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Previous investigations by Yo H. Sweez, and others g o b t e d  out +&e use 
of the ne tmn eaptw19ag isotope, 3Io9 i n  the radiation therapy of  intracranial 
tumors.19'9 3 mer,- rcsu1%s9 s.cigges*ive 0% temporary r e t m t i o n  of tumor 
growth i n  ei@% out  of tiwenty-on; pstieaat9, indicated that fur the^ explora%ion 
of neutron cap%me therapy was wmrmted. M t a r  careful  theoretical. evaluation 
of" %he c l b i e a l  use of  fissionable uranium, they concluded that  its pose%- 
b f l f t i e s  in eaptwe therapy were vorkhy of investigation. 

Some of" the  questions t ha t  arise out  of' consideration of thio gossl-  
bility .are: 
tumor be achieved follcwing I B ~ ~ Y ~ Z I O P I S  administration? 
differential cosaeentm-bfo~ <a the f m r  persist long enough t o  permit 
effective exposure %o + h e m 1  =S~U+.SOFL~% 

1) Will a high di%feren%%sl eoncentration of uranium in %he 
2) WiU 8 high 

3 )  What is %he absolute concentration 



I Jmfum is h o r n  t o  be negkakotoxic, but  the  dose required t o  produce 
toxic w i f e s t a t i o n s  f%a man i s  R O ~  known. 
s t r ik ing  species wr ia t ion  exists, e ,go,  the mouse % Q ~ E W ~ ~ S  100 to 200 
5imes m o r e  uranimu than *he rabbit. 
therefore, was t o  investigate %tie toxic i ty  of m i u m  FB man with a view to 
def,em.lzlirog the highest i..n%mvenous laagection dose. 

Small aa-1 data show that 8 

The initial obgeetfve of th i s  study, 

"his investigation provided a unique oppoptpmi%y t o  obtain u r a n h ~  
dist r ibut ion and excre%fon d a h  OB humans f o r  application t o  EL mathematical 
m+,fiod of evaluating industrial exposureso 
in t e re s t  t o  industrial workers is the possible radiological ef fec t  of chronic 
exposwe t o  the emiched uranium-contaminated dusts, smokes and fumes ever 
present i n  production plants Heretofore, these exposures have been 
characterized by the arb i t ra ry  and limited monft-oring techniques p?ass;en%lY 
available to industrial heal th  gmups0 Such methods incapable of 
detect- evidence of biological significance in t he  case of  c o n t b w u s ,  
long-term, low-level exposure t o  insoluble radioactive a e ~ ~ s o l s ~  FOP exaq le ,  
the body burden can not be determined, with any degree of confidence, on the  
basis  of air%ome-ummisxan measurements; neither i s  it poesible to estimate 
concentration in critical o r g m  on the brasis of excretion measurements; unt i l  
a def in i te  re la t iomhip  between d is t r ibu t ion  and excretion is establishedo 
Here was a chance t o  obtain fnfo~nat ion ,  on which  t o  colastmct and tes t  
part of t he  evaluation method, i o e o ,  the  relat ionship between dist r ibut ion 
and excretion of ummizam as it leaves the e i r cuh t ion .  

A specif ic  problem of great 

Although the primary jue;tifiea%ion f o r  these experimental i n j sc t iom 
of umium in man grew out of its; tbeomticral value i n  neutron capture therapy, 
OLYJ the distribution a d  axeretion poz%ion of the  study will be included here. 
The toxicological findings w i l l  be published by other  au%%aors at a later date. 

METHODS 

Selection and ciare of Prstiants 

me six patients selected f o r  this study were in the terminal phase 
V i r t k L l y  all had of severe froreversible central nervous system disease. 

b r a f a  %lmors of a most mligmm-5 typeo 
47, 60 and 63 yems, and, aside from the  cen%ml XEZTOUS system disease, 
?hey were in generally good physical condi&ion without definite evidence 
of' o t h e r  pathoPogfcal processes. 

!File ages of the  patients were 26, $,39,  

A% the  time of' inJee%ioxa all patients were fn coma and receiving the 
wual hospi ta l  care eonsfsting of frequent tumiug, skin cam, gastr ic  tube 
ieed'hngs, catheter h image  and frequent tracheal sauetioxa. Three o f  t he  
gatient;s had trasheo$omieso 

The patients who did not te&%e during the two t o  three week 
period following in3ecAi~2 were transferred to a nusing home where they 
could s5f l l  be c l o a ~ l y  observed. 
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Administration of  U r a n i u m  

Preparation o? Iajec+,ion Solution. Rue werniuan oxide (V3O8) was 
1 by disaolving the oxide in an excess of oonverted t o  nftlprpL,e ( 

n i t r i c  acid and evaporating o d ~ y ~ e s e .  The resulting n i t r a t e  cFy8%!3ls 
w e r e  dissolved i n  Ciic%ilk.l  wa.e,sr mil evaporated t o  dryness t o  
eliminate final tmses of" z29,t,sie acid. "he crystals were then dissolved 
and diPl5ed %o vokme The solution was assayed st 
this pofnt c o l o r % s l ~ % r i c n l l ~  a d  by alpha coaag.C,. !Che desired qua3titJy of 
nitrate was then removed, placed :n a rubker sealed r,ontsher md autoclaved 
for s*erilikyo 
EQ-1 volumes of es:h were coahmed shor t ly  Sefore the beginning of each 
SC,Udy md the desired qum%fty rp-slovad f o r  in3cc+,io=~~ 
were given at 3 pH of from 5.5 t o  6.0. Except in t h e  case of Patient I, 
all inject ion solu5iom w e r e  similarly prepazed. 
g i t m t a  w a s  placed in physiological s&l.'Ae and &dusted %o the proper pH 
with soditran hydroxi3.e and hhyd~-o~hlor%c acido 

TJo2: No? l2 * 

d i s t i l l e d  Mater. 

A 0.4M sodfun acs%ts solution w a s  prepared and a~~%oelsved. 

All admiaisfm*ions 

In this ease the ~ranirrm 

Following the faaJection, the sy-ringe employed in the  etdmfinistmtio91 Mas 
used to del iver  a repl icate  volume of the indeckion solution t o  a flask for 
q W % f t a t i v e  a.nalysfse This procedure accounted for any volume &mors as 8 
r e s u l t  of fBerecuate markings on %he syringe. 

%he patients.  
normal saline in an antecubital vein. After ceckefW. bepec t ioa  t o  preclude 
any poss ib i l i ty  of efimvasation, the u m u i h l a n  solution was wetted over 
a period of 10 to 15 secoaads through the rubber iBtmvenous tubing. In the 
first patient %his was doue thp0-m a metal 3-way etopeock. However, a 
small eunon!% of +&e solution was lost because of leakage from the stopcock. 
In the second patient a glass 3-way stopcock was employed, but during the 
W e c t f o m  the glass s ide et~mbmke resulting i n  the loss of a small, but 
SfGffkmt, mount  of tbe soluC,ion. Thereafter, the injec+,iom were merde 
b;y iaaser'bfslg the syringe needle ixxo the rubber IoV. tubingo In all cases 
=the syringe was irrigated 4 OF 5 % h e s  with saline f r o m  the I e V o  b o t t l e  
p r io r  t o  its removal from the tubing" 

Ingection Procedure. The uranium was ingected intravenously in a l l  
%e procedure consisted of first s t a r k i n g  an intravenous of 

For the detamim-kfoa of' inf5falbone mptake seseagalbom biopsies  
were taken from the m-kerior +,ikfa mploying a 112 fas& trephine t h r ~ u g h  s 
small skin incisiono 



All feces specimens were collected during #e fime the patient remained 

D u r i n g  the period of collection of samples for uranium determination 
numerous blood and urine specimens were takes f o r  msasmment pertisent to 

under close observation ;laa She hospital .  
\L 

indices of chemi-231 J;owici%;y. 

Af %he %%me of wr%tin&5 of the 6 patients; have expired and pemission 
fo r  au-bopsy has bees. obt.air&i on 4 of theseo 
taken f o r  LEl.nfmn deksm-Ae,fon. 

Samples of all body t issues  were 

Preparation and Analysis of Specimens 

Three 20 milliliter slfguots were removed from each specimen, 
when possi5le ,  and 20 mil.Iili%ers of concentrated n i t r i c  acid were added t o  
each alfqUO2. These solu-tions were reduced t o  dryness on a steam b a a  a9d 

Wrine. - 
Shipped to the Oak R i d g e  M a t i o x 1  h b O r a t O q  f o r  -lysis* 

Upon a r r i v a l  a t  %be Laboratory 20 milliliters of a hydrochloric- 
n i t r i c  acid soluCuios ( 1 ~ 3  pmpoz%iom) were added t o  each specimen bo t t l e  
and allowed t o  stand -m$il all the residue was fn solution. '61ae resulting 
solution w a 8  caref'ully rinsed with Ool lV  n i t r i c  acid in to  a 100 mill i l i ter  
beaker ma evaporated $0 dryness;o 
more times until a white residue resulted at  dz-ynesso 
with 20 m l  of niLuric acid f o r  chloride destmction was carr ied out. 

This acid digestion WEIS repeated five o r  
A final digestion 

Following evaporation, the  residue w a s  dfssolved in 0-I3 n i t r i c  acid 
and di luted t o  volume.. Triplieate alfquots were removed f r o m  each volumetric 
dilution fo r  electrodeposition4 of the uranium and subsequent alpha cougtiggo 

Blood. - The blood spec-- were prepared in the same manner 8,s the 
u t n e  with the exception of  t he  final nitric acid digestion. 
the sample was removed f r o m  the steam bath. 
residue remaining was dissolved in 20 milliltters of dis t i l l ed  watm end 
t r i p l i c a t e  sliquots were removed for electrodeposition 
C O ~ % ~ O  

At near w s s ,  
The small quantity of acid erad 

subsequeat alpha 

SOf* TiSSU% SJ.E%%IR€!DS of k S 6  thEtII2 0- We% W e i & t o  SOf% tissue 
specimens {biopsy or autopsy) were weighed and muffled i n  p h t b u  crucibles; 
at 600° 6 for 24 ho~um0 
en t i r e  volume snalyeed by electrodeposition and alpha counting. 

!BIG ash vas dissolved in 0.118 n i t r i c  acid eraad the 

Feces, Bone, md T i s s u e  Specimens Greater than 2 G r a m s  Wet WeiRht. All 
specimen8 w e r e  wet weighed a d  m u f Y l e d  in glatLmun crucibles a t  6000 C for 
approximately 24 hours. Additiional was required f o r  several Spec-= 
of bone fo inswe -,omple%e organic destructiono 
weighed and analyzed f o r  uranium using %e a1-m nitmte-diethyl ether 
extraction procedure w i t h  subsequent evaporatdon in a s-inless steel 
planchet f o r  alpha counting. 

The resul t ing ash was 

A mathematdeal model, 8imilA.r in structure to that designed by 
Teorell5 f o r  studying the teasue dis t r ibut ion of fntmvenously administered 
dpiigs, w a s  designed t o  regresent the d is t r ibu t ion  &md excretion of uranium 
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following intravenous ezdmenfstpettiono6 Its design, shown in Figure 1, 
was based on a simple diagram constructed by W o  Fo Bleurpan.7 The gal es Of 

f, 0 and X w e r e  then takes from available research d a t a  on animalso 
mly a few term are used t o  represent the complicated metabolic processes 
i n  the four msJ01p compartments, the maJor premise being that these physio- 
logical  processes are simple first order reactions. 

The tes t  of %his model involves only the  measured excretion a8d 

8 

deposition values obtained in the  experimente 
excretion equation and the  values of ea& parameter, it is possible t o  
calculate the concen%rations i n  each compartment fo r  a comparison wi th  the 
observed deposition values. 

After determining the 

msms 
Blood Disappearance 

Eexavalent uranium leaves the blood stream very rapidlyo The blood 
values obtained in t h i s  experiment at, varyimg t ime  intervals  mer administra- 
t i o n  are presented in Figure 2e 
removed f romthe  circulat ion in a matter of 20 hours, assuming uniform dis- 
t r ibu t ion  a t  inject ion ( t i m e  zero) and a blood volume of 7.14s of body 
weight. Ogee reduced, the blood values remain r e l a t i v e u  constant u n t i l  
t i m e  of expirationo 

Os the average, 9% of the injected dose i S  

UPinaPy Excretion 

Conement  w i t h  the f a l l  of the blood-uranium l eve l  large ~UmXtitieS 
of uranium appear in the urineo Most of the excretion takes place in the  
first twenty-four hours after dmfnis t ra t ion;  thereafter, ever decreasing 
qumt i t f ee  8pe excreted. 
since less than one percent of the injected dose is  found in the feceso 
Figure 3 shows the urine excretion data obtained in this study. 
are presented as log-log plo ts  f o r  the purpose of comparing the excretion 
rates on 811 identical time scale. It w i l l  be seen bn a l l  cases t h a t  the 
excretion rate is  non-linear over the  t o t a l  period of observation. 

Essentially a l l  uranium is excreted in  the wine, 

These da.ta 

Distribution i n  Tissue 

The percent of injected dose per gram of t i s sue  found i n  t ibia  biopsies 
during the f irst  40 hours after administration is s h m  in Table Io 
data faadfcate %ha% the a c m u h t i o n  of' the injected uranium ranges from 
2 x low4 to 23 x 10-4 pekeen% of i 

fgitial deposition of 6.0 percent of the  Fngeeted dose in  bone assuming $B 

average pat ient  skeletal weight of 6000 gram. 

These 

ected dose per gram, the average f o r  
the first 24 hours being 10.1 x 10- Y! percento This corresponds t o  an 

In contrast  t o  t h i s  value of iaaitfal deposition i n  the skeleton, 
me the autopsy values shorn in F $ W e  4* Here the average skeletal 
content, i n  t e r n  of percent of ingested dose per gram, is plotted as a 
fhnction of t h e .  The data show that the init ial  deposition in  bone, 
estimated by exbrapshtion, is 23.9 x 10-4 percent of: iqjected dose pep 
gram, o r  14 percent of the  injected dose. This is suggestive of a 
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THE MODEL: 

THE INTEGRATED EQUATIONS 

1 
BLOOD 

APPLICATION OF MODEL 

GIVEN AN EXCRETION EQUATION 

WHERE c:a, = I  URINE = I - z:a j  

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

4 -48 hours 

Uranium Content of Bone Biopsy Samples Percent of Injected Dose Per G r a m  x 10' t" 

111 Iv v V I  Patient No I I1 

10.8 8.0 8.8 0 -24 how8 8.7 11.2 12-9 

607 303 6.3 9.3 7.9 
23.4 4.4 2.0 509 

16.2 1509 

13.4 

17.9 

7.0 

15.1 

2 02 
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ske le ta l  build-up which peak8 somewhere between 24 and 60 hours. 
it must be remembered that biopsy samples may not be representative Of 
ske le ta l  dis t r ibut ion sfnee they are very s ~ l l  and essent ia l ly  compact 
bone, while the autopsy specimens are larger  and include portions Of a l l  
bone structures 

However 

The kidney ffndlngs a t  S U % O P S ~  are shown i n  Figure 3. Extmpo1at-g 

The uraafm ie mobilized from the kidney with 8 16 day 

A typfcal graaa autoradiogram of the kidney, Figure 6, shows uranium 

these data t o  time Z$TO indicae88 an i n i t i a l  deposition of 16 percent Of 
the  injected dose. 
half- l i fe  accompanied by a leveling off a t  approximately 1 percent. 

noPI-unifsmPy dist r ibuted and concentrated primarily tn the cor t fca l  
StZWCtu~es. 
from Patient VI, i l l u e t r a t e s  i n  de t a i l ,  a typ ica l  s i t e  of deposition. 
the uranium is observed t o  be deposited within o r  upon ep i the l i a l  c e l l s  Of 
a proximal convoluted tubule. 

Figure, 7, a mferoeeopfe autoradiogram of a k i b e y  Beetion 
Here 

The autopsy v a h e s  of all tfssuee analyzed fo r  uranium are l i s t e d  in 
Table 11. They a m  tabuBa$ed in t e r n  of percent of injected dose per grm, 
because it was imposeible t o  obtain weights on a l l  the organs and tissues 
empled. 
them valuee, However, i f  =e assumes the weight values of standard mang 
t o  C O I m m t  these values t o  pascent of injected dose per organ or per t issue,  
1% I s  evident tbt a11 soft tfsmes, excluding kidney, contain 8ppPQXatelY 
20 percent a t  60 hours after injection and l e s s  than 1 percent a t  1500 hourso 
This I s  unlike the  r e e u l t ~  obtained fn smll animal erperbents, where the 
Soft t i s sue  C Q D ~ S E ~  f e l l  t o  1 t o  2 parcent of the inJected dose concUrPent 
with the fall in blood u ~ a l a f u a . , ~ ~  
when the ssft t i s sue  eoneentretisn 9e related t o  the blood disappearance 
curve, as will be shown Batep., 

Thus, there  is PO other basis  upon which t o  BdOqU8tely capare 

This dffference ie markedly evident 

Eetimrrtfm the HngecSPcm Dase for Patfents I and I1 

A8 describe8 p m v f o u ~ l y ~  fn&~etfon solutfon repl icates  were Collected 
following administration, 
ident ical  with the analyeis of urim and blood specfBIPene, 

These repl icatee were analyzed i n  a mariner 

t i s sue  obtained in thfe s%udy are fBn good agreement with thaw obtafned 
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Fig 6 Gross A u t o r a d l o q r a m  of K i d n e y  Showing D i s t r i b u t i o n  of  U r a n l u m  

t O 2 b 0 9 8  
-1 3- 



Fig 7 Microscc:, c AJtoradiogram o f  Kidney Showing Uranium in  o r  upon 
~~~~~~~ Ep i the l i c l  :el s of a Proximal Convoluted Tubule 
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Table I1 

Autopsy Results In Percent of Injected Dose 
Per G- x 10-4 

Patient a0 . I I1 V VI 
Post  Iqjection 
TU@ 60 hours ln5 hours 3335 hours 430 hours 

Adrenal Gland 
A o A a  
Bladder 
Brain 
Brain (Frontal lobe) 
Brain (Parietal lobe) 
Brain (Temporal lobe) 
C&ihge 
Carbilage (Rib) 
Cartilage (Tracheal) 
Fat $&cutaneous ) 
Fat f r o m  skin) 
Fernup (I1 & V bone 

*om shaft) 

distal end) 
Gall Bladder 
H e a r t  
Intestine (small) 
Kidney 
Litrep 
Lung 
Lung (Necrotic) 
krmw (Bone) 
Muscle 
mscle (psoas) 
Pancreas  
Pros  tat e 
Rib 
Skin 
Skul l  
Spleen 
Sternum 
Stomach 
Testis 

Tumor (Tissue from 
edge 1 

Rrmor (Viable) 
Vertebrae (Lumbar) 
Vertebrae (Thoracic) 

t 
(I & VI bone from 

m p i a  

11.1 
7.1 
2.2 

270.8 
28.2 

0.6 

5.8 
4.8 
2.0 
2.1 

554.0 
10.4 
4.7 

23-9 

0.4 

96-0 

19.7 
3.0 
7-9 
18.8 

3.2 

24.8 

53.8 

1.6 

0.1 

0.2 

0.1 

0.9 

0.5 

0.1 
0.3 

22.1 
1.4 
0.3  

0.1 
0.3 

1.2 
0.2 
2.6 
0.2 
11.9 
3-6 

0.1 
2.1 
0.1 

0.6 
0.6 
1.8 

0.6 
0.01 
0.09 
0.05 

0.1 

0.6 
0.2 
0 02 
0.1 

39.3 
0.9 
0.2 

0.2 
o*og 
0.08 
0.2 
0.9 
0.1 
1.9 
0.5 
0.5 
0.05 
0.5 
0.07 

0.4 

6.0 
7.1 

13.8 

3-5 
0.6 
8.7 

4.4 
13.7 
0.7 
1.8 

239.9 
6.5 
3.6 

1.0 
0 . 3  
1.1 
1.6 
42.1 
1.7 

7.7 

0.8 
2.9 
1.5 
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i n  animer1 experiments. FOP example, N e u n a  states t h a t  from 5-2@ of the 
indected dose in rats concentrates in bone.11 Two Mependent estimates 
of these fractions h percent of w e c t e d  dose determined by the analyse6 
of biopsy and autopsy bone samples i n  this stUay gave values of 6$ 
( 2  3%) one standard deviation) and 14 ? .&$, respectively. 
In the  bone, however, differs by a factor of 4, i o e o ,  28 days for n8n while 
t h a t  f o r  rats is reported t o  be 100 daysO= The bone half  l i fe  was de- 

kidney i n i t i a l l y  conh ias  l/5 of the dose a d  has a half l i f e  of 4-6 days. 
A plot  of t h e  percent of injected dose found in the kidneys of these patients 
at autopsy gives the fract ion i n i t i a l l y  deposited as 16 
l i f e  o f  16 t 0.32 d a y s .  

The half l i f e  

termined from a plot  of %he autopsy r e su l t s  shown in Figure 4. R a t  13 

-04$ and a half 
This graph is shown in FiguPe 5. 

These pat ients  excreted from 49 t o  84 percent of the injeded dose 
bTeuman cites t h t  urine during the  first 24 hours as shown in Table III. 

excretion values covering the same t i m e  interval of 50 percent in mice, 60 
percent in rats, 70 percent i n  dogs, and 7'3 percent in humans. In this 
Study, which covered periods of observation ranging from 60 hours t o  
7 months, 61  t o  98 percent of  t he  injected uranium was recovered in the 
urine. 

Previous animal work has demonstrated considerable vapiations in 
bone deposition with age, ac t iv i ty  and diet- 
i n  the kidney has been shown to be markedly affected by the acid-base 
balance. 
differ f r o m  that of healthy subjects. 
salt loss OF retention occasionally noted following brain damage, but t h e i r  
bed-ridden condition indicated a state of negative calcium and nitrogen 
metabolism. 
role in some of the variations noted in these patients- 
might be =erred t h a t  the effect of a negative calciumbalance would 
hasten the removal of uranium f r o m  the skeleton. 

Also, deposition of uranium 

It is apparent t h a t  the  metabolic s t a t e  of these patients would 
Hone of the patients showed the 

Ho doubt these factors, and perhaps others, played an impol.ta8.t 
For example, it 

In general, considering fac tom of 2 t o  4 as being small, the data 
obtained in this study are in good agreement with those obtained in 
anima1 research. 

P P e l W  Application of  the M e 1  

The ultimate purpose of t he  model is  t o  evaluate individual 
excr@tion curves in terms of dis t r ibut ion.  
excretion data w i t h  a sum of three exponential tenns and equating this t o  
t h e  theore t ica l  excretion equation, it is possible t o  estimate the amounts 
of urmfum is p r i n c i p a l  sites of depositiono 
curve f i t t i n g  methods t o  obtain the best f i t  of the excretion data. 

By f i t t i n g  a p lo t  of 

This requires asarnica1 

An attemfl has been made t o  obtah  t h e  best f i t t i n g  excretion 
equakion for each of the patients involved in this study. 
m e t h o d ~ ~ ~ , l S  have been tried without success and other methods are being 
investigated a t  th i s  t i m e .  

Two analyt ical  

However, i n  order t o  i l l u s t r a t e  the application of t he  model, a 
tentaeive schema employing the d is t r ibu t ion  and excretion measurements 
of all patients can be used. F i r s t ,  the data in Table 111 are plotked. 
men a free hand curve is drawn and %he equation of the curve is determined 
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Table  I11 

Percent of Dose Excreted in U r i n e  

Patient Flo. 24 hours 48 hours Last Sample Time of Last 
Sample 

I 59 61 61 57 hours 

I1 

I11 

Iv 

V 

VI 

78 

84. 

‘77 

67 

49 

84 

80 

81 

72 

53 

84 

63 

1437 hours 

4823 hours 

1008 h o r n  

l 5 l l  hours 

425 hours 

* - Last sample analyzed, patient has not expired. 
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graphically. 
unknown parameters of distribution can then be determined in the m e r  
shown in Figupe 1. 
integrated equations for blood, bone and kidney, the uranium content in 
these sites e a  be calculated. 
biopsy and autopsy values, are shown in Figures 8b, 8c and €!de 

This e w e  and its equation m e  shows in Figure 8a. The 

When these parameters are sas t i tu ted  i n t o  the 

The resulting c m e s ,  together with related 

While the calculated amounts of manium in bone and kidney m e  in 
good agreement with the observed values, the difference between blood and 
s o f t  tissue evident is Figure 8d is striking. This suggests 8 significast 
fixation of uranium in s o f t  tissues (other than kidney) not found ia small 
animals. 

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