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Absfnur-Uhlysis data for 17 individuals with &nom exposure to Pu were supplied to six laboratories, each of 
WW made an estimate of systemic deposition. In general, the evaluatioa was done with the ImtgtUm rwdel or 
oat d its derivatives, d the values obtained by the laboratories for aoy single a s e  were typically within a factor 
of two of the mu0 for dl laboratories. The estimates made from h l y s i s  dah typically were several-fold g r a t e r  
thn those made from autopsy data. The results indicate that estimates bucd 011 urinary excrctioo overestimate 
systemic deposition lad tend to confirm previous obsenations that the hrgham equation u o d e r e s k t e s  Urinary 
excretion. 

. .. 
INTRODUCTION 

SYSTEMIC deposition of Pu in occupationally exposed in- 
dividuals k commonly assessed by the application of var- 
ious biokinetic models to specific urinary excretion data 
of an exposed individual. Although a large number of 
biokinetic models have been proposed and thus are avail- 
able for this purpose, most are either based on or are 
mathematically similar to the original power function ex- 
mtion curve derived by Langham on the basis of his 
obsemtions in I8 human subjects experimentally injected 
with plutonium citrate (Langham et al. 1950, Langham 
1956, hngham 1957). The basic Langham equation is 

Y ( ~ )  = 0 . 0 0 ~ 7 4 ,  

in which Y(u) refers to the daily fractional excretion of 
the injected dose and r the number of days after intake. 

Modifications to the original Langham model have 
been made by Healy (Healy 1957), and later by Beach 
and Dolphin (Beach and Dolphin 1964), Nelson (Nelson 
1967), Lcggett (Leggett 1984). Jones (Jones 1985) and 
others, to account for the continuous infusion into the 

bloodstream from Pu deposited in a metabolic pool such 
as the lungs, and by Lawrence (Lawrence 1962) and Sny- 
del (Snyder 1962) to account for multiple rather than 
sin@e intakes Over the years, various others including 
Duhin (Durbin 1972) and the International Commission 
on Radiological Protection (ICRP) (ICRP 1969) have also 
made adaptations of the basic Langham model based on 
specific, albeit limited observations of workers with known 
exposure to Pu. 

Despite widespread application, the Langham model 
and its derivatives have not been fully satisfactory for es- 
timating systemic depositions of Pu in humans. In a re- 
analysis of the experimental data originally reported by 
Langham and his coworkers (Langham et al. 1950). Rob- 
ertson and Cohn (Robertson and Cohn 1964) found 
slightly different coefficients for the power function, but 
in particular noted a shallower slope for urinary excretion 
in La Alamos workers at times ranging from 140 to I750 
d postintake. In her detailed examination of the same 18 
cases used by Langham plus additional data from persons 
with long-term occupational exposures, Durbin (Durbin 
1972) computed higher daily excretion rates and total ex- 
cretion than those predicted from the Langham model. 
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She attributed this difference primarily to the inclusion 
ofdata from only normally functioning cxmtory systems 
and derived a new excretion equation based on a com- 
bination of five exponentials. The differences wtn most 
apparent at tima longer than 1500 d postcxpo~ure. 

More recently, Rundo (Rundo I98 I )  was able to fol- 
low up three of the original I8 cases and observed a Sig- 
nificantly grtatet exmtion at 10,000 d postinjcction than 
predicted by either the Langham or Durbin modeis. In 
one subject, marked increase in the Pu excretion tate was 
seen at about 6OOO d postexposure, peaking at about 9500 
d and thereafter dedining Rundo (Rundo 1981) observed 
that the ICRP model grossly underestimates theexcretion 
rate at early times postexposure, but by IS00 d overesti- 
mates it by greater than a factor of 2. The crossover point 
occurs at about 104 d postexposure. Moss and Gautier 
(Moss and Gautier 1985), in a reevaluation of the model 
and its original data soums,  have identified possible errors 
in the original data which rtsultcd in flaws in the original 
model. 

It is important to examine results obtained with 
models using urinary excretion data and compare them 
with d i m  measurement of the Pu content of the tissues 
after death. Snyder (Snyder 1962) rtported data for a single 
case in which the postmortem estimate was 642 Bq (17.5 
nCi). This compared quite favorably With the &mate of 
682 Bq (18.6 nC;) obtained with PUQNA, a FORTRAN 
program developed at Los Alamos to compute body bur- 
dens from urinary excretion data ( h m n a  1962). Both 
the PUQFUA and Snyder estimates were Within a factor 
of 2 of the 1. I7 kBq (32 nCi), calculated With the b g h a m  
quation. This is not too surprising as PUQFUA was based 
on the Langham model (Lawrence 1978). A l w e r  com- 
paxison involving 39 cases was reported in preliminary 
form by the United States Transuranium Registry 
(USTR), and was later expanded to 41 cascs (Bnitenstein 
et al. 198 I ,  Heid 1983). The USTR study compared the 
in vivo estimates of systemic burdens made from bioassay 
measurements with autopsy estimates for thesc cases and 
found considerable variation between the two (Heid 1983). 
For all but two cases, the health physics estimates made 
during life were on the average 6.3 times grmter than 
those made on the basis of postmortem tissue analysis. 
Another study was camed out by Schofield (Schofield 
1982) in the United Kingdom in which the systemic Pu 
depositions made from excretion and autopsy analyses 
were compared for 2 1 cases with similar findings. None- 
theless, Schofield concluded that further and more careful 
investigation was needed, and that the studies thus far did 
not seem to warrant a change in the methods used for 

In this study, a comparison is made of 17 individuals 
using tissues collected at autopsy as part of the program 
of the USTR. A preliminary study comparing systemic 
burdens at autopsy with bioassay estimates made during 
life using some of these same cases has been reported pre- 
viously (Heid 1983). This prior study did not compare 
the urinalysis estimates from various laboratories nor did 
it provide the depth ofevaluation reported herein. More- 
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over, because the casts were not specifically identified in 
the prior study, it is not possible tospcCify in aconvenient 
manner which are common to both. 

'r 

EXPERIMENTAL PROCEDURE 

Where available, urinary excretion and other dala 
pertaining to acute accidental exposure that were collccted 
during life for 17 USTR autopsy cases with known ex- 
posure to upPu were reviewed and analyzed. Thest cases 
represented a diversity of exposure conditions and a wide 
range of estimated systemic deposition (Tables 1 and 2). 
All of the individuals had long-term chronic inhalation 
potential, and some were known to have been involved 
in one or more acute inhalation or skin contamination 
incidents, or to have i n c u d  possible contaminated 
wounds. Of the group, Cases 4 and 7 had received DTPA 
treatment for contaminated wounds. 

Each of the six participating laboratories was sent 
the following available urinary excretion data: 

activity of 239Pu in a daily urine sample 
number of days between the last negative and the first 

number of days between the first positive urine sample 
positive urine sample 

and the end of sampling period. 

Other relevant information (e.g whether and when the 
individual had been involved in an incident and if DTPA 
was administered) was supplied for most but not all cases, 
but only in very general terms. For example, a statement 
might be made that the individual had been involved in 
an incident at a particular time, but the type of incident 
and other details were typically not provided. The infor- 
mation in the "Comments" column of Table 1 was not 
provided as such. Each of the participating laboratones 
was ques t ed  to estimate systemic deposition by appli- 
cation of a biokinetic model of its choice (i.e. the biokinetic 
model used operationally), making any needed assump- 
tions based on its own individual program and internal 
practices whenever data essential to the systemic burden 
asxssment, such as the precise date of intake, were miss- 
ing. No estimate of emor was made or requested for the 
individual values reported by the participating laborato- 
ries. To ensure the promised anonymity, neither the lab- 
oratories nor the specific method each used to provide 
the estimated systemic depositions have been identified. 

Tissue samples were collected at autopsy from each 
of the 17 cases and anal@ radiochemically for 239Pu 
content of Los Alamos National Laboratory. In general 
the tissue samples were collccted in accordance With the 
USTR autopsy tissue selection protocol (Brtitenstein 
198 I ) .  In all cases. samples of the major reservoir organs 
for Pu, i.e. liver and skeleton, were obtained along with 
kidney, spleen, and the lungs and associated lymphatics, 
although the latter was excluded from the autopsy estimate 
of systemic deposition. For most cases, heart and/or mus- 
cle tissue samples were also available. The details of the 
radiochemical procedure which involve dry ashing and 
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Table 1. Summary of cases. 

D m  Between 
No. Urinalysis D m  from First Last Negative & Years Between 

Cats Ysarsat StnceFira poutwe Urine first Positwe Autopsy & i a s t  
# Rttk Poslllve to End d sampling Urine UriMlyslS Comments 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 
12 

13 

14 
15 

16 

17 

25 

20 

25 

28 

10 

13 

15 

15 

18 
10 

9 
27 

26 

1 
14 

14 

5 

66 

27 

44 

46 

35 

31 

55 

20 

68 
16 

22 
26 

82 

9 
32 

20 

54 

61 10 

1820 

3825 

2970 

31 37 

1413 

3543 

3596 

5290 
1482 

378 
9669 

8460 

10720 
4739 

266 1 

3248 

60 

30 

100 

60 

27 

48 

-90 

-90 

44 
-90 

263 
? 

? 

27' 
? 

? 

? 

0 

7 

3 

2 

0 

0 

0 

3 

0 
0 

4 
0 

0 

0 
0 

9 

1 1  

10possibloacufe inhalations 
1952.67. Wound to index 
finger. 1969; no detectable 
activity. 
Acute inhalations 1959 & 
1961. 
Acute inhalation Pu(NOJIJ 
1955. 
Acute inhalations 1952. 
1953.1966. Wounds 1960. 
1961. 1962 with DTPA 
treatment each time 
No acute exposures 
documented. 
31 possibleacute inhalations 
1965. 
Wounds 1960.1963.1965; 
latter treated by excision and 
DTPA; 870 Bq (19 nCi) esti- 
mated remaining in wounds 
No acute exposures 
documented. 
Wound 1962. 
Chronic exposure to high 
fired oxide. 
Acute inhalation 1965. 
No acute exposures 
documented. 
Wounds 1969 & 1970; possible 
acute inhalation. 
Acute inhalation 1945. 
No acute exposure 
documented. 
No acute exposure 
documented. 
Also exposed to Po. 

wet ashin& have been described by Boyd et al. (Boyd et 
al. 198 1). AAer dissolution of the ash in nitric acid, an 
aliquot was taken for analysis. Plutonium-242 was added 
as a tracer and the Pu was then separated by anion ex- 
change and electroplated onto a stainless steel planchet 
for quantitative a spectroscopy (Boyd et al. 1981). 

Once the concentration of Pu had been obtajned for 
a given tissue or organ, the total Pu content was deter- 
mined by multiplying the concentration by the actual 
mass (wet weight) of the organ, if available, or by the 
Reference Man value (ICRP 1975). The systemic Pu in 
the whole body was then obtained by summing the 
amounts determined for the various organs, excluding, of 
course, pulmonary deposition or deposition at a wound 
site. This method is subject to potentially large sources of 
error since only portions of various tissues and organs 
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were collected and a n a l y d ,  and not all tissues and organs 
in the body were sampled. 

The largest potential source of uncertainty in the au- 
topsy estimates is probably associated with the estimate 
of skeletal deposition. Since the entire skeleton was never 
collected, the actual weight was unknown, and could have 
differed from the Refertncc Man value of I O  kg wet and 
2.8 kg ash by as much as 30% (ICRP 1975). Moreover, 
the concentration of Pu throughout the skeleton is not 
constant, but highly variable (Durbin 1973, Kathren et 
al. 1987). 

Another potential source of error is the use of wet 
weights to estimate skeletal deposition. In this study, the 
autopsy estimates of skeletal deposition were made using 
wet weight since s h e d  weights were not available in all 
cases. In  a comparison of I3 cases for which both ash and 
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Table 2. Estimated systemic burdens. 

Estimate Based on Urine Excretmn OJO. kBq 

Ratio of Mean Estimate 
Mean Based on Urinatysir Estimate 

CaS8NO. A B C 0 E F All Labs' Std. Oev. AUIOPW Data. kBq lo Autopsy Estimate 

Parttcipating Laboratory 

1 0.51 

2 0.51 

3 1.4 

4 0.22 

5 0.22 

6 0.15 

7 7.6 

8 0.37 

9 0.51 

10 0.18 

11 0.07 

12 0.29 

13 1.6 

14 1.6 

15 0.15 

16 0.22 

17 3.5 

0.40 0.18 0.29 

0.40 0.29 0.08 

1.5 1.1 0.95 

0.12 co.09 0.18 

0.15 0.08 0.26 

0.12 0.08 0.18 

6.6 6.1 3.7 

0.18 0.15 0.37 

0.37 0.29 0.81 

0.12 0.08 0.18 

0.08 0.04 0.08 

0.18 <O.W 0.26 

1.3 0.92 1.3 

0.55 0.04-0.81 * *  0.1 5 

0.15 CO.09 0.33 

0.15 0.04 0.04 

3.5 3.6 0.62 

0.33 

0.37 

0.95 

0.1 5 

0.18 

0.26 

6.0 

0.26 

0.37 

0.08 

0.08 

0.22 

0.84 

0.59 

0.04 

0.1 5 

2.1 

0.40 

0.51 

1.1 

0.18 

0.22 

0.66 

3.8 

0.33 

0.51 

0.22 

0.15 

0.29 

1.1 

0.22 

0.26 

0.37 

5.5 

0.35 0.1 1 

0.36 0.1 6 

'1.17 0.23 

0.14 0.08 

0.19 0.06 

0.24 0.21 

5.63 1.57 

0.28 0.10 

0.48 0.19 

0.14 0.06 

0.08 0 04 

0.21 0.1 1 

118  0.28 

0.59 0.53 

0.16 0.13 

0.16 0.12 

3.14 1.64 

0.09 

0.40 

0.77 

0.13 

0.03 

0.06 

0.36 

0.05 

0.1 1 

0.01 

0.04 

0.03 

0.34 

0.19 

0.03 

0.01 

0.51 

3.9 

0.9 

1.5 

1.1 

6.3 

4.0 

15.6 

5.4 

4.4 

10.8 

2.0 

7.1 

3.5 

3.2 

5.3 

21.7 

6.1 

*<Values taken as 0. 
* . fbwrtd  as range; arithmetic mean of values (1.6) used to compute mean. 

Note: Slight differences in ratio of urinalysis to autopsy estimates are attributable IO rounding 

wet weights were available, Heid (Heid 1983) observed 
that deposition estimates made on the basis of wet wights 
averaged about two times those made using ash wights. 
The reason for this difference was not stated, but in re- 
viewing the specific radiochemical proceduns used, i t  
seems likely to be in some measure attributable to inac- 
curate or inconsistent determinations of weights. The es- 
timates of deposition were made by determining the con- 
centration in either the wet or dry bone samples and scal- 
ing up to Reference Man values. Low wet bone weights 
may have resulted from desiccation and high dry wights 
from incomplete ashing. These, in combination, could 
account for some, perhaps a major portion, or even all 
of the difference in the estimates made with the wet 
weights as opposed to those made with the dry weights. 

Overall, given the several relatively good bone sam- 
ples for these cases and considering all possible sou rm 
of error, the total uncertainty in the estimate of skeletal 
content for any individual case is not expected to exceed 
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a factor of 2, including small errors which might have 
been introduced by nsidual soft tissue adherent to the 
bone sample hcfore analysis. 

For all tissues, in addition to the normal errors as- 
sociated with radiochemical analysis, e m r s  could also be 
introduced by a variation in the sample weight from de- 
hydration prior to analysis, non-representativeness of the 
sample, and from differences between the actual organ 
weights and Reference Man values. The latter two are of 
greater potential significance than the former. Non-rep 
rcsentativeness of the sample could result in errors in the 
estimate of the activity in a particular tissue or organ. 
However, in the case of the liver, which along with the 
skeleton is the site of initial deposition and ultimately the 
reservoir for virtually all of the systemic Po (ICRP 1979). 
all or a significant fraction was collected and analyzcd 
thereby minimizing uncertainty from these potentially 
large sources of error. Considering all potential factors, 
the uncenainty in the estimated content of the liver is not 
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no1 cxpcctcd to ex& ~ 3 0 % .  For the othcr tissua and 
organ& thc unccrtainty from all sourccs is not cxpcctcd 
to cxcccd *SO%. 

Assuming that only a small fmtion of the systemic 
Pu was rcsidcnt outsidc thc skcleton and livcr (ICRP 1960. 
ICPP 1979). thc total unccrtainty orcffkt on the autopsy 
cstimata would bc small. Most of the unccminty in thc 
aulopsy cstimatcs would thus bc associated with thc skcl- 
clon and livcr. Assuming the unnrlainlics arc additivc, 
and that 45% of the systcmic Pu is rcsidcnt in bone, 45% 
in liver. and 10% in all othcr tissues (ICRP 1979). thc 
Iolal unccrlainty for thc autopsy estimates is not cxpectcd 
to excccd + 100, -50%. i.c. a factor of 2, at the outsidc. 

RESUL'IS AND DISCUSSION 

Table 2 provides thc cstimates of systemic Pu burden 
from bioassay data obtaincd from each participating lab- 
oratory along with those made from the postmortcm tksuc 
analyses for each of the I7 cases. Examination of the data 
in Table 2 generally reveals relatively good agreement 
among the estimates for any given case by the six partic- 
ipating laboratories irrespective of the specific model and 
assumptions used. Although there a n  occasional outliers 
and exceptions. for any given case the range of values 
reported by the six participating laboratories typically fell 
within a factor of 2 from the mean. To some extenC this 
is not too surprising since all of the participating labora- 
tories used similar models with the original Langham 
power function as their basis. There w e l t  no obvious biases 
among the laboratories, and the results from each labo- 
ratory appear to be internally consistent. However, it also 
should be noted that there were slight diffennces in what 
the laboratories calculated and reported. One laboratory 
reported individual organ depositions which were 
summed to get the total deposition for the purposes of 
this study. Five of the six laboratories reported systemic 
deposition as of the date of the last urine sample. The 
other reported committed systemic deposition for soluble 
Pu, which would be greater than estimates made of sys- 
temic burden at the time of the last urinalysis. Despite 
this difference, this laboratory did not always report the 
highest values. 

Comparison of the values obtained from the urinal- 
ysis data with those obtained from autopsy tissue samples 
revealed a somewhat different picture. Agreement of the 
mean value of the six laboratories with the value estimated 
from the autopsy tissue samples was within a factor of 2 
in only four of the 17 ciises-cases 2, 3, 4 and 1 I .  Ex- 
amination of the available records for all the cases revealed 
nothing to account for the agrement in these four cases. 
or conversely, the high estimates in the other cascs with 
the exception of Case 7. Strikingly high estimates of sys- 
temic deposition were made by all six participating lab- 
oratories for Case 7, as compared with the estimate of 
systemic deposition made for this case from the autopsy 
tissue analyses. Unlike the other cases, Case 7 had a sig- 
nificant residual deposition in the fingers resulting from 
three separate contaminated wounds. The first of these 

occurrcd approximately 10.5 y before death and was es- 
timatcd to have initially contained 436 Bq (12 nCi), which 
was rcduccd to an estimated 160 J3q (4.4 nCi) through 
wound clcansing. The second contamination event oc- 
currcd about 3.5 y bcforc dcath and involved an initial 
deposition of 33 Bq (0.9 nCi) which was rcduccd to an 
estimatcd 7 Bq (0.2 nCi) by routine cleansing. 

The final contamination event occurred approxi- 
mately 5 y beforc death and rcsulted in an estimated initial 
deposition of 47 kI3q (1.3 pCi) in the tip of the middle 
finger of the right hand. This was reduccd to an estimated 
14-1 7 kBq (380-460 nCi) by cleansing and excision the 
day of the wound. Daily treatment with I g of DTPA was 
instituted that Same day and continued for 8 d following. 
About 22 mo afier the contamination, a second surgical 
excision was performed, removing an additional 35 kBq 
(950 nCi) of Pu. and leaving an estimated residual in the 
wound of about 700 Bq (19 nCi). Thus, at the time of 
dcath. the t h r u  wound sitescontained no more than about 
870 Bq (23.6 nCi) or about one-sixth the estimated sys- 
temic deposition made from the urinalysis estimates. 

Comparison of the deposition estimates made from 
the urinalysis data with those made from postmortem ra- 
diochemical analysis of tissues collected at autopsy is 
shown graphically in Fig. I .  With the exception of Case 
7. which was excluded from the comparison, the urinalysis 
estimates are consistently higher than those made from 
the tissues collected at autopsy, particularly at lower levels 
of Pu. A similar observation was made by both Schulte 
(Schulte 1975) and Schofield (Schofield 1982). Schulte 
reponed on nine cases, and in all instances the estimates 
made from urinalysis data exceed thost made from post- 
mortem tissue analysis. In two cases, the systemic depo- 
sition at autopsy was below detection limits. In Schulte's 
series of 21 cases, the ratio of urinary estimates to autopsy 
estimates based on ash weights of tissue was higher than 
unity in 19 cases, ranging from 0.7 to 18 with a mean of 
4.4. The higher ratios were observed typically with smaller 
estimated depositions. The ratios were even greater, rang- 
ing from 2 to 37 when the autopsy estimates were based 
on wet tissue weights, and averaging 7.5. In another study, 
Ohlenxhlacger and coworkers (Ohlenschlaeger et al. 
1984) evaluated a single case with four different biokinetic 
models and found that the systemic deposition was over- 
estimated by a factor of 11-16. 

Analysis of the data in this, and other studies indi- 
cates that the urinalysis results are not a simple multiple 
of the autopsy results. Rather, there seems to be conver- 
gence ofthe urinalysis and autopsy estimates at the higher 
levels. This was true with both the 17 cases in this study 
and the cases of Schulte (Schulte 1975). Schofield (Scho- 
field 1982). and Ohlenschlaeger et al. (Ohlenxhlaeger et 
al. 1984), which have been evaluated in the same way 
and are included in the presentation in Fig. I .  If a line is 
fitted to the data, the point ofconvergence is about I k h .  
The apparent convergence may be interpreted as indic- 
ative of overestimates resulting from the limitations Of 
the Langham equation. At thc lowcr levels, the degree of 
overestimation is significantly greater, possibly because Of 
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Estimated Systemic Burden from Autopsy Oeta. BQ 

Fig 1. Comparison of systemic Pu estimated from urinalysis and autopsy data 

limit of detection ditticuIties or perhaps from interferences 
aSSOCiatOd with incomplete chemical separation of natu- 
rally occumng radionuclides. Another possible explana- 
tion is that the fractional excretion of Pu is dose depen- 
dent, with a greater fiaction excreted at the higher doses 
than at the lower ones. 

The higher estimates of systemic deposition made 
fram the evaluation of the urinalysis data relative to cs- 
timatcs made from evaluation of postmortem tissue anal- 
ysis support the observations of others (Durbin 1972, 
Leggett 1984, Robertson and Cohn 1964, Rundo 1981) 
that indicate that the Langham model typically under- 
estimates urinary excretion over long periods ofassay and 
hence overestimates residual systemic deposition. Unlike 
the pnVious analyses of both Rundo (Rundo 1981) and 
Durbin (Durbin 1972) discussed above, this conclusion 
seems to be independent of the time since intake of Pu. 
However, the number of cases is not sufficient to support 
a viable analysis of the time variable. 

CONCLUSIONS 
The findings in this study of 17 cases show that uri- 

nalysis derived in vivo estimates of systemic deposition of 

Pu made from urinalysis data typically ex& those based 
on radiochemical analysis of tissues obtained at autopsy. 
In only four cascs did the autopsy and urinalysis estimates 
agree within a factor of 2. 

Comparison of estimates of systemic deposition 
made by six different laboratories from urinalysis results 
revealed relatively good agreement (typically within a fao  
tor of 2) among the laboratories for any individual case. 
Although each participating laboratory used its own model 
and assumptions for determining its estimates, there were 
no obvious biases or systematic CKOK associated with any 
one laboratory. The results suggest that the Langham 
equation and its subsequent modifications may under- 
estimate urinary excretion of systemic Pu, resulting in an 
overestimate of systemic burden when the equations are 
used for this purpose. 
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