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INTRODUCTION

The goal of a co-exposure study as used in the Energy Employees Occupational Illness
Compensation Act program is to define the probability distribution of doses to a target
population [Coggon et al. 2009], which in this discussion is all workers exposed to tritiated water
in a given year during the course of their work at the Savannah River Site (SRS). This
probability distribution is referred to as a co-exposure model, which is used to assign probability-
based doses to members of the target population who were not monitored but may have been
exposed. All members of the target population who were monitored are referred to as the study
population. A representative sample of the study population is called the study sample.

The co-exposure model is constructed from the study sample, which in this discussion consists of
the tritium dose data from SRS workers who filed a claim in the compensation program, i.e.,
doses from the National Institute for Occupational Safety and Health (NIOSH) Division of
Compensation Analysis and Support (DCAS) Claims Tracking System (NOCTS). This is the
same tritium dataset used in the tritium co-exposure models in ORAUT-OTIB-0081, Internal
Dosimetry Co-Exposure Data for the Savannah River Site [ORAUT 2020]. As discussed in
ORAUT-OTIB-0075, Use of Claimant Datasets for Coworker Modeling [ORAUT 2016],
NOCTS bioassay results and doses are considered to be equivalent to simple random samples
from the study population. Note that the SRS NOCTS tritium data for 1987 and 1980 are used
here to illustrate certain concepts concerning stratification of co-exposure models. The objective
of this paper is to assess the quality of the inferences made from co-exposure models.

The most basic graphical representation of a co-exposure model is a lognormal quantile-quantile
(QQ) plot like the one shown in Figure 1. This plot consists of all tritium doses for 190 workers
in 1987 that are sorted (i.e., calculate the order statistics), plotted against the standard normal
quantiles, and fit with a straight line. The slope of the line is the log of geometric standard
deviation (GSD) of the lognormal distribution, and the intercept is the log of the geometric mean
(GM) of the lognormal distribution. Given this co-exposure model, one can, for example, assign
the 50th percentile dose of 7.7 mrem to an unmonitored worker from the target population.
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Figure 1. NOCTS tritium doses for SRS workers monitored in
1987 (black dots). The black line is the regression on the order
statistics from which the GM and GSD are calculated. The
dashed lines are the 95% confidence band for the regression line.

The slope and intercept have associated uncertainties resulting from things like the measurement
uncertainties in the tritium dose and the use of the study sample to describe the target population
(the sampling error). In practice, the uncertainties in the slope and intercept are not considered in
the compensation program. For the purpose of this discussion, the 95% confidence band of the
black line in Figure 1 was calculated using the bootstrap method! [Efron and Tibshirani 1994]
and 1s presented as the two dashed lines. One can reasonably expect the line defined by the
unknown true values of the GM and GSD (i.e., the GM and GSD of the target population) to fall
between the two dashed lines.

If the target population consists of subgroups whose dose distributions differ greatly, the co-
exposure model should be stratified, giving each of these groups their own co-exposure model
[Scheaffer et al. 2011]. Properly constructed stratified co-exposure models are, in general, more
accurate and can be expected to give 95% confidence bands that are narrower than the bands
seen with the unstratified model. This is why co-exposure models should be stratified when
appropriate. However, if the co-exposure model is stratified and the subgroups have essentially
the same dose distributions or if stratification reduces the number of doses in each stratum,

'A bootstrap sample is a random sample of our original sample, the same size as the original sample, taken with
replacement. A sample taken with replacement means that a given item in the original sample can appear more than
once in the bootstrap sample. The basic idea is to take many bootstrap samples and calculate the statistic of interest
(like the mean) for each bootstrap sample. The distribution of the means of the bootstrap samples is an estimate of
the uncertainty in the mean calculated with the original sample. This approach is often used to calculate
uncertainties in statistics that are difficult or impossible to calculate using traditional methods.
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stratification will increase the uncertainty in the co-exposure models compared with the
unstratified co-exposure model. The purpose of this discussion is to provide examples that
illustrate these concepts.

UNCERTAINTY ANALYSIS OF TRITIUM CO-EXPOSURE MODELS FOR 1987

The previous section mentioned properly constructed stratified co-exposure models, which
means that:

e The strata are defined before samples are taken.

e All workers in the study population are placed in the appropriate strata, with each worker
in only one stratum.

e The size of the study samples taken from each stratum is determined before the samples
are taken.

e There are indeed differences between the distributions of the doses in the strata that are of
practical significance.

The stratified sampling used for developing co-exposure models frequently does not strictly
adhere to these conditions, because NOCTS samples are simple random samples that are
stratified after collection, which is referred to as poststratification. For example, the study
sample of 190 workers in 1987 was stratified into 57 construction trade workers (CTW) and 133
nonconstruction trade workers (nonCTW) after the NOCTS sample was collected. In general, the
uncertainty in co-exposure models derived using poststratification is greater than that obtained
using prestratification.

The co-exposure model for CTWs is shown in Figure 2, where the dashed lines denote the 95%
confidence bands on the black regression line. Likewise, the co-exposure model for the
nonCTWs is shown in Figure 3, where the dashed lines denote the 95% confidence bands on the
black regression line. The GMs and GSDs for the combined and stratified models appear to be
quite similar. The confidence bands for all three models are shown together in Figure 4, for
which one can conclude that

e The three 95% confidence bands overlap in the entire range of the observed data.

e The confidence bands for the co-exposure model constructed from all 190 doses is
narrower than the confidence bands for the stratified co-exposure models.
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Figure 2. NOCTS tritium doses for SRS CTWs monitored in
1987 (black dots). The black line is the regression on the order
statistics from which the GM and GSD are calculated. The
dashed lines are the 95% confidence band for the regression
line.
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Figure 3. NOCTS tritium doses for SRS nonCTWs monitored
in 1987 (black dots). The black line is the regression on the
order statistics from which the GM and GSD are calculated.
The dashed lines are the 95% confidence band for the
regression line.
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Figure 4. Confidence bands for all workers, CTWs, and
nonCTWs for 1987. The vertical dashed line is the median (50th
percentile) of the distributions.
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Although not a formal statistical test, the distributions of all three models can be considered to be
the same for all practical intents and purposes. This becomes even more apparent if we take a
slice of the distributions in Figure 4 at the 50th percentile (the vertical dashed line) and present
these data as density plots (Figure 5). The density plots present the same message as the
confidence bands with a bit more clarity:

e The three probability density curves overlap to a large extent.
e The probability density curve for the 50th percentile from the full co-exposure model

calculated with all 190 doses is narrower (lower uncertainty) than the distributions of the
50th percentiles calculated from the stratified CTW and nonCTW co-exposure models.
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Figure 5. Density plots of the doses at the vertical dashed line
in Figure 4 (the 50th percentile doses) for all workers, CTWs,
and nonCTWs for 1987. The vertical dashed lines are the point
estimates of the 5S0th percentiles from the respective co-
exposure models.

Again, while not a formal statistical test, the extent to which the curves in Figure 5 overlap is a
clear indication that the three distributions are essentially the same. Stratifying the co-exposure
model in this case leads to less precise estimates of dose. This principle is illustrated further
when the 57 CTWs are stratified into 32 Subcontractor (Sub) CTWs and 25 DuPont CTWs:

e Figure 6 shows the comparison of confidence bands for Subcontractor CTWs, DuPont
CTWs, and all CTWs. The CTW confidence band is narrower than the confidence bands
for the substrata.
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e The density plots of the 50th percentiles in Figure 7 for all workers, Subcontractor
CTWs, DuPont CTWs, and nonCTWSs show no significant difference in the distributions,
but the widths of the two substratified CTW distributions are inflated, resulting in greater
uncertainty in doses predicted from those co-exposure models.

The plots in this section are summarized in Table 1. Plots for CTWSs, Subcontractor CTWs, and
DuPont CTWs for 1972 to 1990 can be found in Appendix A. Plots for all groups and all years
are also available [ORAUT 2021a, 2021b]. Tabled values (like the ones in Table 1) for all years
can be found in Appendix B.
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Figure 6. Confidence bands for CTWs, Subcontractor CTWs,
and DuPont CTWs for 1987. The vertical dashed line is the
median (50th percentile) of the distributions.
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Figure 7. Density plots of the S0th percentile dose (the vertical
dashed line in Figure 4) for all workers, DuPont CTWs,
Subcontractor CTWs, and nonCTWs for 1987. The vertical
dashed lines are the point estimates of the S0th percentiles.

Table 1. Point estimates and 95% confidence intervals for geometric
mean, 84th percentile, and 95th percentile for each group of workers in

1987.
GM Estimate 84th Estimate 95th Estimate
exomm (95% CI)? (95% CI) (95% CI)
0.0059 0.0184 0.0382
Sub CTW (0.0040, 0.0089) | (0.0110,0.0282) | (0.0207, 0.0624)
0.0080 0.0231 0.0457
DuPont CTW 1 0053, 0.0123) | (0.0142, 0.0359) | (0.0253,0.0768)
T 0.0068 0.0209 0.0432
(0.0050, 0.0091) | (0.0146,0.0284) | (0.0283,0.0616)
0.0082 0.0249 0.0510
nonCTW (0.0067, 0.0099) | (0.0196,0.0313) | (0.0381, 0.0669)
Al Workers 0.0077 0.0237 0.0490
(0.0066,0.0091) | (0.0194,0.0287) | (0.0386, 0.0612)

a. CI= confidence interval.

The point to take away from this example is that poststratifying a simple random sample (e.g., a
NOCTS sample) will, in general, result in increased uncertainty in the resulting co-exposure
models compared with co-exposure models derived from properly stratified samples. Co-
exposure models derived from prestratified or poststratified samples, when there are in reality no
significant differences between the distributions of the doses in the strata, will result in co-
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This is a working document prepared by NIOSH’s Division of Compensation Analysis and Support (DCAS) or its contractor for use in discussions
with the ABRWH or its Working Groups or Subcommittees. Draft, preliminary, interim, and White Paper documents are not final NIOSH or
ABRWH (or their technical support and review contractors) positions unless specifically marked as such. This document represents preliminary
positions taken on technical issues prepared by NIOSH or its contractor. NOTICE: This report has been reviewed to identify and redact any

information that is protected by the Privacy Act S USC §552a and has been cleared for distribution.



White Paper Analysis of Uncertainty in Co-Exposure Models January 26, 2021

exposure models that are inherently more uncertain than the co-exposure model derived from
unstratifed data.

UNCERTAINTY ANALYSIS OF TRITIUM CO-EXPOSURE MODELS FOR 1980

The data from 1987 illustrated the case where the co-exposure model probably should not have
been stratified. The data from 1980 is an example where stratification may be warranted. The
confidence bands for the CTW, nonCTW, and all worker co-exposure models are shown together
in Figure 8, which is analogous to Figure 4 for the 1987 models. One can conclude from this plot
that:

e The three 95% confidence bands do not overlap in the entire range of the observed data,
especially around the 50th percentile.

e The confidence band for the co-exposure model constructed from all 230 doses is
narrower than the confidence bands for the stratified co-exposure models.
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Figure 8. Confidence bands for all workers, CTWs, and
nonCTWs for 1980.

This last conclusion might be somewhat confusing at first glance, because we expected the
stratified co-exposure models to be more precise (i.e., have narrower bands). However, this is
strictly true only when the study sample is designed to be stratified before the sample is collected
(prestratification). For these NOCTS data, the sample was collected and poststratified into the
subgroups, a problem that was discussed in the previous section. Another way to look at this is to
think about the situation where the study sample was stratified by design before the sample was
collected, with 230 CTWs being sampled (instead of 68) and 230 nonCTWs being sampled
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(instead of 162). With those sample sizes, the stratified co-exposure models would most likely be
more precise than the combined co-exposure model having 230 doses. As stated before, to be
truly effective, stratified samples should be collected by design rather than stratified after the
sample is collected.

The large difference in the CTW and nonCTW co-exposure models is reflected in the probability
density curves for the 50th percentile in Figure 9. These are for trititum doses in 1980 and are
analogous to those given in Figure 5 for tritium doses in 1987. This clearly shows that, in
contrast to 1987, the stratified co-exposure models for CTWs and nonCTWs in 1980 are
sufficiently different to perhaps warrant stratification. The plots in this section are summarized in

Table 2.
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Figure 9. Density plots of the S0th percentile dose (the vertical
dashed line in Figure 8) for all workers, CTWs, and nonCTWs
for 1980. The vertical dashed lines are the point estimates of the
50th percentiles.
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Table 2. Point estimates and 95% confidence intervals for geometric
mean, 84th percentile, and 95th percentile for groups of workers in

1980.
GM Estimate 84t Estimate 95t Estimate
Group (95% CI)? (95% CI) (95% CI)
CTW 0.0241 0.0668 0.1284
(0.0187,0.0311) | (0.0521, 0.0827) | (0.0990, 0.1615)
nonCTW 0.0493 0.1079 0.1787
(0.0431, 0.0558) | (0.0994, 0.1168) | (0.1595,0.2003)
All Workers 0.0399 0.0993 0.1787
(0.0351, 0.0450) | (0.0911,0.1075) | (0.1624,0.1967)
a. CI=confidence interval.
SUMMARY
In summary:

e Stratification of the study sample into subgroups for the creation of stratified co-exposure
models is warranted when the distribution of the doses in the subgroups are significantly
different. Stratification in this case will lead to co-exposure models with lower
uncertainty, if the stratified samples are collected by design and not by poststratification.

e Stratification of the study sample into subgroups when there are in fact no significant
differences in the distribution of doses in the subgroups will result in co-exposure models
with inflated uncertainties, which is undesirable.

e Consideration of the uncertainty in co-exposure models is required to determine if
predefined strata are indeed sufficiently different to warrant stratification.

e Note that it is not appropriate to test for significant differences between strata that are
proposed after the sample is collected and analyzed, i.e., one should not use the same data
to propose strata and test these proposed strata for differences.

The co-exposure model uncertainty analyses mentioned in the third bullet are relatively
straightforward in simple cases like for tritium dose, which is why it was chosen to use as an
example here. However, such analyses for materials like plutonium are considerably more
difficult because of the presence of censored data and the complexity of the procedure (e.g.,
imputation of censored data, time-weighted one person—one statistic (TWOPOS), and intake
modeling) used to go from bioassay data to dose (or intake). Perhaps a larger obstacle to
performing uncertainty analyses on co-exposure models is the use of claimant-favorable
assumptions in the development of those models that intentionally bias the model (i.e., how does
one calculate the uncertainty in a model that is known to be biased by an undetermined
amount?).
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APPENDIX A: Plots for CTWs, Subcontractor CTWs, and DuPont CTWs for 1972-1990
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Figure Al. QQ plot for CTW 1972.
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Figure A2. QQ plot for Sub CTW 1972.
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Figure A4: Band plot for 1972.
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Figure AS. Density plot for 1972.
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Figure A6. QQ plot for CTW 1973. Figure A8. QQ plot for DuPont CTW 1973.
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Figure A7. QQ plot for Sub CTW 1973. Figure A9. Band plot for 1973.
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Figure A10. Density plot for 1973.
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Figure A17. QQ plot for Sub CTW 1975. Figure A19. Band plot for 1975.
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Figure A20. Density plot for 1975.
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Figure A21. QQ plot for CTW 1976.
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Figure A24. Band plot for 1976.
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Figure A26. QQ plot for CTW 1977.
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Figure A30. Density plot for 1977.
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Figure A31. QQ plot for CTW 1978.
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Figure A34. Band plot for 1978.
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Figure A36. QQ plot for CTW 1979.
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Figure A37. QQ plot for Sub CTW 1979.
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Figure A39. Band plot for 1979.
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Figure A40. Density plot for 1979.
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Figure A41. QQ plot for CTW 1980.
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0 1 2

Standard Normal Quantiles

Figure A44. Band plot for 1980.
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Figure A4S5. Density plot for 1980.
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