
zrr ! 

36 
16 
10 
8.6 
3.4 
1.2 
0.7 
0.4 

-- 
. per ctnt of body 

.tirtf Pu4+ may 
1r1 f;mtmtion at 
ut: i n  qreater 

t 

FIG. 1. Autoradiograph showing plutonium depositiori on the surface of a trabecula 
of the proximal humoral head in a dog sacrificed 24 hr after injection. 

(Courtesy of W. S. S. Jee, RadiobioloD Lboratory,  University of Utah.) 
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Fzmted 
(urine and feces) 

~ & 2 .  Distribution of PumS in manfollowiq injdion 
of Pu* complexed wifh citrate 

Weight of organ Plutonium 
Tissue or organ or tissue perorgan 

(g) (%) * 

Skeleton I 10,000 I 66 
(including marrow) 

LiVeK 

Spleen 
Kidneys 
Lungs 
Lymphoid tissue 
Heart 
Gastrointestinal tract 
Musde and skin 
B i d  
Balance 

1700 
300 
700 

lo00 
700 
300 

2000 
36,100 
5400 

1 1,800 

23 
0.4 
0.4 
1 .o 
0.5 
0.1 
0.5 
5.9 
0.2 
1 .o -,. 

variations occur, the rate of excretion by all 
species is slow. The plutonium elimination rate 
of the dog is comparable to that of man, and 
unlike man and the dog, rats eliminate fifteen 
times as much plutonium in the feces as in the 
urine. Fig. 2 shows the urinary and urinary 
plus fecal excretion of plutonium by man (over 
a period of approximately 5 years) as a function 
of time after administration. Empirically, the 
urinary excretion curve (curve 11) fits ' the  
following power function : 

in which Y, is the percentage of the adminis- 
tered dose excreted per day, and t is the number 
of days between exposure and collection of the 
sample. A recent resurvey of the early Los 
Alamos plutonium exposure cases suggests that 
this expression holds reasonably well over a 
period of at least 12 years. The fecal excretion 
curve (not shown in Fig. 2) is fitted by the 
expression : 

in which Y, is the percentage of the dose 
excreted per day in the feces. The total 
urinary plus fecal excretion rate (Yu+,) shown 
by curve I in Fig. 2 is represented by the sum 
of the two expressions. The corresponding 
expression for total urinary plus fecal excretion 
of Rat26 by man was given by NORKIS et ~ 2 1 . ' ~ ~ )  

as : 

Y, = 0.20 x 1 0 . 7 4 ,  t > 1 (1) 

Y, = 0.63t-'.09, t > 1 (2) 

yu+, = 28t-1.52, t > 1. (3) 

- -  
FIG. 2. Urinary and urinary plus fecal excretion of plutonium by man over a period of 

approximately 5 years. 
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1 76 PHYSIOLOGY AND TOXICOLOGY OF PLUTONIUM-239 

A number of factors regarding the excretion 
and retention of plutonium by man are apparent 
from the above expressions. First, the plutonium 
excretion rate is not a simple exponential but 
becomes slower as the period of fixation becomes 
longer. That is to say, the elimination half-time 
increases with time. Second, the fecal to 
urinary excretion ratio is not constant. During 
the first 30 days, the ratio is slightly greater 
than 1, after which it drops to less than 1, 
becoming progressively smaller with time. 
Third, the excretion rate of plutonium is 
extremely low; less than 1 per cent is excreted 
during the first 24 hr after administration, 
compared to from 30 to 40 per cent for Ra22s. 
The rate of Puss excretion continues to decrease 
with time until only about 0.01 per cent is 
being excreted per day at about 100 days after 
exposure. At approximately 5 years, the rate 
has dropped to about 0.001 per cent. Table 3 
shows the relative accumulated excretion of 
pIutonium and radium at various times after 
exposure. These data were obtained by inte- 
grating the respective excretion expressions 
between the limits of 1 and t days after exposure. 
These data show that an individual may be 
expected to retain about 80 per cent of his 
original plutonium body burden 50 years after 
exposure, while he would be expected to retain 
only about 0.3 per cent of his original body 

, 

Tablc 3. Accumulated urinary plus fecal exnetion of Ra2= 
and P I P  by man 

Time after 
administration 

1 h Y  
10 days 
50 days 

100 days 
1 year 
3 years 
5 years 

10 years 
20 years 
50 years 

Accumulated excretion 
(yo administered dose) 

46 0.5 
84 2.6 
93 4.0 
95 4.7 
97.5 6.3 
98.6 7.8 
98.9 8.7 
99.2 10.0 
99.5 12.2 
99.7 17.6 

burden of radium. Solution of the integral 
expression for 50 per cent excretion shows that 
approximately 200 years would be required for 
man to eliminate half his plutonium body bur- 
den. 

RADIOTOXICOLOGY AND INDUSTRIAL 

The maximum permissible body burden of 
natural uranium, based on chemical toxicity 
to the kidney, is about 40mg. Plutonium is 
chemically very similar to uranium and may be 
expected to have about the same chemical 
toxicity. Because of its greater specific activity 
(about 2 x IO5 that of uranium), it may be 
considered entirely as a potentia1 radiological 
hazard. 

External radiation from plutonium-239. Pluto- 
nium-239 presents no potential external a- 
radiation hazard when deposited on the skin, 
since the a-particle range in tissue is about 
40 p and the cornified (dead) epithelium of the 
skin surface is from 70 to 150 p thick. Pluto- 
nium-239 does, however, emit weak X-rays 
with an average energy of about 17 keV and 
some neutrons (-1 MeV energy), depending 
on the Pu2O0 content. The X-ray emission is 
much too soft to produce a general external 
hazard; however, the radiation dose rate to the 
skin of the hands, when in contact with unclad 
Puss metal, is about 1 rad/hr. Through heavy 
neoprene drybox gloves, the dose rate is about 
400 mrads/hr, giving a maximum permissible 
weekly contact time of about 4 hr. Under usual 
conditions, the external radiation hazard from 
neutron emission is considered negligible. 
Plutonium that has been irradiated with neutrons 
will, of course, contain fission products which 
will present a D-y radiation hazard that will be 
dependent on the quantity and age of the 
fission products present. 

Plutonium-239 contamination of the skin. As 
mentioned above, there is no potential external 
alpha radiation hazard associated with Pueag 
deposited on the intact skin surface. The 
possibility of a small but finite absorption rate 
of plutonium through the skin and from con- 
taminated wounds and the possibility of transfer 
of activity from the hands to food, cigarettes, 
etc., make control of hand contamination a 

MEDICAL CONTROL OF PLUTONIUM-239 
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of radon by'the mouse), Puss was about four 
times as tumorigenic as Raas. 

About 8 years ago, the AEC established a 
project'at the University of Utah to study the 
reIative radiotoxicity of RaBs, PUBS, 
MsTh(Rana) and RdTh(ThB8) in mature 
beagle hounds. The injected doses of the various 
nuclides were such that the amounts (in yc/kg 
body weight) retained by the animals were 
equivalent to from I O  to 1600 times the presently 
accepted maximum permissible body burden 

Some o€ 
these animals have carried their body burdens 
for about 6 years, and extensive bone pathology 
(inchding bone tumors) has occurred in the 
high dosage groups.(@) Four animals that 
retained the Pum9 equivalent of 180 times the 
human maximum permissible Ra226 level have 
died of bone tumors. No tumors have yet 
developed in the dosage group that is sixty 
times the human maximum permissible level. 
These observations cannot be used a t  present as 
an indication of the absolute Pu239 tumorigenic 
dose, since the experiment still has several years 
to go and tumors may occur yet in the lower 
dosage levels. The data at the present time do 
indicate, however, that PuB9 indeed may be 
about five times as hazardous (on the basis of 
equivalent radiation dose to the skeleton) as 
Ra228. 

The obvious industrial medical regulation of 
the potential hazards of internally-deposited 
Pu21Q is to control all its potential routes of'entry 
into the systemic circulation such that the 
probability of workers accumulating appreciable 
body burdens is small. 

\ (0.0014pc/kg) of RaB6 for man. 

, 
MAXIMUM PERMISSIBLE .BODY BURDEN 

OF PLUTONIUM-239 
The use of Ra226 (and hlsTh) in the luminous 

dial industry, public consumption of radium- 
rich waters, and the therapeutic application of 
radium by the medical profession have provided 
information on the radiotoxicology of this 
material in man. On the basis of these 
experiences, the National and International 
Commissions on Radiological Protection adopted 
0.1 pc as the maximum permissible burden of 
Ra2S6 for occupational exposure. The maximum 
permissible body burden may be defined as the 

maximum amount of material that can 
maintained indefinitely in the adult hub 
body without producing significant LI 
injury to any person at any time durir, 
natural lifetime. 

Since PuBQ (like radium) emits most I 

radiant energy as a-particles and conceni 
predominantly in bone, the skeleton is con\# 
the critical organ and the maximum perm.. 
body burden for occupational expow 1 c 
determined by comparison with that of Ki- 
The maximum permissible body burden 
may be estimated by the following exTressini 

4Ra xfaa x ERS. 
fpu x Epu x 5 ' = 

- 0.1 x 1 x 10.4 
0.9 x 5.3 x 5 

- @.'I - - 

in which qRa is the maximum permissilJi,. 
burden of Ra228, fR3. and fPu are the IC: 

fractions of total body radium and pi: 
deposited in the skeleton, ER3 is the en!., 
MeV) deposited in tissue per disili, 
tion (taking into consideration recoil C I !  

daughter decays and fractional loss of rad(' 
exhalation), Epu is the energy per ; 
disintegration (including iecoil ~ . 
is the xadiotoxicological potency ol' : 

relative to RaZz6 as determined b y  : I '  

experiments. On this basis, 0.Uk ! I C  : 

maximum amount of Pu239 which, 1vhci; 
indefinitely in the human body, has L i i i .  

improbability of producing significaiit 
injury as does 0.1 ,uc of RaZzG. 

ESTIMATION OF PLUTONIUM-2.iCi 
BODYBURDEN 

An individual's Pu239 body burden n i ~ ;  
determined from a 24 hr urine anal \ . .  
and the urinary excretion expression pi\ 1..  

equation (1). Following a single acute c ~ s ~ ~ ~  

occurring at known time, the body burclcri 
at time of exposure is given by the espre.. . 

DE = 500Ut0.74 

where U is the amount of found i i i  

24 hr urine sample collected t day-3 .t 

exposure. The body burden at time of e s p w  
is given in whatever units (c/m, d/m, pc 01' I .  
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These experiments were the beginning of 
attempts to compare the metabolism and toxicity 
of plutonium with radium and, through animal 
experimentation, to provide better guidance for 
the protection of those working with plutonium. 

By the first of March 1945, urine assays were 
being applied both at Chicago and Los Alamos 
in attempts to estimate exposure of personnel 
to plutonium. Body burden was estimated on 
the assumption that the excretion rate in man 
was the same as that for the rat and rabbit and, 
at about 20 days after exposure, reached a 
steady state at 0.01 % of the body burden per 
24 hr. I n  April, tracer studies in hopelessly ill 
subjects were initiated through both the 
Chicago and Los Alamos Laboratories (and a 
little later at the Radiation Laboratory at 
Berkeley) to establish the human urinary 
excretion rate.(lS) Late in March a meeting 
was held a t  Los Alamos with Dr. Hymer 
Friedell representing Dr. Stafford Warren 
(Medical Director of the Manhattan District) 
to discuss these early results. Other participants 
were Dn. L. H. Hempelmann (Leader of the 
Los Alamos Health Group), J. W. Kennedy 
(Leader of the Los Alamos Chemistry Division) 
and W. H. Langham. Based largely on appre- 
hension over the autoradiographic studies of 
J. G. Hamilton’s group at  Berkeley (showing 
that plutonium distribution in bone was much 
more nonuniform than was radium), the decision 
was made to introduce a safety factor of 5 and 
to lower the maximum allowable plutonium 
body burden from 5 to 1 pg (0.06 pCi). S. T. 
Cantril and H. M. Parker (by now at  Hanford) 
chose to introduce a safety factor of 10 and 
introduced a provisional body burden of 0.5 pg 
(0.03 pCi) for the Hanford Operations. I n  a 
memorandum report to Cantril dated 4 A%gust, 
1945, PARKER(~) proposed a tolerance concen- 
tration for plutonium in plant and village 
drinking water. The tolerance concentration 
in village drinking water (- 10-5 pg/cm3, 
6 x lo-’ pCi/cm3) was based on a maximum 
allowable body burden of 0.5 pug, a 60-yr 
effective exposure time, a plutonium absorption 
rate of 0.05% and a water intake of 5 l./day. 
The plant water tolerance (5 x 10-5 pg/cm3 
or 3 x pCilcm3) was based on the same 
ahwabIe body burden, a working exposure 
time of 30 yr and a daily water intake of 2 1. 

Thus, during the period 1943 through July 
1946 (when the AEC was established), health 
protection standards for the Manhattan Dis- 
trict’s plutonium operations evolved from no 
standards at all to tentatively accepted values 
for the maximum allowable body burden and 
tolerance concentrations in air and water. The 
maximum allowable body burden was based 
on comparison of energy deposition from 
plutonium and 0.1 pCi of radium with a safety 
factor of 5 or IO as a precaution against the 
difference in distribution between radium and 
plutonium in bone. The comparison axio- 
matically designated bone as the critical organ. 
The air tolerance concentration was based on a 
comparison of dose to the lung from uniformly- 
deposited plutonium with X- or gamma-ray 
exposure in which it was assumed that 0.01 
replday of alpha radiation reached in 1 yr was 
equivalent to 0.1 rlday of X- or gamma-rays. 
The water tolerance concentration was based 
on rate of intake that would result in the 
maximum allowable body burden in the 
appropriate time frame. When adjusted for 
exposure time, these values are not vastly 
different from those in use today. 

In  1946 the plutonium toxicity, inhalation 
and metabolic studies initiated eariier began to 
bear fruit in the form of classified summary and 
interpretive repo~ts . (~.1~*~*,~~-23)  The first open 
disclosure of plutonium as a potential industrial 
hazard goes perhaps to Drs. Austin Brues, 
Hermann Lisco and Miriam Finkel. This 
disclosure was in a manuscript entitled “Car- 
cinogenic Action of Some Substances which may 
be a Problem in Certain Future Industries,” 
declassified on 31 July 1946.(24) 

On  29 and 30 September 1949, the first 
Tripartite (USA, UK and Canada) Permissible 
Doses Conference was held at Chalk River, 
Ontario. At this meeting Dr. Brues reported 
that comparative toxicity studies in mice and 
rats a t  the Argonne National Laboratory 
suggested a toxicity ratio between equal micro- 
curie amounts of plutonium and radium of 
approximately 15-1. On this basis, the con- 
ference adopted a plutonium body burden of 
0.1 pg (0.006 pCi) and calculated the corre- 
sponding maximum levels for air and water. A 
meeting in Washington D.C., was called on 25 
January 1950 by Dr. Shields Warren to decide 
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. existence of tritium compartments in the body with bioIogica1 turn-over times of go days or longer. 
It is reasonable to assume from the data in Fig. I that the 1.9 day half-time represents the rate of 
elimination of tritium from the body water compartment and, therefore, represents the rate of 
turnover of the total body water. The longer biological half-times represent the mobilisation and 
excretion of tritium that has exchanged with organically-bound hydrogen of the tissues. These data 
demonstrate clearly that the rate of excretion of tritium cannot be represented by a single esponen- 
tial over infinite time. Under these conditions the determination of total body burden from a single 
urine analysis can be certain only provided the entire urinary excretion curve' (over the period of 
interest) and the time between exposure and collection of the sample are known. In many insrances 

I I I I I I I 1 I 
I 

I b Mousd No. la Wt. 26.35, Ave.daily H,O in take  10 g 

E r w  o Mouse Na2a Wt 2€i6g, Ave.daily H,O intake 6.59 7 
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FIG. I .  Fivation and excretion of tritium by the mouse. 

. 

# 

(as in the example given above) the assumption of simple exponential excretion does not produce 
serious error. In  the case of exposure to HTO, the size of the body water compartment is so large, 
compared to those compartments with slower turnover times, that the tritium in the total body 
water comprises the major contribution to the total radiation dose. It is not likely one would build 
up enough tritium activity in the organic components of the tissues to contribute significantly to the 
total dose before the source of contamination was discovered and corrected. 

Plutonium, unlike tritium, is a material for which the rate of urinary and faecal excretion con- 
tinues to change with time. Fig. 2 shows the percentage of the original dose of plutonium excreted 

_ .  
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per day by human subjects as a function of days after exposure, over a period of five years (Langham, 
Brroett, Harris and Carter, 1950). 

These data show that about 0.8 per cent of the intravenously injected dose was excreted on the 
iirt day, and that only during finite periods of time could the excretion curves be represented by 
simple arponentials. Even after five years the rate of elimination of plutonium from the body still 
3pc111s to be changing. For calculating integrated radiation dose and diagnosing body burden the 
cxaction rate of plutonium over long periods would appear to be expressed most conveniently as a 
power fmction of the type 

rhc Tis the excretion rate in fraction of injected dose excreted per day, t is the time after exposure 
im days and a and c are constants. 
One might justifiably ask why such data are not expressed as a series of eaponentials in preference 
the power function. The choice of expression depends on the specific application of the data.* If 

a a t  is interested in appl)-ing the data to a study of the fundamental processes that take place in the 
body, i.c. analysing the system in terms of compartments and rates, assuming first order kinetics, then 
rathematical analysis Ieads to exponential expressions. In an anal>sis of this kind the power 
h c t i o n  has no simple meaning. If, however, one is interested in applying the data over long periods 
oftime to make calculations and estimates in problems similar to those from which the original data 
were obtained, the power function has certain advantages. It can be integrated and differentiated 
d y  which, in the specific case of internally-deposited radioactive isotopes, facilitates the calcula- 
tion of integrated radiation dose and the prediction of body burden from excretion data. 
O n  the basis of the above general power function expression, the best curves of fit to the data 

&own in Fig. 2 were established and constants a and c evaluated by a method of successive least- 

arcrction of piuronium by man over a period of 5 years are 

T = a t “  . . . . . . . . . .  - (1) 

‘ 

~ V U ~ S  a?prnwimatinn< T h e  yJerifir exprrcsionc fnr rhc r n t e  n F  ~ly jnary  and 1irinar)r nIi19 farm1 

r, = 0-002 t-0.74 . . . . . . . . . .  (2) 

0.0079 f -0.94 . . . . . . . . . .  (3) *” +/ = 

vhert r, and Tu+, are thefractions of the injected dose of plutonium excreted per day in the urine 
d the urine plus faeces, respectively, and t is the time after exposure in days. It should be em- 
phasied that the errors in the constants of the expressions may be of the order of I O  per cent. 

Integration of equation (3) for urinary plus faecal excretion between limits of o-5t and x + 0.5 
gives the totaI excretion of plutonium over time t = x.  The data in Table I show the total amount of 
pIutonium excreted during periods of time ranging from I O  days to 50 years. The calculated values 

well with the experimental data. From the values in Table I it appears that the concept of a 
w o g i c d  half-time cannot be applied in the case of plutonium and solution of the integrated 
acpression for the 50 per cent excretion time suggests that about 200 years may be required for man 
(ID eliminate one-half of his body burden. 
The fractional retention of plutonium (R,) at the end ofany time t may be obtained by subtracting 

&e integrated expression for fractional rate of excretion (equation I) from unity, in accordance 
with the folIowing expression: 

* 

(I 
R , = ~ - u I t - ( d l = r - - - - - f ” l + C  . . . . . . . .  (4 

(1-4 
- *lhe author is indebted to Mr. C. J. hfalctskos and Dr. E. C. hdcnon for a major part of this interpretation. 

3 Arbitrarily chcnen as a Iowcr limit of integration because the powa  function is divergent for s m a l l  valua oft. 
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The data in Fig. 5 for a soluble aerosol (''SSrCL.) do not fit the general pattern. This may be 
explained on the basis of the exceedingly small particle size (0- I p) which would result in much lower 
deposition in the upper bronchial tree and much higher in the alveoli (Hatch and Hemeon, 1948). 

It should be emphasised that the numben given in the model'are only crude generalisations based 
on obviously inadequate data and future research should be directed toward obtaining specific 
numbers for specific nuclides. 

The model poses two different radiation hazards: ( I )  direct radiation of the lung by the deposition 
of 75 per cent of the inhaled radioactivity, taking into account the respective abundances and the 
half-times of the three components of the elimination process, and (2) the systemic radiation hazard 
produced by absorption and subsequent deposition of a fraction of the inhaled dose in the tissues. 

. . .  The.mode1 may be of some value in estimating (in the general case) the magnitudes of these hazards 
from isotopes for which inadequate data exist. 

' 
~ 

. _ .  . 

AVAILABILITY O F  H U M A N  E X C R E T I O S  A S D  R E T E N T I O N  DATA I 

A N D  T H E  A P P L I C A T I O N  O F  \ \*HOLE B O D Y  C O U N T I N G  

Excretion and retention data for rats and mice (and occasionally other species) are available for 
a large number of isotopes. Data for humans, however, are available for only a very few materials, 
among which are 239Pu (Langham et af., 1950), ZzsRa (Sorris et a/., 1955), 210Po (Fink, IgjO), 
lS1I (Hamilton and Sole)-, 1940; Hamilton, 1942): 8sRb (Biirch, Threefoot, and Ray, 1955; Ray, 
Threefoot, and Burch, Igjj), 4% (Ray, Threefoot, and Burch, 19jj; Hevesy, 19-12), 24Na (Hevesy, 
Ig42), f2Na (Threefoot, Burch, and Reaser, rgqg), 32P (Lawrence, Scott, and Tuttle, 1939; Erf, 
I C J ~ I ) ,  *gSr (Harrison, Raymond, and Trethewaj-, rgjj), 3H (as HTO) (Anderson, 1950; Pinson, 
1951, 1952a, b, c, d), l 3 T s  (Il'oodward, Richmond, and Langham, 195j), and isotopes of U. 
Human data for some of the above isotopes are fragmentay and on!)- extend over very short periods. 
Some human data are available for other nuclides, but since they \\.ere collected incidental to studies 
uklidaki: to th i  prCJcirt p o L i t i u  iiirj  ai^ c3,cllkili! \ . ~ U L : C ~ S  Toi L c  ~&.u:ai;~ii uf i u a . L ~ ~ ~ i i ~  

permissible levels and the determination of body burden from excretion analyses. 
The  development of in rim whole body counters such as those discussed at this Conference ma)- 

facilitate future collection of much needed retention and excretion data for a large number of 
radioactive nuclides. 

The  Los Alamos Scientific Laboratory has constructed a large 47 liquid scintillation counter for 
the determination of y-emitting nuclides in man (.Anderson, Schuch, Perrings, and Langham, 19 j6). 
This instrument has been discussed by Dr. Anderson at this Conference. Its sensitivity permits 
measurement of quantities of y emitters in the human body as low as I /xooth to x/roooth of the 
maximum permissible levels in only io0 seconds of counting time. Its high sensitivity and its fast 
operation time will enable rapid esperimental collection of excretion and retention data for humans 
without having to subject them to near p x i m u m  permissible levels of radioactivity. This may well 
be one of the most important applications of the in zir.0 whole body counters. 

I n  vivo counting techniques, as a means of determining internal body burdens of radionuclides, 
are subject to the following limitations: 

( I )  They do not differentiate between internally-deposited material and surface Contamination, 
although this limitation ma)- be overcome in part by making a series of measurements interspersed 
with surface decontamination procedures. 
(I) Absorption of the radiations within the body prevents external measurement when the radio- 

nuclide is a pure a or emitter, although Bremsstrahlung counting, in some cases, has been men- 
tioned as a remote possibility. 

. 
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