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Administration of Uronium 

P-oaration of Injection Solution 

ire urariiuni oside (LiaOs) was converted to 
.... rate ( U O z ( h ’ 0 ~ ) ~ )  by dissolving the oside in  an 
escezs of nitric acid and evalwratiiig to dryiiczs. The 
restilting nitrate crystal? \sere dissolved in &stilled 
water and twice evaporated to dryness to eliiiiiiiate 
final traces of nitric acid. The crystals were then dis- 
solved and diliited to voluiiie with distilled water. 
The  solution \vas. assayed at this point colorimetri- 
call} and by alpha cotiiit. The desired qiiantit!: of 
nitrate was then reiiiovcd. placed i n  a riib!)er sealed 
coiitainer and autoclaved for sterility. X 0.4.U sodiuiii 
acetate solution was prepared and autoclaved. Equal 
volumes of ea th  were combined shortly beiore the 
beginning of each sturly atid the desired quantity 
removed for injection. ,111 administrations were 
givei; a t  a pH of froin 5.5 to 6.0. Escelbt in the case 
of Pittietit I. all injcctioii soliitions isere similarly 
prepared. I n  this case the uranitim iiitrate \ \ a ;  placed 
in physiological saliiic atid adjusted to the proprr pH 
with sodiiini hydroside am1 hydrochloric acitl. 

Follotving the injection, tlie s!.riilgc eiii!hye,: jri 
the ntlininistration \vas used to rJeli\.e: A rel$!ica!e 
rolriiiie of the injectioii solutioii tn a fi:i.;: inr qua:!- 
titative analysis. This procedure a:cm::i:ci! ior at:!. 
volunie crrors as a reiult of iiiacciiraic. i i x : K i i ! ; . -  

011 the syringe. 

1 

9 .  

ion Procedure 
. .. 

I‘l ic iiranituii !vas iiijcitctl iiitia*;ciio:::!! i:i : I . .  11:t. 

patielit:. The  prwc(1iirr roii<i;!ctI rli fir:: -:n:;ill: 

w 1  i i i t r : i i * m n i t c  nf wiriii:iI caIirie i i i  a:i antcciill!:al 
vein. .After careful inspection to preclu;!c a:iy !l(l-- 

siidity oi  estravasation. the urn:iiiini sclitltiC1:i \sa- 
itijected over a perinfI d IO tn I! w:~:::!?’ t1iro:igli 
thc riihLer iiitrat~eiioiis tu1)hg. 111 the firs1 !ntictit 
this was done throiigli a iiictnl 3-\vay stnllcock. 
However, a small anioiiiit of the soltition \vas lost 
becauce of leakage from the stopcock. In  the second 
patient a glass 3-\vay stopcock waS employed. but 
during the injection the glass side a rm broke re- 
sultiiig in the loss of a sinal!, but sigiiificaiit. amount 
of thc solution. Thereafter, tlie injections wcre made 
hy iti.*crtiiig tlic syringe ncerllc into the rubber 1.Y. 
tiihiii:. I11 all cases the syringe was irrigated 1 to. 5 
time5 with saline from the 1.1.. 1)ottle prinr to it,s 
removal from the tul)iii,n. 

Collection of Specimens 

J i h r ~ t f  s j ~ ~ i l i i e i i s  t > i  1 t o  .I iiiilliiiicterc werc t:il;eli 

by p1ilel)otaiiiy in tlic arm not used for tlic ,urnniuiii 
injection. Uuriiig tlic first 24 hour% liorirly sl*ecitiic~i.; 
were taken: tlicii at 1 Iioiir jiitervals for sescrnl 
n.eeks. tlieii at 2-1 lioiir intervals aiirl. folloiviiig t r a w  

*roiii, tlie liosiktl.  at 1 to 3 week intervals 11nti1 
:ation. . 

For +he deteriiiinatioii r l i  i t i i t ia l  Iioiie uptake sc\.- 
era1 bone Idopsies were taken from the anterior tibia 

eiiiploying a. 3/1-inch trephine through a .small skin 
incision. 

The irriiie saiiil)lcs were collected from iiid\velliiig 
catheters. During the first 24 hours they were col- 
lected at  houri:. intervals, or more frequently if the 
output was grcnt ; thereafter at 12-hour intervals for 
2 to 4 weeks arid finally 12-Iioirr saniples at 1- to 
4-week intervals. 

.A11 feces specimens were collected during the tinie 
the patient reniained tinder close observation in the 
hospital. 

During the period of collection of saniples for 
irraniuni deteriiiiiiatioii nunierous blood arid urine 
specimens were takeii for nieasurenieiit pertinent to 
indices of clieiiiical toxicity. 

.-It the tinie of writing. 5 of the G patients have 
expired and perniissiori~ for autopsy has been obtained 
0 1 1  4 of these. Saniples of all bod? tissues were taken 
for uraiiiuiii cletcriiiination. 

Preparation and Analysis of Specimens 

Urine 

Three 20 millimeter aliquots were renioved froin 
each spciiiien, when possible, and 10 iiiilliiiieters of 
coiiceiitrated nitric acid were added to each aliquot. 
These solutions were reduced to dviiess on a steam 
Inth aiirl shipped t c  the Oak Ridge Sational Lab- 
orator! for analysis. 

Vpou arrival a t  the Laboratory, 20 tnilliliters of 
a li!~tlroclilnric-nitric acid solution ( 1 :3 1)roportioiis) 
ncrc  added to each specimen bottle and allowed to 
staiid t ir i t i l  all the residue was hi solution. The  re- 
sultiiiy: solution was carefully rinsed with 0.1.Y nitric 
acid into a 100 iiiilliliter beaker and evaporated to 
dryriecs. This acid digestion was repeated five or 
iiinrc tiiiici iititil  a white resiclire resulted at dryncss. 
.4 fiiinl digestioii with 20 in1 of nitric acid for clilo- 
ride destruction was carried out. 

Follo\vinp evaporation, the residue was dissolved 
in 0.1.Y nitric acid and diluted to volume. Triplicate 
aliqiiots were renioved from each volumetric dilution 
for electrodeposition‘ of the uranium and subsequent 
alpha counting. 
Blood 

The blood specimens were prepared in tlie same 
niariiier a s  tlie urine with the esception of the final 
nitric acid digestion. At near dryness, the sample 
was reriioved from the steam bath. The  small quan- 
tity of acid and residue remaining was dissolved in 
20 niilliliters of distilled water atid triplicate ali- 
q u o t ~  \\ere removed for electrodeposition and sub- 
secjiieiit alpha counting. 
Soft Tissue specimens of less thon 2 Gromr Wet Weight 

Soit tissue specimens (biopsy or autopsy) were 
weighed and muffled in platiiiuni crucibles at 600°C 
for 21 hours. The  ash \vas dissolved in 0.1.V nitric 
acid and the entire volume analyzed by electrodepo- 
sitioli arid alpha counting. 

. 
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Figure 1. A model for thr distribution and rrcretion of hcaovalent uranium 
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. Feces,'Bone, and Tissue Specimens Greater than 
2 Grams Wet Weight 

1 1 1  q)eciiiiciis w r c  \vet jvcighed and iyuftled jii 
iitiii crucil.ilcs :it (03- C' ior approsiniately 24 

.s. .4dditional time was required for several speci- 
mens of imie to irisurc coniplcte organic destruc- 
tion. -1he restiltiiig 3.11 \vas ivcighcd nntl aiinlyzcd 
for iiraniuiii ti?;iiig tlir ; i l i i i i i i i i i i i i i  iiitrntc-tlictIi!f etlier 
rxtra:tion p r o c e h r c  with sriliseqoerit evnpo:atioti in 
a stainless steel plaiichci fnr nllhn ccniiitiiig. 

Mathematical Interpretotion of Data 

A inathematical modcl. siiiiilnr in structure to that 
designed by Teorells for st\itlyiiig the ' t i s i ie  dis- 
tribution cbi i~itraveriou>l!. ; ~ r l i ~ i i ~ ~ i ~ ~ e r c d  drugs. was 
clesigtietl ti; reIrcwiit tIir r l ic t r i t iut ioi i  ;iiirI cscretion 
of tiraiiiiiiii ir,tllcwhg iiitr;iveiioi!- niliiiiiiistration.~ 
Its design. ?hrJ!VIl i i ?  I-ig. 1, \ \ . a d  Iia+e(I 011 a simple 
dingrntii coil-trricted I J ~  \\.. I:. Scui i in : i . :  The valiiej 
of f .  + a i d  A ivere then taken f rnm avnilnble research 
darn 0 1 1  a r i i i i ~ ~ l s . ~  Only n fc \v  tcriii. x r c  ii5c-d to rep- 
resent thc cnniplicntcd iiictnliolir lirci:e+scc in the 
four iiixjatr ~o i i i l~ ;~ r t i i i c i i t~ .  tlir iii;i,iibr prci:ii;e lieing 
that thwr ~Jiy~ic~Iogir;iI procescri :ire sixide first 
order reactions. 

Tlir test r i i  this iiintlrl involves oii!!. t he  iiie3st:red 
escretirm an(1 clelwitioii valiici olii:iiiic.! i:) t h  e s -  
perinlent. .\iter deterniiiiiiig tlie escrc'iiclii eCii:?.:io:i 
and the va!ues oi encli l i a r m i ~ t c r .  i t  I -  1 * c l ~ ~ ~ ' . ! c  to 
~ - ' - i l k~ te  tlir ~ ~ m ~ ~ i i t r a t i r i i i s  i i i  enc!i ccx:ij*nrti;-,c;it for 

. .  

i1iari.coii ~ v i t h  the otwrved clelwsitiw ~ , a l u r + .  

RESULTS 
Blood Disappeoronce 

rapidly. The  blood valucc olrtaiiied in this espeii- 
ment at  varying time interval< aiter adi:iiiiistratioii 
are presenter1 in Fig. 2. C h i  the average. S.',?','r of the 
injected doze is reiiin\.e<l irom the rircu!atiw in a 
matter of 20 hours. assuiiiiiig uiiiioriii distribution 
at injection (time zcru) ant1 a lilootl volunie o! 7.147~ 
of 1mdy \\right. \\'hen tlic), arc  orire reduced. the 
blood cnluez reiiiaiii re1;itivcly coiistniit until time 
of expiration. 

~ ~ t . . \ , ~ \ u ~ t , ~ ~  ~ . ~ , t ~ ~ i ~ i l I l  ic;L\c* ~ I I c .  I : ; ~ I ~ V ~ I  :?r~:i::: \cF!. 

Urinary Excretion 

Coiiciirrriit with thc fall of the Llood-uraniuni level 
. Iarge qrrantities of iiraiiiim qqicar ill tlic urine. blost 

of the escrrtion takes Iilarc i n  tlie first t \veiity-four 
hours after adiiiiiiistrntioii : thereafter, ever decreas- 
ing qrrantitie.; a r e  escretetl. Eszciitinlly all uranium 
is excreted in  the urine. siiicc less than one per cent 
of the injet-teil dosc is fouiul. in the feces. Figure 3 
shows tlie iiriiir rscri4nii  clntn tilJtniiieti in  this study. 
These data are presentcd as log-log plots for the pur- 
pose of compariiig the escretioii rarcs 011 an identical 
' scale. I t  will be seen in  all cases that the escre- 

rate . is  non-liiicnr over tlie total observation 
period. 

I O b 7 4 0 2  

Distribution in Tissue 

The per cent of injected dose per grani of tissue 
loutid in tibja'biopsies during the first -40 hours after 
administratioii is shown iii Table I. These data in- 
dicate that the accumulation of the injected uraiiiurn 
ranges from 2 X 104 to 23 x lo-' per cent of in- 
jected dose per gram, the average for the first 24 
hours IBeing 10.1 x IO-' per cent. This corresponds 
to an initial deposition of 6.0 per cent oi the injected 
dosc in tone assuniing an average Iiatient skeletal 
weight of Goo0 grams. 

In  contrast to this value of initial depojitioii in 
the skeleton, are the autopsy values s h o w  in Fig. -1. 
Here  the average skeletal content, in terms of pet 
cent of iiijected dose per grani, is plotted as a ~ U I I T ;  
tioii of time. The  data show that the initial d e p s i -  
tioii i n  lione, estiiiiated by extrapolation, is 23.9 >: 
IO-' per cent of injected dose per gram, or 14 per 
cent of the injected dose. This is suggestive of a 
skeletal build-up which peaks somewhere I,et\veen 2.1 
and 00 hours. H o w v e r  it must be reniemlered that 
biopsy samples inay riot be representative of skeletal 
distribution since they a re  verr small and essentially 
compact bone, while the autopsy specimens a re  larger 
and include portioiis of all bone structures. 

The kidney findings at autopsy are shown in Fig. 
.3. Estrapolating these data to time zero indicates an 
initial deposition of 16 per cent of the injected dose. 
The  uraniuin is niobilized froni the kidney with a 16 
day half-liie accompanied by a leveling off at ap- 
proxiniately 1 per cent. 

.\ typical gross autoradiogram of the kidney. Fig. 
6, shows uratiiuni non-uniformly distributed aiid coli- 
centrated primarily in the cortical structures. Figure 
7, a microscopic autoradiogram of a kidney section 
froiii Patient \ - I ,  illustrates in  detail, a typical site 
of deposition. Here the uranium is observed to be 
deposited ivithin or upon epithelial cells of a proxi- 
nial convoluted tubule. 

The  autopsy values of all tissues analyzed for 
uraiiiiiiii are listed in Table 11. They .are tabulated 
in terms of per cent of injected dose per gram, he- 
cause it was inipossil~le to ottaiii weights on all the 
organs aiid tissues sampled. Thus. there is no  other 
basis upon \vhich to adequately compare these values. 
However. if one assumes the weight values of stan- 
dnrtl niati* to convert these values to per cent of in- 

Table 1. Uranium Content of Bone Biopsy Samples in 
Per Cent of injected Dose per Gram X lo-' 

Pa!ic i t t  IIY. I 11 111 I V  v VI 
G2.t hr  8.7 11.2 12.9 10.8 8.0 8.8 

i . 9  6.7 3.3 6.3 9.3 
73 4 4.4 2.0 5.9 
16.2 I5.P 
e.7 

13 4 
17.9 

15.1 . 
? U P  hr 7.0 2.2 
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Fiaure 3. (Opposite page) Urinory excrmtion of cranium 
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PER CENT OF INJECTED DOSE x 

PER CENT OF DOSE P I R  gram OF BONE = fbC 
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Figure 4 .  Pct cent of injerted dose per grom o f  bone (wet weight) of oulopsy 

; - - * # J  ~ I I I - ~ ,  Iter organ or per tissue. it is evident that 
ai! soit tissues, escluding kidney, contain approxi- 
mately 20 per cent at 6 ( 1  hours after injection and 
less than 1 per cent a: 1 W  hours. This is unlike the 
results obtained in small animal experiments. where 
the soft tissue content fell 1 to 2 per cent of the 
injected dose concurrent with the fall in blood ura- 
nium.'" This difference is niarkedly evident when 
the soft tissue concentration is related to the blood 
disappearance curve, as will be shown later. 

DISCUSSION 

Estimating the Injection Dose for Patients I and II 
-4s described previously, injection solution repli- 

cates were collected folloiving administration. These 
replicates were analyzed in a manner identical with 
the analysis of urine and blood speciineiis. 

In  the case of Patients I and 11, injection h i -  
dents prevented adniinistration of the predetermined 
dose. 1 t was necessav, therefore, to estimate the in- 
jected dose. This was accomplished in the follo\ving 
niaiiiicr : the esrretion curves of Patients 111 and 1V 
were plotted : the first part of each curve, being linear, 
was fitted with an exponential term ; this single com- 
ponent. when integrated. represented 0.51348 and 
0.5347 of the meacured dose,respectively. The  same 

7 4 0 5 .  

procedure was followed with the excretion curves of 
Patients I and 11. Dividing the area under their 
curves by the average of the values Iron1 Patients 111 

figure 6. Gross ovtorodiogrorn of kidney ahowing distrfbution of 
uronium 



and I \ - ,  @..53cNS. it  \vas po.ci!,!c to e;tii::ntc the i r  ... .. .0.*-*oA . . ,lo:? 

Comporiron with Reseorch Animol Dot0 

The  fractions of injected close initially riepositell 
in soft and hard tissue obtained in this study are 
in good agreenlent with tliosc obtained in  animal 
experinlent.;. For esanlple. Seulnnn states that iron1 
5-m% of the injected dose i i i  rats concentrates in 

. .  lmiic.l1 Tn.0 independent estiniate: oi these fractions 
iri per cent of injected dose determined I)! the 
analyses of biopsy atid autopsy lione samples in this 
study gave values of 6p.( t  3%. one standard de- 
viation ) and 14 rt 0.045, respectively. The  half-life 
in  the bone. I i o ~ ~ e v e r ,  differs liy a factor ol 4. i.e., 
2s days for man, while that for rats is reported to 
Le 100 days.12 The  bone half-life was cleternlined 
from a plot of the autopsy results s h o w  in Fig. 4. 

figure 7. Mi~rotcopic outorodiogrom 01 kidney rhowing uranium In or upon *pfthetlal collr of o prorlmol convolul*d t ~ b u h  

. .  

I .  

I 
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PER CENT OF DOSE IN URINE 

, 

Figure 8 .  Comparison of observed and esfimoted organ contents 



Table I I .  Autopsy Results in Per Cent of Injected Dose 
per Gram X lo-' 

.4drriial glaiirl 11.1 
Aorta i . 1  
Blatldrr -.- 
Braiii 
Brain (iroiital lolw') 2 i l l s  
Rraiii (parictal Inlw') 3 . 2  
' (tcnlporal lnhc I 

7 7  

Table 111. Per Cent of Dose Excreted in Urine 

1 \. ii PI 85 
\- 67 72 I( I51 1 

\. I 43 53 63 425 

oi thejc paticilt; would diffcr irniii that oi healthy 
siil)jects. S o n e  oi the patients sIio\retI the salt 1053 

or retetitioii occasionally rioted following hraiii ,daln- 
age. Iiut their lied-ridden condition iiidicated a state 
of negative calciiiiii and nitrogen metal)olisni. 90. 
cIoril)t tIic.;e fnrttirs. aiid perlhps otlicrs, played an 
inilmrtaiit roic in wiiie of the mriatiorls noted in 
t l icv  Inticiits. For esaiiil)Ie. it might I)e iiiferrctl that 
tlir cficct of a nrpative calcium balalicc youltl hastcli 
thc rciiioval of iiraniuiii froiii tlie skeleton. 

I n  general. corisidering factors of 2 to J a i  Ileiiig 
5iiiaII. the data oI)tained i l l  this s t d y  are iii good 
a;rceiiieiit wit]; those ohtaiiierl iii small animal re- 
searcli. 

Preliminory Application of the Model 

I'lic ultiiiiatc prpose oi thr tiiotlel i , ~  to evaluate 
iiidivitlriai escretioii curves i i i  ternis of distrihitioii. 
Cy fitting a plot oi escretioil data with a SIII I I  of tlirec 
rspiieil t ial  teri1i.z aiid equating this to thc tlien- 
rrtic:tl Excretion equation, it is po.;ril)le to estiiuate 
t l i c  ;iiiiii\iiitr oi uranium in priiicipal site.; o i  tlepo- 
sitid in. I ' I i i L  rrtliiircc analytical ciirvc fitting IiictIiotIs 
t a l  r i l i tn i i i  thc  Iwst tit oi the escrctioii data. 

. \ I )  attciiilit has beell made to ohtaiii the liest tit- 
tiiry escretion ecluatioii ior each oi the patients i i i -  

\ c-)l\.etl i i i  this stud!.. T\vo mialytical iiiethodst4*l' 
I in\ c Iireii tried withoiit siiccess and other methods 
are Iiciiig investig:ited at this time. 

Hcnvrver. in  ordcr to illustrate the nlililicatioii oi 
tlic iiiodcl. a tentative schema employiiig the dis- 
tribiitiori aiid escretion iiieasareiiielits of all patients 
can lie used. First. the data in Talde I 1 1  are plottetl. 
Tlieii n free Iianrl cur\.e is clm\sii aiid the eqiiatioll . 
of thc curve is tlcterinii1etl grqiliically. This cwve 

' 

niicl its cqiiatioil :ire ~ I I O W I I  i l l  Fig. Fa. Tlic luikl lo\vl l  

imr;iiiictcrs oi di.~triInltioii cnii tlicii he dctcriiiiiirtl . 
iii thc iiiaiiiier slio\vii i i i  Fig. 1. \\'hen tliese para- 
i1icter.i are suI~stitutetI into tlic integrated eq~~at io l i s  
lor blond. I)oiie aiid kidney. the tiraniuni coritclit in 
tliesc sites caii bc cali*iilated. The r e d i n g  curves. 
tcigcther with related I~iopsy aiitl aiitopsy valiies, are 
slio\\-ii iii Figs. SI), k and I d .  

\\'liilc the calculated aiiioiiiits of uraiiiuni in botlc 
a i d  kitliicy are i i i  good agreeine~it with the ol)cervcd 
valiics. the differciicc between blood a i r 1  soft tissuc 
rvitlciit in  Fig. Sd is strikiiig. This suggests a s i r  
iiilicaiit fisatioii of uraiiiutn in soft tissues (other 
t h i i  kidney') not foulid in sinall aninials. 

1 
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It must be pointed Out, ho\ve\..tr, that f i i  :?n- 

clusioii, cnnnot be draw1 I)ccati>c this app!ication 
does lint poresent the final t&t of themodel .  
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