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Abstract-The distribution of uraruum in the human body following intravenous injections 
oC hexavalent and tetraveiaent uranium has been studied in the case of eight terminal patients. 
.At the dosaqe ievels used the dam indicate that the kidneys and the skeleton are the principal 
sit= of deposition wirh approximatelv equal amounm in each. O n  this basis the kidneys be- 
come the critical orqan and the pbxic eifect of the uranium rather than radiation damage 
becomes the limitins deet in determininq the maximum permissible concentrations (m.p.c.) 
for occupauonal exposure. I'he influence of particle size on retention of inhaled material is 
considered in interpreriny some of the available human data. 

INTRODUCTION il! . SPECIFIC shortcoming in the maximum per- 
rnissible amounts in the body, q ,  in the air man 
breathes, (rn.p.c.), or m.a.c.. and in his drinkinq 
Lvater. jrn.p.c.j,, recommended bv the Sational 
Committee on Radiation Protection' (NCRP) , 
or the International Commission on Radiologi- 
cal Protection'2) (ICRP), or by AEC supported 
laboratories,'3) iong recognized by these official 
bodies and also by workers in the field as well 
as others, is the inherent uncertainty in the 
\dues  resultiny from extrapoiation of labora- 
tory animal data to man. Extrapolation to 
man, using data obtained from controlled 
laboratory experiments with small research 
animals. a practice performed of necessity for 
many self-evident reasons, suffers primarily 
because of lack of knowledge as to how the 
extrapolation should be adequately performed. 
Because of this the values lack the desired 
certainty. 

Some reduction in the uncertainty. was 
achieved during investisation of the chemical 
toxicity of uranium on hospital patients by 
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BASSETT et uf.(4) Complete urinary uranium 
excretion studies, tests of renal function and 
blood studies were made and from these resuits 
the injected uraruum dose which producu 
minimal damage to the kidney tubule of man 
was determined. However, autopsy data were 
not obtained since none of the subjects were 
texminal patients. Consequently, the unccr- 
taint);, in so far as the distribution of uranium 
\.vas concerned. was not reduced or could not 
even be determined. However, late in 1953 an 
experiment to determine the distribution and 
excretion of uranium in man was initiated and 
the data obtained are believed to be an initial 
step, and a major one in overcoming the afore- 
mentioned difficultv. 

Human biopsy and autopsy data on terminal 
patients have been made available in a c d  

e distribution and extre4ion of 
7) in a co-operative study 

hvsics Division, Oak Ridge 
ry  and the Department of 
achusetts General Hospital. 
enriched with isotopes _ - -  ~ of 

administered intravenously 
k o  were in terminal stages of 

irreversible central nervous svstem disease but 
who were otherwise in Senerally good physical 
condition. From measurements of uranium 
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t,,klnd in biopsy and autopsy tissues the para- 
Ir,e[er values characterizing the distribution and 
+.retion of uranium in man were determined. 
i n  addition, the burden of uranium in man to 
\', ,,duce a definite nephrotoxic syndrome was 
,letermined from clinical tests on blood, from 
l r s ~ s  ot' rend function and from pathological 
c' x a ~ ~ ~  ination of kidnev tissues. 

'The purpose ot' this report is to present these 
rerminal patient data toyether tvirh the human 
pa rne te r  values derived from careful con- 
j,dcration of the data and the values for maxi- 
I I l ~ ~ ~ i  permissible amounts, viz. q ,  (m.p.c.),, 
alld : m.p.c.'l tLI based on these findings. \ n i l e  
[hc number of cases observed is small and the 
ic,dusions somewhat indeterminate because of 

[.ather large variabilitv tbund. still the general 
p,luciry of' human data ivarrants the careful 
corderat ion of ans  results suggested bv these 
data. I t  is concluded from considerations of the 
terminal patient data. patient data of BASSETT 
ti  U / . . ' ~ )  and some data on industrial workers, 
that the primary hazard from chronic exposure 
to compounds of natural uranium reqdrdless of 
their solubility, is due to chemical toxicity on 
the kidnevs. These data would indicate that 
the safe burden in the kidney, dictated by 
considerations of chemical toxicitv, is one-tenth 
the burden deemed permissible from radio- 
logical considerations. Also, at these dose levels, 
the human hdnevs seem to deposit and retain 
2s much urarrium as does the skeleton. There- 
h e ,  the biological half-life in the kidneys seems 
to be the same as that in the skeleton. This 
findinq was not evidenced in small research 
animals. If the bioloqical half-life is increased, 
the (,m.p.c.), and im.p.c.j, for soluble com- 
pounds is lower than that recommended by 
the ICRP and SCRP. For the case of insoluble 
compounds it  is suggested that on the basis of 
dissolution and subsequent absorption of ura- 
nium from the Iunq, the maximum permissible 
Iimq burden based on radiation exposure is too 
hiqh: consequently, the Irn.p.c. I,, for insoluble 
<Ginpounds of natiirai uraniuin is also too high. 
In order to determine the lm.p.c.), it was 
assumed, necessarily, that the retention and 
distribution of inhaled particulates appearing 
in Table C .  111 of the ICRP,(8' apply. 

Specific data on the fate of inhaled uranium 

aerosols of different particle sizes are lackinq for 
small animals. let alone human data, and 
consequentlv, the maximum permissible concen- 
tration values are not certain. I t  is believed 
that this inadequacy of information is due in 
part to the lack of an  adequate hypothesis from 
which an experiment could be designed to 
obtain information for determining maximum 
permissible concentrations as a function of 
particle size distribution. .4 hypothesis, derived 
from considerations of a few small animal data 
obtained by LA BELLE,(^' which takes particle 
size and its effect upon deposition and lung 
clearance into consideration, is advanced in 
this report. This concept has been applied to 
the animal inhalation data obtained by the 
University of Rochester and to some lung au- 
topsy measurements of two industrial worken 
reported by EXSENBUD and QUICLEY.(~~) The 
results of these applications are presented and 
discussed. Some specific suggestions and recom- 
mendations for experiments to obtain data 
pertinent to this problem are also presented. 

SOLUBLE COMPOUNDS 

Summary of terminal puticni datu 

.4 summary of those results found in the 
experiment on the distribution and excretion of 
uranium in man pertinent to the problem of 
setting m.p.c.'s follows. The details of the 
experiment may be found 

Eight terminal brain tumor patients, six of 
which were comatose, whose average age was 
45 years (they ranged from 26 to 63 years) were 
intravenouslv administered prepared solutions 
of uranium. S i x  patients were injected with 
hexavalent uranium while the other two were 
administered tetravalent uranium as uranium 
tetrachloride. The injections ranged from 4 t o  
50 mg of uranium. 

Hexavalent uranium was found to clear 
rapidly from the blood into the urine. Sixty 
nine per cent of the injected dose was excreted 
in the first day iTabie 1'1. Cranium excretion 
approaches the power function law iFigs. 1 and 
2 ) ' n  after about 10 hr post injection. 

.\u topsv measurements reveal that hexavalent 
uranium chiefly stores in bones and kidnevs 
while tetravalent uranium prefers storage in 
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FIG. 2. L'rinary rate of excretion for 8 terminal brain tumor patients following intravenous injection. 

7'iblt I .  Percentage of injected dose excreted in first 24 hr 
coiiection of urine 

L)aiirnt* ' I I I  I I I  I \*  \.I L- I IVII I  
59.4 78.0 83.8 7 7 . 2  66.5 49.1 20.0 16.9 

. \ \ .~ rage  I 69.0 18.5 

i;.iiicnts I-\ ' i  injected \\.itn hcxavaienr uranium. 

iiicr and bones (Tabie 2) .  .Also. the uranium 
i)urdens in bone and kidneys for practical 
purposes are not essentiallv different from each 

V c ntain neariv identical amounts '"'lrro i% 0 "b 

of uranium. This means the biological half- 
life for bones is the same as that for kidneys. 

The biological half-life for bones is different 
for each patient \Fig. 3'1. It increases in 
proportion to t4I5 where t is the time of expiration 
measured from the time of injection (Fig. 4).  
Fitting a single exponential term to the bone 
autopsy data by the usual least-squares pro- 
cedure yields the equation0.03 exp (,-0.693!/280) 
with t in units of davs (Fig. 3, cume 1) which 
curve poorly fits the data and is inadequate 
because the biological half-life depends on the 
expiration time. .A better fit of these bone 

. 
b 



I 

- - -  'c)? THE DISTRIBUTIOS O F  L'RLKICll IS THE HC\l.LY BODY 

Tublr 2. Prrcrnlapp or' irireciea aorr  0t-r jimaarn man orenn or t u ~ ~  j o r  n x  iermznai brain tumor ~a t rm:s  
-- ~ ----. -- - __ 

~ __ 

5ampic I 
Orean ol' tissue 3mouni 

e 

I 

I 

I 

I 

Honr 
h iune t  
11 U K k  

-kin a n a  tubc  u(anco\i\  
1 IhIuc 

t 3t 

Krd rna-rou 
1 3 l d  
bcornach 
\mail inicstiiie 

Li\ e t  
Brain 
Lunqs 
Hcarr 
Spleen 
C rlnarv biaddcr 
Pancreas 
T a m  
Thyroid gland 
Prostate qland 
\cirenai cland 
.\lisccllaneous tisues 

lage. nerves, etct 
blood vessels. carti- 

rural in tlssues 
I'oral excreted in urine 

! 

4.0 

2 .  I 

1 .o 
0.b 

0.' 
0.02 
U.2 
1.1 

0.4 
0.02 
u.2 

0.008 
0.0 I 
0.003 
0.003 
u.01 
0.2 

- 9  .- 

18 
63 

I .-i 
0.7 
0.9 

0. I 

0.02 
0.005 
0.003 
0.03 
0.2 

0.03 
0.003 
0. I 
0.002 
0.008 
0.008 
0.0002 
U .OW4 
0.003 
0.04 

4 
32 

0.6 
1 .? 
0.3 

0.06 

0.03 
0.002 
0.001 
0.0 I 
0 . 2  

0.02 
0.006 
0.02 

0.0006 
0.002 
1).0001 
C .0004 
0.001 
0.002 

m o l  

> 

85 

1 .? 
0.4 
0.06 

0.04 
0.1 
0.004 
0.00 I 
0.006 
0.05 

0.008 
0.002 
0.006 
0.0003 
0.0004 
0.002 
0.0002 
O.OOO1 
O.OOO4 
(1.002 

> - 
98 

- 

Patients I ,  \'I, XI. \*  and 111 injcctrd with UO,!SO,),. tjH,O; Patient \'I11 injected with CCl,. 

autopsv data is given by the equation 0.23 
esp - 1 .19f1'5) (Fig. 5 ,  c u n ~  2) .  In order to 
determine a half-life with which 10 calculate 
m.p.c.'s the equation 0.25 exp i - 1 .  19f1'5'i \vas 
inteqrated from f = 0 to f = 70 years and the 
area given by this integral is found to be 
identical to the integrai of 0.1 1 esp --0.6931! 
3001 (Fig. 5 ,  curve 3' over the same time 
intervai. Thus, from these considerations i t  is 
said that the biological half-life for uranium in 
bone is 300 days and i t  is the same in kidney 

1 0 2 4 0 b t  
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FIG. 3. Best fitting exponcntial curves Tor U VI bone biopsy and autopsy samples. The broken 
curve is that for compact bone samples. The solid curve is for all bone samples. 

! r s t  fitting equation for body burden is 0.6t-"2. uranium in the body resides in bone. The  data 
'The equation for organ burden in bone (or in presented here suggest that in humans there are 
kidney) is 0.20r1;2. Hence, J2, the fraction in two principal storage organs. bones and kidneys; 
the critical organ relative to that in the total 33.3 per cent of the uranium residing in each 
iwdy is j. The best fitting power function organ. The biological half-life in kidneys of 
vurcretion equation is 34.3 percentlhr f -3 /2>  where small animals is 30 days and fi', the fraction 
.' IS in hours. goinq from blood to kidneys is 0.33. In  humans 

the biological half-life is 300 days andf,' is 0.1 1. 

The results of this study with the terminal difference exhibited in the urinary excretion of 
patients are not in accord with those results hexavalent uranium by patients of BASE= et 
Oimined from small In small af. (Rochester patients). This is surprising in 
mirnals the principal organ for hexavalent view of the fact that their clinical states were 
iiranium storage is bone; 85 per cent of the different. Sone of the Rochester patients had 

I , ~ ~ ~ / / M w ~ s o R  of terminal patient Xith ~ t h .  &S yellerai. tjlere very iittie, i{ any, 
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maladles comparabie in severit\. 10 [ ~ I C  tcrmlnal 
patients i Boston patients 1 .  There \ \  ,is a sllcht 
dif-ference in experimental t rchnlque I\ ith 
respect tn : a sample collecrion Rochester 
patients \,nided at natural times \\ heress 
Boston patients were catheterized : : and I 1) i 

level of injection dose I Rochester patienrs were 

I 
I 

! 
r 

I 

c 

I 

O O O l ~  I I I I 
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Ftc. 5. Biologicai half-life of uranium in bone. 

1 0 2 4 0 b 3  

administered smaller 0 0.- mq 1 doses 01' urnnvi 
nitrate hexahvdrare 1 .  The ur inay escrcricin 
tindinqs tvere similar in these respects: J 

the best fitting power !unction escl-etlcm 
equation. 5 7 . 2  per centrhr I - ' ' ~  'Fip. 7)  ditfercd 
sliphtlv from that 01' Boston patients. \.iz. 
.?-!.3!-'.'; azd 15, the amount of Uiat l i i i f i l  

ctscreted in the first day \vas essenriaily thr 
same. TG per cent as compared \\.ith 6'3 pcr 
cent. 

.\faximum pmnissiole bo+ burden, q 
Bast-d on rnprnirai loxin'cr. ~ E r w W i ' '  

rccornmended a sate kidne!. hurden 01' 2-3 ! tq;c 
ol'kidney Cor chronic exposure. Since SEL-MAS'\ 

FIG. 6. Cranium burden In organs and body. 

recommendation \ i 948) additional human dklt.1 

have been made available upon Lvhich to h w  
a safe burden in kidney. 

In  the experiments with the w r n ~ ~ ~ ~ ~ ~  
patients, the value OfLcEssENHoP et of . ,  0. i mc kc 
body weight, assuming a 70 kg man and . Y ' c  
of kidney and one-third of the dose in kid11('\. 
corresponds to 6 ,ug/g of kidney. 

EISENBUD and QLIGLEY~~~) have ~ 1 1 . 1 i l i ~ l ~ '  

excretion data from five individuals !\tl'' 

received a short massive exposure to i11.;1111i11'~ 

hexafluoride. =\bnormai urinary findincs \ \  ( ' 1 ' '  

said to have persisted for a few davs h i t  1 1 1  J' 
cases they returned to normal. indicating fd'. 
minimal effects on the kidneys despire [ ' I ( '  

relatively high exposures encountered. .rttc 
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averaqe concentration ot uranium in the fint 
davs urine ot' these individuals was 1.28 m q l .  
of urine. .bsuming 1 I .  of urine excreted per 
dav, 69 per cent OL. the uranium introduced 
into the blood-stream excreted in the first day, 
one-third of this amount u in the circulatinq 
blood and 300 q ot' kidnev. then this excretion 
levei is tound to correspond to 2 pg/g of' 
kidne!.. 

The swth Rochester patient. studied by 
BASE= et ai.. \\'as administered t \ \ 'o  intravenous 
injections of uranvl nitrate nexahvdrate. the 
first ot'which contained 3.1 m e  and the second. 
injected 17 davs alter the  tint. conrained 3.1 mg. 
BMSETT E !  ai. concluded roierance had been 
reached after the second injection because thev 
noted a slight rise in urmarv catalase and 
protein. These injections correspond to a 
hdnev burden of 4 ,uq ot  uranium per q of 
kidnev assurnin? nne-third o i  the second 
injection deposited in kidnev and that the 
amount present in the ludnev from the first 

Lrherc rn = 300 g and TElr.b.e.'iA' =9-I 11~1'. : 
Setting ji = f and soivinq for Q !,ieids q - 
0.008 ,uc Una,. Thus, on the basis of raaiatior. 
exposure. Lvhen the bodv contains 0.1108 u (  
L n a t ,  the kidney, the critical organ reccivn 
0.3 rem/week. However, 0.008 pc ot' Una!  i) 

nine times t h a t  deemed permissible tion 
chemical toxicitv considerations. Because o! 
this large factor. i t  is necessary to accept thr 

\.slue, 0.0009 ,uc Uaat, based on chemica 
toxicity considerations. 

.\faximum permissible concentration in air. v:.p.c. .. 

based on chemical loxicity and h u m  data 
\\'hen the (m.p.c.j, is calculated i v i t h  rithcr 

the exponential law or the power function 
retention it is found that thev give esscntlallc 
the same values. viz. 1 :.: 10-12 pc  Un3,,c~~~3 01 

air. 

I 3.5 x 10-8qf2 
1 Tfa( 1 - exp (-0.693!! T '  

injection is given b!. the equation c).2011-',2, I 
which equation fits the ludncy data of the 1 

terminal patients. , I n  the equation I is the 'm.p.c.:l, = 
injection dose. The time t is in units of 

= 1.3 x 10-l' ! tc C.n.rt.Cm: 

3 x I O - * q  1 ..I 

davs. j 
The averaqe of' these three \.slues. 2, 4 and 

6 p g / g  of kidnev is 4 ,ug/g of kidney. This is 
sliqhtlv different from SEWN'S recommenda- 
tion 01' 2-3 ,uy/g of kidnev as a safe burden for 
chronic exposure and assuming 300 g OC kidney 
and one-third stored in the bodv resides in 
kidney, then rhe safe burden is 2700 ,ug of 
Gnat. In t e r n  ofradioactivitv this is equivalent 
to 0.0009 ,LAC* of U,,,. Thus, from the stand- 
point of chemical tomcity, the permissible 
body burden is 0.0009 pc L'nat. 

Based on radiological com'abationr and the 
human datu. \)'hen the human parameter 
values arc used to calculate qf2, the burden to 
give 0.3 remlweek to the kidney, it is found 
that 

1 ! = 1.1 ii 10-12 ! lCL."Jl  ( 1 "  

where q = 0.0009 ,UC, f2 = f ,  J2' = 0. I 1. T 
300 davs. 1:' = 1 0 . 2 5 ~ f ~ j f ~ ' ,  fi = IO4 .  
1.825 Y 104 davs 130 vearsi and f,' : ' .I: 

In the equations it is to be noted that 1 1 l l J l l . " '  

parameter values are used in ail cases c*"~'I''  
for the values off, and fa' (fraction of inllJlrt' 
particulates absorbed in to the bloods t r r w  
which values were obtained from ICRP.'" 
There are no human experimental measurerllcn' 
of these latter values and this adds 1'' I h r  

uncertaints of r'm.p.c. la .  

.!laximum permissible concentration in water 1': 1 . 
~r based on ckmicai toxicity and human data 

When the cm.p.c.'l, is calculated with (.i~i'cr 
the exponential law or the power functl~~ll I*': 
for retention it is found that they yield IIC~'"', 

5.1 x 10-6 ,uc/cm3, respectively. The ec(il~l[r"lu 

qf2 = 8.4 x I 0 4 m l ~ E ~ r . b . e . ~ h  = 
0.0026 uc U,,,,, 

.. ~ -- -- 

9 identical values. 5.8 >: 10-6 p c i c d .  
1 UC U,., = I 1LC L?'* - I p c  L"' - - cp La's 3i0 

10240b5 f 
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, I , I  icmputinq these values are: 

r 3.13 x 104qjf; 
' Tf,(l - exp -0.693t/T)) 

1 
= 5.8 ;i ,uc/cm3 

, , I l C I C  (l = 0.0009 ,uc, J2 = h ,  fw =fi/*' = 
; i 10-5,Jl = 5 < 104,f,' = 0.11 and f = 
I . 1@ davs I 50 vearsi and T = 300 davs. 
b , , l  practical purposes the vaiue 6 < uc 
,,I C , ,J t  per cm3 of water is selected as the 

I t  is to be noted that the human 
p. l l  ~tiieter values are used in the calculations 
(. \(cpt in the case of f,, which value uas 
,,ilt~lned from ICRP,"3) also. Because o l  the 
I 1 l ~ ~ t ~ ~  uncertainties involved the m.p.c. 
, .Itlriot be considered as determined. 

II1p.C. ,L' 

( .',,/rlparzson with other recommcndationr 
The values for q and the m.p.c.'s prescribed 

trorrl considerations of the human data and 
chemical toxicity have been found to be 
substantially lower than those recommended by 
IC:RP or NCRP or the University of Rochester. 
Hou ever, the values recommended bv these 
three bodies have been found to be substantially 
dltferent from each other, viz. the current 
I CRP recommendation for occupational ex- 
posure (40 hr/week) to soluble compounds of 
C,,,t is 270 ,ugjm3"4' while NCRP recommenda- 
tlon corresponds to 76 , ~ g / m 3 [ ~ ~ ]  and the 
L'niversity of Rochester recommends 50 pg/ 
rn3(16) (the period of exposure is not cited but 
I t  is qenerally assumed that this concentration is 
tor -10 hr/week). The im.p.c.), based on 
chemical toxicity and the human data, for 
occupational exposure. is 9 ,ug/m3 which value 
IS a factor of 30 lower than ICRP' recommenda- 
tion and a factor of 3 lower than the University 
of Rochester's recommendation. 

The basis for the 270 ,ug/m3 (this value was 
siigqested by the Harriman. Sew York. Con- 
terence. April 1953'1 is not indicated bv ICRP.'17) 
Consequently, the reasons for the difference 

between ICRP value and the NCRP value are 
not known. Regardless of the reasons, it can 
be shown that the kidney burden resulting from 
exposure to 270 ,ug/m3, 40 hr/week, assuming 

small animal parameter values, would be 
21 pg/g of kidney tissue. seven times hiqher 
than the safe burden of 3 pg/g of kidney. 
Therefore, the ICRP recommendation is 
believed to be in error. 

The  basis for the SCRP recommendation is 
the smail animal data obtained by investisaton 
at the University of Rochester. The small 
factor of difference i 1.3) between the SCRP' 
value, 76 pg/m3, and the Rochester value, 
SO pg/m3. is due to the assumption, by SCRP,  
that Rochester's rccomrnendation was for an  
8 hr day, 7 dayslwcek. exposure period.Ii8) A 
careful examination of the record of the exposure 
periods for smail animals esposed to dusts 
consisting of soluble compounds of U,,, reveals 
that the animals were esposed for an average 
of 28 hr/week.* Hence, the 50 ,ug/m3 level 
corresponds to an  exposure period of 28 hr/week. 
If it can be said that animals, continuously 
168 hr/week) exposed. \$.auld store six times 

more uranium than that observed and that the 
toxicological response from continuous exposure 
would be six times more pronounced, then the 
im.p.c.), would have to be 9 ,ug/m3. 

O n  the basis of these considerations of the 
small animal findings. the 0 ,ug/m3, which is 
equivalent to 3 x ,uc/cm3, is only a 
factor of 3 greater than the value recommended 
on the basis of human data and chemical 
toxicity. 

the exponential law tor retention and employing I '  

* 

For example, dogs and rats received 1600 hr of 
exposure in a period of 11 months to iour different levels. 
0.04. 0.25, 0.40 and '2.0 mS/mJ'l'l of CO,(NO,),, while 
rats and guinea pigs were exposed for 900 hr."" Thest 
exposure periods represent 31 and 26 hr/week. respec- 
tively. ;\lso, d o g  and rats were cxposcd for 1680 hr 
while rabbits and guinea pigs were e q s e d  for 1200 hr to 
UFI at two different levcls. 0.05 ana 0.20 mg/rnJ."O' These 
cxposure periods correspond to 33 and 23 hr/weck. In 
addition, d o q  and rats uere exposed for 1700 hr.c21' 
rabbits and guinea p i g  for IO00 hr.'?" to UCI,, ac two 
different levels. 0.05 and 0.20 mg/rnf.l%l' for 1 year. These 
exposure periods correspond to 33 and 19 hr/weck. 

The average of all the aho1.e rxposure periods is 28 
hr/week. 
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INSOLUBLE COMPOUNDS 

Prdiminarv ronrtderations qrr' the vaiues 01- q and 
rt-commenaed b-1. IC'RP anti:or .\-CRP 

There are no human data trom controlled 
rxperinients Xvith i\*hich to e\.aluate the m.p.c.'s 
!Or insoluble compounds ot' V Sr\.ertheless. 
some elementam considerations ot the  dissolutlon 
01' iuiic stored uranium and its ai)sorptiori I ~ I O  

i he bloodstream. lead t o  [ h e  c~~riciusion that 
[he  current rrcommendations arc  a t c t o r  of 
I O  too hizh. 

C:urrentl\.. rhe ICRP :c.corrimends i? = 
11.0 I I I C L ~ J I  fi,r insoiul)le compourlcis. b s e d  on 
!Lines as the  critical orcan. ( oruider. the 
.~mount  rnterinc the l)\oodstrcam per dav. 
; .u - / -~ .  due  t o  dissolution 01 iiranium i n  iunc and 
, I S  absorF)tion in blood: 

m.p.c .  

. .  / .'!I2 = 1 )  . !u-"  / I ( '  da\  

\ \  here i.. the etfecti\,e bioloeical decav constant 
l'or lunes IS 0.693i120 davs-'. \\bile Q = 0.01 uc 
Jnd f2 = I .  This amount. 6 . 10-j pc/day. IS 

ten times higher than the amount entering the 
t)loodstream from dailv inhalation of the 
m.p.c.'), of soluble compounds of Una, which 

I S  '2 ,.< 10; ;m.p.c.,, j, = i 10-6,uc/day, 
\\.here :m.p.c.:, = 1 . . I  iic.cm3 andf,' = 
0.23 =f:,jf2'. 'Thus. the \ d u e  oi. q based on 
radiological considerations. is ;I factor of 10 too 
hich. Therelore q. on the basis 0 1 .  these chemical 
ro.uicit\. considerations. should be 0.00 1 uc. 

Because of the above considerations. i t  is 
believed tha t  the current :m.p.c.i,, 3 I .  IO-" 
,uc/cm3. prescribed b y  ICRP, tor insoluble 
compounds of Gnat, is also hiqh by a factor of 
ten. Thereiore, i t  is recommended that the 
! m.p.c.1, for insoluble compounds, should be 
3 x 10-12 pclcm3. 

- I  

Compamon with other rtmmmcnaations 
In experiments M ith the small animals, 

Universitv of Rochester investigators found that 
an exposure period of 33 hr/week(22' to an  
insoluble compound. L'O?. at a dust level of 
50 uqlm3, resulted in a lunq deposition and 
retention oi 12 pglg of lunq, after 1 year of 
exposure. From these data. and on the basis that 
2 5  pglg of lunqt"] corresponds to 0.3 remrweek 
z-particle r.b.e. = 101, thev recommended 

levels of 50-100 ,ug!m31?3b for application in tiir 
field. .\gain they did not indicate the period (1: 

exposure but it may be presumed that i t  is lor 
40 hr iweek. 

Taking into consideration that continuoui 
exposure of these animals could be expected to 

lead to a lung burden five timcs grcatcr t h i i  

that obsen-ed. then the level of esposurr. 
j 0  ,ug/m3, could be expected to resuic in J 

burden of 60 ug lg  of lung for the case oi 
continuous exposure, 24 hr,/dav, 7 davs wrk 
Expressing these ,us values in terms of ui 
!-ields 1 
a lung burden of 1 ,=: 10-6 pcjg of lunc. 
. humin9  1000 g of lung, the (m.p.c. for  
insoluble compounds of Una, therefore. \\odd 
be 1 ,., 10-12 pc/cm3. 

EDENBUD and QLYCLEY(~~) have autopsy dau 
on two industrial workers who died from null- 
occupational causes and were exposed to Iiicil 

concentrations of L'F, and UO, for periods (11 

1 or 2 years. One worker was exposed for 
years to an average concentration of 17.mm' 
pg/m3 and 10 months later he died and thr 
lung burden measured 0.35 pg/g. ,\notllcf 
worker died IS months after exposure for a 
year to 5,000 ,ug/m3 and his l u n p  mesllrcti 
0.23 pg/g. There ivere no measurements listed 
for kidnevs or bones or lvmph giands from t h s r  
workers. 

EXSENBUD predicted, from the small anlfllJi 

data. that the worker exposed for 2 years ~ \ ~ l $ d  

ctc!cm3 which is equivalent 

have 600 pqig while the worker ksposed 
I year would have 56 ,pg/g. Because cd' Il lr  

larqe difference between the predicted budr'' 
and the measured burden, he questioned thc 
application of animal results directly to 1113" 

without knowledge as to comparative rel3ti('" 
of deposition and clearance rates in the 1"" 

species. He concludes that the safctv factc)r I" 

the <m.p.c.j, for insoluble c o r n ~ u * ~ J S  L' 

unnecessariiy consenmive but that more 
are needed before an  upward revision i n  
'm.p.c.), could be permitted. 

I t  is agreed. more human lunq 3111c'Jnr 

measurements are needed, but in additlcpll "' 
the measured lung burdens there is need "'I 

measurements of the particle s i z e  inhalcti "' 
the workers. I t  is believed that the L1l.'r 
discrepancies can be explained in terms 0' "lr 
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pmicle size as the following considerations 
h0W. 

Particles size efect on lung retention and clearance 
L.&ELLE,(~) in an effort to understand the 

cfect of particle size on the toxicological 
response shown bv animals, provided some data 
\\ hich 40 a long way in understanding the effect 
01 particle size on the retention and clearance 

In his 
rxperiment, LABELLE intra-tracheailv injected 
slurries of UO,, composed of different sized 
particles into rats. He killed these rats at 3, 7,  
I4 and 21 days after injection and measured 
the burden in lungs, kidneys and femur. 

uranium irom the respiratory tree. 

299 

LABELLE graded the oxide particles by an 
elutriation technique, that of CUMMINCS,(?~) and 
obtained seven different sizes of particles, 
ranging from 11 to 0.35 ,LA in diameter. He 
then injected each rat with a dose of 30 mg/kg 
of body weight of the seven graded sizes and 
placed the rats in cages \\.here they staved until 
the time of sacrifice. 

Log x log graphs of the fraction of the injected 
uranium plotted versus the time of sacrifice 
reveals smaller panicles are eliminated more 
slowly from the lungs than larger size particles 
(Fig. 8). Furthermore, the retention data can 
be approximately represented with the power 
function, - 4 P ,  while A, the intercept a t  t = 1 
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dav. is unit\ and n. the exponent is ;1 I;nction the particle. assumed to be spherical. P I I <  I:,' 

of particle diameter. A .  .in approximate probability distribution of sizes whose mcan SIP 
relationship between the exponent 01 the power is i and whose standard deviation IS j, Jnr 
function and the particle aiarnerer is n Y I  = inteyratinq the resultant espression o i  cr a.. 

0.26x4-%'Fig. 9 ) .  
From the above considerations. a quantitix e 

relationship between retention in lunrs at 3ni 
time t after deposition o f  a un i t  amount (It 
uranium is 

Rit. .Y = I - " ' "  1 

where. RIf, x ;  is the amount prrsent at rime I 

atter injection 0 1 '  particies 01 di~niercr t. .mi 

In equations L and 1 ' 2 '  i IS in units ot d a \ s  3nd 
x is in units 01 u. 

.i concept 10' afterminzn,o ' m  0.c. , ds  a iirnction nt 

particle n : ~  
If the concentration in the air is denoted b\. 

im.p.c.)ar then the amount deposited in [he  
lunqs during a time i n t e n d  dT at time 7 1s 
2 x 1O7(m.p.c.i,D(x) d7 \vhere D . ' x  is the frac- 
tion of the inhaled aerosol deposited in al\.eolnr 
passaqcwavs. The burden in the lunq at a later 
time f ,  is then: 

q j x , t )  = 2 .. IO~im.p.c.1, (fDixj,l - 7' ~ ' ' ' ~ 1 ~ 7  

Performing the indicated integration in equa- 
tion (3)  vields: 

QP, t j  = 
2 x IO~~m.p.c . )~D(x: i~i-"(= '~ ' l  - nix) )  ;-+: 

Equation (4) was solved for the im.p.c.r, to 
give unit lung burden after IO-'. $, 1 ,  2 .  3 and 
50 years of continuous exposure, assuming 
D ( x )  = I .22 (exp (-0.9~) - exp ( - 2 . 3 ~ )  1, which 
equation approximately represents the alveolar 
retention data of HATCH and H E M E O S . ' ~ ~ ~  .-I 
graph of the !rn.p.c.,~, to qive unit lung burden 
as a function of particle size shotvs that large 
concentrations of larqe particles are required to 
maintain unit lung burden 1 Fig. 10';. 

Equation 14) is not adequate for application 
to the case of a distribution of particle sizes. 
However, it can be made adequate 
plying by d~;p.?P(x\, where p is the 

by multi- 
densitv ot 

sizes. and dividing by a normaliiaLilIII 1.1' " '  
I the integral over all sizes of $rp33P.'~ 1 1 ' ~  

equation form this is : 

i 
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FIG. 10. Concentration of aerosols of different particle size 
a lung burden of 1 p~ for periods of continuous exposure spc 
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parameters tor a log-normal distributlon ,ire 
t g ,  the qeometric mean and 3 , .  rhe eeometric 
standard deviation. The equation lor ttie loc- 
normal distribution is.  

and thc th i rd  moment ot this distribution I S .  

iq3 exp (4 .5  104- 5, i L 7 '  Thus.  tne lung t)urden 
icsultinq trom itihalatlon o1 an xrosol I\ hose 
particie sizes are ioq-normail\ distributed 1 5  

qiven b\ . 

. Ipplrcatton 01' concept t o  animai innulation ad la  and 
human autopsy data 

\Yhen equation 1 7 )  was applied to the lunq 
burden measurements obtained in the inhala- 
tion experiments with small animals perlbrmed 
by the University of Rochester a considerable 
overestimate of the burden was evidenced. In  
part this overestimate is due to an incorrect 
assumption, namely, the alveolar retention data 
of HATCH and HEMEON apply to uranium dusts. 
In  experiments with uranium o d e  of 2.6 p 
and 0.45 p, \VILSON et U L . ( * ~ '  found 0.9 per cent 
and 8.3 per cent of the inhaled dose, respec- 
tivelv, retained or more preciselv. deposited in 
the alveolar passagewavs. In recent esperi- 
menu performed in this laboratory, i t  was 
found that 10 per cent of inhaled enriched 
uranium fumes, whose mean particle site is 
0.36 p, is deposited in lower respiratory passages 
of dogs. Thus, more of the finer material was 
deposited, and a smaller amount of the uranium 
dusts are retained. Because of this. the equation 
for Dlx'r, which is for the HATCH and HEMEON 
data, was divided by a factor of 10. 

In  the inhalation experiments performed on 
dogs and rats b!. the University of Rochester. 
1 and I O  mg/m3 levels of uranium dioxide dusr 
whose geometric mean particle size was 1.3 p,(?" 
and geometric standard deviation was 2 . 3 ~ , ( ~ ~ '  
furnished the esposure. Both species \\.ere 

cxposed for i !.ear. The lun? burden 
predicted with equation i 7 j  for this distrihutir8. 
of particies ana these levels of dust. assumii, 
that doqs breathe 2 . 5  m3/day and 100 e (JI d.r. 
lung, and talclnq into consideration the 13c: 

that they received one-fifth of a continuiu! 
exposure. For rats. 0.1 m3 daily air intake xi 
I g ot' lung \vas assumed. The  predicted liir.: 

burden was siiehtly less than that obsened 
dogs and about a factor of 10 greater than tb.3: 

measured in rats 1 Fiz. 1 la and 1 1 bi. 
In the esperiments \\.ith UFl  dust. at 

and 0.5 mg/m3. x7 = 1.84'30) and s, = L'.4J.:y 
the predicted lunq burdens computed \ \ i r  

equation I 7 : ;  tvere preater. but by not more r h :  
a factor o i  10. than the measured lung burdr::' 
!or rats and doSs I Fig. 12a and 12bl. 

For application to EISENBUD and Q c I G L t )  ' 
autopsy data. the at'craqe air concentration \'& 

assumed to be for occupational esposulc 311' 

the geometiic mean particle site = 2.4 alld 

geometric standard deviation = 2.4 \\'as 31,' 

assumed. In  addition it was necessap t i )  (JLr 

into consideration the fact that these u u r h  
exposures ceased before thev died. thcd ' '  
allowing for elimination of uranium from IllllL" 

during conditions of non-exposure. Fur h 
cussion of the manipulation of the power I\]''' 
tion for application to the case of contilltllpu 
exposure followed by a non-exposure pc1'1''* 31 

the reader may consult the paper bv HEAL)'. 
Cnder these conditions the predict'ed lull: I t : "  
dens were 800 and 100 pgjg of lunc. 
different from the extrapolated values df"" 
mined by E~SENBUD and QVICLEY. viz. t3'" 
36 pg/g,  but extremelv different from the 'llrJ 
sured burdens, 0.35 and 0.23 pg/g. On It! 

other hand, had these workers been exposr1' ' 
particles whose mean diameter. xg = 6 !l 3t1 

whose standard deviation = 2.0 p. thc-11 " '  

predicted lunq burdens would be ?" 311 

0.3 pglg of lung. 

Comervatiueness of (m.p .c . j , ,  (m.p.c.j, and ! 
The values for q,  ,m.p.c.I, and 11l.P.' 

based on the human data and chemical t(lsil'l 

are lower than those recommended b\. otJrr 
and therefore thev mav be said to' be ~ ~ ) l l b ~ ' ~  

tive. These m.p:c. t.aiues are lower Iitr " 

DISCUSSION 
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1 IC;. 1 1 (a). Cornpanson between predicted and 
measured lung burdens of doqs exposed to LO2 dust 

at levels of 1 and 10 mg U/m3 

IO L 

I , . , ( I ’  
10 I00 loo0 

0.11 I ’ I , ” 
TIME ( d o n )  

FIG. 12 (a). Comparison between predicted and 
measured lung burdens of dogs exposed to L‘F, dust 

at levels of 0.5 and 3.0 mg ti/m3. 

reasons; (a) human kidneys are considered to 
retain more uranium and to store it for longer 
periods of time and ib\, thcsc m.p.c. values are 
for continuous and chronic exposure. These 
points require elaboration. 

There 1s some element of doubt as regards 
the application of the data obtained from ter- 
minal brain tumor patients to normal subjects. 

4 

[ * , ; *  1 
IO 100 1000 

FIG. l l(b).  Comparlson between predicted and 
measured lung burdens of r a s  exposed to UO, dusts 

at  levels of 1 and 10 mg U/m3. 

TIME ( dorsl 

1 1 1  I I I I l l  1000 

PREDICTED BURDEN 

x x  
I 

0 
0 1 I J I  

TIME (doyu 
a 4 IO 100 IO00 

FIG. 12(bl. Companson between predicted and 
measured lung burdens of rats exposed to UF, dusts 

at levels of 0.5 and 3.0 mg ti/m3. 

If it were known that normal subjects’ kidneys 
did not concentrate uranium to the extent 
indicated somewhat nigher m.p.c. vaiues would 
be in order. Some indirect evidence, the agree- 
ment between excretion patterns demonstrated 
by the Rochester patients and the terminal 
patients, leads to the belief that the tissue 
distribution is the same. -4dmittedlv however, 

1 0 2 4 0 1 2  
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^ '  :03 
* (ME ( 0 0 ~ s )  

FIG. 13 .  Satural uramum kidney 
inhalation 01 1 . 

this evidence is inadequate and data from 
normal subjects is required belore uitimate con- 
fidence can be placed in the terminal patients 
findinqs. Atoreover there is evidence from 
animal experiments of a dose eflect. 3nd that  
at lower levels the relative size of the Iudney 
burden mav be smaller. 

The m.p.c. values, applicable to the caSe of 
chronic exposure, have been desiened such that  
the kidney burden at the end of 50 years of 
continuous exposure will not exceed the saie 
lcvel (Fiq. 13'1 after termination o f  exposure. 
The power law predicts that after 50 years ot 
exposure the kidney burden \ G i l l  be maintained 
at an  essentially constant level-the decrease 
will be less than a factor of' 2-e\.en thoueh the 
cqmsure has been terminated for 'LO years. In 
this liqht the m.p.c.'s do not appear to be 
consema t ive. 

Inadequacv of data for determination of (m.p .c . ! ,  a.i a 
function of particle sinu 

The data obtained by LABELLE; on lunq 
retention of various site particles are inadequate 
for determininq \m.p.c.l, for various distribu- 
tions of parucle sizes. This Has evidenced in 
the application to the inhalation data. The 
aqrecment between the predicted and measured 
Iunq burdens is fortuitous. perhaps, since LA- 
BELLE injected slurria of oxide particles and 
saline into the rats lunqs. The effect upon the 

- 1  > *  

burden resultine fiom continuous 
LO-" uicc o i  u..,. I 

clearance mechanisms by the saline vehicle is 
riot known. Hence. these data cannot be said 
t o  be representative of the clearance of particu- 
lates from the respiratory tree which were 
deposited upon inhalation. However, a modi- 
fied procedure \*.auld yield usehl data. 

Sqgcsted expmmcnt to obtain data for deknninalion 
~IJ- im.p.c.j,, ar a f i n c t r o n  ojpart ir le  size 

An experiment which wouid yield the ncce- 
sa? data would consist of the following: 

I )  Prepare slurries of oside particles 01 
different sizes by LABELLE'S clutriation tech- 
nique. 

2 )  Disperse these slurries in a chaxnbcr 
similar to the chamber o i  IYr~sos et af. 

3) Allow experimental subjects to inhaie [ I N '  
homoqeneous size particulate matter from t h C  

chamber throuqh a mask and a special vaht' 
to direct the air flow. 
:4) After the inhalation exposure collect is%- 

creta samples in addition KO samples of l u n C l  
bone and kidney and measure these for uraniuill. 

j : i  Plot the data and determine the para- 
meters of distribution and excretion of inilalt.l: 
uranium as a function of the particle 4(' 
comprisinr the aerosol inhaled. 
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