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MAXIMUM PERMISSIBLE AMOUNTS OF NATURAL URANIUM
IN THE BODY, AIR AND DRINKING WATER BASED

for occupauonal exposure.

§ INTRODUCTION

SPECIFIC shortcoming in the maximum per-
missible amounts in the body, ¢, in the air man
breathes, (m.p.c.), or m.a.c., and in his drinking
water, (m.p.c.),, recommended by the National
Committee on Radiation Protection'? "NCRP),
or the International Commission on Radiologi-
cal Protection'® (ICRP), or by AEC supported
laboratories,® long recognized by these official
bodies and also by workers in the field as well
as others, is the inherent uncertainty in the
values resulting 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 investigation of the chemical
toxicity of uranium on hospital patients by
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Abstract—The distribution of uranium in the human body following intravenous injections
of hexavalent and tetravelaent uramium has been studied in the case of eight terminal patients.
At the dosage levels used the data indicate that the kidneys and the skeleton are the principal
sites of deposition with approximately equal amounts in each. On this basis the kidneys be-
come the critical organ and the wxic effect of the uranium rather than radiation damage
becomes the limiting etfect in determining the maximum permuissible concentrations (m.p.c.)
The influence of particle size on retention of inhaled material is
considered in interpreting some of the available human data.

BasseTT et al.® Complete urinary uranium
excretion studies, tests of renal function and
blood studies were made and from these results
the injected uranium dose which produces
minimal damage to the kidney tubule of man
was determined. However, autopsy data were
not obtained since none of the subjects were
terminal patients. Consequently, the uncer-
tainty, in so far as the distribution of uranium
was 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 difficulty.

Human biopsy and autopsy data on terminal
pauems have been made available in a careful
€ distribution and excretion of
fum in man,*~? in a co-operative study
the Health Physics Division, Oak Ridge
Yational Laboratory and the Department of
‘eurosurgerv, Massachusetts General Hospital.
“ranium solutions, enriched with isotopes of
L r U238, were administered ifitravenously
16 ho--were in terminal stages of
irreversible central nervous system disease but
who were otherwise in generally good physical
condition. From measurements of uranium
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wund 1n biopsy and autopsv tissues the para-
neter values characterizing the distribution and
~xcretion of uranium in man were determined.
{n addition, the burden of uranium in man to
produce a definite nephrotoxic svndrome was
Jetermined from clinical tests on blood, from
(ests of renai function and from pathological
cxamination of kidney tissues.

The purpose of this report is to present these
erininal patient data together with the human
parameter values derived from careful con-
sideration of the data and the values for maxi-
mum permissible amounts, viz. ¢, (m.p.c.),,
and im.p.c.], based on these findings. While
the number of cases observed is small and the
conclusions somewhat indeterminate because of
the rather large variabilitv tound. still the general
paucity of human data warrants the careful
consideration of any resuits suggested by these
data. It is concluded from considerations of the
terminal patient data. panent data of BasseTT
¢ al.."M and some data on industrial workers,
that the primarv hazard from chronic exposure
to compounds of natural uranium regardless 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 toxicity, is one-tenth
the burden deemed permissible from radio-
logical considerations. Also, at these dose levels,
the human kidneys seem to deposit and retain
as much uranium as does the skeleton. There-
fore, the biological half-life in the kidneys seems
to be the same as that in the skeleton. This
finding was not evidenced in small research
animals. If the biological half-life is increased,
the (m.p.c.), and (m.p.c.), for soluble com-
pounds is lower than that recommended by
the ICRP and NCRP. For the case of insoluble
compounds it is suggested that on the basis of
dissolution and subsequent absorption of ura-
nium from the lungs, the maximum permissible
lung burden based on radiation exposure is too
high: consequently, the (m.p.c., for insoluble
compounds of natural uranium is also too high.
In order to determine the i(m.p.c.}, it was
assumed, necessarily, that the retention and
distribution of inhaled particulates appearing
i Table C. IIT of the ICRP,® apply.

Specific data on the fate of inhaled uranium

aerosols of different particle sizes are lacking for
small animals, let alone human data, and
consequently, the maximum permissible concen-
tration values are not certain. It 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. A hypothesis, derived
from considerations of a few small ammal data
obtained bv LaBeLLE,'® 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 workers
reported by Eisensup and QuiGLey.1® 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 patient data

A 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 mav be found elsewhere.>="

Eight terminal brain tumor patients, six of
which were comatose, whose average age was
45 years (they ranged from 26 to 63 years) were
intravenously administered prepared solutions
of uranium. Six patients were injected with
hexavalent uranium while the other two were
administered tetravalent uranium as uranium
tetrachloride. The injections ranged from 4 to
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 dav {Table 13. Uranium excretion
approaches the power tunction law iFigs. | and
2)'® after about 10 hr post injection.

Autopsy measurements reveal that hexavalent
uranium chiefly stores in bones and kidneys
while tetravalent uranium prefers storage in
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Fic. 2. Urinary rate of excretion for 8 terminal brain tumor patients following intravenous injection.

Tiuble 1. Percentage of injected dose excreted in first 24 hr
collection of urine

Pavent* * T I III IV VvV VI VIIVIII
39.4 78.0 83.8 77.2 66.5 49.1 20.0 16.9
£9.0 18.5

Average |

rauents I-V1 injected with hexavaient uranium.

liver and bones (Table 2). Also, the uranium
burdens in bone and kidnevs for practical
purposes are not essentially different from each

other, thev contain nearly identicai amounts
o 2%0%0

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). It increases in
proportion to ¢¥3 where ¢ 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 yieldsthe equation0.03 exp (—0.693¢/280)
with ¢ in units of days (Fig. 3, curve 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
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Table 2. Percentage of tnjectea dose per standara man organ or tissuc jor six terminai brain tumor batients

Patient no.
Sampic ! Vi I1 AY 11 VI
Organ of ussue amount .
. Expiration nme «days:
2 18 74 139 566 2
Bone 00 O +.9 1.4 0.6 1.3 14.4
KNidnev HOL HENG) 72 0.7 1.2 0.4 1.1
Muscle 10,000 il 21 0.9 3 0.06 0.4
~kin ana subcutancous
T1ysue H 100 18 1.0 0.1 U.00
Fat 10,000 N3 .6 0.04
Red marrow 1300 0.02 0.03 0.1
Blood 3400 1.0 0.2 0.005 0.002 0.004 0.08
Stomach 230 V.08 .02 0.003 0.001 0.00t
Small intestine 1100 0.2 0.2 0.03 0.01 0.006 0.1
Liver 1700 1.8 1.1 0.2 0.2 0.05 az?
Brain 1500
Lungs 1000 0.3 0.4 0.03 0.02 0.008 0.3
Heart 300 (.06 0.02 0.003 0.006 0.002 t.uud
Spleen 300 0.6 0.2 0.1 0.02 0.006 5.6
Urinarv bladder 150 0.03 0.002 0.001 0.0003 04w
Pancreas 70 0.7 (.008 0.008 0.0006 0.0004
Testes H) 0.01 0.008 0.002 0.002 u.008
Thyroid egland 20 0.003 1.0002 0.0001 0.0002 (LOWM
Prostate gland 20 0.003 0.0004 0.0004 0.0001 0.003
\drenai ¢land 20 0.02 0.01 0.003 0.001 0.0004 0.2
Miscellaneous ussues 390 0.3 0.2 0.04 0.002 0.002 004
blood vessels. caru-
lage, nerves, etc
Total in tissues 35 i8 4 3 2
['otal excreted in urine : 69 63 92 85 98

Patients I, VI, I, V" and III injected with UO,!NOy),- bH.,O; Pauent VIII injected with UCl,.

autopsv data is given by the equauon 0.23
exp (—1.19¢V%) (Fig. 3, curve 2. In order to
determine a half-life with which to calculate
m.p.c.’s the equation 0.25 exp (—1.19/%" was
integrated from ¢t =0 to ¢t = 70 vears and the
area given bv this integral is found to be
identical to the integrai of 0.11 exp (—0.693¢/
300V (Fig. 3, curve 3' over the same time
interval. Thus, {rom these considerations 1t is
said that the biological half-life for urantum in
bone ts 300 davs and it is the same in kidnevs

1024006 |

since kidnevs contain the same burden as the
bone.

In the study of chemical toxicity of urann:
LUESSENHOP ¢f al. found that a body burden
0.1 mg/kg of bodv weight produces a defimte
nephrotoxic effect.

Power funcuon equations were fitted t© the
bodv burden measurements (Fig. 6 and 10 ll'"
urinary  excretion measurements Fig. -
Excretion measurements made in the first 'I“_‘"
were omitted from the caiculations. M
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FiG. 3. Best fitting exponential curves for U VI bone biopsy and autopsy samples. The broken

curve is that for compact bone samples.

hest fitting equation for body burden is 0.6¢71/2,
The equation for organ burden in bone (or in
kidnev) is 0.206-12. Hence, f,, the fraction in
the critical organ relative to that in the total
bodv is 4. The best fiting power function
excretion equation is 34.3 percent/hr t=3/2, where
:1s in hours.

(.imparison of terminal patient data with other data

The results of this studv with the terminal
patients are not in accord with those results
nbtained from small animals.®®>'3  In small
animals the principal organ for hexavalent
wanium storage is bone; 85 per cent of the

10240b2

The solid curve is for all bone samples.

uranium in the body resides in bone. The data
presented here suggest that in humans there are
two principal storage organs, bones and kidneys;
33.3 per cent of the uranium residing in each
organ. The biological half-life in kidneys of
small animals is 30 davs and f,’, the fraction
going from blood to kidneys is 0.33. In humans
the biological haif-life is 300 days and f," is 0.11.

In yeneral, there was very liutle, if any,
difference exhibited in the urinary excretion of
hexavalent uranium by patents of BASSETT ef
al. (Rochester patients). This is surprising in
view of the fact that their clinical states were
different. None of the Rochester patients had
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administered smaller : 0.4~ mg) doses ot uranvi
nitrate hexahvdrate:. The urinarv excreton
tindings were similar in these respects: .
the best htung power function excreton
equation, 37.2 per centthr =18 'Fig. 7; ditfered
slightly  from that of Boston patients. viz.
34.34713; and ‘b: the amount of uranium
excreted in the first dav was essenualiv the
same. 706 per cent as compared with 69 per
cent.

100,11 iBONE SAMPLES)

‘a

Maximum permissible body burden, q

Based on  chemical  foxicity.  NEUMAN'®
recommended a sate kidnev burden ot 2-3 g«
ot kidney tor chronic exposure. Since NEUMAN'

‘ < M [ 20 b W00 20C <20 000
¢ laoys)

o
o

Fra. 4. Biologicat half-life of nrannum in bone
plotted vs. expiration time.
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maladies comparabie in severitv to the terminal
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pauents (Boston pauentsi. There was a shight TR
difference in experimental technique with z £ . .
respect to: a, sample collecuon Rochester & © . O\
pauents voided at natural times whereas w e r-rmacron of wuecteo oose °\
. '
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Fig. 6. Uranium burden in organs and bodv.

recommendation i 1948) additional human datd
. have been made available upon which 1o bas
a safe burden in kidnev. _
In the experiments with the termnal
patients, the value of LUESSENHOP et af.. 0.1 me Kt
body weight, assuming a 70 kg man and 300 ¢
of kidney and one-third of the dose in kidnt*:
corresponds to 6 ug/g of kidnev. o
oo remraremtenan o : Esensup  and QuIGLEY!®  have m-nm;'ﬁ
— the meavwres rones: ' excretion data f{rom five individuals “"
received a short massive exposure to uraput?!
hexafluoride. Abnormai urinary findings W
i said to have persisted for a tew davs but i .;H‘
°°°';L —% l 1 : ' . cases they returned to normal. indicating onl

03¢~ 22 (rrovians vr

280 ‘s shueres )

¥ T PRI R

FARACTION OF INJECTED DOST 1N BOME

R~ minimal effects on the kidneys dcspilc'[]}"(
Fic. 5. Biologicai half-life of uranuum in bone. relativelv high exposures encountered. rh
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average concentration of uranium in the first
davs urine of these individuals was [.28 mg/l.
of urine. Assuming | l. of urine excreted per
dav, 69 per cent of the uranium introduced
into the blood-stream excreted in the first day,
one-third of this amount 15 in the circulating
blood and 300 g of kidnev, then this excretion
level is tound to correspond to 2 ugjg of
kidnev.

The sixth Rochester pauent. studied by
BASSETT et al.. was administered two intravenous
injecuons of uranvl nitrate hexahvdrate, the
first ot which contained 3.0 mg and the second.
injected 17 davs atter the first. contained 3.1 mg.
BASSETT ¢t al. concluded toierance had been
reached after the second injection because thev
noted a slight rise 1n urmnarv catalase and
protein. These injections correspond to a
kidnev burden of 4 ug of uranium perg of
kidnev assuming one-third of the second
injection deposited in kidnev and that the
amount present in the kidney from the first
injection is given bv the equation 0.20[t7!72,
which equauon fits the kidney data of the
terminal pauents. .In the equation [ is the
injection dose. The ume ¢ is in units of
davs.)

The average of these three values. 2, + and
6 ug/g of kidnev 1s 4 ug/g of kidnev. This is
slightly different from NeuMAaN's recommenda-
ton of 2-3 ugyg of kidnev as a safe burden for
chronic exposure and assuming 300 g of kidney
and one-third stored in the bodv resides in
kidnev, then the safe burden is 2700 ug of
Unat. In terms of radioactivity this is equivalent
to 0.0009 uc* of Upa;. Thus, from the stand-
point of chemical toxicity, the permissible
body burden is 0.0009 uc Unat.

Based on radislogical considerations and the
human data. ‘When the human parameter
values are used to calculate ¢f,, the burden to
give 0.3 rem/week to the kidney, 1t is found

that
qfy = 8.4 X 1073m/ZErb.e N =
0.0026 uc Uyae,

® e Upge = Tuc U3 - | puc U = 390 cu U2

10240065

where m = 300 g and ZE/r.b.e )N =94 MV 2
Setting f, = 4 and solving for ¢ vields ¢ -
0.008 uc Upst. Thus, on the basis of radiation
exposure. when the body contains 0.008 uc
Upat, the kidnev, the criucal organ recenes
0.3 rem/week. However, 0.008 uc of Upy o
nine times that deemed permissible trom
chemical toxicity considerations. Because o
this large factor. it is necessary to accept the
value, 0.0009 uc Upyt, based on chemicai
toxicity considerations.

Maxtmum permussible concentration in air, m.p.c. ..
based on chemical toxicity and human dala

When the {m.p.c.), is calculated with cither
the exponential law or the power function law
retention it is found that they give essenuialls
the same values, viz. | 0 10712 y¢ Upyp om?® of
air.

| 3.5 x 108 ¢,
| T —exp —0.6930T

| .
‘ =13 x 1012 uc L.n;n.(m‘

m.p.c.), = ¢
5x 10-8¢
~
| fo' ] 0.6(t — r)~tdr
oo
!‘ = L.I x 1071 tclUnat an?

where ¢ = 0.0009 uc, f, =4, foy =0.11. T

300 davs. f, = 1023+ fi)fy, fi = 107 ¢
1.825 x 104 davs (30 vears) and f,' = ' [
In the equations it is to be noted that huma?#
parameter values are used in all cases exctl”
for the values of £, and £, {fraction of inhaled
particulates absorbed into the bloodstreai
which values were obtained from ICRP."
There are no human experimental measuremen®
of these latter values and this adds to b€
uncertainty of (m.p.c.),.

Maximum permissiole concentration in water - 1m.0<-
based on chemical toxicity and human dala

When the (m.p.c.), is calculated with ¢ithe’
the exponential law or the power funcuien law
for retention it is found that they vield nes®
identical  values. 5.8 ¥ 10-8 pcjem®. M
3.1 X 10~% ucjemd, respectively. The equativt?
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¢ computing these values are:

( 3.15 x 104/,
: Tf,\1 —exp—0.693¢t/T))
= 3.8 x 10-% ucicm?®

<y ——\: 454’ g 10_4(7

()
—
l

m.p-

l M
tfi] 0.6t —~ ~tdr
! Jo
i

L = 3.1 < 10-% ycjem?

where g = 0.0009 uc, f2 = %’ fw :fle' =
30« 1072, fi=5 <107, £, =011 and t =
1425 - 10% davs 130 vears) and T = 300 days.
For practical purposes the value 6 < 1078 uc
ol Unat per cm® of water is selected as the
m.p.¢.... It is to be noted that the human
parameter values are used in the calculations
except in the case of f,, which value was
ohtained from ICRP,"'¥ also. Because of the
qiany  uncertainties involved the .m.p.c.i,
caniot be considered as determined.

(.nmpanson with other recommendations

The values for ¢ and the m.p.c.’s prescribed
trom considerations of the human data and
chemical toxicity have been found to be
substantially lower than those recommended by
ICRP or NCRP or the University of Rochester.
However, the values recommended by these
three bodies have been found to be substantially
different from each other, viz. the current
[CRP recommendation for occupational ex-
posure (40 hr/week) to soluble compounds of
Unat 15270 pugjm31% while NCRP recommenda-
tion corresponds to 76 ug/m3!® and the
Unuversity of Rochester recommends 30 ug/
m31® (the period of exposure is not cited but
it is generally assumed that this concentration is
tor 40 hr/week). The (m.p.c.), based on
chemical toxicity and the human data, for
occupational exposure, 1s 9 ug/m?® which value
is a factor of 30 lower than ICRP’ recommenda-
uon and a factor of 5 lower than the University
of Rochester’s recommendation.

The basis for the 270 ugjm3 (this value was
suggested bv the Harriman. New York, Con-
terence, April 1953) is not indicated by ICRP.1?
Consequently, the reasons for the difference

10240bb
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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
the exponential law tor retention and emploving
small animal parameter values, would be
21 ugfg of kidney tissue, seven times higher
than the safe burden of 3 ugjg of kidney.
Therefore, the ICRP recommendation is
believed to be in error.

The basis for the NCRP recommendation is
the small animal data obtained by investigators
at the University of Rochester. The small
factor of difference (1.3) between the NCRP’
value, 76 ug/m®, and the Rochester value,
50 ug/m3, is due to the assumption, by NCRP,
that Rochester’s recommendation was for an
8 hr day, 7 davs;week. exposure period.'® A
careful examination of the record of the exposure
periods for small animals exposed to dusts
consisting of soluble compounds of Upg reveals
that the animals were exposed for an average
of 28 hrjweek.* Hence, the 350 ug/m? level
corresponds to an exposure period of 28 hr/week.
If it can be said that animals, continuously
(168 hr/week) exposed, would store six times
more uranium than that observed and that the
toxicological response from continuous exposure
would be six times more pronounced, then the
{m.p.c.), would have to be 9 ug/m?3.

On the basis of these considerations of the
small animal findings, the 9 ugjm3, which is
equivalent to 3 x 1072 ucjem?3, is only a
factor of 3 greater than the value recommended
on the basis of human data and chemical
toxicity.

® For example, dogs and rats received 1600 hr of
exposure in a period of 12 months to four different levels.
0.04. 0.25, 0.40 and 2.0 mg/m3¥1* of UQ,(NO,),, while
rats and guinea pigs were exposed for 900 hr.'® These
exposure periods represent 31 and 26 hrfweek. respec-
tively. Also, dogs and rats were exposed for 1680 hr
while rabbits and guinea pigs were exposed for 1200 hr to
UF, at two different levels. 0.05 and 0.20 mg/m3./*®' These
cxposure periods correspond tc 33 and 23 hrjweck. In
addition, dogs and rats were exposed for 1700 hr.f2
rabbits and guinea pigs for 1000 hr.:*V to UCl,, at two
different levels. 0.05 and 0.20 mg/m3,*V! for | year. These
exposure periods correspond to 33 and 19 hrfweek.

The average of all the above exposure periods is 28
hrjweek.
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INSOLUBLE COMPOUNDS

Preltminary considerations of the values o7 q and
m.p.c.', recommenaed by ICRP andior NCRP

There are no human data trom controlled
experiments with which to evaluate the m.p.c.’s
tor insoluble compounds ot Unar. Nevertheless,
some elementarv considerations ot the dissolution
ot fung stored uramum and its absorption into
the bloodstream. lead 1o the conciusion that
the current recommendations are a tactor of
10 too high.

Currentlv.  the [CRP  recommends ¢ =
401 wc¥ for insofuble compounds. based on
lungs as the c¢riucal orzan.  Consider. the
amount entering the bloodstream per dav,
24 1. due to dissolution ot uranum in jung and
«ts absorpuon in blood:

rgfs =t - U™ redas

where 4. the effective biological decav constant
for lungs 15 0.693/120 davs~'. while ¢ = 0.0l uc
and f, = 1. This amount. b - 1072 ycjdav. is
ten umes higher than the amount entering the
bloodstream from dailv inhalation of the
m.p.c.}, of soluble compounds of Upa; which
s 2 107 fmupc.., £ =5 - 1078 uc/day,
where :m.p.c.;, = | =~ 107" nc.cm? and f) =
0.25 =/,if,. Thus, the value of ¢ based on
radiological considerations. 1s a factor of 10 too
high. Theretore ¢. on the basis ol these chemical
toxicity considerauons, should be 0.001 uc.
Because of the ahove considerations. 1t is
believed that the current :m.p.c.i,, 3 ~ 1071
ucjcm®, prescribed by [CRP. tor insoluble
compounds of Ug,, is also high bv a factor of
ten. Theretore, 1t is recommended that the

(m.p.c.), for insoluble compounds, should be
3 x 10712 ycjcm?.

Comparison with other recommendations

In experiments with the small animals,
University of Rochester invesugators found that
an exposure period of 33 hr/week®** to an
insoluble compound, UO.,, at a dust level of
50 ugjm?3. resuited in a lung deposition and
retenuion ol 12 ugig of lung, after 1 vear of
exposure. From these data, and on the basis that
25 ugjg of lung'® corresponds to 0.3 rem/week
x-paruicle r.b.e. = 10), they recommended
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levels of 50-100 ug:/m¥*® for application in the
field. Again thev did not indicate the period «:
exposure but it may be presumed that it is for
40 hr/week.

Taking into consideration that continuous
exposure of these animals could be expected
lead to a lung burden five times greater than
that observed. then the level of exposure.
50 ug/md, could be expected to resuit in i
burden of 60 ugig of lung for the case of
continuous exposure. 24 hriday, 7 davs week.
Expressing these ug values in terms of ue
vields 1 « 10712 ucjem® which is equivalent t
a lung burden of [ > [0-¢ ucfg of lune.
Assuming 1000 ¢ of lung, the (m.p.c., for
insoluble compounds of Up,, therefore. would
be | 10712 ycjem?.

EseEnBup and QUIGLEY!!® have autopsy dala
on two industrial workers who died from non-
occupational causes and were exposed to high
concentrations of UF, and UQ, for periods ¢!
! or 2 vears. One worker was exposed for -
vears to an average concentration of 17.0(V
ug/m® and 10 months later he died and the
lung burden measured 0.35 ugjg. Anothet
worker died 13 months after exposure for 3
vear to 5,000 ug/m® and his lungs measurcd
0.23 ugjg. There were no measurements listcd
for kidneys or bones or {vmph glands from these
workers.

EisENBUD predicted, from the small animal
data. that the worker exposed for 2 years would
have 600 ugjg while the worker cxpost’q for
| vear would have 36 ug/g. Because of th
large difference between the predicted burde?
and the measured burden, he questioned the
application of animal results directly to ma®
without knowledge as to comparative refation
of deposition and clearance rates in the I
species. He concludes that the safety factor !
the (m.p.c.), for insoluble compounds
unnecessarily conservative but that mort data
are needed before an upward revision 1! the
‘m.p.c.), could be permitted.

It is agreed. more human lung autP™
measurements are needed, but in addinon
the measured lung burdens there is need 1
measurements of the particle sizes inhah‘fi I
the workers. It is believed that the 11“';‘:
discrepancies can be explained in terms of 1!
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particle size as the following considerations
show.

Particles size effect on lung retention and clearance

LaBerLLE,'® in an effort to understand the
ctfect of particle size on the toxicological
response shown by animals, provided some data
which go a long way in understanding the effect
ol particle size on the retention and clearance
ot uranium from the respiratory tree. In his
experiment, LABELLE intra-tracheally injected
slurries of UO,, composed of different sized
particles into rats. He killed these rats at 3, 7,
1+ and 21 davs after injection and measured
the burden in lungs, kidnevs and femur.

1024068

LaBeLLE graded the oxide particles by an
elutriation technique, that of Cummings,*® and
obtained seven different sizes of particles,
ranging from 1l to 0.35 u 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 where they stayed until
the time of sacrifice.

Log x log graphs of the fraction of the injected
uranium plotted versus the time of sacrifice
reveals smaller particles 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¢—", while 4, the intercept at ¢t = |
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dav, 1s umitv and n. the exponent 1s a tuncuon
of particle diameter. x. An approximate
relationship between the exponent ot the power
funcuon and the parucie diameter 15 n xi =
0.26x0-%/Fig. 9).

From the above considerauons. a quantuve
relationship hetween retention in lungs at anv

ume ¢ after deposition of a umt amount nt

uranium is:
Rit, x = (—mn I

where, Rit. x; 1s the amount present at ume ¢
atter injection ot parucies ot diameter v. and
where:

nix) = 4U.26x ©58 2

In equations .1 and 2" ¢is1n unuts ot davs and
X 1S 1N units ot u.

A concept tor determiming m.p.c.. as a runcuon or

particle s1ze

If the concentration in the air 1s denoted bv
(m.p.c.),, then the amount deposited in the
lungs during a ume ntervai dr at ume = s
2 X 10"(m.p.c.),D(x) dr where D x: is the frac-
tion of the inhaled aerosol deposited in alveolar
passagewavs. The burden in the lung at a later
time ¢, I1s then:

M
107(m.p.c.i, | Dixiit — 0 M0 (47
0

-

glx,t) =2 .

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

gix, t) =

2 X 107(m.p.c.) D)t — nix)) 4

\

Equauon (4) was solved for the /m.p.c.), 1o
give unit lung burden after 10-1. { 1, 2, 3 and
50 vears of continuous exposure, assuming
D(x)=1.22{exp {—0.9x) —exp (—2.3x)}, which
equation approximately represents the alveolar
retention data of HaTtcH and Hemeon.128) A
graph of the :m.p.c.), to give unit lung burden
as a funcuon of parucle size shows that large
concentrations of large particles are required to
maintain unut lung burden ' Fig. 10},

Equation 4) is not adequate for applicauon
to the case of a distnbution of particle sizes.
However, it can be made adequate bv muliti-
plying by §7px3P(x), where p is the density of

THE HUMAN BODY

the parucle, assumed to be spherical, P v st
probability distribution of sizes whose mean si.e
ts x and whose standard deviation is 5. anc
integrating the resultant expression over a.
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sizes. and dividing by a normalization bat!
the integral over all sizes of $mpadP v I\
equation form this is:

\ i PP(x)q(x, b dy
gF, 5, 1 = =

]

AP X} dx
vo
where ¢1%,5, ¢ is the lung burden after conunt*
exposure to an aerosol composed of 4 U
bution of particle sizes. The denonunafe!
equation (5 is said to be the third momc
the distribution, its vaiue depending up*! ‘
choice of distribution. In many pra('uc.d‘.\'“
tions the particles in an aerosol can be <t
terized by the log-normal distributnt:
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parameters tor a log-normal distribution are
x,, the geometric mean and s,. the geometric
standard deviauon. The equation for the log-
normal distribuuon is:

!

Pix) = —————
" log s,y 2
[, log x — log x,i%)
exp, -: 3
P lo- log s, l

and the third mament of this distribuuon is:
v,2 exp (4.5 log* 5, .*"" Thus. the lung burden
resulting trom inhalation ot an aerosol whose

particie sizes are log-normailv distributed 1s
given bv:

q X, 5,0 =
*r

AP xgoxt dx
Lo

T3 L1 5 log?
x,exp 1 —+.0 log® s,

Application of concept to ammai innalation data and
human autopsy data

When equaton 17; was applied to the lung
burden measurements obtained in the inhala-
tion experiments with small ammals pertormed
by the Universitv of Rochester a considerabie
overesumate of the burden was evidenced. In
part this overesumate is due to an incorrect
assumpuon, namely, the alveolar retention data
of Hatcx and HeMEON apply to uranium dusts.
In experiments with uranium oxide of 2.6 x
and 0.45 u, WiLson et al.**® 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 experi-
ments performed in this laboratory, it was
found that 10 per cent of inhaled enriched
uranium fumes, whose mean particle size is
0.36 u, 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 D{x), which is for the HatcH and HeMEON
data, was divided bv a factor of 10.

In the inhalation experiments performed on
dogs and rats by the Universitv of Rochester,
| and 10 mg/m3 levels of uranium dioxide dust
whose geometric mean particle size was 1.3 4?9
and geometric standard deviation was 2.3x,%9
furnished the exposure. Both species were

THE DISTRIBUTION OF URANIUM IN THE HUMAN BODY

exposed for | vear. The lung burden wa
predicted with equauon (7) for this distribuurs
of particles and these levels of dust. assumi
that dogs breathe 2.5 m%/day and 100 ¢ ol d-
lung, and taking into consideration the far
that thev received one-fifth of a contnuow
exposure. For rats. 0.1 m?® daily air intake au:
| g of lung was assumed. The predicted lurz
burden was slightly less than that observed .~
dogs and about a factor of 10 greater than tha:
measured in rats (Fig. 11a and i1b}.

In the experiments with UF, dust. at 3
and 0.5 mgym?, x, = 1.8419® and 5, = 2.43.¥
the predicted lung burdens computed wi
equation (7} were greater. but by not more tha:
a factor ot 10, than the measured lung burde:
for rats and dogs (Fig. 12a and 12b3.

For application to EiseNsup and QuiGLb*
autopsv data. the average air CONCENration w4
assumed to be for occupational exposurc ar
the geometric mean particle size = 2.+ anc
geometric standard deviation = 2.4 was alv
assumed. In addition it was necessary to tabf
into consideration the fact that these workep
exposures ceased before they died. therc
allowing for elimination of uranium from lun"
during conditions of non-exposure. For die
cussion of the manipulation of the power It
tion for application to the case of conunus
exposure followed by a non-exposure pert*
the reader may consult the paper by Heaty
Under these conditions the predicted funz I
dens were 800 and 100 ugjg of lung. I
different from the extrapolated values d¢t®
mined by Eisexsup and QUIGLEY, viz. bl 2%
56 ugjg, but extremely different from the ¢
sured burdens, 0.35 and 0.23 ug/g. O th
other hand, had these workers been expos¢ d !
particles whose mean diameter, x, = b # 3"
whose standard deviation = 2.0 g, then i

predicted lung burdens would be ¢! "
0.3 ug/g of lung.
DISCUSSION
Conservativeness of (m.p.c.),, (m.p.c.), and d
The values for ¢, (m.p.c.i, and m-P*

based on the human data and chemical tos*!
are lower than those recommended by othe
and therefore thev mav be said to be con”
tive. These m.p.c. values are lower lor ©



]
i
<

S. R. BERNARD

1000

T T

‘1||||

®10mg /M3
eeimg im3

[ TTTT
Pk

I
i

"PREDICTED BURDEN o ®
a

L1 1’11111

ung
T TTTH]

o
2
2 10p=— —
. = 3
— . Z
: ‘0 TIME (doys) 00 1000
Fie. 11{a). Comparison between predicted and

measured lung burdens of dogs exposed to UO, dust
at levels of | and 10 mg U/m3

100 — T =T T 0
— . Vot ' [ /l 1 +
L _
;o i
- PREDICTED LUNG BURDEN m

| °
0— -
— o =
— x —
o -
Pk n
5 |- o —
)
o
N —
3tk xs 3mg /M3 =
O 3 -
1 |- 0eOSmg /M —
IR L cl i
o'll 10 100 1000
TIME (days)
Fic. 12(a). Comparison between predicted and

measured lung burdens of dogs exposed to UF, dust
at levels of 0.5 and 3.0 mg U/m3.

reasons; (a) human kidnevs are considered to
retain more uranium and to store it for longer
periods of time and (b} these m.p.c. values are
for continuous and chronic exposure. These
points require elaboration.

There is some element of doubt as regards
the application of the data obtained from ter-

minal brain tumor patients to normal subjects.
4
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If it were known that normal subjects’ kidneys
did not concentrate uranium to the extent
indicated somewhat higher 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. Admittedly however,
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this evidence is inadequate and data from
normal subjects 1s required betore ultimate con-
hdence can be placed in the terminal pauents
findings. Moreover there 1s evidence from
arnumal experiments of a dose etfect. and that
at lower levels the relative size of the kidnev
burden mav be smaller.

The m.p.c. values, applicable to the case of
chronic exposure, have been designed such that
the kidnev burden at the end of 30 vears of
continuous exposure will not exceed the safe
level (Fig. 13) after termination of exposure.
The power law predicts that after 50 vears of
exposure the kidney burden will be maintained
at an essentially constant level—the decrease
will be less than a factor of 2—even though the
exposure has been terminated for 20 vears. In
this light the m.p.c.’s do not appear to be
conservative.

Inadequacy of data for determination of (m.p.c.), a5 a
JSunction of particle size

The data obtained bv LaBELLE on lung
retention of various size particles are inadequate
for determining (m.p.c.), for various distribu-
uons of parucle sizes. This was evidenced in
the application to the inhalation data. The
agreement between the predicted and measured
lung burdens is fortuitous. perhaps, since La-
BeLLE injected slurries of oxide parucles and
saline into the rats lungs. The effect upon the
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burden resulting trom conunuous
10"” IUI/CC Of L.nu.

clearance mechanisms by the saline vehicle s
not known. Hence. these data cannot be said
to be representative of the clearance of partcu-
lates from the respiratorv tree which were
deposited upon inhalation. However, a modi-
fied procedure would vield useful data.

Suggested experiment to obtain data for determination
nf (m.p.c.), as a function of particle size

An experiment which wouid vield the neces-
sarvy data would consist of the following:

1) Prepare slurries of oxide particles o
different sizes bv LABELLE's elutriation tech-
nique.

2) Disperse these slurries in a chamber
similar to the chamber of WiLsoN et al.

.3) Allow experimental subjects to inhale th¢
homogeneous size particulate matter from the
chamber through a mask and a special valv¢
to direct the air flow.

4) After the inhalation exposure collect ¥
creta samples in addition to samples of lunt.
bone and kidnev and measure these for uraniwi-

5) Plot the data and determine the par?-
meters of distribution and excretion of inhalct
uranium as a function of the particle /¢
comprising the aerosol inhaled.

Acknowledgments— T he author gratefully acknowicdd®
the assistance of those members associated
“project Boston™ of ORNL at the time of this wii*
ing. ln addition. he would like (0 acknowledec

with




S. R. BERNARD

sistance given by Frorence HouscH LukeMan,
(wROL S. Banks, Wenperr B. Nix and J. CRowELL.

l.

REFERENCES

Maximum Permissible Amounts of Radioisotopes in the
Human Bodv and Maximum Permissible Concentrations
in Air and Water. National Bureau of Standards,
Handbook 32. "1953".

. Recommendations of the International Commussion on

Radiological Protection. British journal of Radio-
logy, Supplement No. 6. London (1935).

. C. VoecTtuin and H. C. Hooce. Pharmacelogy and

Toxicology of {ramum Compounds. Pt. | and 2.
McGraw-Hill, New York :1949y: Pt. 3 and 4.
McGraw-Hill, New York 119531,

. 5. H. Bassert. A. Frenker. N. Cepars, H.

VAN AusTing, C. WaterHOUSE and K. Cusson,
{'R-37 {1948).

1. E. G. Struxxess. \. J. Luessenmop. S. R.

BeRNARD and J. C. Garrimore. The Uistribution
and Excretion of Hexavalent Uramium in Man. Inter-

national Conference on the Peaceful Uses of Atomic
Energy (1953,

5. S. R. BErRNARD, J. R. Muir and G. W. RoYsTER,

Jr., The Distribution and Excretion of Uramum in
Man. Proceedings of the Health Physics Society (1956).

. S. R. BErnARD and E. G. Struxx~ess. A Studv of

the Distribution and Excretion of Uranium tn Man.
ORNL-2304 (1957).

. Recommendations of the International Commussion on

Radiological ~ Protection, British  Journal of

Radiology, Supplement No. 6, p. 26. London
1955).

. C. VoecTLin and H. C. Hobge, Pharmacology and

Toxicology of Uranium Compounds pp. 1730~-1778.
McGraw-Hill, New York (1953).

. M. Emisensup and J. A. QuiGLEY, [ndustrial

Hygiene of Uranium Processing. Internationai Con-
ference on the Peaceful Uses of Atemic Energy Vol.
XIII, pp. 222-228. United Nations, New York
119561,

. A.J. LuessenHop and J. C. GarLiMore. Unpub-

lished report.

. C. VoecTtuin and H. C. HopbGe. Pharmacology and

Toxicology of Urantum Compounds p.
McGraw-Hill. New York (19531.

2247.

. Recommendations of the International Commission on

Radiological Protection. British Journal of Radio-

logy, Supplement No. 6. Table C, IV, p. 30,
[.ondon (1955,

1024074

305

14. Recommendations of the International Commission on

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.

26.

27,

28.

29.

30.

31

Radiological Protection. British Journal of Radiology,
Supplement No. 6, Table C. VIIIL. p. 33, London
(1955).

Maximum Permissible Amounts of Radioisotopes in the
Human Body and Maximum Permissible Concentra-
tions in Air and Water, National Bureau of Stan-
dards, Handbook 32. Table 3, p. i4.

C. Voectuny and H. C. Hobce, Pharmacology and
Toxicology of Uranium Compounds p. 2241.
McGraw-Hill. New York {1949).
Recommendations of the International Commission on
Radiological Protection, British Journal of Radio-
logy, Supplement No. 6, Note (d), p. 54, London
(1955).

K. Z. Morcan. Personal communication.

C. VoecTuin and H. C. Hopgk, Pharmacology and
Toxicology of Uranium Compounds p. 2362.
McGraw-Hill, New York (1953).

C. VoegtLiny and H. C. HopGE. Pharmacology and
Toxicology of Uranium Compounds p. 2364.
McGraw-Hill, New York (1953).

C. VoecTLin and H. C. Hobce, Pharmacology and
Toxicology of Uranium Compounds p. 2366.
McGraw-Hill, New York (1953).

C. VoectuN and H. C. Hopce, Pharmacology and
Toxicology of Uranium Compounds p. 1553.
McGraw-Hill, New York (1953).

C. Voectuiy and H. C. Hooce, Pharmacology and
Toxicology of Uranium Compounds p. 2410.
McCraw-Hill, New York (1949).

M. Eisensup, Retention. .drch. Industr. Hyg.
Occup. Med. 6, 214 (1952).

D. E. Cumines, J. Ind. Hyg. 11, 245 (1929).

G. Drinker and T. HarcH, Industrial Dust (2nd
Ed.) pp. 93-94. McGraw-Hill, New York
(1954).

G. HerpanN, Small Particle Slatistics.
New York (1953).

H. B. Wison, G. E. SyLvesTER. S. Laskin,
C. W. LaBerLLe and H. E. STOKINGER, Arch.
Industr. Hyg. Occup. Med. 6, 93 (1952).

C. VoecTLin and H. C. Hopce. Pharmacology and
Toxicology of Uranium Compounds p. 1361
McGraw-Hill, New York (1953).

C. VoegTui~y and H. C. HobGe, Pharmacology and
Toxicology of Uranium Compounds pp. 1929-1930.
McGraw-Hill. New York {1953).

J. HeALY. Proposed Revision in Computation of MPC’s
for Long-lived Radioisotopes. HW-35663 (1933).

Elseviev,



