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When plutonium enters blood, a certain small fraction of the amount i s  excreted, 
and i t  i s  the usual practice to collect samples of urine regularly from employees poten- 
t ia l ly  exposed to plutonium and to make estimates of their exposure based on this 
excretion data. The samples may be spaced rather widely in  time, intervals of 30 d or 
more being not uncommon; but i f  a potential exposure occurs, samples of urine and 
feces may be collected daily. There are considerable differences of opinion concerning 
the b e s t  methods of collecting and interpreting such data and i t s  usefulness in evaluating 
*e employee's exposure status. Every heolth physicist recognizes that there are many 
conditions of the exposure situation which may affect the interpretation of the data- 
thechemical form of the plutonium, the particle size i f  the exposure i s  by inhalation, 
the fact that i n  most cases the plutonium does not enter the blood in a short time but 
solubilizes SIQWIY from the lungs or from a wound site during periods of weeks or months. 
Add to this the fact that the daily excretion fluctuates widely even in experimental 
situations where one can be sure there i s  no recurrent exposure, and one can understand 
-why so many methods of interpretation have been tried and why many health physicists 
have l i t t le  faith in any of them. 

However, we have l i t t le  else to rely on i f  we wish to estimate the systemic 
burden of plutonium, that is, the deposition in  bone or in  liver, which are the principal 
organs of deposition once the plutonium has entered blood. Some authors have indicated 
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that the lungs always wi l l  be the critical organ following exposure by inhalation, and 
they point to the data on experimental animals where, thus far, malignancies of the 
lung and associated tissues far outweigh any other cause of death. However, there are 
good reasons not to dismiss liver or bone completely: (1) because we know from injec- 
tion studies that malignancies do occur in these organs from plutonium and (2) because 
the inhalation experiments have not been at low levels where enough animals survive 
the init ial  high dose to lungs to manifest injury to liver or skeleton. 
has a much greater l i fe span before him, and at lower levels of exposure, the case 
may be different. 
to bone as a function of time are shown in Fig. 1, the former calculated according to 
the lung model of the ICRP [l J for a Class Y material (clearance half-time of 500 d) 
and the latter assuming equal deposition in  liver and bone with only 10% elimination 
from bone. I t  i s  clear that during the first 5 yr postexposure, the lung has a far higher 
dose; but i f  the animal survives this period, the dose to bone w i l l  continue to accumu- 
late while the lung receives l i t t le  more dose, and eventually the skeleton accumulates 
the greater dose. I am not suggesting that bone or liver replace lung as our only organ 
of concern but rather that we should be concerned for a l l  three and not be swayed too 
much by results of animal experiments which are not representative of human exposure 
either in level or in the duration of the exposure. Thus it seems important to have 
some estimate of the systemic burden, and the principal means of estimating this i s  by 
interpreting excretion data. 

The only plutonium excretion data we have on humans from carefully designed 
and controlled experiments i s  that obtained by Langham and Hamilton in 1945-1946. 
Urinary and fecal excretion data were obtained on 15 terminal patients who were given 
plutonium nitrate or dioxide complexed with citrate and followed until death, 
data was analyzed by IANGHAM [23 who expressed the general trend of the urinary 
and fecal excretion in terms of power functions. 
employees and found substantially the same trend in their excretion data for a period 
of about 5 yr. These power functions obtained by tangham by f i t t ing the curves to a l l  
the excretion data of the hospital patients have been the b a s i s  for most, i f  not all, of 
the methods described for interpretation of plutonium excretion data. 

In most routine cases one has available only urinary excretion data to consider 

f i t  to the urinary data of a l l  the patients, there was considerable variation about this 
curve. In a previous study [3,4] the author has obtained a power function bt-p f i t  to 
the data of each patient. This has been done by several techniques of curve fitting, 
and the designations "point fit," "area fit," "absolute deviations," and "percent 
deviations," on the figures identify the procedure used. However, these methods are 
not discussed here, but the interested reader may consult the references. 
say, there was a considerable range of variation of the parameters b and p in  the 
individual cases. The power functions so obtained are shown graphically in Fig. 2. 
When fit to a l l  the urinary data, a curve (called here the "typical cutve") was obtained, 
and the parameters ranged by a factor of about 3 above and below these "typical" values. 
In the case of an employee, there is no way to  determine a priori  which of these power 
functions might bes t  represent his excretion. 

For man, who 
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The existence of this variation and the occurrence of day-to-day fluctuations 
of the daily urinary excretion about the power function which defines the trend of 
the data are some of the complications which make estimation of the amount of plu- 
tonium reaching blood rather difficult. 
as model for excretion, one attempts to choose intakes to blood whose excretion by 
the model w i l  I reproduce-or essentially reproduce-the excretion data. Generally 
this i s  done sequentially. Having chosen a first intake, perhaps with reference to a 
known “incident,” which provides for the first sample excretion, one then calculates 
by the model how well, or poorly, this reproduces the rest of the excretion record. 
I f  the excretion on certain days i s  significantly higher, one puts in additional intake 
just preceding that day to provide for the excess. If this procedure is  followed, one 
w i l l  produce a pattern of intake which suffices to produce the excretion data, or rather 
to overestimate it, for clearly i f  one puts in  intakes to reproduce a l l  the high excretion 
values and ignores the lower values, one would expect to obtain an overestimate of 
intake. The solid line suggests a power 
function trend of data which fluctuate about it. The dotted line represents the hy- 
pothetical excretion obtained by postulating an intake for the first daily sample, a 
second intake for the next daily sample which chances to l i e  above this line, a third 
intake for the next sample exceeding the new power function, and so on. Clearly, 
much of this intake i s  a result of statistical fluctuations and i s  not required by the data 
i f  one recognizes that the data may be expected to fluctuate about the trend curve. 
The effect of the above method can be demonstrated for the hospital patients whose 
intake to blood i s  known. In a previous study [4], the author produced estimates as 
described above for the hospital patients, and the results, expressed as a ratio to the 
activi ty of plutonium injected, are shown in  Fig. 4. As w i l l  be noted, these estimates 
tend to be high. 

If one examines the ratio U(t)/bt-P or (1 -P) U(t)/ 
b [t’-P - (t - l)’-P] (that is, the ratio of actual urinary excretion to that predicted by 
the model) for the hospital patients, one has a measure of the extent to which the daily 
urinary excretion U(t) exceeds the excretion predicted by the power function. The 
cumulative distribution of these ratios i s  shown in Fig. 5 where every line represents 
the cumulative distribution of the ratio for one of the patients. I t  can be noted that the 
ratio lies between 1/2 and 2 for a l l  of the patients except for 40% of the days and between 
1/3 and 3 except for 20% of the days. Thus, while fluctuations by a factor of 2 are not 
unusual, fluctuations by a factor of 3 or more are fairly rare. When one i s  not sure 
whether a high excretion level of an employee i s  due to a new intake or whether i t  
represents a chance fluctuation, one may disregard any fluctuation which i s  by less 
than a factor of 3 and be rather confident that any new and significant intake to blood 
is  not missed. Of course, there i s  a 10% chance that such a high value i s  due to a 
new and significant intake; and if this i s  the case, the excretion should tun high for 
later values as we l l -and thus one would expect to find the intake required for some 
of the later data. This game may be played at any level of significance one chooses. 
One can easily design a computer program which allows one to preassign a level of 

In principle, having chosen a power function 
. 

This i s  illustrated schematically in  Fig. 3. 

The remedy i s  easy to find. 
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significance, and only when the ratio U(t)/bt-p exceeds this level w i l l  one select an 
additional intake. When this program was used to estimate the intake to blood of the 
hospital patients, it produced the estimates shown in  Fig. 6 where the ratio of the 
estimate to the injected amount i s  shown. 
results do not run systematically high as formerly. 
ance for fluctuations and obtain a conservative estimate as before. These cases were 
programmed for the computer using the "typical formula" fit to the data of a l l  the 
patients and not using the patients' own formulas since such information would not 
be available in the case of an employee. 

roughly, to something l ike the particular excretion curve of the employee. 
for this i s  the fact that i f  the trend of the curve i s  not steep enough, then there should 
be a preponderance of points below the curve. Now a new intake might make the 
excretion higher than the trend curve, but nothing can place them too low except 
(1) faulty collection or analysis of  samples (and even a computer must have good datal) 
or (2) chance fluctuations. If the chance fluctuations are systematically too low, then 
i t  i s  l ikely that the curve should be steeper. 

the excretion curve. 
exponent p since, as mentioned above, new intakes might make excretion values be 
high; but i t  is  difficult to imagine a reason, short of faulty data, which would cause 
them to be lower than the proper curve for an individual. This concept i s  illustrated 
in  Fig. 7. Beginning with a power function with too low an exponent, the computer 
tests and finds that the data w i l l  largely fal l  below the line. 
step-by-step until the fraction of points below does not exceed a pre-set level. The 
excretion data of the hospital patients have been analyzed from this point of view, 
using the starting slope of p = 0.2 which i s  well below the exponent found for any 
of the patients. Whenever the proportion of excretion values below the curve exceeded 
the highs by more than a factor of 1 +k, the exponent was increased, k being a pre- 
assigned value. The results are shown in Fig. 8 where the value of the exponent p 
obtained by the curve-fitting procedures mentioned earlier i s  shown together with the 
value produced by the computer in  the course of i t s  estimate of the intake to blood. 
No doubt these cases, which correspond to a single intake to blood, are simpler than 
one w i l l  find usually in analyzing data on exposure of employees, but you w i l l  note 
that the computer did rather well in approximating to the correct slope for the individual. 
The results in Fig. 8 are the best of many cases tried for different choices of k and the 
other parameters used in  the computer code. The method of adjustment seems to do b e s t  
when there i s  l i t t le allowance for statistical fluctuations of the data and when the value 
of k is  rather small. These results seem of interest because they demonstrate the psi- 
bility-t least in these cases of a single intake to blood-of letting the excretion data 
provide the information needed concerning the slope of the power function used in the 
model. 
to be determined, and further exploration of  cases i s  under way. 

- Comparison with Fig. 4 reveals that the 
Of course, one may make no allow- 

I f  one has a considerable amount of excretion data, he may hope to approximate, 
The basis 

The computer program can be modified to include such a change in  the slope of 
In doing this, i t  seems t e s t  to start with a low value of the 

It increases the exponent 

How well the procedure w i l l  work for more complex patterns of  exposure remains 
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The writer i s  aware of only two cases of actual employee exposures where a 
reasonable amount of excretion data are available and where autopsy data on the 
systemic burden were obtained later. In neither case did the death of the subject 
result from his exposure to plutonium. When the excretion data of these employees 
are analyzed by the methods outlined above, the predictions of the systemic body 
burden agree surprisingly well with the estimates based on autopsy specimens. The 
First case, reported by FaiEMAN et al. 
and reported previously [6]. By al l  the methods tried, the estimate by the computer 
was higher than the estimate based on autopsy specimens, but by a factor of less than 
2. This employee's exposure to plutonium was sporadic but extended over about 11 
yr. The second case i s  reported by IAGERQUIST et al. [a, and the urinary 
excretion data extend over about 5 yr. The report indicated that the computer 
estimate was high by about a factor of 5. When the methods of  analysis discussed 
here are used, the computer estimates are well within a factor of 2, and, undoubtedly, 
this is  largely due to the fact that allowance i s  made for fluctuations of the data. 

[ 5 ] ,  has been analyzed by these methods -- 
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