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THE DISTRIBUTION OF 239Pu IN THE BODY FOLLOWING 
EXPOSURE BY INHALATION* 

WALTER S. SNYDER 
Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

(Prescnfed by tV .  S. S?IYDER) 

Abstract-Applying the standard lung model, a soluble aerosol deposited in the lung is 
absorbed into the blood, but some fraction of the more insoluble deposits remains in the lung 
for long periods of time. Conventionally, an elimination half-time of 120 days is assumed f9r 
these “insoluble” deposits, and it is assumed further that ultimately most of this material is 
eliminated via the gastrointestinal tract. As a result, bone is not considered to be the critical 
organ for most insoluble aerosols of 239Pu or other heavy metals. Recent work indicates that 
there may be a significant fraction of these “insoluble” deposits reaching the blood, and thus 
there is the possibility of a significant bone burden. At first glance, the available autopsy data 
on human exposure might seem to conflict with the above interpretation. However, a detailed 
data analysis of a human exposure record indicates that the above interpretation may be 
correct. Although the subject’s skeleton showed a smaller concentration than did the liver, 
lung, or pulmonary lymph nodes, this does not exclude the skeleton as the critical organ. 
Applykng the metabn!ic model, the lung would he expected to have a higher concentration 
than bone in the early years of exposure: although the latter would continue to increase and 
might become the limiting criterion governing continuous exposure for a working life. The 
evidence for and against this hypothesis is discussed in some detail. 

EXPOSURE to rather insoluble aerosols of 239Pu I n  practice, exposure seems to occur more 
poses a very serious problem for the atomic often by sporadic intakes that result from 
energy program and, particularly, to the health faulty equipment or failure to follow procedures. 
physicist who must cope with the problem of However, if the quarterly intakes can be cori- 
assessing such exposure. Animal experiments trolled within the recommended limits, the 
have demonstrated that 239Pu which is injected resulting dose to body tissues should not exceed 
and deposits in bone may produce malignancies, the recommended limits on dose equivalent 
and, on the basis of equal average doses to the provided the metabolic model used to estimate 
skeleton, 239Pu is generally considered to be, body burdens and organ burdens is substantially 
more hazardous than 226Ra. correct. Thus, it is of great importance to 

MPC, or, equivalently, the permissible quarterly There is in the literature only one case of 
intake is a derived standard, not a primary one; chronic exposure of man to B9Pu for which 
that is, it is intended to limit the dose to various reliable data on distribution in the body are 
body tissues. The  ICRP and the NCRP base available. This case, studied extensively by 
their recommendations for MPC values in air FOREMAN et uf.,(l) will be referred to as employee 
and water on the assumption that esposure is E822 in this paper in accordance with the 
continuous and at a constant level; however, terminology used in Ref. (2). 
the recommendations permit dose and intake I n  Fig. 1 the urinary excretion record of this 
to be averaged over 13 weeks. employee is indicated graphically. The lines 

connecting the points are merely to indicate 
the ordering ofthe Points and to emphasize the 
fluctuations of the data. There are two exten- 
sive periods of 258 and 264 days, respectively, 

The maximum permissible concentration, assess the accuracy of the metabolic mode!. 

* Research sponsored by the U.S. Atomic Energy 
Co-kion under contract with the Union Carbide 
Corporation. 
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FIG. 1. Urinalysis data of case E822. i 

i : 
during which no samples were taken. The  times 
when the employee was working as a 239P~ 
operator are indicated. There are three urine 
samples that indicated an unusually high 
concentration of P U Z ~ ~ .  Those most familiar 
with the analytical procedure used a t  LASL 
during this period have indicated that these 
and perhaps other values are considered as 

En= conkminztiori of thc sampk. 
In  Table 1 the estimated organ burdens and 

corresponding average concentrations in certain 

surprising since the liver burden exceeded the 
skeletal burden, whereas Pu(IV)-citrate in- 
jected in man gave higher skeletal burdens. 
They conclude “it is quite possible, in the 
present case, that the partitioning of plutonium 
between the liver and skeleton was influenced 
both by the chemical or physical nature of the 
plutonium and by the route of exposure. The  

responsible €or the high plutonium concentra- 
tions found in the lungs and pulmonary lymph 
nodes.” Therefore, it is important to examine 
carefully the evidence on this unique case to 

can concerning the model for assessing exposure 
of man to plutonium by inhalation. 

In  Fig. 2 the growth of organ burden of 
organ or (dis/dn/g wet wt.) (pc) plutonium according to the exponential model 

used by ICRP(3) is shown as a function of the 
Liver 9.9 & 1.4 0.0087 period of exposure a t  a constant level. The 
Skeleton 1.4 & 0.7 0.0063 curves in Fig. 2 were computed using Tb = 365 

,- days for lung, Tb = 3 x IO‘ days for liver and Tb 
7.3 x IO4 days for bone. For clarity of presenta- Lung 4.8 f 0.6 
tion, the level of intake per day has been taken Pulmonary 125 f 57 differently in the three cases, being chosen so as 
to produce the maximum permissible organ 
burden in each case after 50 years of exposure 
a t  a constant level. If the level had been the 
same, the curves for lung and liver would be 
much lower, but the reduction factor to be 
applied would depend on a number of factors 
which are largely unknown (e.g. the data on the 
chemical form of the plutonium as inhaled and 
as it reached the blood, the particle size and 

spurious, thc hi& values nmhahly rpwlt;n- - ---*--*---- --r:--.-. , A~~~~ UT exposure was undmthtcdly 

T’L 1. .&timated organ burdm a ~ ~ ~ a @ c o ~ e ~ r a t ~ N  
in certain tksuesfor case E822(’) 

glean whatever information or suggestions one 

Organ 
Concentration burden 

(average) 

(minus bronchii) 

lymph nodes 

o*oo18 

o.ooo56 

tissues as reported in Ref. ( I )  are shown. In  
Ref. 1 the authors state “it is most likely that 
the body burden, in this case, resulted from 
chronic inhalation exposure to a low-level 
plutonium contaminated atmosphere.” They 
also indicate that the distribution of plutonium 
in the various tissues and organs was somewhat 
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FIG. 2. Growth of organ burden resulting from exposure at a constant level (ICRP Model). 

solubility of the aerosols, etc.). Looking a t  the 
graphs from a purely qualitative viewpoint, it 
does appear that for chronic exposure at a 
relatively constant level the lung burden would 
be expected to increase much more rapidly 
than the burden in bone or in liver and that the 
Itin5 burden wou!d be exDected to reach a 
-,latau iclativcly early, -;.+A the ~urder,  ir? 
liver and bone continued to increase in almost 
linear fashion. FOREMAN et ~ l . 1 ~ )  noted that the 
evidence on ratio of 23sPu/23sPu in the various 
organs suggested that the biological half-lives 
for liver, bone, and lymph nodes were long in 
comparison to the biological half-life for lung. 

According to the ICRP model for exposure 
by inhalation, under continuous exposure a t  a 
constant intake rate of I pclday, the lung 
burden resulting from deposition in the deep 
lung would increase according to the formula 

f 
f 
i 

\ 
! 
[ 
j 

i 

T ,-- 

I A (1 -e-? pc 
81 

where t is the time in days after the beginning 
of the exposure and 1 = (ln2)/365. The 
elimination from this lung burden during time 
d r  on day T is given by 

and of this a fraction f is assumed to be absorbed 
into blood. Actually, the ICRP model is not 
very specific aboutf, ,tacitly assuming thatf is 
negligibly small for very insoluble materials. 
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The  above formulas neglect the material which 
is assumed to. be removed by ciliary action into 
the gastrointestinal tract as well as that exhaled. 
Since the fraction of ingested material reaching 
blood is very small (fi = 104)(31 even for the 
more soluble compounds, this neglect seems 
justified. 

Using (2) andf to define the rate of intake to 
blood and assuming a fraction fi of the material 
entering blood deposits in a certain organ having 
a biological elimination constant I,, it is easy to 
calculate the organ burden in this organ at any 
time t following the beginning of the exposure. 
One obtains 

? 

i 

f 
Formula (4), normalized to yield the maximum 
permissible organ burdens for liver and bone, 

O n  the basis of the record as presented in 
Ref. 1, it seems unlikely that exposure a t  a 

tion to the facts as known or surmised. For this 

has been shown graphically in Fig. 2. 

constant level is a sufficiently good approxima- 

reason, I requested that J. N. P. LAWRENCE of 
LASL supply me with his best estimates of 
intake to blood of E822 using his computer code 
PUQFUA.(*) These estimates are shown in ! 
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Table 2;  I gratefully acknowledge this kind 
assistance. Because of revised corrections for 
recovery and background counts on data 
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Table 2. Ejtimatcd intake io blood for case E822* 

Date Amount (pc) Date Amounts 

7-25-46 
10-10-46 
11-2446 
8-13-47 
10-20-47 
4-5-48 
9-448 
10-8-48 
11-30-50 
6-2-5 1 

0.00096 
0.00135 
0.00100 
0.00059 
0.0001 7 
0.00187 
0.00302 
0.00035 
0.00333 
0.00131 

9-9-55 
10-23-55 
5-20-56 
6-29-56 
10-27-57 
1-3 1-58 
3-9-58 
5-29-58 
7- 10-58 
8-23-58 

0.00105 
0.00074 
0.00003 
0.00061 
0.00007 
0.00076 
0.00008 
0.00038 
0.00002 
0.00088 

*As estimated by J. N. P. LAWRENCE, LASL, 
private communication. 

obtained prior tol-24-57,(5) LAWRENCE indicates 
that these estimates may differ somewhat from 
others given previously. The author has ob- 
tained estimates of intake based upon the data 
of Fig. 1, rejecting the three highest values as 
spurious. LAWRENCE’S method of estimation 
excludes these values and also others. Whereas 
LAWRENCE’S method estimates a series of 
discrete intakes, the mthor’s method(?) assumes 
a continuous prncess of intake and excrptlnn 
and estimates the total intake to blood from the 
beginning of exposure to any specified date. 
The total intake as a function of time following 

the beginning of exposure is shown graphically 
in Fig. 3, the step-function corresponding to 
LAWRENCE’S estimates and the continuous 
dashed curve to the estimates by the author. 
The dashed curve should, by definition, not 
decrease, and the fact that it does decreaqe 
slightly merely reflects the fluctuations of the 
excretion data. According to the model, which 
assumes urinary excretion to be given by ;I 
power function 0.0023t-0.i7,(6) the excretion 
will nel-er be zero following the first exposure. 
Yet frequently, the data shown in Fig. 1 indicate 
no excretion of 239Pu. Such discrepancies of the 
actual data and the model account for the 
somewhat anomalous behavior of the estimated 
intake function. The discrepancy, however, is 
not serious, and the data presented in Fig. 3 
indicate a remarkably close agreement of the 
two methods. Perhaps this is not surprising 
since both are based on the assumption that 
urinary excretion following intake to blood is 
governed by the formula 0.0023t-0.77. However, 
the mathematical treatment is different, and 
this agreement merely indicates the essential 
correctness of either method, provided the input 
data are accurate. Unfcrtunatelv, the hospital 

large differences in the power function that bcst 
represented their urinary excretion. The choice 
of the above function‘is merely an average over 

p t i c n t s  r rpr t rd  by L.\XCII.\?.!(~) shs*::c:! r2Aei 

I- ESTIMATES OF LAWRENCZ” I I I 

EXPOSURE PERIOD. DAYS 

FIG. 3. Estimates of cumulative intake of 239Pu to blood (case EB22). 
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,,,any cases, and it is quite possible that E822 
nligllt have been better approximated by a 
tfifferent function. There docs not seem to be 
Any known procedure for adjusting to individual 
differences. 

If one assumes that intake to blood is given 
by Fig. 3, he can then calculate the organ 
burdens for liver and bone. Since the ratio of 

indicated long retention in these 
organs, the biological half-lives given by ICRP(3) 
were used, i.e. 3 x lo4 days for liver and 
7.3 x lo4 days for bone. I t  is immediately 
apparent that the choice of these values does 
not significantly affect the resulting estimate of 
the organ burden provided these biological 
half-lives are long compared with 12 years, the 
total time during which exposure could occur. 
However, the use of the values off2', which 
represents the fraction of material reaching 
blood which deposits in a specified organ, will 
result in the bone showing a markedly greater 
burden than will liver. Since this is contrary to 
the autopsy findings, it is suggested that fi 
should have approximately the same value for 
iiver ana for bone. 
As is noted by FOREMAN et  aZ.,(l) the assump- 

tion that liver and bone absorb approximately 
equal amounts of inhaled plutonium that 
reaches the blood is at variance with the uptake 
in the organs following injection of Pu(1V)- 
citrate. BAIR et ul.,(') using plutonium in 0.14 N 
HN03, found that inhalation produced ap- 
proximately equal burdens of Pu in liver and in 
bone of dogs, whereas by injection the same 
material deposited predominately in liver. The 
same experimenters found that inhaled PuO, 
aerosols lead to approximately equal transloca: 
tion to liver and bone. There were rather 
marked fluctuations in individual animals, 
however, with liver being predominant in some 
cases and bone in others. I n  some instances 
this excess was 1 order of magnitude. From the 
data of E822, it is suggested for inhaled pluto- 
nium aerosols that f2' might have the same value 
for liver and for bone, but this one case is 
obviously not enough to establish this hypothesis 
for standard man. 

The pattern of intake to blood indicated by 
Fig. 3 can be used to estimate a possible pattern 
of intake to lung, admittedly on very tenuous 
evidence. If one postulates, for simplicity, that 

-__I_ 8 0 0 8 5 7 0  

a single intake to lung occurred at  the beginning 
of exposure and immediately following each 
urine sample day, then he can estimate succes- 
sively the magnitude of these intakes and the 
rate of accumulation of the lung burden. This 
particular intake day is somewhat arbitrary, of 
course, and the pattern could be varied in many 
ways. However, to account for a relative high 
value in a urine sample one must postulate 
material moving from the lung to blood during 
the preceding period. 

Assuming, then, an intakc of li pc to the deep 
lung on day 7i,  the contribution to blood during 
a period t j  days to ti+l days would be 

Here f represents the fraction of material 
removed from the lung that goes to blood, and 
1 is the half-time removal from the lung. 
For this analysis the day of the supposed intake 
to lung, ri, was taken to be the first day of 
exposure or the first day followinq collcction of 
a urine sample. l t le intaKes lf were estimatea 
successively. When estimating the intake OC- 

curring on day ti + 1, that is, on the first day 
of the sampling period ti to ti+l, the intakes to 
blood during the time ti to tiel from all lung 
intakes calculated previously were subtracted 
from LAWRENCE'S estimate for this period. If 
the difference was zero or negative, l i  was set 
equal to zero, for the previous intakes already 
accounted for this amount of absorption to 
blood. If the difference was positive, then li was 
estimated by equating formula (5) to this 
difference. This calculation was programmed 
for the 1604 computer, and the resulting organ 
burdens were calculated also under various 
assumptions concerning 3. and 2,. Since f is not 
known, formula (5) only determines If, and the 
sums of these values for all intakes are tabulated 
in Table 3 with il = (In 2)/T and T = 60, 120, 
240, 365, 730 and 1095 days. Similarly, only 
the product of organ burden and fir was 
calculated in an attempt to obtain some 
guidance concerning the value of fi. Values 
of organ burden and fi' were calculated 
for T, = IO3, 3 x lo3, 104, 3 x 104, and 
7.2 x lo4 days with A, = (In 2)/T,. Table 3 
includes the values off and fi obtained if one 

f 
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Table 3. Calculated estimotcs of orgun burdens and deposition factors 

Total 
deposition 

in Lung Organ 
T T C  deep lung burden burden Liver Bone 

(days) (days) x f  x f  f x fi' f2' f2' 

60 

120 

24-0 

365 

730 

1095 

103 
3 x 103 

3 x 104 
104 

7.2 x 104 

103 
3 x 103 

104 
3 x 104 

7.2 x 104 

103 
3 x 103 

104 
3 x 104 

7.2 x 104 

3 x 104 
7.2 x 104 

3 x 104 
7.2 x 104 

3 x 104 
7.2 x 104 

3.57 x 10-2  3.55 x lo-' 0.20 

5.28 x l e 2  1.52 x 0.84 

7.84 x 4.45 x 10-3 2.5 

9.75 x 10-2 7.69 x 10-3 4.3 

1.55 x le1 1.74 x 1W2 9.7 

1.97 x 10-l 2.72 x 15 

7.88 x 10-3 
1.87 x IO-* 
2.89 x l e 2  
3.30 x 1 0 - *  
3.44 x 10-2 

1.10 x 10-2  

2.69 x 
4.17 x 1W2 
4.78 x 
4.98 x 1W2 

1.52 x 1W2 
3.87 x 
6.02 x 
6.89 x 
7.18 x IO-* 

8.40 x 
8.73 x 1W2 

1.29 x 10-l 
1.34 x 10-1 

1.59 x 10-l  
1.65 x 10-1 

1.10 0.80 
0.47 0.34 
0.30 0.22 
0.26 0.19 
0.25 0.18 

0.79 0.57 
0.32 0.23 
0.2 1 0.15 
0.18 0.13 
0.17 0.13 

0.57 0.4 1 
0.22 0.16 
0.14 0.10 
0.13 0.091 
0.12 0.088 

0.10 0.075 
0.10 0.072 

0.067 0.049 
0.065 0.47 

0.056 0.040 
0.053 0.038 

-~ 

(In 2)/Tc = ;I, = elimination half-time for the organ of reference. 
(In 2)/T = A = elimination half-time for the lung. 
fi' = fraction of material entering the blood that deposits in the organ of reference. 
f = fraction of material eliminated from lung that goes to blood. 

equates the resulting organ burdens to the 
autopsy estimates. Half-times in lung much in 
excess of 120 days yielded values off greater 
than 1 and, therefore, must be rejected, unless 
one would assume that some of the plutonium 
eliminated rapidly from the lung was soluble to 
a very high degree and reached the blood in 
significant amounts. This hypothesis is not 
considered a very likely one. 

The values assumed for T and T, in Table 3 
yield estimates of fi which are possible except 
when T, = IO3 days where the sum of fi for 
bone and f2' for liver is inadmissibly high. 
When the biological half-time in lung is 240 
days or more, the value off  is inadmissible. 

8 0 0 8 5 1 1  

The  use of the values for Tc given in ICRP 
Publication 2 and of T = 60 or 120 days yields 
Spproximately equal burdens in liver and bone 
with admissible values for fi Again, it seems 
that only more precise studies can decide the 
question of the proper value of fi to use for 
inhaled plutonium aerosols. 

ICRP Publication 2 does not indicate a quanti- 
tative model governing deposition in the 
pulmonary lymph nodes, and this, perhaps, is 
the major deficiency of the model. BAIR et ~l . ( ' )  
found that from 0.2 to 2 per cent of alveolar 
deposits had translocated to lymph nodes of 
dogs 30 days after inhaling PuO, aerosols; an 
elimination rate from these sites is not indicated 
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nor is such a rate well documented from other 
Q)urccs. The total intake to the deep lung is 
,+.en in Table 3 for elimination half-times in 
lilllg of 60 days and 120 days-the only ad- 
:!lisible values in view of the corresponding 
\&m off. The ratio of these intakes to the 
.lutopsy estimate of the burden in lymph nodes 
is rrithin the range of deposition values observed 
b!* RNR. I n  the absence of any estimate of an 
,$mination rate, this is, perhaps, as detailed as 
,-,lie can be in interpreting the data on the 
pulmonary lymph nodes. 

In summary, the analysis of the data on E822 
presented here suggests that (1) it is possible to 
construct patterns of exposure which bring the 
autopsy data of E822 and the organ burdens 
estimated by the ICRP model into substantial 
agreement except for the values of f2' for liver 
and bone; (2) the values of f2' for deposition 
in liver and bone of inhaled plutonium aerosols 
need to be re-examined, and, in view of the 
wide differences found in individual experimen- 
tal animals, may require more experimentation ; 
and (3) the shorter half-times for elimination 
from thc l m g  arc not g r d y  at varimce xirh 
the standard lung model in view of our ignor- 
ance of the solubility and particle size of the 
inhaled material. 

Perhaps this elaborate and circuitous method 
of analysis on the basis of very tenuous evidence 
is unwarranted, and the author does. not regard 
any of the values or hypotheses used in the 
course of the analysis as more than a bare 
suggestion of possibility. But, one should not 
necessarily assume that the data on E822 are 
grossly a t  variance with the ICRP model, The 
author has no intention of asserting that the,, 
ICRP model is correct and has still less intention 
of implying that the above analysis establishes 
its correctness. Rather, the intent is to suggest 
that the data on E822 do not grossly contradict 
that model in view of our ignorance of so many 
important characteristics of the exposure. The 
author regards the discrepancy of the f2' values 
for liver and bone as the point most deserving 
of attention on the basis of these data, but in 
view of the wide fluctuations shown by in- 
dividual experimental animals, even this must 
be regarded as only a suggestion. Review of the 
human data as well as data on experimental 
animals suggests that the uptake of plutonium 

8 0 0 8 5 1 2  

by liver and by bone may be significantly 
different following i.v. injection and exposure by 
inhalation. More data and experience may very 
well show that the ICRP model requires sub- 
stantial revision, but, other than the suggestion 
concerning the values of f2', the data of E822 
do not provide a firm basis for such a revision 
nor even a strong indication of the direction in 
which the revision should be made. 
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DISCUSSION 

KORNBERG, H. A.: Was the comparison of the 
two curves showing intake of 239Pu to blood 
based on any measurements other than 
excretion, or were they both estimates? 

SNYDER, W. S.: Both the curves represented 
total intake to blood to time t as estimated 
from urinalysis data of the subject. I n  both 
cases, Langham's power function model for 
urinary excretion following iv injection was 
the basis of the estimation, but the calculation 
was programmed for a digital computer along 
rather different lines. There are no direct 
measurements which, to my knowledge, 
would provide an estimate of intake to blood. 



f I /  

F 

1042 DISTRIBUTION OF 23sPu IN THE BODY FOLLOWING EXPOSURE BY INHALATIOX j ,d 

BAIR, W. J.: I would like to comment on our low that before the skeleton receives a 
harmful amount, the l u n g  will have alreadv 
suffered severe pathology. 

in point since the dogs were given only a SNYDER, IV. S.:  The tables include data for 
many different possibilities we have explored. 
There are definite suggestiors that some oi 
the deposition factors should be changed. 

PuO, inhalation studies with dogs although 
they are not really comparable with the case 

single exposure. Although 239Pu is appearing 
in the skeleton of dogs more than 4 years 
after exposure, the rate of translocation is so 
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