discﬁésibns )
betweénf;épfésénpé£i§és7éf the Y-12 Health Physicszééartmént and Doctor
ﬁilliam'ﬁ.%éwéet of_Massaéhﬁsetts Genera} Hospitél,'é final-agreement was
feachéd_at‘a méeting éailéd‘by YﬁlenMahaéemeﬁt. Répresehtaff%es df"Y;iQ
Ménageménf, Y-12 Hééith Physiés'Depgrtment, ORNL Health Physics Division,
Massachusetts Generél Hospital, and the AEC bivision of Biology énd Medicine

were present at the meeting.
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It was agreed that the Y-12 Health Physics bepértment'wouid prepare
injection éolutions'and perform the analytical work associated with this joint
effort. Méssaéhusetts General Hdépital’agreed to select the patients; perform
the injections, and care for the patients during thé period of study. A pfeliﬁi-
nary estimate of the number of patients to be'injected was made ﬁithout much
deliberation. It was decided that'six post-operative patients would receive
various»doses'of uranyl nitrate hexahjdrate, two pre-operative patients would
receive the highest poésible dose of uranyl nitrate hexahydrate, and thét a
similar schemejwduld be follbwed with injections‘of uranjum tetrachloride,

The dbject'of the post-operative studies was to determine the permiésible
intravenoué administrétion doseio. The pre-operative iﬁjeétions were to provide
infofmation on uptake of uranium in tumorous.tissue. These_dbjecfives were df
direct intefést to Ddétor Sﬁeét in his inveétiéationé of uranium és g fissionable
material uéeful in the neutroﬁ capture therapy of brain tumors. Health Physics b
interests would be served by obtaining the data on distribution and excretion
of uranium in these patients. .

No financial arrangements were made to cover the specific costs of this
cooperative project, - The expenses at Boston were to be borne by Massachusetts
General Hospital within the framework of an,existing contract and the cost of
preparing injection-solutions and analyzing tissues and body fluids was to be.
considered as. an integral part of the Y-12 Health Physics program.

About a- year after this cooperative arrangement wgsveatablished, Y-12
Management regquested Laboratory Management to assume administrative and technical
responsibility for this project. Consequently, in April, 1954, the health physicists
and technicians of the Y-12 Health Physics Department assigned to this project were

transferred to the Health Physics Division of Oak Ridge National Laboratory.
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Y-12 Management, however, rééognizing its interest in this research, consented
to provide financial support until such tiﬁe as the:ﬁraniﬁm‘étﬁa&iwééicompleted,
or until other'ar;angements were made. This arrangement has cbntinued to the
preseﬁt.

The first patient was injected late in 1953. Since that time ten additional
patients have been injected in accordance with the original plan. All éxpired
and many samples (biopsy and autopsy) have been collected and analyzed, This.
report covers the results of the first eight post-operative administrafions,.l
Patients I through VI received intravenous injections of hexavalent uranium (U(VI))
Patients VII and VIIi wefe administered tetravalent uranium (U(IV)). These patients
were injected under.the care and supervision of Doctor Williaq H. sweet at the
Maséaéhusetts General and Veterans Administration Hospitals in Boston. All samples
(control and experimental) wére pre-digested in Boston and éhipped to Oak Ridge

for final analysis.

1.4 Objectives of the Project

This project, inappropriately named "Project Boston" because of its associ-
ation with interested co-workers in Boston, has the following objectives: 1) to
obtain human data on the distribution and excretion of enriched‘uran;um; 2) to
determine by experimentation witﬁ dogs, rats, and mice more precise data on the
deposition and distfibution that are impossible to obtain from human studies;

3) to determine the MPC (Makimum Permissible Concentration) value of enriched
uranium for NBS Handbook 52; and 4) to develop a method for. evaluating urinary
excretion in terms of its distribution in the humen body.

These objectivés are directly concerned with the problem of himan exposure
to enriched uranium in producﬁion plants where this material is handled. When
these objectives are reached, management should consider the possibility of ex-

tending this study to plutonium, thorium, and the critical fission products.
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METHODS AND EXPERIMENTAL WORK

2.1 Selection and Care of Patients

The eight patients selected for this study were in the terminal phase
of severe irreversible central nervous system disease. Virtually all had brain
tumors of a wost malignant type. The ages of the patients were 26, 31, 34, 39,
47, 56, 60 and 63 years, and, aside from the central nervous system disease, they
were in generally good phy51cal coudltlon without definite evidence of other

pathological processges. "

At the time of injection all but patients III and VII were in coma and
receiving the usual hospitel care consisting of frequent turning, skin care,
gastric tube feedings, catheter drainage and frequent tracheal suction. Three of
the patients had tracehotomies. - ' '

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.

2.2 Administration of Uranium

: Pre?aration of Hexavalent Injection Solution. Pure uranium oxide (u O )
was converted to nitrate (UO, (NO )Jo) by dissolving the oxide in an excess of nltrlc
acid and evaporating to dryne The resulting nitrate crystdls were dissolved in
distilled water and twice evaporated to dryness to eliminate final traces of nitric
acid. The crystals were then dissolved and diluted to volume with distilled water.
" The solution was assayed at this point colorimetrically and by alpha count. The
desired quantity of nitrate was then removed, placed in a rubber sealed container
and autoclaved for sterility. A O.4 M sodium acetate solution was prepared and
autoclaved., Equal volumes of each were cowmbined shortly before the beginning of
each study and the desired quantity removed for injection.. All adminietrations
were given at a pH of from 5.5 to 6,0. Except in the case of patient I, all in-
Jjection 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 acid.

Preparation of Tetravalent Injection Solution.f-A special procedure was
required to prepare the tetravalent uranium injection solution because of its
instability over an extended period. Tetravalent uranium will slowly oxidize to

hexavalent uranium in the presence of oxygen. .

A 2 oz, bottle was washed, dried, degassed under partial vacuum, flushed
with dry argon, and weighed., Pure uranium tetrachloride (UCly) crystals, obtained
~from the Stable Isotopes Division, were placed in the bottle. The bottle was then
weighed to obtain the weight of the crystals after which it was sealed with a
rubber seal, degassed to remove oxygen from the interstices of the crystals,\and

further flushed with dry argon.




A buffer solution .of 0.2 M acetic acid and O 2 M sodium acetate at a
PH of 4.7 was prepared in a flask: and refl uxed for 2k hours. After refluxing
wag complete and durlng cool1ng, the flask was flushed with dry argon. A
portion of the buffer solution was transferred to another 2 oz, bottle previously
treated to remove oxygen. The bottle was sealed with a rubber seal and autoclaved
for sterility. Both bottles, one containing UCl, crystals under argon atmosphere
and the other containing the specially prepared acetate buffer, were transported to

Boston by courier. _ ‘

Immediately prior to injection; a measured volume of buffer solution was
withdrawn into a syringe and injected through the'rubber seal into the bottle
containing the UCly crystals, Followingvéentle shaking of the bottle and the
syringe, the crystals dissolved. Then a measured volume of the injection solution
was withdrawn into the syringe. e

Injection Procedure. The uranium was injected 1ntravenously in all the
patients. The procedure con51sted of - flrst ‘starting an® intravenous normal saline
in an antecubital vein. After’ careful 1nspectlon to preclude any possibility of
extravasation, the uranium solution was injected over a period of 10 to 15 seconds
through the rubber intravenous tublng; In the first patient this was done through
a metal 3-way stopcock.: However, ‘a small ‘amount 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, amouht of ‘the: ‘solution. Thereafter, the injections
were made by inserting the syringe. needle into the rubber I.V. tubing. - In all
cases the syringe was irrigated'l or 5 times.with saline. from the I.V. bottle
prior to its removal from the tubing,

Following the injection, the syring employed in the administration was
used to deliver a replicate volume of the injection solution to a flask for
quantitative analysis. This procedure accounted for any volume errors as a
result of inaccurate markings on the- syrlngeu

2.3 Collection of Specimens

Blood specimens of 1 to 3 mllllllters ‘Wwere taken by phlebotomy in the
arm not used for the uranium 1nJectlon°, During the first 24 hours, hourly
specimens were taken; then at 12 hour intervals for several weeks, then at 2L
hour intervals and, follow1ng transfer from the hospltal at 1 to 3 week inter-~

vals until explratlono

For the determination. of 1n1t1al bone uptake several bone b10p51es were
taken from the anterior tibia employlng 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 1ntervals, or more frequently if
the output was great; thereafter at 12 hour intervals for 2 to 4 weeks and finally
12 hour samples at 1 to L week : 1ntervalso

\
\
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All fecal specimens were collected during the tlme the patlent remained '
under close observation in the hospital,

During the perlod of collection of sémples for uranlum'analy51s numerous
blood and urine spec1mens were taken for measurement pertinent to 1nd1ces of
chemlcal tox1c1ty. :

2.4 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
aliquot. These solutions were reduced to dryness on a steam bath and shlpped to
the Oak Ridge National Laboratory for analysis.

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 0.l N 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 . ©
chloride destruction was carriedoufto

Following evaporation, the residue was dissolved in 0.1 N nltrlc acid
and diluted to volume. Triplicate aliquots were removed from each vblumetric
dilution for electrodeposition of the uranium and subsequent alpha countlngo

Electrodeposition and “alpha counting procedure is given beloy:

1. Place cleaned silver disc in cell, assemble, and pipette
20 ml of the proper oxalate-salt base solution into the cell. The
-cell then should stand five minutes to check for leaks, If leaks occur,
the cell éhould be reassembled and checked again. .= :

‘25 Pipette the desired cample allquot into the cell. If the
solution appears yellow or yellow-green, adjust to blue or blue ~-green
with ammonium hydrox1den

3. Add distilled watef to cell to give total volume of 65 ml,

Lk, Connect cell to power Supply, turn bn;'and adjust the current
to 2 amperes .

5. When the temperature reached 950 C, adjust the current to main-
tain 95° + 20 C and electrodepoSit for one hour.

6. At the end of one hour, disassemble the cell, dry silver dlSC
(blotting only) and place in marked envelope for countlng room.
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Blood. The blood specimens were prepared in the same manner as the
urine with the exception of the final nitric acid digestion. At near drymess,
the sample was removed from the steam bath. The small gquantity of acid and
residue remaining was disssolved in 20 milliliters of distilled water and trip-
licate 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.1 N 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 and muffled in platinum crucibles at 600° C for '
approximately 24 hours. Additional time was required for several specimens of
bone to insure complete organic 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 countinglg,

RESULTS

3.1 Biopsy Findings

g&QQQ - Uranium leaves the circulating blood stream rapidly. A log x log
graph (Figure 2) of blood measurements shows that within six minutes the blood %
contains only 0;007 per cent of the injected uranium per m% of blood, a three-fold
reduction in concentration if 5,000 cc of blood are assﬁmed; Assuming that
uranium penetrates the capillaries immediately after injection to gain enﬁry into
5,000 cc of extracellular fluid (ECF) space, and the coﬁcentration in ECF equili-
brates with that in blood (plasma), then the percent of injected dose/ml x 10)+ ml
:is a measure of the concentration in the body fluid spaces. The measured con-
centrations in blood describe smooth curves during the first five to ten hours
after injection, but fluctuate lafer, as the concentrations decrease to low levels.
A closer examination of these data reveals more flucturation at shorter intervals
after injection when low doses are administered (patients I, II and III) then when

high>doses are administered (patients IV, V, VI, VII and VIII). This point is

more clearly shown in Figure 3.
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Bone - Uraniun deposite in bone shortly after lnjection. .Biopsy samples
of bone taken at one-half hour following injection ccntained.7.6 per cent of
the injected dose per 7,000 grams of bone. In Table I, the percent of injected
dose per 7,000 grams of bone (biopsy samples) are llsted for each patlent The
averages rangevfrcm 0.5 to 9.1 per cent. Patlents VII.and VIII, who were

administered UCl), show the lowest (0.9%) averagerdeposit of uranium in bone.

UrineyExcretion - There is a rapid clearance of uranlum into urine,

depending upon the valence and the mass of uranium 1nJected. Table II shows.
the percent of injected dose accumulated in urlnenln the flrst éh-hours. Note
Patients I - VI excrete an average'of 69 per cent'ofrthellnjected~uranium while
Patlents VII and VIII excrete only 18.5 per cent A'logax log graph of the
excretion rates appears in Flgure h The percent of . 1nJected dose excreted per
hour correlates, in the first four hours, with the mass;qf.uranlum injected.
Excretion rates rise to a maximum atA3 1/2 hoursiwhen~the larger doses of
U(VI) and U(IV) -are injected. This rise is distlnct_for'the high doses (50 mgms -
VI, VII and VIII), less distinct for the intermediate doses (15 mgms - IV and V),
and not apparent for low doses (U4 mgms - I,.II, and III); "After the maximum has
been achieved the levels of U(VI) begin to decllne and follow a linear path.,
Some variation occurs, occasional hlgh and low samples accompanying the decline.
It is interesting to note-that these changes in excretion rates do not correlate
with blood levels.

Tetravalent uranium excretion rates, after they ‘reach the maximum, begin
to follow the power function law. At 200 hours,fthey departufrom the power
function and decline more slowly. At 400 hours’tne pattern again seems to fcllow

the power function.
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Uranium Excretion in Feces - Negligible fractions of the injected doses
are excreted in feces. This can bé seen in Table III, where the pércent of
injected dose pér sample of fecesiare listed. Figure 5 presents a graph of the
counts per minute per gram of fecal ash, plotted as a function of time for
Patients VII and VIII. Note that the counts/minute/gram from Patient VII rises
to a maximum; in the case of Paﬁ;ent VIII, it is difficult to tell whether a
maximum was achieved., However, the counts per minﬁte pef gram of ash decreases

with time.

3.2 Autopsy Findings

The percent of injected uranium found in autopéy tissues are summarized in
Table IV. Bones and reticulo-endothelial tissues, liver and spleen, contain
the heavier deposits of U(IV) while bones and kidneys contain the major deposits

of U{VI). The deposition of uranium in other tissues appears to be nil.

Deposition in Bone -~ Different samples of bone refleét different con-
centrations as seen in Table V. The saﬁples of femur are lowest in concentrationm,
while the vascular bone, rib, is highest in the early stages after injection and
the skull concehtration is highest at later stages. Figure 6 is a diagram of
the uranium concentrations in a longitudinal plane sectioned from the distal
end of the femur., The sectién, approximately one-fourth inch thick, was cut into
smaller sections and each section analyzed for uranium., The numbers in each
section are the concentrations in counts per minute per gram. In general,.the

concentrations decrease in the direction of the shaft.
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Figure 7, a graph of all individual bone samples from Patients I, 11, 111,
V and VI reveals a wide spread in concentrations. ' It is believed that the
logarithmic mean concentrations,,appearing in Table IV,_are'the best statistical

measure for these samples.

Deposition in Kidney - A typical gross autoradiograh:of the kidney,
Figure 8, shows uranium~distributed.non-uniformiyhahd‘concentrated primarily in
the cortical structures. Figure 9, a m1croscop1c autoradlogram of a kidney
section from Patient VI, illustrates in detall a typlcal slte of deposition,
Here, the uranium is deposited within or upon eplthedla;’cells of a proximal

convoluted tubule.

- Deposition in Normal and Tumorous Brain Tissue'éd 'The_conCentrations of
uranium found in tumorous brain (expressed as percent oﬁ:injected dose per

thousand grams) are higher than in normal brain'tissue (Table VI).

3.3 Blologlcal Half-Llfe in Bone and Kidney

It is 1mportant to know whether or not the curreht vaiue for the‘blologlcal
_half-llfe of uranlum in bone (300 days) is less (or greater) than these data
would indicate.. It is found that the 300 day value is qulte acceptable. In
Flgure 10, a seml-log graph of the percent of dose of U(VI) in bone is plotted
with three other curves., Curve 1, obtalned by the usual least square procedure,
has a half- llfe of 200 days. Curve 2, Wthh gives a better fit, was obtained in
this manner:; l) Plot the bone biopsy and bone’autopsy'data on semi-log
graph paper as shown in Figure 11; é) fit each piot bysleast squares with a
single exponentlal term and compute the bone half-life of each patient; and

3) plot each patient's bone half-life as a function of expiration time. Since
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4/5 (

the latter increases in proportion to t Figure 12), these data can_be

‘ s At
represented by the equation C exp (”———7————)
t4/5

= C exp (M tl/5) and, by
least séuares, the values of C and A can be calcﬁlated. Curve 3 is the best
single exponential repfesentation of the bone data because integratioh from
t =0tot = 70 years yields the area 5eneath it which is identical tb the area
(in the same interval) beneath curve 2.

Since the percent of injected dose deposited in the kidney. is not different
from the deposition in boﬁe %hen its best éingle expogential representation wouid

also be curve 3. Thus, the biological half-life for kidney is 300 days,,a factor

of ten greater than the presently accepted value.

3.4 Chemical Toxicity Findings

An investigation of the chemical effeqts»of uranium.upon the kidney tubules
was carried out by Doctor A. J. Luessenhop, et al., of‘the Massachusetts General «
Hospital and the results_of this study are summarized briefly below.

The.pérlous clinical sta£e of these patients was said to make the interpre=-
tation difficult. However, some defiﬁitive evidence was accumﬁl&ted»which showeé
that a minimal dése to produce a nephrotoxic syndrome was 0.1 mgm of U(VI) per
kilogram of body ﬁeight. A general survey of these clinical findings is presented
in Table VII. The eviaénce for tubular damage manifesté i£sélf in urinary |
catalase and protein excretion, a weli known sensitive teét for the foxic effect
on the'kidneytfubﬁleél2; Other évidénce for the effect is the appearanée of
cellular casts in the urine and, éven.though it is faintly suggested, the
interference with the renal capacity for reabsorption of Na and Cl and the secre-
tion of K. Thé patholdgical sfudies did not reveal any detectable change iﬁ the

tubules.
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3.5 Best.Fitting Equations

.Body'and Organ Burdens - A direct measure of body burden was ﬁqt madé.
However, the best estimate is beliéved to be the average of the total percent
of injécted dose found in autopsy tiSéues and:lQO per cent minus percent of
ihjééﬁed dose excreted in urine; The best fitping power function equation
0.60 t'l/e’ was obtained by minimiziqg the weighted séuare residuals of the
body burden estimates where the weights were téken’to bg inversely proportional
to the va.rié.nces_o A plot of this eqpatioﬁ t@éether with the'body and organ burden
in kidney and bones appe#rs in.Figure 13. |

1/2, and it is the same

The equation for organ burden in kidney is 0.20 t~
as the organ burden in bone. This equation was determined by'computing the
aﬁerage of the ratio of the burden in the organ to thé burden in the body, as

given by 0.60 t-l/2. The lowest ratio was rejected from each calculation,

Urinary Excretion - The best fitting power function equation for the

eicretion fates of Patients I - VI is 3&.3 %/hr t-3/2 (t in ﬁnits of hours)
(Figure k), Excrétion rates measured inlthe f{rst 10 houfsvwere omitted from

the legst squares fit. The best,fitting equation for'eﬁcﬁ patienf's rate measure-
ments istshbwn in Figure 1k, ;Here; too, the’excretioﬁ measurements of the first
10 hours were omitted. These excretion rates are approximated closely by the
power function. Also, the parameters for thevequation have a éoﬁsiderable range -
exponents .range ffom 2.31 to 1.36.while the coefficients range from 381,3 %/hr to

22.9 %/hr,
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3.6 Kinetic Studies of Distribution and Excretion

A simple mathematical analysis of the dynamic process of-U(VI) distribution
and excretion i% possible ﬁith the linear model shown in Figuré 15. This model ‘
is based on small animai.distributioh and excretion data found in the literature}E.
it pefmitSjan estimate of'the amounts of uranium in deposition sites as a function
of time. The procedure for ifs application isAto fit the gxcfetion data with
three exponential ferms and to‘determine tﬁe parameters of the distribution.

| Figure 16 shéws the‘resulﬁs of its application to the distribution and
excretion of one of the Bostéh patienfsl3. Two cufveé band the excretion ﬁeasure-
ments to includé the érror inleétiﬁating the parameters, When these sets'of
parameters are manipulated as dictated by the linear model, the percent of.injectgd
dose may be estimated for the ofgans, Figuré 17. Note that,the model underestimates
the percent of injected dose in'the kidﬁeys, but that it estimates bone and blood
content reasonably well. | |

The modeliié being modified presently to give a closer approximation of
these experimental results. It appears.that better agreemént will be obtained
by incorporating a mechanism to simulate the formatibn of diffusible and non-
diffusible complexes in the blood and including a pathwéy'from kidney back to

blood to simulate reEofption in the tubules, These modifications are under

studylh.
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DISCUSSION

4.1 Evaluation of Maximum Permissible Concentrations in-the Body, Air and Urine.

The autopsy findings confirm the present MPC values recommended by the B
Natlonal Commlttee on Radiological Protectlon and the Internatlonal Commission
on Radiation Qrotection. Although the data show kidney as the critical organ
rather fhan bohe,‘the ever-all change in q (the MPC in the body) is not
significant. q, calculated on the basis of these data, is .02 pc, which differs
from the present value, 0.04 pc, by a fector of 2. q was calculated with the
usual equation and fy, was set eQual to l/3 (see Table IV and Figure 13).

The current MPC)a‘(= 1lx lO-ll pc/ce) appiieable te the case of exposure
to soluble uranium.compounds in air is low b& a factor of two when compared
with the MPC)a ca;cplated on the basis'of these data. Both the power functioh

law and the exponential law were used fo make the calculation

— 8
.5 x 10 T -
= 2 295 t = 2.3 x 10 1 pc/ce
Tf (l éi
_-MPC)a
-8
5 x 10 - .
= -':‘*f;"g'ﬁ = 1.7 x 10 i ue/ce
e [learn )P

where q = .02.pe, f, = 1/3, T = 300 days, fa = (.25 + £1)fy = .025, fp = .11,

, .
fa = ,25 and t = = 2.6 x lOL-F days (70 years).
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The Maximum Permissible Excretion level,MPC)u computed wiﬁh the power

funétion differs from that calculated with the exponential law by a factor

of ten:
[ -.693 t ‘
-2x10  fampc), (1 - €—5— ) =1x10Q" uc/dsy (22 d/m/day)
MEC),
=2x10 fa' MPC), (1 - .6 t-l/z) =1x 10'h pe/day (222 d/m/day)

b

The current MPC), (70 d/m/day) is 1/3 the higher value and three times the lower

~value,

4.2 Estimating Body Burden from Urinary Excretion Data

Instantaneous Body Burden (Injection Dose) - As described previously,

injection solution replicatés were collected followihg administration. 'Thése
replicates were analyzed in a mannér identical with the analysis of urine and
blood specimens;

Injection incidepts in Patienté I and II prevented administration of the

predetermined dose. Therefore, it was necessary to estimate the injection dose.

- This was accomplished in the following manner: The excretion curves of Patients
~.III and IV were plotted; the first part of each curve, being linear, was fitted

“ with an exponential term; this single component, when integrated, represented

;:.5h3h8 and .53476 of thé.measured dose, respectivelj._ 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 III and Iv, .53908, it

vas possible to estimate their injection“dose.
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This method of estimating injection doses can be applied to practical
problems of industrial exposure. Only_a few excretion measurements immediately
following the exposure incident are required. In equation form, the estimated .

injection dose is given by

Initial \ [Half-life
Iegt = | rate of in- x 2
excretion blood

.

As an example, Figure 18 shows the estimated injection doses of six Rochester
patients madg in this maﬁper. The poorest estimate, an error of 58 per cenf,
is shown in the case of the sixth'Rochester.patient. This error can be reduced
to 26 per qeﬁt if the first udrinary excretion megsurement ig eliminated from the
calculatién. |

The method_cannof be applied aécurateiy to the excretion data of Boston H , -
Patienté V and VI becauée of.the effect of dose upon the shape of thé excfetion
cﬁrve. Wheh.the éxcrefion rates exhibit a tendency to rise to a maximum the
method y;elas an oyerestimate of the injection dose. The reasons for this are

not understood.

Body Burden as a Function of Time -~ An untenable estimate of body burden

is given when a:material Balanée (amount in body = amount injected - amount excreted)
is employed in-éonjunction with the power function eqpatiop. Such an estimate is
not tenable because. of an error in the measured excretion rates, or in the power
function, or in both. This is shown in Table VIII where the perceﬁt of dose

excreted at infinity was calculated by integrating the power function from
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t = 24 hours to t = Q0 and adding the percent excreted in the first day.  This
calculation wassperformed with both the Rochester and Boston data for purposes
of comparison. There is no essential difference betﬁeen theApercenf excreted
at infinit& and the percent accuﬁulated in the urine at the time of the last
sample, Studies of the best fitting power function are under way to elucidate
this findiné.

Part of the difficulty in.app}ying the.power funcfion to the excretion data
stems from the_fact that excretion is not measured over a long enough period,
i.e., the best fifting poﬁer funéfion is inadequate‘wheﬁ appiied to short term
experiments. This argument may not be important when the dafa aré examined from
another viewpoint. Figure 19 presents a graph of excretion rate in fraction of
injecfed dose exéreted per hour plotted as 'a function of 1 - ffaction of injected
dose excreted in urine. The excretion curve of the third Boston patient is a
straight line while the curves of all other patients beaf resemblance to aéymptotié
functions. The straigﬁt line is evidence that the power function law is obe&ed;
proof of which comes from elimiﬁating the time variable from the equation for body
burden, (q = at'b) and its derivafive, which is the negative excretion rate,

-(1 + D)

dq/dt = -sbt” . This yields

(1 +1/b).

‘ b
-dg/at = (FI/5) 9

a non-linear differential equation. A plot of log ( -dq/dt) versus log g should
be a linear function if the power law is obeyed. Since there were no independent
measures of the body burden and since 1 - fraction of injected dose excreted in .
urine may be in error, it_cannof be_concludéd that the asymptotié curveg mean

that the power law was not obeyed.
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A better method for estimating body burden from urinary excretion is
suggested by these consideratioms. A graph of body burden versus excrebion

rate is shown in'Figure 20. The straight line has the equation
( - dq/at) = + .056 ¢3/1°

where Iiis the injection dose. Actually the equation is for meré conYenience.
The applicatidn of thié graph to the practical problem does not dgpend on any
léw for rétention and excretion° With data from additional patients, this graph
can be improyed. | |

4.3 Estimating Cumulative Intermal Radiation Exposure from Routine Urinary
Excretion Measurements. S

Cur;gﬁt estimateé of cuﬁnlative internal radiation exposure are based on
the lqu aélthe qritical organ because the predominant‘exposures in Y-12 are
due to airbonré, insoluble urénium'compounds. There are, hoﬁever, occasional
inhalation exposures tp high levels of soluble compounds which give rise to
perturbed excretion le;els? In these cases, the patterh of excretion regembles
that of continuous administration upon which is guperimposed the excretion of
a s;ngle injection.

Figureﬁ2l ﬁresents'a typica; case. This worker was exposed to a high airborne
concentratipn of a soluﬁle urénium compound. Here, the estimate of cumulative
internal radiation.eXPOsupe should be ﬁased on the kidney as the criticél organ
rather than the lung. If it is aésumed that there is no appreciable hold-up of
the soluble comppund in the Lnng and the MPC for a continuous solubie exposure

is 70 d/mih/day, then the cumulative dose can be estimated as follows:
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1) Determine I, the injection dose, by one of the following methods:
(a) Multiply the amount excretedAin the first 24 hours affer exposure by 1/0.7;
or (b) use the method discussed in section 5.2; or use the equation I = (;§/0.3)t3/2
where -§ is the measured excretioﬁ rate in units of d/m/day or mrem/dey and t is
the time (in days) at which the.measuremenf was made.

2) Determine q, the body burden in the equation, q = .6 I t-l/z.

3) Integrate these values for q until the steady state is reached and
include these values info the cumulated unperturbed exposure record, Cumulated
unperturbed exposure represents the contribution to the dose resulting from

continuous absorption in the blood stream. It must be remembered that this

method applies only to the case of a single exposure.

Another factor which affects the estimate of cumulative internal dose is that
oq contaminated urine specimens. ' Extraneous contamination can be introduced in- ,
advertently by the employee or by the laboratory analyst. The féllowing sugggstions
will help to minimize this problem:

1) Analyze the urine immediately after voiding by a direct method.

2) Analyze specimens in uncontaminated lsboratories.

3) Avoid crosg-contamination. |

An immediate analysis is possible with a well type dip counterls, but its
limit of sensitivity is about ten times the MPC )u . Therefore, this instrument
could be used to "séreen“ the samples. Employees voiding uranium concentrations’
detectable with this coﬁnter should be required to submit édditional sémples for
immediate anaiyéis. Aftef the levels drop.to the limit of sensitivity of this

instrument the employee could again submit samples at the regular frequency.
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The highly contaminated samples shéuld be analyzed separately from the loﬁ .
level samples thereby reduCing the possibility of crossvcontamination.

Methods for anal&zing larger volumes of urine are under development to
imprdve the precision and to lower fhe limit(of sensiti&iﬁy. In the exisfing
electroplating method, one of the unattractive featuresiig thebreiatively high
contamination pqtentiai. This is shown.in Table IX.‘ Noﬁé_that, as the volume
of blank uring increases, the amounf of activity in the ﬁiank»samples remains

constant.

4.4 Comparison with Other Data

=

Small Animals - The results of this study of human distribution and
16

' T 12
‘excretion can be compared with the results of small animgl experiments ? .

The notable differences are: E R oo -

1. Storage of U(VI) in:the kidney of small animals was found to be
insignificant in comparison to storage in the bone. The biological half-life -
for uranium in the kidney of rats is ~6 days. In these humans, averaged over
a 70 year period, the biological half-life is approximately 300 days.

2. The disappearance of U(VI) and U(IV) from the blood stream of
humans is slower. In studies with rats, 99 per cent disdppears in as little
as two hours. These human data reveal that 20 hours are required for blood
clearance. -

3. In the case of rats, 2/3 of the injected uranium is excreted in the
urine in 24 hours. On the average, TO per cent is excreted by these patients
in the same period. It should be noted, however, that the rate of excretion
depends on the total mass of injected uranium., For example, 50 per cent of the
injected dose was excreted in the first 24 hours when 50 mgms were injected;: 84
per cent was excreted in the first 24 hours following the ‘administration of 4 mgms.

4, Small animals, when injected with tetravalent salts of uranium, excrete
significant quantities (~ 40 per cent) of the injected dose in feces. -

Humans excrete negligible amounts via the G.I. tract.
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Rochester Patients - In general, there was'very‘little, if any, difference

17

exhibited in the urinary excretion of the Rochester patients™'. This is =

surprigsing in view of the fact that their clinical sﬁates were different. None
of the Rochester patients had maladies compareble in severity to the terminal
Boston patients. There was a slight difference in experimental technique with-

respect to: (a) sample collection (Rochester patients voided at natural times

whereas Boston patients were eafheterized)g and (b) level of injection'doee
(Rochester patients were administefed sﬁaller_(o.k - 4 mgms) doses of
U02(No3)2 . .6H20). | |

The .urinary excretion findings were eimilar in these respects: a) The
best fitting power function, 57.2 %/hr t-le differed slightly frem that of
the Boston petients;'viz., 34.3 %/hr t-l°5§A b) the amount of uranium excreted
in the first 24 houre was essentially.the,same, 76 per cent‘éompared with
69 per cent (Table VIII); and c) the percent of injected dose excreted at
infinity was the same, 79 per cent compared with 85 per eent (Table VIII).

The fecal excretion of uranium in the Rochester subjects was negligible.
This is in good agreement with the Boston’patients.

Some subtle differences are indicated in Figure 19. The Rochester
Curves are not.as-differeht froﬁ each other as are the Boston patienf curves,

In addition, the'Rochesﬁer excretion rates initiate at higher values (Figure 21)

than'the_Bosten patients (Figure 3).
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4.5 Future Work

The work is not complete. To evaluate the industrial inhalation
exposure to enriched uranium more adequately, the future work should include
the follqwing studies:

1) Additionalupatiénts: More patients éfe needed to impréve the

validity.bf the findings on the eight patients reported.

2). The Influence of Mass of Injected Dose upon the Blood Disappearance

and ExcretiOn‘Ratei It is important to know what the effects are at low levels,

i.e., can the distribution be altered, the disappearance from blood hastened:

3) Excretion Resulting from Multiple Injections.

L) Excretion Following Inhalation of Soluble and Insoluble Uranium

Compounds. Studies of excretion following inhalation of metal fumes with

dogs are under way. These studies are needed in the case of humans as well.
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._SUMMARY AND CONCLUSIONS

Human data on the distribution and excretion of enriched uranium, the
product of a cooperative study by the Department of Neurosurgery, Massachusetfs
General Hospital, and the Health Physics Division, Oak Ridge National Laboratory,
are presented. These data are evaluated for information with which to determine
the internal radiatioﬁ hazards of long-stored, enriched uranium in production
workers. Eight ferminal'brain tumor patients were administered uranium compounds,
six were injected with UOQ(NO3)é y 6H20, and two with UClh. Measurements were
made of the uranium excretion in urine and fécés; the diséppearance of uranium
from blood, the distribution of uranium in bone (biopsy and autopsy), andAin
many samples of tissue. |

The findings in this investigation were:

1) The critical organ for radiation damage is the kidney rather than bone.
The kidney bﬁrden was found to be the same as that of bone and the biological
half-life in bone, 300 days, was found to be the same ﬁs that of the kidney.

.2) The measured excrefion rates for urine in Boston patients (a) can be
approximated with a best fitting powef function and (b) are slightly different
from the excretion rates of patients injected at the University of Rochester,

3) An improved method for estimating body burden and cumulative internal
radiation dose from urinary excretion is applied to the case‘of workers expoéed
to high airborne levels of so;uble uranium compounds. Suggestions are made'to
minimizé errors in this estimate.

- L) The Meximm Permissible Concentrations in the body, in air, and in urine
calculated with these data differed, by no more than a factor of 3, with the

currently recommended values for exposure to soluble compounds of uranium.

|
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Table I

Uranium Content of Bone Biopsy Samples in Percent of Injected
‘Dose per 7,000 Grams ' o

Patient. I S II 111 v v VI VII VIII
6.1 7.8 9.0 7.6 5.6 6.2 0.5 1.4
5.5 h.7 2.3 . L4 6.5 1.1
16.3 3.1 1.4 ) 4.1
‘0 ok hrs 11.3  11.1
5.7
9.4
12.5
o4 - 48 hrs 4.9 1.5
~10.6
Average . 9.1 6.5 ) 7.6 3.9 6.4 , 105 1.3
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Teble II
Percent of Injected Dose Excreted in First 24-Hour Collection
' or Urine :
Patient I I I w v VI VII  VIII

lsé(h} 8.0  83.8 77.2 66.5 49.1| 120.0 16.9|

Average , - ' - 69,0 | ' 18.5



Percent

of Injected Dose Excreted in Feces
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Table ITT

Patient

Time (in days) I II Iv . VII . VII
of Sample ' :
1 .0002 ~ .0001
2 . .0006 -
3 017 . .0002 -
L ' "~ 0005 0241 - o
5 . 0088 - ,0003 -
6 .0003 » L0117 .0038
7 . .0022 .
9. LOLTT - -
10 .0168 0005
11 ©.001 - .0005
13 o L0155 .0298
17 .0075 .0021
18 .0081
19 : .0015 -
20 .0001
2l .0031
23 0084
24 - 004k
.26 .0031
31 .0048
33 . 0005
38 . 0041
41 - 0049
43 .0010
46 .0029
48 .0001
50 «0020
51 .0013
54 .0015
56 .0015
57 »0017
59 .0016°
63 .0008
64 20035
0001
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Table IV

Per Cent of Injected Dose per Standard Man Organ or Tlssue for
Slx Terminal Brain Tumor Patients

Patients I, VI, II, V and III Injected with UOE(NO )2

Patient VIII Injected with UCL),

6H20

Patient Number

I VI II v 111 VIII
» Sample :
" Organ or Tissue Amount Expiration Time (days)
(g) 2.5 18 Th 139 566 21
Bone 7,000  %.10.0  L.gz L g O, 't La3 14,4
Kidney 300 '16.6 7.2 0.7 1 Ok 1.1
Muscle 30,000 1.2 2.1 0.9 Q 0.06 0.4
Skin and subcu- ” '
taneous tissue 6,100 1.8 . 1.0 0.1 0 :
Fat 10,000 0,6 0.6 : : 0.04
Red Marrow 1,500 ' 0,02 0,03 0.1
Blood 5,400 1,0 0.2 0.005 0.002 0,00k 0.08
- Stomach 250 0,08 0.02 0.003 0,001 0,001
Small intestine 1,100 0.2 0.2 0.03 0.01 0.006 0.1
Liver 1,700 1.8 1.1 0.2 0.2 0.05 9.2
Brain 1,500 - -
Lungs 1,000 0.5 - 0.k 10.03  0.02 0.008 0.3
Heart 300 0.06 0.02 0.003 0.006 0.002 0,00k
Spleen 300 0.6 0.2 0.1 0.02°  0.006 5.6 .
Urinary Bladder 150 0.03 , 0,002 0,001 0,0003 0,06
Pancreas 70 . 0.7 0.008 0.008 0.0006 0.0004
Testes Lo 0.01 0.008 0,002 0,002 . 0.008
Thyroid Gland 20 0.003 0.0002 0.0001 0,0002° 0,0009
Prostate Gland 20 0.003  0,0004 0,0004 0,0001 0.003
Adrenal Glend 20 0.02 0.01 0.003 0,001 0,000k 0.02
Miscellaneous tissues 390 0.3 0.2 0,04 - 0,002 0,002 0.0k
(blood vessels, ‘
cartilage, nerves,etc)
Total in Tissues 35 18 L 3 2
Total Excreted in Urine 69 63 92 85 98
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Table V

~ Bone Autopsy'Data-; Pef Cent Qf.InJected Dose per T,000 g

Postinjection :
Patient No.* Time _Sample Mean
E (days) Femur Rib 'Skull ‘Sternum Vertebra
Injection: U0,(N0z)p * 6H0
(hsad | -
I 21/ (k1 13.8 5.5 37.7 1k.0
ol -
VI 18 - 1§?§& '29.5 | 16.3
I ™ O.4gs5 1.8 8.3 0.k 1.3 2.4
v 139 0.t 0.6 1.3 0.8
I1I 566 0.6 . 0.6 T 1.1 0,4 2.0
.Injection: UClu
VIII 21 0.6 27.5 15,1 1b.b

*No autopsy

data obtained for patients IV and VII.
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Table VI -

Percent of Injected Dose per 1000 grams of Normal and Tumorous
‘ Brain Autopsy Tissue

Injected with U02(N03)2 « 6H,0 . . UCLy
Patient A I VI IT v III VIII
Expiratibn Time (days) 2.5 18 Th | 139 566 21
Brain I 1.h 005  .005 .009

Frontal . = 27.1% ,02

Temporal 2.8 , .01

Stem . -~ , .01
Tumor 2.5 : .06 ol .02 .1k

- % Believed to be'contaminated.



=33-
Table VII

Summary of Clinical Findings on Patients I - V

)

Patient Clinical FPindi

ngs I I IIT

‘I General

Dermal changes

o Erythema
Sweating
Pulse '

Neurological changes
Body Temperature
Respiration Rate
Heart

Pulse-

EKG

. Liver M™unction- _
Cephalin Floculation

II#Blood

Pressure

- Glucose Tol,

Hematology
Reticulocytes = -
Platelets -
Hemoglobin
Hematocrit
Sedimentation Rate
Leucocytes

Polymorpho Nucl. Cells

Serum Electrolytes

COo

P

Ca

Na

Cl

K
Total Protein
Serum Globulin
-Alkaline, Phosphatase
Analase

: B Markedly Elevated _

Elevated . Normal ’ - . JElevated
~Normal [ ~_ Elevated
i,
' //(;/? ' Increase

' [// /// /// Decrease '

_ ~_ Decrease . No change

Decreage | No change Decrease.

//

S
- /No changes
/Y - o™t

Tachycardia

/ Elev.'lst day post inj.////

Definite .
damage

Reduced

. Increase in first 5 days

Normal Below Normal -

i )
LLLLLLLL L L Nochenges [ [ [ [/ 7/ 7//7

~- Normal

e L T T T R PN
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Table VII (continued)

III

Iv

III Urine

Toxicity Tests:

- “Non-Profit Nitrogeny

Catalase
Protein

Fluid Balance -

Spec111c grav1ty
PH :

Cl clearnace
Urea "

Endogenous Creatin-i

ine clearance

Microscopic Analysis

no definite

%

No chané//,

No change Elev, post
//// / injection ///
too few Elev. post| Temp rise
Hetermingtions ‘injeétion 1st day Elevated
' ' post inj. post injection

effect

Inmediate increase post  injection

Fluctuated in adcordance with urine output

No definite decrease below control values

Erythrocytes

Leucocytes
Casts

Glucose-Ketoné
Bodies

P

. post injection

Abhofmal Numbers

Present pre-

Fluctuated

Appeared post
injection

None present




Table VIII

Percent of Injected Dose Excreted at Infinity for Rochester and Boston Patients

Patient Best Fitting Percent of Injected Percent of Injected Percent of Injected’ Time of
Nuzber* Power Function Dose Excreted lst Day| Dose Excreted Last Sample|Dose Excreted at Infinity|Expiration®¥
B I 383.6 %/nr t72+3L 59,4 % 69 % 63.9 % 2.5 d
R I 144.0 %/hr 201 82.3 86 85.5 141  hrs
B II 49.9 %/hr t'1'56 - 78.0 92 92.8 ™Hoa
R II 423.0 %/hr 290 84.7 87 ;87.1 ’ 1h2v hrs

| 1 22.9 %/br 137 83.8 98 104.9 566 4
R III 39.5 %/hr §=1+89 69.2 72 73.1 214  hrs
B IV 117.3 $/nr £~ 7.2 85 i88.1 ' 136" d
R IV 238.0 %/nr t-2- % 66.6 72‘ “ ;73.h T 4ol  hrs
B V 73.9 %/hr 4158 66.5 85 ‘86.6 ' i139 a
R V 3792.0 %/nr t~3:29 75.3 75 77.8 94  hrs
B VI 33.2 %/hr 130 149.1 63 72.0 18 4
R VI 96.2 %/nr t~2+23 77.6 91 77.8 334 hrs
Averages -

B 113.5 %/hr £-1.66 $69.0 82 84,7 -
R 788.7 %/hr 47223 76.0 81 79.2 -

¥ The prefix'B and R correspond to Boston and Rochester patients, respectively.
*%* Rochester patients did not expire, hence the times listed correspond to the period of the experiment.

-QE_
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Table IX
: : : h : .
Effect of Inéreased'sample‘Vplume on the Amount of Uranium
: : ' in Urine

Volume of Sample ~ Total Activity

(ce): S .‘ ~ (e/nr)

14

13

. : 17
2 : 18
12
20

15
15
8
5 10
15
20

L 19 .
) 21 . R
10 | 15
' 10
10

13 : .
12
20
10
15
18
12
"~ 15
. . 24

. 11

22

13

12

) o s .18
SRR _ 13
SR 20

20
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