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The cooperative study by the Department of Neurosurgery at Massachusetts G era  n 

Hospital and the Health Physics Division at  Oak Ridge National Laboratory has 2 objectives. The 
first is to obtain data on the excretion of uranium and its distribution in tissues for calculation of 
Maximum Permissible Concentrations in the body, urine, air, and drinking water of man. The 
second, which will not be discussed here, is to determine the potentialities which enriched uranium 
offers in therapy of inoperable brain tumors. 

Data on the distribution and excretion of uranium in man are needed for the purpose of 
determining the internal radiation exposure of production workers who, through handling enriched 
uranium for long periods of time (10 to 13 years), have inhaled the dusts, mists, and fumes of this 
material and thus have uranium stored in their bodies. The conclusion that these workers have 
stored uranium arises from studies of many samples of air they inhale and their excreta. Air  
samples have shown that the enhanced material is present in measurable quantities, and character- 
ization of the particle sizes places them in the range for penetration into and retention in the lower 
passages of the lung. Samples of urine reveal variable quantities of uranium. When workers a re  
isolated from the work areas for months, measurements of their urine have shown that the levels 
drop rapidly after the cessation of exposure. In 1 month the levels fall to one-half, but after reach- 
ing this point they decrease more slowly. These findings support the conclusion that the workers' 
bodies contain stored material. 

For the past several years in the Y-12 production area, it has been the practice to remove 
employees from uranium operations when their cumulative internal exposure exceeds the maximum 
permissible exposure. The cumulative internal exposure is determined by converting the uranium 
excreted in the urine into rem delivered to the body. This is accomplished with the following 
equation 

(1) rem = 0.3 Z A t  d 7 x 70 1 i-1 i 

Here, di is the d/m excreted per day, while Ati-l is the time interval between measurements. The 
conversion factor outside of the summation sign merely says that the MPC for urine, 70 d/m/day, 
corresponds to the elimination from the body when it contains that amount to deliver 0.3 rem per 
week. This value, 70 d/m/day, is based on the lung as the critical organ and, therefore, corres- 
ponds to exposure to insoluble compounds of uranium. When exposure is to soluble types of com- 
pounds, the MPC for urine is 80 d/m/day, a negligible difference from the 70 d/m/day. 

Urinary uranium measurements were converted with equation (1). The absorbed dose in rem is 
plotted on the ordinate while the time is plotted along the abcissa. The Maximum Permissible 
Exposure line is plotted for comparison. Note that the worker is in excess of the MPE line. His  
measurements show that he has an absorbed dose of 130 rem and that he should have only 85 rem. 
H i s  exposure was terminated in 1954 by removing him from the enriched uranium operations and 
placing him in other work. He cannot return to the area until his exposure is on or below the MPE 

Figure 1 shows a graph of the cumulative internal exposure for a production worker. - > -  
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line. It is estimated that 10 to 15 years will be required to reach this line. 

This is not a typical case for production employees, but the highest case on record. There 
a r e  many others who have been transferred from the uranium operation on this basis; in fact, about 
35 have been removed in order to reduce their cumulative internal exposure below the MPE. This 
method for limiting internal exposure is not different from the practices for limiting external ex- 
posure. The philosophy behind its application is noted to be the same. However, the way in which 
the internal dose is obtained depends upon a factor which is not inherent in problems of external 
exposure. A reliable measure of internal radiation dose depends upon knowledge of the rate of 
elimination of uranium from the human body. These exposure cases dictate the need for human 
measurements. Our value of 70 d/m/day is based upon experimental measurements in dogs and 
rats.  

In an effort to obtain human data for the calculation of MPC's for enriched uranium, the 
cooperative study of the distribution and excretion in man was initiated several  years ago. TO 
date, 11 terminal brain tumor patients have been injected with U-233 and enriched uranium. Many 
biopsy and autopsy samples have been obtained. All the patients have expired and autopsies were 
obtained on 9. W e  shall discuss the results of 6 of these patients here. 

At the time of injection all the patients were without evidence of general pathological pro- 
cesses other than their cerebral disease. With the exception of 1 patient, who lived 17 months 
after injection, all were in a coma or semi-coma. They received the usual hospital care for coma- 
tose patients, consisting of indwelling catheters and feeding by gastric tube every 2 hours, which 
was at times augmented with intravenous fluids. All patients were  administered uranium intraven- 
ously. Nine received uranyl nitrate hexahydrate compound buffered with a sodium acetate solution, 
while 2 received the compound UC14. The pH of the injection solution ranged from 5 . 5  to 6.0. 
Samples of blood, urine, and spinal fluid were  obtained every hour during the first 24 hours after 
injection. Thereafter, blood and uhne  samples were obtained every 12 hours during the first week, 
then once per week until expiration. 

Figure 2 shows the blood levels plotted versus time. On the ordinate is the percent of 
injected dose per 10,000 milliliters of blood, while the abcissa is the time of measurement. Pat- 
ients I through VI were administered the hexavalent state in amounts ranging from 4 to 50 mgms 
of metal. Note that Patient M, who was administered 50 mgms of tetravalent uranium, is dis- 
placed above the other patients' values. Patient VIII was also injected with 50 mgms but he de- 
creases along the same path as patients who received hexavalent injections. This figure shows 
that uranium in the blood decreases rapidly. Within minutes after injection only 25 percent remains, 
while at 20 hours 99 percent has disappeared and only 1 percent remains. Beyond 20 hours the 
blood levels, shown in Figure 3, are noted to diverge. Patient VI, who received 50 mgms of U(VI), 
decreases more slowly than those who received amounts ranging from 4 to 15 mgms. Also, note 
the increased fluctuation as the levels subside. This variation is outside the limits of analytical 
error .  

In Figure 4 the rate of urinary excretion shows clearly a correlation with dose in the first 
5 hours. As the injection dose is increased, the levels initiate at lower ordinate values and then 
r i se  until they reach a maximum at 3 to 4 hours, when they decrease along a linear path of the power 
function law. The excretion of tetravalent uranium, Patients M and VIII, is noted to describe a 
trend different from hexavalent excretion levels. 

The fecal excretion of uranium may be said to be negligible regardless of the valence state 
injected. 

Figure 5 summarizes the measurements made upon autopsy tissues. The bones and kid- 
neys may be said to be the organs which are chiefly concerned with storing uranium. It  can be 
said also that the percent of injected dose in these 2 organs is not significantly different. Since the 
kidney is the smaller organ, it receives the greater radiation insult. Consequently, it is chosen as 
the critical organ. 
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Figure 2. PEBCENT O F  DOSE PER MILLILlTER OF BIDOD DURING 
FIRST DAY FOLJDWING INTRAVENOUS INJECTION FOR 8 
TERMINAL BRAIN TUMOR PATIENTS 
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Figure 3. PERCENT OF DOSE PER MILLILITER OF BWOD FOR 8 TERMINAL 
BRAIN TUMOR PATLENTS FOLLOWING INTRAVENOUS INJECTION 

37 



I .o 
K 
3 
0 
z 
\ 
Q 
w 
I- 
w 
0: o 
w 
w cn 
0 

x 0.1 

n 
n 
w 
I- o 
w 

TIME IN HOURS 

Figure 4. URINARY RATE OF EXCRETION FOR 8 TERMINAL BRAIN 
TUMOR PATIENTS FO LIDWING INTRAVENOUS INJECTION 
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These human findings can be compared with the results of small animal experiments. The 
notable differences are: 

1. 

2. 

3. 

4. 

5 .  

In small animals, U(VI) is stored chiefly in bone. From the human data it can be 
seen that bone and kidney store identical amounts of uranium. 

The biological half-life for  uranium in rat kidney is /c.4 to 6 days. 
averaged over a 70-year period, the biological half-life is 300 days. 

The disappearance of U(VI) and U(IV) from the bloodstream of humans is slower. 
In rats, 99 percent disappears in as little as 2 hours. Our data reveal that 20 
hours a re  required. 

In rats, two-thirds of the injected uranium is excreted in 24 hours. On the average, 
70 percent is excreted by these patients. However, a correlation with dose appears 
to exist. Fifty percent of the injected dose is excreted when 50 mgms a r e  injected; 
84 percent when 4 mgms a r e  injected. 

Small animals, when injected with tetravalent salts of uranium, excrete sizeable 
amounts, 40 percent of the injected dose, in feces. Humans excrete negligible 
amounts via the G.I. tract. 

From these data, 

We have attempted analysis of this dynamic process of distribution and excretion of U(VI) 
with a linear model shown in Figure 6. This model was based on small animal distribiution and ex- 
cretion data. It permits one to obtain estimates of the amounts of uranium in the chief organs as 
a function of time. The procedure for its application is to fit the excretion data with 3 exponential 
terms, thereby determining the parameters of the distribution. This model has been applied to 
the distribution and excretion data of the second patient in order to illustrate its use. The results 
of this application appear in Figure 7. Two curves band the excretion measurements to include 
the e r ror  in estimating the parameters. When these 2 sets of parameters are operated upon with 
the procedure dictated by this linear model, the percent of injected dose may be estimated for the 
organs. Note in Figure 8 that the model underestimates the percent of injected dose appearing in 
the kidneys. 

This model is presently being modified to give closer agreement with these human experi- 
mental results. It appears that better agreement with the experimental data will be obtained by 
incorporating a mechanism to simulate the diffusible-non-diffusible complex formation in the blood- 
stream and also to include a pathway from kidney back to blood, thereby simulating reabsorption 
from the tubules. These modifications a r e  presently being made. 

The power function model has been applied to these human data. The excretion measure- 
ments were expressed in terms of fraction of injected dose excreted per ho and plotted versus 
hours. The best fitting equation was found by least squares to be 0.343 Y 3 3 .  Figure 9 shows the 
excretion measurements plotted together with the 95 percent confidence limit of the power function. 
The outermost confidence limits correspond to the e r ror  in a single measurement, while the inner- 
most limits are those for an average measurement. Note that there is a large e r ror  associated 
with a single measurement. The range is wide; a factor of 10 defines the ratio of the upper to the 
lower limit. 

Integrating the excretion equation from time t to infinity yields 0. 14 t-lI2 (days), the 
equation for retention in the body. An interesting point for concern arises when we compare this 
power function estimate with the measured retention. We define measured retention in the body as 
the difference between the amount excreted and the amount injected. Figure 10 shows the graph of 
the measured retention for the patients plotted versus the time they expired, together with the power 
function estimate. Also plotted on this graph is the percent of injected dose in kidneys and bones 
of the patients. It can be seen that the power function estimate of retention agrees more closely 
with the organ burdens than with the measured retention values. The greatest discrepancy occurs 
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Figure 9 .  FRACTlON O F  INJECTED DOSE EXCRETED PER HOUR 
FOR 6 TERMINAL BRAIN TUMOR PATIENTS 
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before 200 days have elapsed. At 2.5 days the measured value for Patient I is 36 percent while 
the estimated value is 10 percent; at 18 days the measured value is 39 percent, in poor agreement 
with the estimated value of d 4  percent; and so on. At 566 days, the best agreement is demon- 
strated. The measured retention here is 1.8 percent (Patient 111), while the estimated value is 
4). 6 percent. It is believed that the disparity is a result of the different elimination patterns shown 
by each patient, which in turn can be correlated with the size of the dose injected. 

Since the power function estimates the burdens of kidneys and bones with little disparity, 
it may be used for  calculations of MPC’s via the method of Norris, et al. 
tentative MPC values for  air and urine. On the left side MPC’s for air appear and to the right is 
the value for urine. The equations for  retention in the critical organ, R (t) for a single injection 
and excretion from the body for a single injection appear at the top of Figure 11. To convert 
these into continued injection, one multiplies the equations by the differential time, integrates 
from t = 1 day to t days, adds to this the fraction in the organ at day 0, and multiplies the whole 
expression by the continuous inhalation level. This obtains qf2, the number ofpc  in the critical 
organ which delivers 0.3 rem/wk to  it. Substituting for qf2 the value 0 . 0 0 6 p  and solving for 
MPC at lo4  days, we get 2 x lO’4pc/day; and converting to inhalation xposure, we get 4 x 10-11 
pc/cc, which agrees closely with the current value of 3 x 10-ll/tc/cc. 

Figure 11 shows some 

s 
To calculate the permissible excretion level the same procedure is followed, yielding 

355 d/m/day, which is higher than the currently employed value of 70 d/m/day. Thus, a factor 
of 5 is indicated. 

In summary, we can say that 

1. The critical organ for radiation insult from storage of enriched uranium is the 
kidney when exposure is to a soluble substance. 

2. The disappearance of uranium from the body shows a slight dependence upon the 
amount injected into the bloodstream. 

3. The urinary excretion data can be described using the power function law. Inte- 
gration of this function yields the retention as a funtion of time. The calculated 
retention agrees more closely with the retention in the cfitical organ than with 
retention in the body. 

4. A tentative MPC for exposure to soluble compounds is calculated to be 4 x 
pc/cc  on the basis of the power function equation. 

5. A tentative MPC for urine is calculated using the power function law. The calcu- 
lated value is 355 d/m/day, a factor of 5 greater than the present value employed, 
thereby indicating a margin of safety for exposure to soluble compounds. 
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